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Abstract

R,Fe;7N, and R;Fe;;C, have attracted much attention because of their excellent
intrinsic magnetic properties. However, these nitrides and carbides prepared by
a gas-phase reaction have a major drawback, namely their chemical or structural
instability at high temperature.

We have discovered that Si substitution is able to stabilize the 2:17 structure
of the carbides. A new series, R;Fe;5Si;Cy (R=Nd, Sm, Gd and Er), has been
prepared by heating powders of their parents in CH, gas at 700°C instead of usual
500°C . For these carbides, the carbon concentrations are close to the theoretical
value of y=3 and the 2:17 structure is still retained up to 700°C . Therefore, it
is possible to make these carbides into the anisotropic permanent magnets by
aligning and then sintering.

The crystal structures, the Curie temperatures, the saturation magnetization-
s, the temperature dependences of the magnetization, the magnetic anisotropies
and the spin reorientation transitions of R;Fe;5sSi;C, have been studied by x-ray
diffraction and magnetic measurements. These carbides have elevated Curie tem-
peratures as well as other magnetic properties that are modified as compared to
their parents. For Sm;Fe;6SiC, 7, the Curie temperature is 660 K; the anisotropy
field and saturation magnetization at room temperature are 95 kOe and 92 e-
mu/g, respectively. The origin of the unexpected decrease in the magnetization is
discussed.

The hyperfine fields, the distribution of Fe and Si atoms on each Fe site and
the temperature dependence of the hyperfine parameters have been studied by
Massbauer spectra in an attempt to unravel the magnetic properties of these car-
bides on an atomic scale. The exchange integrals as a function of the distance
between the Fe-Fe pairs have been obtained; the relationships between the Curie
temperature and the site occupancy of Si atoms have been found. A negative ex-
change interaction model is proposed to interpret the origin in the greatly elevated
Curie temperature for the nitrides and carbides and to predict the Curie temper-
atures of R;(FeSi),7 compounds; this model is consistent with the experimental
results.
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List of Symbols

A Area of Mdssbauer spectra

Anm Crystal field coefficient

a Lattice parameter

B.m Crystal field parameter

B, Remanence

(BH)mo:Maximum magnetic energy product

b Angle factor, the area ratio of the 2nd plus 5th lines
to the 3rd plus 4th lines

Bs Billouin function

c Lattice parameter

E, Anisotropy energy
EFG  Electric field gradient
F;(A) The occupancy fraction of the A atoms on the ith site
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fa Recoilless fraction for absorber
De Gennes factor
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H, Anisotropy field
H. Coercive force
H;, f Hyperﬁne field
Hp, Molecular field of Fe sublattice
Hp Molecular field of R sublattice
JaB Exchange integrals of the A-B pairs
Ji Positive exchange integral

J- Negative exchange integral
Jr Angular momentum of R atoms
K, The nth-order anisotropy constant

M, Saturation magnetization

Mg, Fe sublattice magnetization

Mp R sublattice magnetization

N;(A) The occupation number of the A atoms on the ith site



Ny Demagnetization factor

NAB Molecular field coefficient

Opnm Stevens operator

Q Nuclear quadrupole moment

q The z component for the principal axes of EFG tensor

Ty Curie temperature

Ver Crystal field potential

Z; The numbers of the neighboing Fe atoms that are linked
by positive interactions with a given atom.

Z. The numbers of the neighboing Fe atoms that are linked
by negative interactions with a given atom.

Zr Partition function

oy The first-order Stevens factor
B The second-order Stevens factor
8 Angle between the v-ray propogation and and hyperfine field directions
Br Conversion coefficient between the hyperfine field and
Fe moment
r Line-width
é Isomer shift
€ Quadrupole splitting
6 The nth-order Stevens factor

)

Specific magnetization
a(E)  The reduced resonance absorption cross-section

Q

do The maximum resonance absorption cross-section
"1 Nuclear magnetic-dipole moment

UN Nuclear magneton

UB Borh magneton

BFe Fe magnetic moment

BR Rare-earth moment
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Introduction

Permanent magnets play an important role in industry and technology. Since
the first permanent magnet, carbon steel, was made, permanent magnets have
undergone great developments. The figure gives the best values of the magnet-
ic energy products, (BH ).z, and the intrinsic coercive forces, H,, attained as a
function of time (Strnat, 1986). The best permanent magnets are rare-earth tran-
sition metal compounds. Co-based Sm-Co alloy was made during the 1970s and a
maximum energy product of 33 MGOe has been achieved (Mishra et al, 1981). Fe-
based Nd-Fe-B alloy was discovered in 1984 (Sagawa et al) and an unprecedented
energy product as high as 50.6 MGOe has been obtained (Sagawa et al, 1987).
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The discovery of Nd-Fe-B permanent magnets has initiated a worldwide search
for new high-performance Fe-based permanent magnetic materials. The search
produced a number of interesting new rare-earth iron compounds including R(Fe, M),
with the ThMn,, structure (DeBore et al, 1987), R3(Fe, M)y with the monoclinic
structure (Collocott et al, 1992; Li H S et al, 1994), and the composite magnet
Nd FegoB2g (Coehoorn et al, 1988). However, the intrinsic magnetic properties
of these materials do not surpass those of Nd-Fe-B. A real breakthrough was the
discovery of rare-earth iron nitrides and carbides prepared by a gas-phase reaction
(Coey and Sun, 1990; Coey et al, 1991).

Interstitial R-Fe carbides, R;Fe;;C, were first prepared by melting the primary
materials R, Fe and C followed by annealing at 1000°C (DeMooij and Buschow,
1988). The introduction of C atoms not only increases the Curie temperature, but
also modifies the magnetic anisotropy for Sm;Fe;7C. However, for those carbides
made by alloying, the Curie temperature is only elevated 100-150° as compared to
their parent, because the C concentration is rather low (y<1.6 for the heavy rare-
earth carbides and y<1.0 for the light rare-earth carbides). In order to increase
the C concentration two ways were proposed. One, a melt-spinning method was
used to make the heavy rare-earth carbides (Shen et al, 1992). Two, a third
elememt, Ga, was added in RyFe;7 (Shen et al, 1993, 1994). By these two ways
the C concentration can be raised to y>2.

In 1990 Coey and Sun (1990) first prepared a new series of interstitial rare-earth
iron nitrides RpFe;;N, by heating powders of the R;Fe,; parents in N; or NH; gas
at 500°C . For these nitrides made by a gas-phase reaction, the N concentration can
reach y=2.4 to 2.7 (very close to the theoretical value of y=3) and the intrinsic
magnetic properties are superior to Nd;Fe;yB. The most striking ones are an
increase of the Curie temperatures by about 400° and, for Sm;Fe;7N,, a high
uniaxial anisotropy with an anisotropy field of 140 kOe at room temperature.

After R;Fe);Ny, many new rare-earth iron nitrides and carbides, such as R>Fe;7C,
(Coey et al, 1991a), RTiFe;;N, (Yang Y C et al, 1991), RTiFe;;C, (Hurley and
Coey, 1992) and Rj(Fe,M)»N, (Collocott et al, 1992; Yang F M et al, 1995)
were prepared by using the gas-phase reaction. Not only has much work been
expended in the search for novel and improved mazierials, but also in the inves-
tigation of the fundamental physics involved. These investigations have included



magnetic properties, crystal structure, thermodynamics, phase relations, electron-
ic properties and bond structure. The experimental methods applied involve many
techniques nowadays available to solid state scientists, including various types of
magnetic measurements, x-ray diffraction, standard metallography (Huang et al,
1991; Endoh et al, 1991), Kerr microscopy (Mukai and Fujimoto, 1992), transmis-
sion electron microscopy, Mossbauer spectroscopy, neutron diffraction and nuclear
magnetic resonance (Kapusta et al 1991, 1991a; Zhang Y D et al, 1995).

However, these nitrides and carbides have a major drawback, namely their
structural or chemical instability at high temperatures. They will completely de-
compose into a-Fe and RN or RC at 600°C . Because of this drawback, it is
difficult for the nitrides and carbides to be made into anisotropic permanent mag-
nets by aligning and sintering. We first discovered (Li Z W et al, 1994; 1995)
that Si substitution can elevate the gas-phase reaction temperature to 700°C . For
these carbides, the C concentration is close to the theoretical value of y=3 and
the 2:17 structure is still retained up to 900°C . A new series, Ry(Fe, Si),;C,, has
been prepared by the gas-phase reaction and their crystal structures and mag-
netic properties are reported in this thesis. In chapters 1-3, the basic theory of
R-Fe compounds, the previous work on R,Fe;;C, and R;Fe;;N; and the theory of
Madssbauer spectroscopy are reviewed. The sample preparation and the experimen-
tal procedure are decribed in chapter 4. The crystal structure and the magnetic
properties of Ry(Fe,Si);7C, are reported in chapters 5 and 6. In chapters 7-9,
Mossbauer spectra are used to study the magnetic properties of these carbides at
an atomic level. The spin-reorientation transitions for Er;Fe;55i;C, are studied
in chapter 8; the negative exchange interaction model is proposed in chapter 9 to
interpret the origin of the greatly elevated Curie temperature for the nitrides and
carbides. The main accomplishments are summarised in chapter 10.



Chapter 1

Review: Magnetic Properties of
R-Fe Compounds

The figures of merit usually used to describe the attributes of a permanent magnet
are the remanence, By, the coercive force, H., and the maximum energy product,
(BH)paz- These parameters are determined from the hystersis loop lying in the
second quadrant, as shown in Fig.1.1. In addition, the Curie temperature, T}, is
also an important parameter which determines the useful temperature range of
the permanent magnets.

An excellent permanent magnet at room temperature must have a high satu-
ration magnetization and a high magnetocrystalline anisotropy in order to have
both a high remanence and coercive force. In addition, the theoretical maximum
energy product depends on the saturation magnetization via (BH ). =0.25M2.
The magnetic properties of the 3d transition metals and the rare-earth metals are
listed in Tables 1.1 and 1.2. The 3d metals (Fe, Co and Ni) have high Curie tem-
peratures and high saturation magnetizations at room temperature; however, their
magnetocrytalline anisotropies are only 4.6 x10* and 41.0x10* J/m? for Fe and Co,
respectively. On the other hand, the rare-earth metals (4f metals) have a huge
magnetocrystalline anisotropy, which is about 100-1000 times larger than that for
the 3d elements; however, their Curie temperatures are below room temperature.
The combination of 3d and 4f elements may produce excellent permanent mag-
nets. In fact, the best permanent magnets were indeed discovered among the
rare-earth transition (R-T) metallic compounds. Co-based Sm(Co, Fe, Cu, Zr)7,
alloy has a magnetic energy product of 33 MGQOe (Mishra et al, 1981). Fe-based
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Figure 1.1: The demagnetizing quadrant of a typical permanent magnet and the
variation of the energy product as a function of the applied field.

Table 1.1: Magnetic properties of 3d transition metals.
Tc (K) M, (kGs) K; (108 J/md)

Fe 1043 22.0 4.6
Co 1403 18.2 41.0
Ni 631 6.4 -0.5

Nd-Fe-B alloy achieves the unprecedented energy product of 50.6 MGOQOe (Sagawa
et al, 1987). Their covercivities or magnetic energy products are 5-10 times larger
than the highest value for other types of magnets, such as Alnico alloys and Ba
ferrites.

In order to understand the high Curie temperature and the huge magnetocrys-
talline anisotropy, the exchange interaction and the crystal field interaction in the
rare-earth transition compounds require further discussion.

1.1 Exchange interactions

There are three exchange interactions for the R-Fe compounds, the R-R inter-
action, the R-Fe interaction and the Fe-Fe interaction. The R-R interaction is
the weakest and Fe-Fe interaction is the strongest. These exchange interactions



Table 1.2: Magnetic properties of rare-earth ions and metals.

S L J=L*S ground g u (sB) T. (K) Ky
state Cal. Obs. (10* J/m3)

La 0 O 0 1So 0 0
Ce 1/2 3 5/2 2Fs; 6/7 254 251
Pr 1 5 4 SH;, 4/5 358 256
Nd 3/2 6 9/2 Iy 8/11 3.62 340
Sm 5/2 5 5/2 ®Hs, 2/7 085 1.74
Gd 7/2 0 772 8872 2 794 798 293 -21
™ 3 3 6 Fe 3/2 972 977 230 9000
Dy 5/2 5 15/2 °Hy, 4/3 1064 1083 179 8700
Ho 2 6 8 SIs  5/4 1060 11.20 132 6600
Er 3/2 6 15/2 ‘*Is, 6/5 958 985 85 -970
Tm 1 5 6 SHy 7/6 756 761 58
Yb 3/2 6 9/2 ‘I, 8/11 362 340

determine the Curie temperatures of the R-Fe compounds.

1.1.1 Fe-Fe interaction

There are two models for the Fe-Fe exchange interaction. One is the Heisenberg
model that describes a direct interaction between two localized 3d spins. The

Heisenberg Hamiltonian is given by

Hy = -2 Z JiiSi - Sj (1.1)
i>j
where J;; is the exchange integral between the ith and jth spins. The other is
the itinerant electron model proposed by Stoner. Generally, the Heisenberg model
is used in the case of insulators and the itinerant electron model is suitable for
metals and alloys.

The Fe moments at T=0 K for R-Fe compounds are usually calculated by
the itinerant electron model. Band-structure calculations have been performed
for Y-Fe, Y-Co and Y-Ni compounds by Cyrot and Lavagna (1979), Shimzu and
Inoue (1986,1987), Yamada and Shimizu (1986) and Coehoorn (1989). Based on
the state-density curves for 3d electrons with spin-up and spin-down, the rare-
earth transition intermetallic compounds are divided into two catgories, weak and
strong ferromagnets. If two sub-bands with opposite spin are both partly filled,



the compounds are weak ferromagnets. If the sub-band with spin-up is filled up
but that with spin-down is not filled, the compounds are strong ferromagnets.
Usually, Y-Fe compounds are weak ferromagnets and Co-rich Y-Co compounds
plus Y;Ni;; are strong ferromagnets.

The Heisenberg model as adapted to the mean-field model (the spin operator
S; in (1.1) is replaced by its average value < S; >) is often used to calculate the
Curie temperature. Based on the mean-field theory, the molecular-field coefficient
nrere and the exchange constant Jr.r. that describe the magnitude of the Fe-Fe
interaction, can be obtained from the Curie temperature of Y-Fe compounds

nrere = Iy/Cre (1.2)
and
Jeup. = i 3kpTy
2Zh°Sr.(Sre+1)
where Cr. is the Curie constant, Z is the neighboring coordination number for a
given Fe atom and Sr. is the spin quantum number of Fe.

(1.3)

1.1.2 R-R interaction

The spatial extent of 4f electrons of R atoms is very small as compared to the
interatomic distances. There almost is no substantial overlap of the wave func-
tions between 4f electrons centered on different R atoms. Consequently, a direct
interaction between the localized 4 f electrons, like 3d electrons, is impossible. The
RKKY theory (Ruderman and Kittel, 1954; Kasuya, 1956; Yosida, 1957), based
on an indirect interaction betweeen the localized electrons by means of the con-
duction electrons, has been proposed to explain magnetic ordering in rare-earth
metals. In this theory, the second-order perturbation interaction between the s
conduction electrons and the localized 4 f electrons is calculated by using the first-
order perturbed wave function of the conduction electrons. As a result, the spin
operators of the conduction electrons are eliminated and the exchange interaction
for the R ions is given by

Herxxy = — z J(Ri;)S; - S; (1.4)
1)
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where S; and S; are the spins of the ith and jth R atoms, respectively. The
exchange interaction constant, J(R;;), between the ith and jth R ions has been
derived by van Vleck (1962),

9rN?
2EF

where Iy is the exchange interaction constant between the R spins and the con-

J(Byj) = - T5(gs — 1)*F(2kr|Ryl) (1.5)

duction electron spins, g; is the gyromagnetic ratio, Er is the Fermi energy, kr is
the wave number at the Fermi surface and F'(z) is the RKKY function, given by

LCOST —sinz
zt

F(z) = (1.6)

An important conclusion of the RKKY theory is that the exchange interaction,
J(R;;), is an oscillatory function of the distance |R;;|*. Consequently, J(R;;) may
be positive or negative, which corresponds to ferromagnetic or antiferromagnetic
ordering. In addition, this interaction is rather weak and leads to a low ordering
temperature for the rare-earth metals.

1.1.3 R-Fe interaction

Because of the spatial localization of the 4 f shell, the direct overlap between the 3d
and 4f spins is rather small. Some models have been proposed in which the R-Fe
interactions proceed through polarization of the 6s or 5d electrons (Wallace, 1968;
Buschow, 1971; Campbell, 1972; Szpunar and Kozarzewski, 1977). The model
suggested by Campbell involves a direct on-site 4 f-5d exchange coupling. Accord-
ing to this scheme (as shown in Fig.1.2), the localized 4f spins create a positive
localized 5d moment through the intra-ionic 4f-5d exchange and, subsequently,
the direct 5d-3d exchange occurs as in normal transition metals. This interaction
is negative. In combination with positive 4 f-5d interactions, it leads to a parallel
alignment between R and Fe moments for the light rare-earths (J =L — S) and
to an antiparallel alignment for the heavy rare-earths (J =L + S).

Experimentally, the molecular-field coefficient, ng.p, for R-Fe compounds can
be found from an analysis of the high field magnetization curves or of the Curie
temperatures. It is known that for a finely powdered sample which is free to rotate

8
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Figure 1.2: Schematic diagram illustrating the coupling between the R and Fe
moments by means of 4f-5d exchange interaction.

in the sample holder under an applied magnetic field, the free-energy expression
can be written as

F = nprMpe - MR — Ho - (Mpe + MR)
= nppMpcMpcosa — Ho(Mz, + M3 + 2Mp Mg cos a)'/? (1.7)

where Mg, and MRy are the magnetization vectors for the Fe and R sublattices,
respectively, Hy is the applied field and a is the angle between the R and Fe
sublattice magnetization vectors.

By minimizing this expression with respect to the angle a, the following solu-
tions are obtained

sina =0
{ cosa = [(Ho/ngre)? — M§ — M¢,]/2MrMF.

The first solution leads to a=0 or 180°; With the constraint -1< cosa <1, the
second expression leads to

NRFe l Mg, — Mg IS H, < nRFe(MFc + MR) (1°9)

(1.8)

Apprarently, there are two critical magnetic fields, viz

~ o~
=

Hyeit = npre| Mp.— Mg |
Hyoir = npr.(Mr.+ Mpg)

=
—
S’
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Below H, . the R (heavy rare-earth) and Fe sublattice moments are antipar-
allel. Above H;, they are parallel. In the intermediate field range, H; . <
Hy < H;i, the canting angle a is non-zero. The resultant magnetization,
M = |Mg, + MR/, is given by

M= Ho/ngpg (1.12)

Based on (1.10), (1.11) or (1.12), the value of ngr. can directly be found from
the kinks or the slope of the magnetization curve in the high-field region (Verhoef
et al, 1989). This technique has:been used for a large number of ferrimagnetic
compounds, namely R-Fe (Verhoef et al, 1992a), R-Co (Verhoef et al, 1990, 1992b;
Zhou et al, 1992; Franse et al, 1992) and R-Ni (Marquina et al, 1992; DeBoer and
Buschow, 1992).

In another method, based on the high-temperature approximation of the mean-
field model, the Curie temperature, T}, can be written as

1
T; = E[Tf'ei'e + Tpr + \/(Tpepe — Trr)? + 4T%. 5] (1.13)
where
TFeFe = nFeFeCFe (114)
Trr = ngrrCr (1.15)

Trer = nreryCreCr (1.16)

In eqs. (1.13) to (1.16), Trere, Trer and Trg represent the contributions to the
Curie temperature for the Fe-Fe, Fe-R and R-R interactions, respectively, and
Cr. and Cp are the Curie constants of the Fe and R sublattices, respectively.
Combination of (1.13)—(1.16) leads to

_ [(T; = Trere)(Ts ~ Tra)
NEer = ‘[ o (1.17)

By applying (1.17), the values of ng.r have been derived for R;Fe; B, RCo, (Be-
lorizky et al, 1987) and RFe; (Brooks et al, 1989).

10



1.2 Crystal-field interaction

Both the crystal-field (or crystal-electric-field) and spin-orbit interactions can pro-
duce a large magnetocrystalline anisotropy. For most of the R-Fe compounds the
crystal field interaction is much weaker than the spin-orbit interaction because
the 4 f shell is screened by the outer 5d and 6s electrons. Consequently, the huge
magnetocrystalline anisotropy energy has its origin in the crystal field interaction
between the non-spherical orbitals of the 4f shell and the non-spherical electro-
static field of the environment acting on the 4f electrons.

1.2.1 Crystal-field potential
The crystal field potential, V(r;), produced by a charge, g;, at a distance R;

from the origin and acting on the ith 4f electron of a given R ion can always be
expressed by spherical harmonics, Y,.(;)
cf(l'l) = z I RJ ZT Z Anm nm(rl) (1‘18)

n=0 m=-n

where A, is a crystal field coefficient and is defined as

Z (21?. iﬁq)Janvl \—l)m},n -M(R'J) (1.19)

From group theory, n in (1.18) and (1.19) must be even with n < 2! where { is
the orbital quantum number. Thus, the crystal field potential, V.,, over all 4f
electrons is expressed as

c! = Z z Anm Zr; Ynm(rl) (120)

r=0m=-n
After considering the symmetry of the crystal structure, the above formula can
further be simplified. For example, the crystal field potential for a cubic and a
hexagonal structure can be written as

Vo(r) = Awr®[Yio + Viz (Yu +Yi-4)] + Asor®[Yeo — ‘/_ (Yea + Yo_u)] (1.21)
Vi (r) = Azor""Yzo + ArtYio + Agr® + Aeer®(Yes + Yous) (1.22)
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1.2.2 Crystal-field energy
From (1.20), the crystal-field Hamiltonian is given by

Hey=eY 3 Aum 3 r¥on(F) (1.23)

n=0m=-n i

There are two methods to calculate the crystal field energy. One is by a direct
integration and the other is by use of the Stevens operator equivalents.

(a) Direct integral

The crystal field interaction can be treated as a perturbation term on the
spin-orbit interaction. The zero-order wave function, |J, M; >, is expressed as
a determinental product of a single-electron space wave function, ¢;, and a spin

wave function, x;.
I, My >= ¢; = 9i(r:) ® xi(s:) (1.24)

Thus the matrix elements of H.; are given by
< J, My Hegld, My = el [ 810007 Yum(£:)i(r)E°r: (1.25)

Because ¢;(r;) = Ru(r;)Y,,(F;) this integral is the product of two parts,
a radial part

<r'>= /[R,,;(r,-)]zr?r,?dr,- (1.26)
and an orbital part
[ Yot (8 Yo (8:) Yo (£ (127)

14 .
where m=m -m" based on a selection rule.

(b) The Stevens "Operator Equivalents"
This is by far the most convenient method for calculating the matrix elements
of the crystal field potential between the coupled wave functions specified by J.
Because the angular momentum J and the position vector r are vectors, based on
the Wigner-Eckart theorem, the summation in (1.23) over the 4f electrons leads
to the formula
Y 12 ¥um(f}) = 60 < 1™ > Opm(J) (1.28)
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where O,,(J) are the Stevens equivalent operators and 8, are the nth-order Steven-
s coefficients. The 2nd, 4th and 6th Stevens coefficients are usually written as ay,
B; and %, respectively. All these quantities are tabulated (Hutchings, 1964).
Thus, the crystal-field Hamiltonian of (1.23) is written as

Hy=Y i_ BunOum(J) (1.29)

where B,,, is called the crystal-field parameter and is expressed as
Bim =0, <> Aum (1.30)

Because of particular crystal symmetries, some terms in (1.29) disappear and
H.; becomes reduced. For cubic symmetry with z chosen in the (001) direction,
H.; is described by two parameters, By and Bgo,

Hey = Byo(Oy0 + 504) + Beo(Os0 — 21044), (1.31)

whereas for hexagonal symmetry with 3k symmetry, four parameters, B, Baa,
Bey and Bgg, are needed,

H.; = BxOq + BygOs0 + BeoOeo + Bes (066 + O —6) (1.32)

and for tetragonal symmetry with 4/mmm symmetry, five parameters are neces-

sary,
'Hcf = ByOq + BygOy + B3Oy + BegOso + BesOgs- (1.33)

1.3 Magnetocrystalline anisotropy

The nature of the crystal field surrounding an R ion depends on the crystal field
parameters, B,, = 0, < ™ > A,,. The Stevens coefficients, 8,,, represent a shape
distribution of 4f electrons. Positive or negative a; (8;) corresponds to a charge
distribution shaped like a cigar or like a pancake, respectively. Sm, Er, Tm and
YD have a positive a; and the other rare-earths have a negative a;. In the case
of Gd, the 4f electron has spherical symmetry because L=0 and thus a,=0. As

13



a result, anisotropy is absent in the Gd compounds. In general, R atoms, which
have a different sign of a, will display different types of magnetic anisotropy for
isostructural compounds. For example, at room temperature, Nd;Fe;y;B has an
easy c-axis anisotropy; however, SmyFe 4B has an easy c-plane anisotropy.

On the other hand, A,.. represents a property of the crystallographic arrange-
ment surrounding a R ion. A Sm ion has a positive a;; however, for SmTiFe;;
and SmyFe 4B, the easy magnetization direction is parallel to and perpendicular
to the c-axis, respectively, because of their opposite signs in A,,,. In many hexag-
onal and tetragonal structures, the most important term is the second-order field
coefficient Ayx. The Ay as well as ay largely determine the sign and magnitude
of the uniaxial anisotropy constant K p and hence also determine the preferred
magnetization direction.

The magnetic anisotropy energy, F, r of the R sublattice can be phenomeno-
logically described as

Ear=Y_ Z": Ky psin™ 6 cos m¢ (1.34)

n=0m=-n
where 6 and ¢ are the polar and azimuthal angles of the magnetization with respect
to the main symmetry axes and K, g is the anisotropy constant. Based on the
transformation properties of the Stevens operator equivalents, the relationship
between the crystal-field parameters, B,n,, and the anisotropy constants, K,m r
can be found. As an example, for tetragonal symmetry, the anisotropy energy is
given by

E.p=K,gsin’0 + (Ko p + K;'R cos4¢)sin' 0 + (Ky g + K;', R COS49) sin®@ (1.35)

and the relationships between K;r, K; 5 and By as found by (Rudowicz, 1985;
Lindgard and Danielsen, 1975) are

Kip = —ngo < Oy > +5By < Oy > +22le < Ogp > (1.36)
Ko = g(wm < Ow > +27Bso < Ogo >) (1.37)
Kyp = %(5344 < O > +5Bg < Ogo >) (1.38)
Kop = -213—61350 < Og > (1.39)
Kip = -%B“ < O > (1.40)
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The values of K., p can be obtained experimentally from the magnetization curves
of a single crystal sample measured in different directions. Thus, the crystal field
parameters, B, can be calculated in terms of (1.36)-(1.40).

1.4 Two-sublattice mean field model

The magnetocrystalline anisotropy of the R-Fe compounds consists of two separate
contributions associated with the R and Fe sublattices. The competition of the two
anisotropies at various temperatures and applied fields leads to a complex magnetic
structure. To describe the dependence of the magnetization on temperature or
applied field, a two-sublattice mean field model is usually used (Yamada et al,

1988; Radwanski and Franse, 1988; Cadogan et al, 1988).

In this model, the magnetizations are defined as Mg,=Np.<pr.> and M=~ NgrgsppJ

for the Fe and R sublattices, respectively, where Nr, and Ny are the numbers of

Fe and R atoms for a unit crystal cell, respectively. The energy expression for the

Fe sublattice is given by

Ep, = E,r. — (HE + Hy) - Mp. (1.41)

where E, re=K) r.sin’8 and HE =-nr.gMp are the Fe-sublattice anisotropy en-
ergy and the exchange field acting on the Fe sublattice, respectively, 8 is the angle
between M, and the c-axis and Hj is the applied magnetic field.

The Hamiltonian for the R ions is written as

Hr = BumOum — (HF + Hg) - Mg (1.42)

where HF =-nr.sMF. is the exchange field acting on the R ions. The free energy,
Fp, of the R ions at a given temperature is obtained by using a partition function,
Zp,
Fr = —kpT In(2ZR) (1.43)
where Zp, is given by
Yi E; exp(—E;/kpT)
Zp = 1.4

* T Tiexp(=Ei/ksT) (144
E; are the eigenenergies of Hp and can be obtained by direct diagonalization of
(1.42).
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Hence, the total energy of the two-sublattice system becomes

Byt =Er.+Y_ Fr+nraMg - Mp, (1.45)
R

where the last term is included to avoid double counting of the intrasublattice
interaction term.

It is now possible to determine the magnetic structure at any given temper-
ature and applied field by solving the coupled equations (1.41) and (1.42) while
minimizing the total energy of (1.45). A common procedure is to minimize the
energy for a given set of parameters B,m, nrr., K1 re as a function of the direction
of the sublattice magnetizations. The calculated values of the magnetization com-
ponents in the direction of Hy can subsequently be compared with experimental
values available for different fields Hy and at various temperatures. Based on this
method Yamada et al (1988) have calculated the magnetization curves in the high
field for R;Fe;4B; Hu et al (1990) found a set of the crystal field parameters from
the magnetization curves in different directions for a single crystal of DyFe;; Ti and
then computed the dependence of the magnetization direction on temperature for
DyFeuTi.
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Chapter 2

Review: R-Fe Permanent
Magnets

Since Nd-Fe-B was discovered in 1984, there have been three major achievements
in R-Fe permanent magnetic materials. (1) new rare-earth iron compounds in-
cluding R(Fe, M),;, with the ThMn;, structure and R3(Fe, M), with a monoclinic
structure, (2) nanocomposite permanent magnets with enhanced remanence, and
(3) interstitial rare-earth iron nitrides and carbides.

2.1 New R-Fe compounds
2.1.1 R,Fe;4B

The super permanent magnet Nd-Fe-B was discovered by two methods. In one,
Hadjipanayis et al (1983, 1984), Croat et al (1984), and Koon and Das (1984) pre-
pared Nd-Fe-B permanent materials with (BH )p..=14 MGOe by rapid quenching
method. In the other one, Sagawa et al (1984) made a permanent magnetic alloy,
Nd,;sFez;Bs, with (BH ) ma:=36 MGOe by using the conventional sintering method.

All of these permanent magnetic alloys contained a novel ternary crystalline
compound, RyFe;4B. Its crystal structure was soon determined by Herbst et al
(1984, 1985), Givord et al (1984), and Shoemaker et al (1984). R:Fe;4B has a
tetragonal structure with space group P4;/mnm. Each unit cell contains four
formula units, or 68 atoms. There are six Fe sites 16k;, 16k;, 872, 83, 4c and 4e
sites), two R sites (4g and 4f sites) and one B site (4g site).
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The magnetic properties of R;Fe;uB (Herbst, 1991) are listed in Table 2.1
of Appendix 2.4. The compounds La;Fe;4B, Lu;Fe;4B and Y,Fe;sB are normal
ferromagnets in which the magnetic properties are determined by the Fe sublattce.
The average Fe moment is 2.2 up at 4 K and the anisotropy field is of about 26
kOe at room temperature.

The Curie temperature of Nd;Fey B is only 585 K. Various attempts have
been made to raise the Curie temperature. Nonmagnetic atoms, such as Al, Mn,
Cr, Ti and Zr reduce the Curie temperature when they replace Fe (Abache and
Oesterreicher, 1986; Jurczyk and Wallace, 1987). Substitution of Co and Ni for Fe
increases the Curie temperature (Matsuura et al, 1985; Burzo et al, 1985). It is
surprising that the diamagnetic atoms Si and Ga substituted for Fe can also cause
a considerable increase in the Curie temperature, for example, from 585 to 615 K
in NdjFe;4_,Si.B for x=0 and x=1.5 (Pedziwiatr et al, 1987; Jurczyk et al, 1987).
This unusual increase in the Curie temperature is attributed to the occupation of
the 16k, site by the Si atoms (Li Z W et al, 1990).

Spin reorientation occurs in the Nd, Ho, Er, Tm and Tb compounds. They are
divided into two distinct types. One originates from the competition between the
Fe and R sublattices. The Fe sublattice has an easy c-axis anisotropy and prevails
at high temperature. The R sublattice (R=Sm, Er, Tm and Yb) has an easy
c-plane anisotropy, which dominates at low temperature. Consequently, a change
of the easy magnetization direction from the c-axis to the c-plane is observed at
the temperatures 320, 311 and 115 K for the compounds Er;Fe;,B, Tm;Fe ;4B and
Yb,Fey4B, respectively. The other originates from a difference of the temperature
dependence between the various terms for the R sublattice anisotropy. Callen and
Callen (1966) have shown that the expectation values of < O,q > depend on the
reduced R sublattice magnetization Mx(T)/Mg(0) by

< OnO >=L OnO >0 (AML’;((%,_)))ﬂ('H-l)/Z’ (2_1)

As a conseqence of these temperature dependences the higher order contributions
can be negligible at high temperatures and, therefore, lead to deviations of the
easy magnetization direction from the c-axis. Spin reorientations of this type oc-
cur at 135 and 58 K with tilting angles of 32° and 22° for Nd;Fe;;B and Ho.Fe,,B
(Wolfers et al, 1990), respectively.
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2.1.2 R(Fe,M);;

RFe;; does not exist for any rare-earth element. A third element, such as Ti, V,
Cr, Nb, Mo, W and Si, must be added to form the ternary compounds RFe;;_.M,
with the ThMn,, structure. The values of x depend on the specific M element,
such as 0.7<x<1.25 for Ti (Hu et al, 1990a), 1.25<x<4.0 for V (Buschow and de
Mooij, 1989), 1.35<x<3.5 for Cr (Buschow and de Mooij, 1989) and 0.5<x<4.0
for Mo (Sun et al, 1992a).

RFe;;_xM, has the tetragonal structure with the space group I4/mmm. Each
unit cell contains two formula units. The R atoms are located on the 2a site and
the Fe and M atoms on the 8i, 8j and 8f sites.

The average Fe magnetic moments and the Curie temperatures are observed
to be 1.35-1.93 up and in the range of 400 and 650 K, respectively, depending on
the specific M element and the value of x. The Fe magnetic moment and the Curie
temperature for the fictional compound YFe,; were predicted to be 2.07 up at 4.2
K and about 710 K, respectively, by extrapolation of the high-field magnetization
data and the Curie temperatures of YFe;;_ .M, (Verhoef et al, 1988; Buschow,
1991). Up to now the maximum magnetizations are found to be 24.6 up/fu at 4.2
K for YFe;; sMogs (Sun et al, 1992a).

The saturation magnetizations and the Curie temperatures for RFe;;Ti are
listed in Table 2.2 of the Appendix and the spin structures for RFe;; Ti and RFe V>
are shown in Fig.2.1

The Fe sublattice anisotropy favours an easy magnetization direction parallel
to the c-axis. The sign of Ay for the R sublattice is negative. This implies that
the R ions with a positive a;, such as Sm, Er, Tm and Yb, contribute to the
uniaxial anisotropy; the R ions with a negative a;, such as Nd, Tb, Dy and Ho,
contribute to the planar anisotropy. However, complex spin reorientation occurs.
For DyFe;; Ti the magnetic moments are parallel to the [100] direction below 58 K
and parallel to the c-axis above 200 K; at temperatures between the two spin re-
orientation transitions the moment is canted (Hu et al, 1990; Andreev ea al 1990).
For ErFe;;Ti the canting angle is 16+2° at 4.2 K and decreases progressively with
increasing temperature (Andreev et al, 1988). These results show that the higher-
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RFe,,Ti R,FeoV2

Figure 2.1: The dependence of the spin structure on temperatures for RFe;; Ti (Hu
et al, 1989) and RF610V2 (Haxje et a.l, 1990)

order (fourth- and sixth-order) terms must be taken into account.

2.1.3 Ra(Fe, M)zg

R3(Fe, M)25 compounds were first discovered by Collocott et al (1992). They re-
ported the formation of a new high-temperature phase in the Fe-rich corner of the
Nd-Fe-Ti ternary phase diagram. At the beginning the new phase was denoted
by Ra(Fe,M);s and later the correct stoichiometry was shown to be Rj(Fe, M)y
(Li H S et al, 1994). Fuerst et al (1994) were the first to suggest that the new
phase belongs to a monoclinic structure with the P2;/c space group. Now the
R;3(Fe, M)z phase is known to form with R=Ce, Pr, Nd, Sm and Gd, and M=Ti,
V, Cr and Mn (Cadogan et al, 1994; Li H S et al, 1994; Fuerst et al, 1994; Yaug -
F M et al,1995). No reports on the heavy rare-earth R3(Fe, M),y have appeared,
except the Gd compound.

The Rj(Fe, M)z structure contains two R sites (2a and 4e) and fifteen Fe(M)
sites (2d and fourteen 4e sites). Like the R,Fe;; and Th,Mn,, structures, the
R3(Fe, M)29 structure can also derived from replacing R atoms by Fe-Fe dumbbells
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in the hexagonal CaCus structure,
R;_xFes + (2Fe), — RFe, (2.2)

The R;Fe;; and ThyMn,; structures represent x=1/3 and x=1/2, respectively; the
Rg3(Fe, M)y structure represents x=2/5.

The magnetic properties of R3(Fe, M)y are listed in Table 2.3 of the Appendix.
The R;(Fe, M)2s compounds are ferromagnetic and the Curie temperatures in a
range of 296 K (R=Ce and M=Cr) to 524 K (R=Gd and M=V). X-ray diffraction
on magnetically aligned powder samples of Nds(Fe, Ti)2s and Smy(Fe, Ti)2 indi-
cates that the easy direction of magnetization is in the a-b basal plane, along the
[201] direction (Margarian et al, 1994; Yang F M et al, 1994). Neutron diffraction
shows that the easy direction is the a-axis at room temperature (Hu Z and Yelon,
1994). The saturation magnetizations of Nd3(Fe, Ti)s9 are 58 up/fu at 4.2 K and
47 pp/fu at room temperature, and the anisotropy fields are 98 kOe at T=12 K
and 77 kQOe at room temperature (Cadogan et al, 1994a). For Sm;j(Fe, Ti)4, the
magnetization and anisotropy field are 119 Am?/kg and 34 kOe, respectively, at
room temperature (Yang F M et al, 1994)

2.2 Nanocomposite permanent magnets

Nanocomposite permanent magnets are usually composed of two (or more) phases.
One is a hard magnetic phase and the other is a soft magnetic phase, such as a-Fe
or Fe3B. The outstanding property of the nanocomposite magnets is an enhanced
remanence. The remanence ratio, B, /B, is as high as 0.7~0.8 without any need
for alignment, as compared to 0.5 for usual isotropic magnet.

The nanocomposite permanent magnet with enhanced remanence was first
made by Coehoorn et al in 1988. The starting material had a composition Nd,FeggB2o.
After a rapid quench the material was annealed at 670°C. The remanence ratio
is 0.75 and the energy product is 10.8 MGQOe. This composite magnet consists of
Nd;Fe 4B, Fe3;B and a-Fe phases; their relative volume ratios are about 36 %, 60
% and 4 %, respectively, by Mdssbauer spectra (Li Z W et al 1992). The coercive
force is induced by the Nd;Fe;4B phase based on the observation that the coercive
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force vanishes at the Curie temperature of this phase (Zhang et al, 1990; Eckert
et al, 1990). Since then, a remanence ratio of 0.75, a coercive force of 3.4 kOe
and an energy product of 15.1 MGOe have been achieved for NdsFex sCosGa;Bias
(Hirosawa et al, 1990).

An isotropic permanent magnet was obtained by Manaf et al (1993, 1993a)
starting with the composition NdsFegBg and then rapidly quenching. The rema-
nence is 10 kG, the coercive force is 6.0 kOe and the energy product is 20 MGOe.
This permanent magnet consists of two phases, a matrix of magnetically hard
Nd;Fe; B with numerous particles of a-Fe on grain boundaries. The average grain
sizes are <30 nm and <10 nm for Nd;Fe;4B and a-Fe, respectively.

The other way to produce a composite magnet is by mechanical alloying fol-
lowed by annealing. The composite magnets SmyFe;g_«Ny (x=5-9) made by me-
chanical alloying consist of SmzFe;7N, and a-Fe phases. With increasing Sm con-
centration from x=5 to x=9 the remanence decreases from 13.2 kG to 10.0 kG
and the coercive force increases from 1.2 kOe to 4.8 kQe. (Coey, 1995). Optimum
properties are achieved for Sm;FegN,. The remanence is 11.3 kG, about 80 % of
the saturation magnetization, the coercive force is 3.9 kOe and the energy product
is as high as 25.8 MGOe. The amount of SmyFe;;N, and a-Fe by weight are 70 %
and 30 %, respectively (Ding et al, 1992, 1993). The grain sizes of the two phases
are shown to be both 15 nm diameter by transmission electron microscopy (Ding
et al, 1994).

2.3 Interstitial R-Fe carbides and nitrides

Although R;Fe;; compounds have high saturation magnetization, their low Curie
temperatures and easy c-plane anisotropies at room temperature make them u-
nattractive for application as permanent magnet materials. However, the intro-
duction of interstitial N and C atoms can increase the Curie temperature and
modify the magnetic anisotropy of R;Fe;;. The crystal structural parameters and
magnetic properties of R,Fe;;C and R;Fe 7N, are listed in Table 2.4 and 2.5 of the
Appendix.
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2.3.1 Crystal structures

R;Fe;7 compounds have two crystal structures, the rhombohedral Thy;Zn;; or the
hexagonal ThyNi;; structure. The rhombohedral structure is found for the light
rare-earth compounds (R=La to Sm) and the hexagonal structure for the heavy
rare-earth compounds (R=Gd to Lu and Y). For the rhombohedral structure, Fe
atoms occupy the 6¢c, 9d, 18f and 18h sites and R atoms the 6c¢ site; for the
hexagonal structure, Fe atoms are located on the 4f, 6g, 125 and 12k sites and
R atoms the 2b and 2d sites. However, each corresponding site for the two kinds
of structure has a similar local environment. Neutron and x-ray diffractions have
shown that the interstitial C or N atoms occupy the 9e site in the rhombohedral
structure and the 6h site in the hexagonal structure (Helmholdt and Buschow,
1989; Haije et al, 1990a; Yang Y C et al, 1991a; Ibberson et al, 1991; Jaswal et
al, 1991; Miraglia et al, 1991; Yelon and Hadjipanayis 1992; Isnard et al, 1992,
1992a, 1993; Kajitani et al, 1993; Yan et al, 1993). In addition, some authors also
suggested a partial occupation of the second interstitial site, the 18¢ site (Yelon
and Hadjipanayis 1992; Kajitani et al, 1993; Yan et al, 1993).

Interstitial C or N atoms leads to an increase in the cell volume by 6-7 %,
as compared to R;Fe;;. A linear relationship between the cell volume and the C
concentration was found for RyFe;;C, until y<1. With increasing C concentration,
there is a structural transition, from the hexagonal to the rhombohedral structure
for RoFey;C, with R=Y, Ho and Er (Sun et al, 1990a; Coene et al, 1990; Kou
et al, 1991). On the other hand, the introduction of interstitial C atoms can
extend the stability range of the rhombohedral structure towards the Lu end. The
rhombohedral structures can be retained for RyFe;;C; with Gd, Tb, Dy, Ho and
Er made by alloying (Zhong et al, 1990) and for Gd;Fe;;C, and Tb;Fe;;C, made
by the gas-phase reaction (Sun et al, 1992).

2.3.2 Curie temperatures

One of the most interesting magnetic properties is the very high Curie tempera-
tures of the rare-earth nitrides and carbides. As compared to R;Fe;;, the Curie
temperatures are elevated by 100-200°C for R;Fe;;C made by alloying and even
by 300-400°C for R;Fe;;N, and R;Fe;;C; made by a gas-phase reaction. A linear
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relationship between the Curie temperature and the corresponding cell volume has
been shown for a series of YjFe,;Cy; and Gd;Fe;7C, carbides with various C con-
centrations (Liu J P et al, 1991 ). These results suggest that the increase in the
Curie temperature is a volume effect. Analysis of the R-Fe exchange interactions in
RzFe;;Ny was made using Curie temperature data (Sun et al, 1991) and also using
high-field magnetization data (Liu J P et al, 1991). They found that the strength
of the R-Fe interactions is weaker than that for R;Fe;s; the large increase in Curie
temperature is therefore attributed to an enhancement of the Fe-Fe interaction.

2.3.3 Magnetizations

The saturation magnetization at T'=4.2 K for Y,Fe,;N, is 38.5 pp/fu which cor-
responds to 2.27 up per Fe atom, larger than 2.09 ug for Y,Fe;; and 2.20 up for
a-Fe. The band structure of Y,Fe 7N, was calculated by Beuerle et al (1991) as a
function of the unit cell volume, which simulated the volume expansion observed
in a nitrogen absorption. The results show that on average the increase in the Fe
moment is of the order of 10 %, which is in good agreement with the values found
from magnetic measurements and Mdossbauer spectroscopy. Similar calculations
have been made by Li Y P et al (1991), Woods et al (1993), Zeng et al (1993), Gu
et al (1993) and Ching et al (1994).

2.3.4 Magnetic anisotropy

Another interesting property of rare-earth iron nitrides and carbides is a huge mag-
netocrystalline anisotropy. The easy magnetization direction at room temperature
lies in the c-plane for all R;Fe;7 compounds. For the nitrides and carbides, N and
C atoms occupy the interstitial sites around the R atoms within the basal plane,
which leads to an increase in the charge density of the rare-earth valence electrons
in the plane and to a decrease in Ay to more negative values. Consequently, for
the Sm, Er, Tm and Yb atoms with a positive second-order Stevens coefficient
(as>0), the easy c-axis anisotropy of the R sublattice is greatly enhanced.

For the Sm nitrides and carbides, interstitial C or N atoms can enhance the
Sm sublattice anisotropy that compensates for the Fe sublattice anisotropy (which
favors an easy magnetization direction perpendicular to the c axis) even at fairly
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low interstitial concentrations. It has been shown that the easy magnetization di-
rection is parallel to the c-axis at all temperatures below the Curie temperature for
Sm;Fe;7Cos (Grossinger et al, 1991; Ding and Rosenberg, 1991). For Sm;Fe;;N,,
the anisotropy field, H,, at room temperature was estimated to be 140 kQOe by
a magnetic measurement (Coey and Sun, 1990) and even 230 kOe by a singular-
point detection method (Katter et al, 1990; 1991). These values are much larger
than those found in Nd;Fe;,B and SmTiFe,;, where H, ~73 kOe and 100 kQe,
respectively. The temperature dependences of the anisotropy field for Sm nitrides
and carbides have been studied by Kou et al (1990), Katter et al (1991), Chen
et al (1993) and Miragile et al (1991). From high field magnetization data, the
anisotropy fields at 4.2 K are found to be larger than 350 kOe for Sm,Fe 7N, 7 (Liu
J P et al, 1991) and even to be larger than 700 kOe for Sm;Fe;;N3, (Kato et al,
1993).

The giant magnetocrystalline anisotropy is attributed to the crystalline electric
fields (CEF) acting on the Sm3+ 4f shell. The crystal field coefficients , Aum,
have been calculated by using the temperature dependence of the anisotropy field,
H,(T), (Zhao et al, 1991; Li H S and Cadogan, 1991, 1992; Li H S and Coey, 1992;
Kato et al, 1993; Zhao et al, 1995) or by using the temperature dependence of
the magnetocrystalline anisotropy constants, K;(T') and K>(T") (Wolf et al, 1995).
The calculated second crystal-field coefficients, Az, have a range of -160— -600
Kag?.

Other RyFe;;N, and R;Fe;;C, compounds (R=Er and Tm) with a positive a;
have been found to have a spin reorientation transition from the c-plane to the
c-axis below room temperature (Gubbens et al, 1989, 1991 and 1992; Hu et al,
1990a; Liu et al, 1991; Kou et al, 1991a; Grossinger et al, 1991; Hu B P and Liu,
1991; Ohno et al, 1993). This transition reflects the competition between the R
sublattice and the Fe sublattice anisotropy. The spin-reorientation temperature
rises with the C concentration for Tm;Fe;;C,, from 72 K for y=0 to 200 K for
y=1.4; in contrast to their parent, carbides Er;Fe;;Cy have a transition at y>0.8.

2.3.5 Maossbauer spectroscopy

S"Fe Mossbauer spectra of R,Fe;7Ny and R;Fe);C, have been studied extensive-
ly by Hu et al (1991), Zouganelic et al (1991), Qi et al (1991,1992), Long et al
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(1992), Pringle et al (1992), Rosenberg et al (1993), Chen X et al (1993), Kong
et al (1993), Gong et al (1994) and Marasinghe et al (1994). Usually, the as-
signments of four subspectra are made by considering their relative areas together
with the numbers of the neighboring Fe atoms of the sites. The magnitude of
the hyperfine fields is in the sequence Hjy(6c)>Hjz(9d)>Hys(18f)>H,¢(18h). In
addition, Long et al (1992) fitted their Mdssbauer spectra in a different order of
Hy;(9d)>Hps(6c)>Hp;(18h)>H,,;(18f) based on the Wigner-Seitz volume of each
Fe site. The average hyperfine fields are larger for R;Fe);N, than for R;Fe;;C,;
the difference is attributed to the transferred hyperfine field from interactions
with neighboring atoms (Qi et al, 1992). Based on a jump in the hyperfine field
and a sign change in the quadrupole splitting, the spin-reorientation transitions
have been studied for RyFe;7Ny and R;Fe;7C; R=Tm or Er (Gubbens et al, 1989,
1991; Hu et al, 1990). The spin-reorientation temperatures obtained are in good
agreement with those measured by a.c. susceptibility and thermomagnetic scans.

The Mossbauer spectra of rare-earth nuclei have been used to study the rare-
earth sublattice anisotropy (Gubbens et al, 1989, 1991, 1992, 1994; Dirken et
al, 1989, 1991; Mulder et al, 1992; Isnard et al 1994). The second-order crystal
field parameter, Ay, can be found from the quadrupole splitting observed at the
rare-earth nucleus, based on a relationship between Ay and V;,

l—-0
Apy=——r—V,, 2.3
2T A1 - 1) (23)

where o is the screening constant, v, is the Sterheimer antishielding factor, and
V.. is the principle axis component of the electric field gradient (EFG). From the
rare-earth Mossbauer spectra, the values of Ay are -50(£100), -200(%50) and -
400(+50) Kag 2 for Er;Fe;;, Er;Fe;;C; and Er;Fe 7N2 4 (Gubbens et al, 1991, 1992),
respectively, are -200, -430 and -580 Kao‘ 2 for Gszer(, GszeuCl_z and Gd2F817N3
(Dirken et al, 1989, 1991), respectively, and is -300(+50) Kaj? for Tm;Fe;;C and
TmyFe;1Na s (Gubbens et al, 1989, 1992, 1994).

2.3.6 Substitution effect

The effects of substitution of Co for Fe in R;Fe 7N, have been studied by (Hurley
and Coey, 1991; Katter et al, 1992; Xu and Shaheen, 1993). For Sm;(Fe;_.Cox)17Ny,
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with increasing Co concentration, the Curie temperatures, the saturation magneti-
zations and the anisotropy fields increase at first and then decrease; their maxima
occur at about x=0.5, 0.2 and 0.3, respectively, (Katter et al, 1992). The magnetic
properties of Ry(Fe;_M,) 17N, (M=Si, Ga, Al, Ti, V and Nb) have been reported
by Hu B P et al, 1992; Tang et al, 1992; Li X W et al, 1993; Valeanu et al, 1994;
Middleton and Buschow, 1994; Yang F M et al, 1994a; Liu et al, 1994; Koyama et
al, 1995). The largest stability range of the 2:17 nitrides is for Al with 0<x<0.4
for the Sm nitrides. The N concentrations, the Curie temperatures, the saturation
magnetizations and the anisotropy fields are generally reduced with increasing M
concentration x.

One of the merits of R;Fe;;C; prepared by alloying is its chemical or struc-
tural stability at high temperature; however, the C concentration is rather low
(y~1.0 for the light rare-earth carbides and y~1.6 for the heavy rare-earth car-
bides). In order to increase the C concentration two ways were proposed. One,
the melt-spinning method was used to make the heavy rare-earth carbides (Shen
et al, 1992; Cao et al, 1992, 1993 and Kong et al, 1992). The maximum C concen-
tration can reach y=2.8. However, up to now, no reports on the light rare-earth
carbides made by this method have appeared. Two, a third element, Ga, is added
in RyFe;7. The C concentration can be raised to y>2. The magnetic properties of
R2Fe;5Ga,Cy have been studied (Shen et al, 1993, 1994). On the other hand, the
nitrides or carbides made by the gas-phase reaction have a high N or C concen-
tration; however, they are not stable at high temperature. This drawback can be
overcome by Si substitution in RoFe;Cy (Li Z W et al, 1994, 1995).

Appendix

The magnetic properties as well as the crystal structural parameters of Nd;Fe;,B
(Herbst, 1991), RTiFe;; (Hu et al, 1989; Yang Y C et al 1991), R3(Fe, M)y (Cado-
gan et al, 1994), R;Fe);C (Zhong et al, 1990) and RyFe 7N, (Otani et al, 1991)
are listed in Table 2.1-2.5, where M, is the saturation magnetization, H, is the
anisotropy field, Ty is the Curie temperature, and a and c are the lattice constants.
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Table 2.1: Magnetic properties of R,Fe;4B by Herbst (1991).

4K ) 295K

R M, M, H, M, M, H, T.
(up/fu.) (kGs) (kOe) (up/fu.) (kGs) (kOe) (K)

30.6 148 12 284 138 20 530
Ce 294 147 26 23.9 117 26 424
Pr 37.6 184 ~200 319 156 75 565
Nd 377 185 ~I70 325 160 73 585
Sm  33.3 167 >200  30.2 152 >150 616
Gd 17.9 9.2 19 17.5 8.9 24 661
Tb 13.2 66 ~300 140 70 ~220 620
Dy 11.3 57 ~170 14.0 71  ~150 598
Ho 11.2 57 >100 159 8.1 75 573
Er 12.9 66 ~260 17.7 9.0 8 554

Tm 18.1 9.2 ~170 22.6 11.5 8 541
Yb 23.0 12.0 23.0 12.0 524

Lu 28.2 14.7 20 22.5 11.7 26 235
Y 31.4 31.4 18 27.8 14.1 26 565

Th 28.4 122 ~20 24.7 14.1 26 481

Table 2.2: Magnetic properties of RTiFe;; by Hu et al (1989) and Yang Y C et al
(1991).

"R (uaffu)  HokOe) T,(K)
42K 293K 4.2K 293K

Pr

Nd 213 16.8 547
Sm 20.1 170 >150 10.5 o984
Gd 125 125 7.8 3.3 607

Th 9.7 10.6 554
Dy 9.7 113 2.3 534
Ho 9.6 530
Er 92 124 8.3 2.4 505
Tm 496
Lu 15.7 2.2 488

Y 190 166 4.0 2.1 524
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Table 2.3: Magnetic properties of R3(Fe, M) by Cadogan et al (1994).

4K 295K

R M at%M M, H, M, H, T.

(u/fu) (kOe) (up/fu.) (kOe) (K)
Y V 81 41.0 38 439
Nd V 81 50.0 480
Sm V 81 41.0 23.9 173 490
Gd V 81 24.0 524
Ce Ti 50 47.0 31.4 322
Pr Ti 45 56.4 6.3 46.2 40 3713

Nd Ti 3.6 58.2 9.8 47.6 7.7 396
Sm Ti 6.3 50.8 7.8 43.6 5.8 452

Ce Cr 128 354 296
Nd Cr 138 453 34.5 410
Sm Cr 14.1 38.6 31.1 423

Nd Mn 333 171 <295

Table 2.4: Crystal structual parameters and magnetic properties of R;Fe;;C by
Zhong et al (1990).

R a c Structure 7T, Tsp M,
(nm) (nm) (K) (K) (ps/fu)

Y 0859 1.245 rho 502 35.5
Ce 0.854 1.242 rho 297 328
Pr 0860 1.247 rho 370
Nd 0.863 1.247 rho 449 40.6
Sm 0.864 1.248 rho 552 34.0
Gd 0.863 1.247 tho 582 23.6
Th 0.860 1.246 rho 537 19.0
Dy 0.859 1.245 rho 515 17.0
Ho 0.857 1.245 rho 504 174

Er 0854 0.833 hex 488 111 18.8
Tm 0.852 0.832 hex 498 180 24.4
Yb 0.852 0.832 hex 477

Lu 0.849 0.832 hex 490 35.2
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Table 2.5: Crystal structual parameters and magnetic properties of R;Fe 7N, by
Otani et al (1991).

R a ¢ Structure 7. 7Tsr M,
(nm) (nm) (K) (K) (up/fu)
Ce 0.847 1.267 rho 700 36.3
Pr 0879 1.242 rho 720 41.3
Nd 0.878 1.266 rho 740 43.9
Sm 0.874 1.267 rho 730 38.2
Gd 0871 1.265 rho 740 273
Tb 0.868 1.267 rho 730 25.0
Dy 0.867 1.267 rho 720 23.0
Ho 0.863 0.847 hex 710 24.5

Er 0862 0848  hex 690 150 205
Tm 0858 0.848  hex 690 225 305
Yb 0857 0850 hex 675

Lu 0858 0.848  hex 675

Y 0863 0846  hex  6%0 385

——
e— ——— —
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Chapter 3

Review: Theory and Application
of Mossbauer Spectroscopy

When the nucleus is bonded in a solid, there is a process with a certain probability
of recoilless y-ray emission and absorption. Consequently, a recoilless nuclear
resonance absorption can be observed. This effect, namely the Méssbauer effect,
was first discovered by R. Mossbauer in 1958 (Mdssbauer 1958). A few years later
(1961) he was awarded the Nobel prize for his discovery.

The recoilless fraction, f, based on the Debye model, is calculated to be

f=ep(- SR+ 4G [ 2= (3.1)

where 8p is the Debye temperature and Ep is the recoil energy for the nuclear
emission or absorption. The recoilless fraction is about 0.78 for 5"Fe nuclei in a
Rh matrix.
The natural line-width (in Joules) of the emission or absorption line, I', based
on the Heisenberg uncertainty principle, is given by
= 0.693R

= 3.2
2nt, /2 ( )

where h is Planck’s constant and ¢,; is the half lifetime at the excited states. The
first excited state of "Fe (Ep=14.4 keV) has a value of ¢;,=97.8 ns. Thus, the
natural line-width is as sharp as I'=4.7x10"% eV and the energy resolution is as
high as '/ Ey ~10713,

The sharpness of the Massbauer line, which can determine the energy positions
of the emitted y-ray from a source relative to an absorber with a high accuracy,
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is the most important feature of the Mdssbauer effect. Therefore, the M6ssbauer
effect makes it possible to resolve the hyperfine interactions between the Mossbauer
nucleus and the electric and magnetic fields in the region of the nucleus in a direct
way and provides a wealth of new information on electron and spin distributions
around the MGssbauer nucleus.

In fact, the MGssbauer nuclear transitions are not absolutely the same in the
source and absorber because the nuclei in the source and absorber have different
environments. However, the energy of the y-ray can be modulated by a first-order
Doppler effect. By an appropriate relative motion the nuclear transitions can be
accurately matched and thus resonance occurs. The counts of the v radiation,
N(v), which come from the source, pass through the absorber and are recorded
by a detector, as a function of the Doppler velocity, v, are a Mossbauer spectrum.

Before Mdssbauer spectroscopy is applied to get the information on the hyper-
fine interaction, two problems must be resolved: (1) The line-shape of Mdssbauer
spectrum and (2) the relationship between the positions of Mdssbauer spectral
lines and the hyperfine interaction parameters. In section 3.1 problem (1) will be
discussed and in sections 3.2 and 3.3 problem (2) will be discussed.

3.1 Mossbauer spectral lines

The theory of the resonance absorption lines for a Mssbauer spectrum has been
described by Arthur (1968), Greenwood and Gibb (1971), Asch and Kalvius (1981),
and Trooster and Viegers (1981). The counts, N(v), for a Mdssbauer spectrum
consists of three parts:

N(v) = Nr+ (1 = f5)N,(o0) + foN,(00)T(v) (3.3)

where N, (oco) are the counts which come from Mossbauer radiation far from the
resonance, Ny are the counts of other radiation, f; is the recoilless fraction for the
source and T'(v) is the transmission intensity for recoilless Mossbauer radiation.
If the Mossbauer radiations are distinguished from the other radiations, (3.3) can
be expressed as

N(v) = Cofl — fo(1 — T'(v))] (3.4)
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where

Co = Np+ N,(o0) (3.5)
__ falNy(0)
fo = Nz + N,(o3) (3.6)

Although the emitted vy-ray energy is very sharp, there still exists an energy
distribution. The distribution, S(v, E), at energy F and Doppler velocity v has a
Lorentzian shape and is given by

L, (T\/2)?
27 (E — E§ — EovJc)? + (T./2)2

S(v,E) = (3.7)

where I', and E§ are the natural line-width and the transition energy, respectively,
for the source and Ej, is the transition energy for free nuclei.
On the other hand, the reduced resonance absorption cross-section, ¢(E), can

be expressed as

(E — E§)* + (T'a/2)?
where I, and Ef are the natural line-width and the transition energy, respectively,
for the absorber.

The energy distribution of transmission intensity, T'(v, E) is given by

o(E) = (3.8)

T(v, E) = S(v, E)e«(® (3.9)
and the total transmission intensity over whole energy range can be written as

T(v) = / :o S(v, E)e ") (3.10)

where ¢, is the effective thickness of the absorber, which is defined as
t, = oofunu (3.11)

where oy is the maximum resonance cross-section, f, is the recoilless fraction for
the absorber and n)s is the number of Mdssbauer nuclei.
By substituting (3.7) and (3.10) into (3.4), one obtains

PP (T,/2)* e
N(v)=GCo(1-filt - 5= [ R BT aap T 4E) (312)
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When ¢, < 1, the exponent term approximates to

e ) 1 - t,0(E) (3.13)
Hence, (/2"
1 2
New) =Gl - ot - o r o) O

where I'=I',+T.and E§ — Ej is the energy shift between the source and the ab-
sorber. The first term in the bracket is a background count. The second term
represents a resonance absorption distribution. This distribution has a Lorentzian
line-shape.

In fact, numerical results of (3.12) calculated by Frauenfelder (1962) have
shown that, even if absorbers are not very thin, the resonance absorption is still a
Lorentzian distribution with a broadened line-width, I'.;s=T - k(t,), where

h(t.) = 1 + 0.135¢,, for 0<t, <5 (3.15)
h(t,) =1 +0.145¢, — 0.0025t2 for 5<t, <10 (3.16)

Based on (3.14), the maximum absorption height, Ag, and the absorption area,
A, are found to be

1 1
A = §Cofota = ECOUOfOfanM (3.17)
A = / > N(v)dv = iﬂ’Co fotal' = %11’001"60 fofanue (3.18)

Eq.(3.18) indicates that the absorption area is proportional to the number, ny, of
Mossbauer nuclei.

In conclusion, based on (3.14) and (3.18), for a thin absorber, (1) Méssbauer
spectral lines have a Lorentzian line-shape and (2) the areas of Mossbauer spectra
are proportional to the numbers of Mdssbauer nuclei in the absorber.

3.2 Theory of hyperfine interactions
The Hamiltonian operator for the hyperfine interaction can be expressed as

H = H(e0) + H(m1) + H(e2) + ... (3.19)
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The first term in the right side of this equation, H(e0), stands for the electric
monopole interaction, which leads to a shift of energy levels. The second and
the third terms, #(m1l) and H(e2) refer to the magnetic dipole and the electric
quadrupole interactions. They split the nuclear energy levels into sublevels without
shifting the center of gravity of the multiplet. For Mdssbauer spectroscopy, only
these kinds of interactions have to be considered. The higher-order interactions
can be neglected because their energies are several orders of magnitude smaller
than the €0, €2 and m1 interactions. In addition, the electric dipole interaction,
H(el), is parity-forbidden. These hyperfine interactions have been discussed by
Matthias and Schneider (1962,1963), Kiindig (1967) and Collins and Travis (1967).

3.2.1 Electric monopole interaction

The electric monopole interaction is a Coulomb interaction between the nuclear
charge and the electron charge density at the nucleus. It produces a energy shift,
often called the isomer shift and given by (Shirley, 1964)

B, = T5(2)e RS 19 0) - O] (320)

where S(Z) is the relativistic factor, Z is the atomic number, R is the average
nuclear radius, AR is the difference between the nuclear radius for the excited
and for the ground state, and ¥,(0) and v,(0) are wavefunctions at the nucleus in
the source and in the absorber, respectively. Because in a Mdssbauer experiment
usually the source is fixed, [¢/(0)|?=C] is a constant for various absorbers. The
isomer shift, therefore, can be simplified as

B =G WO~ Gl (321)

Since the nuclear radius is related to the spin quantum number, I, and not to the
magnetic quantum number, m;, this interaction only leads to a energy shift.
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3.2.2 Electric quadrupole interaction

The interaction between a nucleus with a quadrupole moment and the electric-
field-gradient (EFG) at this nucleus is written as
1
H(e2) = —ECQ v E (3.22)
where the quadrupole moment, €Q, is a tensor and its components are given by
__eQ  3(Li;+1Li)
The electric field gradient, \7E, is a 3x3 second-rank tensor and its components

— I?%8;;) (i,j =z,y,2) (3.23)

are given by
(VE)s = ~(9*V)s = g = Vi Goi=e.92) (320

where V' is an electric potential. Only five of the nine EFG components are
independent parameters. Three of the off-diagonal elements are dependent because
of the symmetric form of the EFG tensor. One diagonal element is dependent,
because it can be expressed by the other two elements as follows from Laplace’s
equation, Y V;;=0.

Further, the "principal axes of the EFG tensor" can be defined such that the
off-diagonal elements vanish and the diagonal elements are ordered as

| Vaz 2] Vi [2] Vzz | (3.25)

With respect to the principal axes, the EFG tensor is described by two independent
parameters, usually chosen as V;,=eq and the asymmetry parameter, 7,

—zeq(1—n) 0 0
vE = 0 —ieqg(l+7m) O (3-26)
0 0 eq

where 7 is defined as n = (V,y — V;:)/V:; and is restricted to 0< n <1.
On substituting (3.23) and (3.26) into (3.22), the interaction H(e2) can be

expressed as

H(e2) = 4;_22;1—?1—)[31?3 — P42 - 12)] (3.27)

Obviously, H(e2)=0 for I < 1/2.
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3.2.3 Magnetic-dipole interaction

The interaction between the nuclear magnetic-dipole moment, p;, and a hyperfine
magnetic field, Hy¢, at the nucleus can be written as

H(m1) = —pg - Hpg = —grunl - Hye (3.28)

where uy is the nuclear magneton and g; is the gyromagnetic ratio of state I.

In fact, pure magnetic dipole interactions are rarely encountered for magnetic
applications of the Mdssbauer effect. Quite frequently one finds that a nuclear
state is simultaneously perturbed by both magnetic dipole H(m1l) and electric
quadrupole H(e2) interactions. The total interaction Hamiltonian, H(m1 + e2)
=H(ml) + H(e2), is a (2I+1)x(2I+1) Hermitian matrix. The matrix elements
have been derived by Matthias et al (1962) and the nonzero elements are given by

Hom = —gipnHrym;+ —-ezi@ cos? @ — 1 + nsin® @ cos 2¢)
" 8I(2I-1)
[3m? — I(I +1)] (3.29)

H B sinf(cosd F E [(1 £ cos8)e*® — (1 F cos9)e™%¢]) -
mmEl = BTl —1) 6"

(2m £ 1)[(I Fm)(I £ m +1]*/? (3.30)
Homsz = =239 (sin?0 + Ln[(1 £ cos 6™ + (1 F cos B)e~4))
m2 = ST s &7 cosB)’e F cosf)°e™%))
(T£m+2)IFm+1)I Fm)(iFm-1)]/2 (3.31)

where m =-I, —(I-1),..1-1, I.

Mossbauer transitions between the states of | I.m. > and | I;m, > involve only
the magnetic dipole (angular momentum L=1) and electric quadrupole radiations
(L=2). The M-selection rule for the transitions is given by

M=0, 1 for the dipole radiation, L=1
M=0, £1, £2 for the quadrupole radiation, L=2

where M = m, — m, and the subscripts e and g denote the excited and ground

states.
For a mixture m1 + e2 transition, the transition intensities are related to the
Clebsch-Gordan coefficients, < I;m,LM | I.m. >, and the angle, 3, between the
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v-ray propogation direction and the quantum axis by the following formula (Asch
and Kalvius, 1981; Fischer and Gonser, 1981)

g in? 8 |< Im,10 | Lome >[?

+%5 sin® 28 |< I;mg20 | I.m. >[* -K? (3.32)

3 1
A(B)M=s1 = Z(l +cos?B) |[< I;mg1 £ 1 | ILm, >|? xix/lg(coszﬂ + cos 20)
c<Imltl|Im, ><ImR2%1|Im, > &

+:51-(cosz B +cos?28)- |< Lm2 £1| Lm, >|? &2 (3.33)

A(B)m=0

5, . 1.
A(B)u=z2 = Z(sm’ﬁ + Ilt-sm2 28) |< I;m2+2| I.m, >|* -x? (3.34)

where & is the mixture parameter; the x? is defined as the intensity ratio between

the e2 and m1 radiations,
2 _ A(e2)

= o] (3.35)

K

3.3 5"Fe Mossbauer spectroscopy

57Fe Moéssbauer spectroscopy involves a y-ray transition between the excited state
I=3/2 and the ground state I=1/2. With a combination of magnetic dipole and
electric quadrupole interactions, the energy levels for the excited and ground states
will split into some sublevels and thus there are six or eight Mdssbauer spectral
lines. In order to obtain the positions of these spectral lines it is necessary to find
the eigenvalues of the matrix (the matrix elements are given by (3.29)—(3.31))
for the states of I=3/2 and I=1/2 and then to get the transition energies. This
is a very complicated problem involving diagonalizing a 4 x4 Hermitian matrix for
I=3/2. On the other hand, there exist eight transition spectral lines that have
complicated intensity-expressions, based on the formulae (3.32)—(3.34).
Fortunately, for most of rare-earth iron compounds the electric quadrupole
interaction is much smaller than the magnetic dipole one, i.e. eqQ < grunHyy.
Under this condition, the formulae for the transition energies and intensities are

considerably simpler.
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The eigen energy for the I=1/2 state, based on (3.29), is given by

1
Er_1j2 = —gqunHygmy mg = :f:E (3.36)

There is no electric quadrupole interaction because e?qQ/[4I(2I — 1)] = 0.

For the I=3/2 state, only the diagonal elements #,, ,, remain; the non-diagonal
elements may be considered approximately to be zero because eqQ < gruyHyy.
Further, if the EFG tensor is assumed to be axially symmetric, i.e. =0, the eigen
energies E(I = 3/2) are given by

3

1
E;_32 = —gepn Hpgme + (—1)imel+2 §e2qQ(3 cos?’6 — 1) me = ii’ :t-;- (3.37)

From (3.36) and (3.37) the transition energies, A E3/z.../2, involving the states
I=3/2 and I=1/2 are found to be

ABsj201/2 = —(geme — ggmg)pn Hip + (—1)m+12 B, (3.38)

where Eg = ;e?qQ(3cos?0 — 1).

The positions, P, in mm/s, of the six transition lines for a Méssbauer spectrum
are determined by (3.38). Fig.3.1 shows the energy levels for the magnetic dipole
splitting with the electric quadrupole perturbation and the corresponding line
positions in the Mossbauer spectrum. For I=1/2, the energy level of the m=+1/2
state is lower than that of the m=-1/2 state, whereas for I=3/2 the levels of the
m=3/2 and m=1/2 states are higher than those of the m=-3/2 and m=-1/2 states,
because g, and g. have a positive and negative value, respectively. Based on (3.38),
the hyperfine field, Hyy, the quadrupole splitting, € = 2Eg and the isomer shift,
6, are calculated to be

Hyy = co(Ps— Py) (3.39)
1

€ = E(Pl — P, - P+ Fs) (3.40)

5 = %(P1 + P+ P+ P) (3.41)

where c,=31.1 kOe/mms™! is the conversion coefficient from doppler velocity to
hyperfine field.

Under the condition of eqQ <« gruxHyy, the y-ray transitions can approxi-
mately be considered to be magnetic-dipole radiation. Consequently, there are
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Figure 3.1: The energy level and the corresponding Mdssbauer spectrum for
eqQ < gipnH.
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Table 3.1: Angular dependence of the allowed transitions for the 5Fe Méssbauer

spectrum _ - L
Line No. Transiton M < I,m,LM |Im.>° Relative intensity
1,6 +3/2— £1/2 1 1 £ (1+cos® B)
2,5 +1/2— £1/2 0 2/3 sin® 3
3,4 F1/2— +1/2 F1 1/3 i (14+cos? B)

only six transitions because the transitions for M=%2 are forbidden. Further, the
relative transition intensities given by (3.32) and (3.33) can be simplified because
k?=A(e2)/A(ml) ~0, as shown in Table 3.1.

For the randomly-oriented samples, the relative intensity must be averaged
over all values of 3. Hence, the relative intensities are 3:2:1 for the 1st plus 6th
lines, the 2nd plus 5th lines and 3rd plus 4th lines. For the oriented samples, when
the direction of the v-ray is along the direction of the hyperfine field, i.e. 8= 0°,
the relative intensities are 3:0:1; When the direction of the 4-ray is perpendicular
to the direction of the hyperfine field, i.e. §=90° the relative intensities are 3:4:1.

An angle factor, b, is defined as the intensity ratio of the 2nd and 5th lines to
the 3rd and 4th lines. The angle 3 is related to the angle factor b by

cosf = ‘/:—H (3.42)

3.4 Applications of Mdssbauer spectroscopy

Modssbauer spectroscopy is utilized in a wide diversity of fields, such as physics,
chemistry, biology, metallurgy, geology and mineralogy. However, I focus my at-
tention on the applications of ’Fe Méssbauer spectroscopy to R-Fe compounds.

3.4.1 Magnetic ordering temperature

Mossbauer spectroscopy can be used to determine the magnetic ordering temper-
ature of materials. The intensities of a absorption line for the paramagnetic state
as a function of temperature are measured. At the magnetic ordering temperature
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a sharp decrease in absorption intensity will occur because of the appearance of a
hyperfine field. Since no external magnetic field is required for this measurement,
the Mdossbauer method may on occasion have some advantages over other general
techniques.

3.4.2 Fe magnetic moments

The value of the total Fe magnetic moment can be obtained directly from a sat-
uration magnetization measurement of R-Fe compounds with a non-magnetic R
(R=Y, La or Lu). However, Md&ssbauer spectroscopy can be used to determine
the Fe moment also. The problem faced by Mossbauer spectroscopy is knowing
the conversion coefficient from hyperfine field to Fe moment. For Y-Fe compounds
the conversion coefficient has been found to be about 150 kOe/up by Gubben et
al (1974).

Méssbauer spectroscopy also provides a useful way to estimating the anisotropic
orbital contribution to the Fe moment by comparing spectra taken above and below
a spin-reorientation temperature. In some instances, quite dramatic changes in the
hyperfine field occur. Based on the expression for the hyperfine field (Streever,
1979),

Hyy =aps + BpuL (3.43)

where us and u; are the Fe spin moment and orbital moment, respectively, one
concludes that the constants a and 3 have opposite signs.

3.4.3 Phase analysis

The characteristic hyperfine parameters observed in a Mossbauer spectrum can
be used to identify phases in much the same way as X-ray diffraction patterns
are used. Further, the relative quantity of an Fe-containing phase can also be
calculated based on the corresponding area of Mdssbauer subspectra. Although,
for these purposes, the applicability of the Mdssbauer effect is not nearly as general
as x-ray diffraction, the Méssbauer effect, in some particular cases, may play a
decisive role in the identification of phases.
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For an Nd,Fe;;B;9 nanocomposite magnet, it is difficult to detect the Nd,Fe;,B
phase by x-ray diffraction because its particles are too fine. However, Nd,Fe;,B
can easily be distinguished from Fe3B in an Mdssbauer spectrum at 600 K. At this
temperature, Fe;B still has a ferromagnetic sextet spectrum; however, Nd,Fe,,B
has a paramagnetic doublet spectrum. The volume percentages are found to be
60%, 36% and 4% for Fe;B, Nd;Fe 4B and a-Fe phases, respectively (Li Z W et al,
1992). A simple linear combination of a virgin YFe;; Ti spectrum and a saturated
YFe;; TiC, spectrum is used to fit the spectra obtained at intermediate heating
temperatures and the coexistence of C-poor (or virgin) and C-rich phase is clearly
demonstrated (Li et al, 1993).

3.4.4 Site occupancies

Some magnetic properties, such as the Curie temperature, magnetization or mag-
netic anisotropy, often depend on the site distribution of Fe and other atoms for
most ferrites, and in particular for the substituted R-Fe compounds. The site
distributions of the Fe atoms can be calculated from the corresponding areas of
the Mdssbauer subspectra. Although neutron diffraction, x-ray diffraction and
NMR (nuclear magnetic resonance) can also provide useful data about the site
occupancies of atoms, the Mossbauer effect is usually more effective and more
convenient.

Méssbauer studies of Y(Fe,M);, clearly demonstrated that Ti and V have
a preference for the 8i site (Cadogan et al, 1989; Li Z W et al, 1990a). The
preferential occupancies of the Co atoms in Nd;(FeCo)4B have been studied using
Méssbauer spectroscopy. The Mossbauer spectroscopy of Nd;CoyB doped with
57Fe showed that Fe atoms have a strong preference for the 85, site (Van Noort
et al 1985). Ryan et al (1989) introduced a ’Co source into a Nd;Fe;4B matrix
prepared with ®¥Fe. The decreased subspectral area for the 8;; means that Co
atoms avoid this site.

Some nonmagnetic atoms, such as Si and Ga, can raise the Curie temperture
when they are used to replace Fe in R;Fe 4B and R;Fe;; compounds. Based on the
areas of Mdssbauer spectra it has been shown that Si or Ga atoms preferentially
occupy the 18f and 6c¢ sites, which leads to a decrease in the negative exchange
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interaction and an increase in the Curie temperature (Li Z W et al, 1990, 1995,
1995a).

3.4.5 Nature of the magnetic coupling

The Méssbauer effect can be used to investigate the general properties of magnetic
coupling, i.e., whether the material is ferromagnetic, ferrimagnetic, antiferromag-
netic or sperimagnetic. For this purpose one can apply an external magnetic field
to the material and observe the intensity variation of the 2nd and 5th spectral
lines. For the amorphous film YsFeg;, the intensities of the 2nd and 5th lines
gradually decrease with increasing applied magnetic field, Hy, and do not dis-
appear even at Hy=50 kOe (Chappert et al 1981). This shows that amorphous
YgFegs is sperimagnetic.

3.4.6 Spin reorientation

The competition between the anisotropies of the Fe and R sublattices may lead to
a spin reorientation. The Mdssbauer effect can be used to study spin reorientation
by three methods.

(1) Angle dependences of the quadrupole splitting on the hyperfine field di-
rection (or magnetization vector) can lead to several types of spectra even for an
identical crystallographic site. RFe; compounds have a cubic Laves phase struc-
ture. Fe atoms are located on the 8a site with Psm symmetry. The axes of the
EFG are parallel to the local threefold axes of symmetry. When the magnetiza-
tions are parallel to the [100] direction, all the Fe atoms are equivalent and yield
a simple six-line spectrum; when the magnetization is along the [111] and [110]
directions, the Mdssbauer spectrum is split into two components with the relative
intensity ratio of 3:1 or 2:2, respectively, because the magnetization vectors form
the various angles with the axis of the EFG. In this way the easy magnetization
directions of RFe; compounds have been shown to be the [100] direction for R=Ho
and Dy, the [111] direction for R=Y, Tb, Er and Tm and the [110] direction for
R=Sm. In addition, the magnetic phase diagrams (the dependences of the spin
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orientation on the R composition and the temperature) have been determined for
R;_<R.Fe; (Atzmony and Dariel, 1973).

(2) The spin-reorientation temperature, Tsp, can also be obtained from the de-
pendences of the hyperfine fields on the temperature. When the spin-reorientation
occurs the hyperfine field will have an abrupt jump (from a planar to an axis
anisotropy). This jump has its origin in the anisotropic residual orbital moment.
In this way Gubbens et al (1976) found Tsp=72 K for Tm,Fe;7; Hu et al (1989)
also studied the spin reorientation for RFe,;;Ti compounds with R=Nd, Tb and
Dy.

(3) For an aligned or single crystal sample the direction of the Fe moments
can be derived from the intensity ratio between the 2nd plus 5th and the 3rd plus
4th Mossbauer spectral lines by (3.42). Nd;Fe; B has an uniaxial anisotropy at
room temperature. Based on the intensity ratio, Onodera et al (1984) showed
that the direction of the Fe moments below Tsz=135 K deviates about 23° from
the c-axis. Similar intensity variations have been observed for aligned samples of
Er;Fe;sB (Vasquez et al, 1985; Friedt et al, 1986), Ho;Fe4B (Fruchart et al, 1987)
and RFe;;Ti (Hu et al, 1989a).
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Chapter 4

Experimental Detalils

4.1 Sample preparation

The compounds R;Fe;5Si; (R=Y, Nd, Gd and Er) and Sm,Fe;;_,Si. (x=0, 0.5, 1,
2 and 3) were synthesized. The purities of the primary materials were >99.8 %
for the rare-earth elements and >99.9 % for the other elements. An excess of the
rare-earth constituent (5-8 % for Sm and 2 % for the other rare-earth elements) in
the composition was added to compensate for the rare-earth loss in melting. These
primary materials were melted in an arc furnace in an Ar at.mosphere. To ensure
homogeneity, all ingots were remelted at least three times and then were annealed
at 900°C . The Sm samples were annealed for 4 h and the other samples for 72
h. X-ray diffraction showed that all samples after annealing were single phase
with a 2:17-type structure; a small amount of a-Fe was present in Nd;Fe;5Si; and
Sm,Fe,;_,Si, with x=0 and 0.5.

The samples of R;Fe;5Si; and SmyFe;;_,Si, were ground into the fine powders.
These powders were heated in CH,; at a pressure of about 2 bar at 700°C for 2
h to form carbides R;Fe;5Si;C,; with R=Nd, Sm, Gd and Er and Sm;Fe;7_,Si.C,
with x=1, 2 and 3. Then, the sample chamber was pumped for a few minutes to
eliminate any H;. All samples were single phase with the 2:17-type structure; a
small amount of a-Fe was present. In addition, Sm;Fe,;C, are prepared by heating
the powders of SmyFe;; in CHy at 450°C instead of 700°C . The C concentrations
by weighing were found to be about 2.5-2.7, as shown in Table 4.1
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Table 4.1: The carbon concentration by weighing for carbides.

R2Fe;5Si;Cy
R Nd Sm Gd Er
y 2.6(2) 2.5(2) 26(2) 2.5(2)
szl"e;]_z —xSiny
x O 1 2 3

v 24@2) 27@) 25@) 23@2)

4.2 Experimental equipment

4.2.1 C absorption apparatus

The equipment for C absorption is shown in Fig.4.1. The sample chamber was
made from quartz with a length of 250 mm and a diameter of 8 mm fitted into the
furnace. The furnace was a quartz tube with a diameter of 10 mm wound with a
heating coil. The quartz tube was installed into a steel tube with a length of 80
mm. A fiber with a high melting point was packed between the quartz tube and
the steel tube as thermal insulation. A Ni-Cr and Ni-Al thermocouple, in contact
with the bottom of the chamber, was used to measure the temperature. A power
supply, with a maximum power output of 2 A at 52 V, was used to control the
heating temperature. In the furnace the dependence of the temperature on the
distance from the center to the end of the furnace was measured; it is also shown
in Fig.4.1. The range of a constant temperature was about 30 mm with an error
of about £5°C .

4.2.2 X-ray diffractometer

The x-ray diffraction experiments were performed using a Philips x-ray diffrac-
tometer with Cu-, Co- or Fe-K, radiation. A schematic representation of the
x-ray diffractometer is shown in Fig.4.2(A) . A powder sample, C, can be rotated
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about an axis O. X-rays produced by a x-ray tube are diffracted by the sample to
form a convergent beam. The beam comes to a focus at the slit F and then enters
the counter G. A and B are special slits which define and collimate the incident
and diffracted beams. The slits and counter are supported on the carriage E, which
can be rotated about the axis O. The supports E and H are mechanically coupled
so that a rotation of the counter through an angle of 26 is accurately accompanied
by a rotation of the sample through an angle of 8 .

4.2.3 Vibrating-sample magnetometer (VSM)

A vibrating-sample magnetometer is used to measure the magnetization of a sam-
ple. Its schematic representation is shown in Fig.4.2 (B). This method is based
on the flux change in a coil when the sample is vibrated near it. The sample,
is usually cemented to the end of a rod, the other end is fixed to a mechanical
vibrator. The rod and sample are vibrated at about 80 Hz and with an amplitude
of about 0.1 mm in a direction perpendicular to the magnetic field. The oscil-
lating magnetic field of the sample induces an alternating emf in the detection
coils. On the other hand, the vibrating rod also carries a pair of the plates of a
capacitor. A dc amplifier establishes a potential on the vibrating plates and the
amplitude of vibration produces a varying ac signal on the fixed capacitor plate.
The signal derived from the vibrating capacitor is proportional to the amplitude
and frequency of the vibration. The voltages from the two sets of coils are com-
pared and the difference is proportional to the magnetic moment of the sample.
This method is very versatile and sensitive. It can be applied to both weakly and
strongly magnetic materials. The apparatus must be calibrated with a specimen
of known magnetization, such as Fe or Ni.

4.2.4 Mossbauer spectrometer

A Mgdssbauer spectrometer, shown in Fig.4.3(A), consists of four parts : a source,
driver, detector and multichannel analyzer.

Source The source used for the 5 Fe Méssbauer spectra is the isotope ’Co in a
metallic matrix. The decay scheme for 5"Fe is shown in Fig.4.3(B). The radiation
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emitted from 5"Co consists of (1) Resonant «y-rays from an excited to a ground state
(recoilless), (2) Non-resonant ¥-rays from the same transitions (involving recoil),
(3) Radiation from all other transitions and (4) secondary radiation produced in
the matrix (mainly x-rays). The radiation from (1) (transition from I=3/2 to
1/2) produces a Mossbauer spectrum, the radiation from (2)-(4) contributes to
the background.

Detector The detector is applied to record the y-ray counts. The pulses from
the detector are amplified, pass through a discriminator, which rejects most of
the non-resonant background radiation, and finally are fed to the open channel
address.

Multichannel analyzer A multichannel analyser can store an accumulated
total of «y-counts in one of 512 individual registers known as channels. Each channel
is held open in turn for a short time interval of fixed length, which is derived from
a very stable constant-frequency clock device. Any 4-ray counts registered by
the detector during that time interval are added to the accumulated total already
stored in the channel.

Driver system The timing pulses from the clock are also used to synchronize
a voltage waveform, which is employed as a command signal to a servo-amplifier
controlling an electromechanical driver. The driver moves the source relative to
the absorber in a constant acceleration with increasing channel number. In this
way the energy of the y-rays is modulated so that the nuclear transitions in the
source and absorber can be accurately matched and thus resonance occurs.

Other equipment A cryostat and a high temperature oven with a variable
temperature controller are used to collect Mdssbauer spectra below and above
room temperature, respectively. The precision of temperature is within 0.5°C . In
addition, a superconducing magnet is also installed, which can apply a magnetic
field of up to 60 kOe to the absorber.
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4.3 Procedures and data analyses

4.3.1 X-ray diffraction

X-ray diffraction experiments were performed using a Philips diffractometer with
Cu K,, Co K, or Fe K, radiation. The x-ray diffraction patterns give the position
and the intensity of the diffraction lines. From the position, the lattice parame-
ters can be obtained for a known crystal structure. On the other hand, from the
intensity, the relative volume of each phase can be found for a multiphase system.

(1) Lattice parameters
The spacing dy; of the planes (hkl) can be obtained from the diffraction angle

20, based on the Bragg law,

2dpisinf = A (4.1)
where A is the x-ray wavelength. For a hexagonal structure, the relationship
between d;i; and the lattice parameters, a and c, is given by

1  4h>+hk+k* 12

‘Fhkl - g a2 + 22- (4‘2)
Therefore, m lines in a x-ray diffraction pattern lead to m sets of equations with
two variables, a and c. The values of ¢ and ¢ are usually obtained by applying a

least-squares method to (4.2).

(2) Quantitative phase analysis

Quantitative phase analysis by x-ray diffraction is based on the intensity of the
diffraction lines. For a single-phase powder sample, the integrated intensity, Jau,
for the (hkl) crystal surface is given by

_ 1, ,1+cos®26 2, exp(—2M(6)
Iia = C - (37) - (Gagooag) - et - | Faal( o ) (4.3)

where C is a constant, V is the cell volume, 8 is the Bragg angle, my is the mul-
tiplicity factor, exp(—2M(6)) is the temperature factor, y; is the line absorption
coefficient, and Fjy is the structure fractor. The structure factor is defined as

Fua =Y _ f; expli2n(hz; + ky; + L2;)] (4.4)
j=1
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where f; is the atomic scattering factor of the jth atom, and z;, y; and z; are the
positions of the jth atom.

In (4.3), the constant C is independent of the kind and amount of the diffracting
sample and g is for the whole sample; the other parameters depend on 8, hkl, and
the structure of sample. One defines R as

1 + cos® 26

R= sin® @ cos §

- Mkt - |Fuuaf* exp(—2M (6)) (4.5)
Therefore, for a two-phase system, the ratio of the integrated intensities between
the two phases can be written as

Ii _ CRyv ,CRyu; _ Riu VP
L 2uVE' 2uV@  Ryu,V?

(4.6)

where v; is the volume fraction for the ith phase. Once v; /v, is found, the values
of v; and v; can be obtained from the additional relationship,

v+ v =10 (4.7)

4.3.2 Magnetic measurements

(1) Curie temperature

There exists a spontaneous magnetization for ferromagnets or ferrimagnets be-
cause of the exchange interaction. With increasing temperature, the magnetization
decreases and vanishes at a certain temperature. This temperature is called the
Curie temperature, Ty, which separates the paramagnetic state at T>T} from the
ferromagnetic one at T'<T;. Therefore, the Curie temperature can be obtained
from a thermomagnetic scan in an applied field. The curve of magnetization ver-
sus temperature bends over to form a small "tail" near the Curie temperature, as
shown in Fig.4.4(A). The Curie temperature is determined by the extrapolation of
the main part of the curve. In the case of a small applied field, a linear extrapola-
tion is usually used to obtain the Curie temperature. The magnetization behavior
near the Curie temperature can be described more accurately by a parabolic curve.

Based on the mean-field theory, a reduced spontaneous magnetization, o=M (T) /M,
(in this section, o is the reduced spontaneous magnetization, but not the specific
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Figure 4.4: For Ni metal, (A) the curve of M-T and (B) the Curie temperature,
Ty. The open circles are for a linear extrapolation and the solid symbols are for a
parabolic extrapolation.

magnetization), can be expressed as

25+1 25 +1 1 1
o =Bg(z) = 25 coth( 35 z) ~ ﬁcoth(ﬁz) (4.8)
where
z=22JS%/kgT (4.9)

Bs is the Brillouin function, Z is the neighboring coordination number, J is the
exchange integral, kp is Boltzmann'’s constant, and S is the spin quantum number.
Because, for a small z,
loilpe_ Lo

| coth(z) = z(l + 3T &% +...) (4.10)
o=B,(z) in the first-order approximation can be expressed as
U_S+1

Y

At T=Tj (4.11) and (4.9) give a expression for the Curie temperature,
25(S+1)
S, zJ

z (4.11)

T = (4.12)
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On substituting (4.12) into (4.8) leads to

ﬁsn]
‘S+1T

When Bs is expanded at Ty and the first three terms are taken in coth(z), one can

show

(4.13)

2 _ _M(S+1?  THT, -T)
T O3((S+1)2+ 87 T?
10(S +1)? T;-T
3[(S+1)°+87 T
= C-GCT (4.14)

The Curie temperature is given by

Ty = =% (4.15)
2

Eq.(4.14) indicates that at T' — T}, o*(T) is linearly related to 7.

In this way, the Curie temperature of Ni is found to be 629 K and 635 K in
applied fields of 0.5 kOe and 5 kOe, respectively. On the other hand, the lin-
ear extrapolation leads to a Curie temperature of 630 K for the field of 0.5 kQOe.
These results are shown in Fig.4.4(B). Therefore, the Curie temperatures obtained
from the parabolic and the linear extrapolation are almost the same in a small field.

(2) Saturation magnetization
In the high-field region, the relation between the magnetization, M, and the
applied magnetic field, H, is called the law of approach to saturation and is usually
written as
a?

M= M(l--ﬁ-F (4.16)

where the second term is generally interpreted as due to inclusions and/or mi-
crostructure, and the third term as due to magnetocrystalline anisotropy. In fields
over ten thousand oersteds, the a,/H is usually dominant so that the above ex-
pression reduces to

M=M,(1- E (4.17)
High-field measurements of M can therefore be plotted against 1/H and extrapo-
lated to 1/H=0 in order to find the values of saturation magnetization, M,.
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Figure 4.5: (A) Magnetization curves and (B) saturation magnetization obtained
from the extrapolation. The solid circles and squares are the magnetization curves
with and without the correction of demagnetizing field, respectively.

For magnetic measurements on ellipsoidal samples, the applied field, H,p,, must
now be corrected because of the demagnetizing effect to obtain the true field H
acting on the sample,

H=Hg— Hy= Hypp ~ NiM (4.18)

where N is the demagnetizing factor and H; is the demagnetizing field.

For example, a cylinder of an a-Fe sample, 1.1 mm long and 3.2 mm in diam-
eter, has a demagnetizing factor of 0.2. The magnetization curves as functions of
the applied field, Hqp and the true field, H are shown in Fig.4.5(A). The satura-
tion magnetization is found to be 212.4 emu/g based on the law of approach to
saturation (4.17), as shown in Fig.4.5(B).

The magnetization obtained from a vibrating-sample magnetometer is the spe-
cific magnetization, o, in emu/g. The magnetization can be expressed in Gs and
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pp/fu., respectively, by

_ |} 4wpo in Gs
M= { pVa/npp in pp/fu. (4.19)

where p is the density, V is the cell volume, n is the number of the chemical for-

mula units in a cell and pp is the Bohr magneton.

(3) Magnetocrystalline anisotropy

For a uniaxial crystal, the magnetization curves are significantly different when
a magnetic field is applied parallel to or perpendicular to the c-axis

When the field is applied perpendicular to the easy c-axis and M, is rotated
away from the c-axis by an angle 8, the anisotropy energy is given by

E, = Ko + Ksin? @ + K;sin*0 (4.20)
The magnetic field energy is
Ey = —M,Hcos(-;: - 0). (4.21)
The condition for minimum total energy is
2K sinfcos 8 + 4K, sin’ f cos§ — M, H cos6 = 0. (4.22)

Also, the magnetization is

M, =M, cos(g - 9). (4.23)
Elimination of 6 from (4.22) and (4.23) gives
2K, AK,
H=3pM.+3m M —=M). (4.24)

If K, is zero, the magnetization curve becomes a straight line,

M2
M, =2-H (4.25)

On the other hand, when the field is applied parallel to the easy c-axis, based on
(4.20), the magnetic field energy Ey=—M, H cos 6 and magnetization M;=M, cos 0,
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Figure 4.6: Calculated magnetization curves and anisotropy fields.

the condition for minimum energy is given by sin8=0. The magnetization curve
is a straight line parallel to the magnetic field H axis,

My =M, (4.26)

The two magnetization curves intersect at

2K,
a= E‘ (4'27)
H, is called the anisotropy field, which represents the magnitude of magnetocrys- '
talline anisotropy for a uniaxial crystal.
Fig.4.6 shows the magnetization curve for Co, calculated for M,=160 emu/g,
K1=4.5%x108 ergs/cm?, and K;=1.5%10° ergs/cm?. The dashed line is the magne-

tization behavior if K>=0. The anisotropy field is 10.3 kOe for Co metal.
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(4) Measurements

Magnetic measurements were performed using a vibrating-sample magnetome-
ter for the Ry(Fe, Si);7 carbides and their parents.

(a) To determine the Curie temperatures, the dependence of the magnetization,
M(T), on temperatures was measured in an applied field of 0.5 kOe and followed
by a linear extrapolation of M? versus T near the Curie temperature. Because
a small amount of a-Fe is present in all carbides, the background signal (due to
a-Fe) was subtracted when the Curie temperature was measured by fitting M?
versus T'.

(b) Magnetization curves, M(H), were measured in applied fields up to 18
kOe for all Ry(Fe, Si),; carbides and their parents. For the law of approach to
saturation, when the fields are over twelve thousand oersteds, the dependences
of both a;/H and a;/H? on magnetization are linear to a good approximation;
however, the a;/H is much larger than the a;/H?. Therefore, the first term, a;/H,
in eq.(4.16) cannot be neglected. In addition, the saturation magnetizations, M;,
obtained from (4.16) and (4.17) are almost the same. For simplicity, the values
of M, were found by extrapolating M(H) against 1/H plots to 1/H=0 using the
law of approach to saturation. For the magnetization curve, M(H), a correction
for the demagnetizing field has been made.

(<) Aligned samples were prepared by mixing the fine powders with epoxy resin
and then by placing the mixture in a magnetic field of 10 kOe. In order to deter-
mine the anisotropy field, magnetization curves with the field applied parallel and
perpendicular to the alignment direction were obtained. Then, the two magneti-
zation curves were extrapolated from the maximum applied field of 18 kOe and
intersected at a point; the corresponding field at this point is the anisotropy field.

4.3.3 Mossbauer spectra

(1) Mossbauer experiments

STFe Massbauer spectra were collected using a conventional constant accelera-
tion spectrometer. The v-ray source was 3’Co in a Rh matrix. The absorbers were
made by immobilizing the powdered samples in benzophenone for the measure-
ments below room temperature and in boron nitride powders in high temperatures.
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In addition, the aligned samples were prepared by mixing the fine powders with
epoxy resin and then by placing the mixture in a magnetic field of 10 kOe. All
the absorbers contained 5-8 mg/cm? of natural iron. The calibration was made by
using the spectrum of a-Fe at room temperature.

(2) Méssbauer spectrum fitting

In the approximation of a thin absorber, the theoretical expression for a Méssbauer
lineshape is Lorentzian (see Chapter 3.2). A Mossbauer spectrum obtained in an
experiment is usually an overlap of many Lorentzian lines,

N K v; — P:
=B+ 3 Au/ll + (}_—/2"‘)’1 (4.28)
i=lk=1 jk
where y; and v; are the counts and Doppler velocity for the ith channel, respec-
tively, B is a average background count, Ay, I' and P are the height, width and
position of the Mdssbauer spectral line, respectively, N is the number of subspec-
tra, and K is taken as 6, 2 and 1 for the magnetic, electrical quadrupole and
monopole interactions, respectively.
In (4.28) the position, P in mm/s, is determined by three Mdssbauer param-
eters, the hyperfine field, Hj;, the quadrupole splitting, ¢, and the isomer shift,

5,
Py = axHys + Bre + 6 (4.29)

For K = 1, since there are no quadrupole splittings and hyperfine fields, both a
and S are zero. For K = 2, since there is no hyperfine field, a is zero and 3 is
equal to -0.5 and +0.5. For K = 6, the a and 3 are determined by the following

formulae,
ag = —ay = —(39. - 29BN E
as = —Qz = "(%ge - %gg)l‘N'E,,c'
ay = —a3 = —(39. + 39)UN E
and
Be=+05 ~05 -05 -0.5 =05 +0.5

where g, and g. are the gyromagnetic ratio for the ground state (I = 1/2) and the
excited state (I = 3/2), respectively, uy is the nuclear magneton and E, is the
energy of the y-ray.
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The theoretical expressions in (4.28) can be written as

¥i = y(vi, q1, @2, ---Gn) = y(vi, g5) j=1l-n (4.30)

where g; denotes the variable parameter in formulae (4.28) and n is the number of
the variable parameters. In the fitting of a Mossbauer spectrum, one finds a set
of the variable parameters, g;, which makes the mean square difference between
the theoretical value, y(v;, g;), and the experimental spectrum, ¥},
m
@ = Z;wi[Y.- - y(vi, ;) (4.31)

a minimum, where w; is a weight factor taken as 1/Y;, and m is the number of
experimental points.

First, a set of the initial parameters, q"=¢?, are given. Then, the y(v;, g;) are
expanded into a Taylor series with the initial values of ¢} and the second and more
order terms are neglected, viz,

y(vi, q;) = y(vi,q) + Z ay( b q’ 8qi (4.32)

Hence y(v;, g;) becomes a linear function. Finally, the y(v;, g;) are substituted into
(4.31) and the condition
=0 (4.33)

is applied to make & a minimum. From (4.31)-(4.33), one obtains

By(vinaf) . By(vedl) _ o
g [Y y(vi,q) kz_jl da. 6] g =" G.k=1-—n) (4.34)

A matrix A with elements
1 3y(v;, q?) Fy(vi, q))

A = ,k=1—n 4.35
( )Jk ;-—Zl Y an an J ( )
and a vector D with components
dy(vi,q) .
D) =3 -y 2L Go1-m @se)
Pl £ g;
are defined. Hence, (4.34) can be rewritten as
D-A-6q=0 (4.37)
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where 6q= ég;. The soluation of (4.37) is

fq=A"1.D; (4.38)
thus a set of new parameters

qV =q%+4q (4.39)

is obtained. Eqs.(4.31)-(4.39) construct a itinerative calculation. Finally, a set
of best parameters that makes ® a minimum is found. This is the usual Gauss-
Newton method.

However, for the Gauss-Newton method, it is necessary to solve the converse
matrix in equation (4.38), which needs a large memory and requires much com-
puter time. The method is therefore not suitable for a PC computer. Slavic (1974)
suggested a new method to fit x-ray spectrum with Gaussian line shapes and ob-
tained a satisfactory result. This method is now used to fit Méssbauer spectra.
The principle is as the following. Since the values of the non-diagonal elements are
supposed to be much less than the value of the diagonal elements in the matrix
A of (4.35), the value of the non-diagonal elements can be considered to be ap-
proximatively zero so that the matrix A is a diagonal matrix. The formula (4.38)
therefore becomes simply

6g; = (A_l)u
= 3 -y 25Dy 520 Aty (a0

i i=1
The (4.40) and (4.39) provide a iterative method for a set of parameters, g;, which
makes & in (4.31) a minimum. The method suggested by Slavic is very suitable for
a PC computer, because it is not necessary to solve the inverse matrix in (4.38).
The computer program has been compiled to be used to fit Méssbauer spectrum
and satisfactory results have been obtained.
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Chapter 5

RoFeq;5SisCy Carbides
— crystal structures and magnet-
ic properties

The rare-earth iron nitrides R:Fe;;N, and carbides R,Fe;7C; made by a gas-
phase reaction have attracted much attention because of their excellent intrinsic
magnetic properties. The most striking ones are an increase of the Curie tempera-
ture by about 400°C and, for Sm;Fe 7N, or SmyFe,;Cy, a high uniaxial anisotropy
that yields an anisotropy field larger than 140 kOe at room temperature (Coey
and Sun, 1990; Coey et al, 1991). However, these nitrides or carbides have a major
drawback, namely their chemical instability at high temperatures. They will com-
pletely decompose into a-Fe and RC at about 600°C . Because of this drawback, it
is difficult for the nitrides or carbides to be made into useful permanent magnets
with high remanences, at least by normal techniques.

Recently, we have discovered that Si is able to stabilize the 2:17 structure of the
carbides. A new series, R,Fe;5Si;Cy (R=Nd, Sm, Gd and Er), has been prepared
by heating powders of their corresponding parents in CH, gas at 700°C instead
of about 500°C . For these carbides, the carbon concentrations are close to the
theoretical value of y=3 and the 2:17 structure can still be retained up to 900°C .

5.1 Structural stability and Si concentration

Si plays an important role in the structural or chemical stability of SmyFe;5Si;Cy.
Méssbauer spectra and x-ray diffraction patterns with Fe K, radiation for powders
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Table 5.1: Relative volume of the a-Fe(Si) phase for SmyFe;;_,Si, after heating in
CH, at 700°C calculated from Mossbauer spectroscopy and x-ray diffraction.

Method x=0 x=05 x=1 x=2 x=3
Massbauer Relative area (%) 100 32(5) 9(4) 6(3) 7(3)
Relative volume (%) 100 25(3) 6(2) 4(2) 5(2)

X-ray Relative area (%) 100 34(7) 9(4) 7(3) 6(3)
Relative volume (%) 100 32(4) 8(2) 6(2) 6(2)

_————— .

of SmjFe;7-,5i, (x=0, 0.5, 1, 2 and 3) after heating in CH; at 700°C for 2 h are
shown in Fig.5.1. The diffraction line of the a-Fe(Si) phase is indicated by the
arrows.

To obtain an accurate value for the amount of the a-Fe(Si) phase, M&ssbauer
spectra were collected at 700, 680, 670 and 630 K (all higher than the Curie
temperatures of the carbides and lower than the Curie temperature of a-Fe) for
the samples with x=0.5, 1, 2 and 3. The paramagnetic doublet corresponds to the
carbides SmyFe;7_,Si,C, and the six-line spectrum corresponds to the a-Fe(Si)
phase.

The relative volumes, v;,7 and v,_g., of the 2:17-type carbides and a-Fe(Si)
can be found from Méssbauer spectra and x-ray diffraction patterns. Based on the
Moéssbauer subspectral areas, A7 and A,—_re, as well as the crystalline structure
and lattice parameters of SmyFe;7_,Si,C, and a-Fe phases, the ratio of relative
volumes between the two phases is given by

Yo—Fe _ Aa—Fe' Va-re- N4 (5.1)
Uo7 Azar- Vaur - NEe,

where V; and N/* are the cell volume and the number of Fe atoms in a unit
cell, respectively, for the ith phase (i represent the a-Fe(Si) and 2:17 carbide.)
Once Uq—f./v2.17 is found, the values of v,_r. and v,y can be obtained from the
additional relationship

Ug—Fe + V217 = 100% (5.2)

On the other hand, the ratio of the relative volume between the a-Fe phase
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Figure 5.1: Mossbauer spectra (A) and X-ray diffraction patterns (B) for
SmyFe;7_,Si, after heating in CH, at 700°C .
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and carbide can also be found from the relative integral intensity, I, r. and I,
of the x-ray diffraction lines (see section 4.3.1) by

Va—Fe _ Ja—rFe* Vi g, - Ryar

= 5.3
V217 Iz V22:17 *Ry_Fe ( )
and 1+ cos? 20
- — ———co i 3 i : 2 — - -
R‘ - sinz 0i cos 9:'. mhkllFI:ldl exp( 2M (91)) (5.4)

where 4 is the Bragg angle, m;y is the multiplicity factor and Fjy, is the structure
factor.

The relative volumes of a-Fe(Si)and the 2:17 type carbide have been calculated
by Maéssbauer spectroscopy (5.1) and x-ray diffraction (5.3); the final results are
listed in Table 5.1. The detailed process can be seen in the Appendix of this
chapter.

Sm,Fe;; powders heated in 700°C completely decompose into a-Fe and SmC
and there is no 2:17-type carbide. For the sample of x=0.5, a large amount of
a-Fe(Si) coexists with the 2:17-type carbide. The relative volume of a-Fe(Si) is
about 25 % by Mossbauer spectroscopy and 32 % by x-ray diffraction; probably
the value obtained from the Mossbauer spectroscopy is more accurate. For samples
with x>1, the amount of a-Fe(Si) drops to about 4-8 %. In an analysis simlar to
that of Ibberson et al (1991), the C absorption process can be written as

2R2(Fe, Sl) 17+6C = 2R;y(Fe, Sl) 17C3a (5.5)
Rg(Fe,Si)i7 +2C = 2RC + 17(Fe, Si) (5.6)

The process (5.5) is called the C absorption process and will be discussed in section
5.2. The process (5.6) implies a chemical or structural instability in the carbides.
Hence, the amount of a-Fe(Si) can be considered to be an important parameter
that indicates the degree of chemical or structural stability of the carbides. SmjFe;;
completely decomposes into a-Fe at 700°C . However, for SmyFe;7_,Si,C,; with
x>1, even at the high temperature of 700°C , only 4-8 % of a-Fe(Si) is formed. In
addition, x-ray diffraction and Mdssbauer spectra show that Sm;Fe;5Si;Cy retains
the 2:17-type structure after annealing in Ar gas for 2 h, although the amount of
«a-Fe(Si) increases. Obviously, Si is effective in stabilizing the 2:17-type structure
of carbides and in preventing the decomposition of the carbides into a-Fe(Si) and
RC.
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The phase decomposition (5.6) requires an activation energy and a long-range
diffusion of Fe(Si) atoms. The Si substitution may elevate the activation energy
and/or decrease the diffusion constant of Fe(Si) atoms, thus stabilizing the crystal
structure of the carbides.

5.2 C absorption modei

There are two models that may describe the C absorption process (5.5). One is the
phase segregation model (Colucci et al, 1992; Isnard et al, 1992; Coey and Hurley,
1992a). This model pointed out that during the N absorption process there exist
two phases, R;Fe;7 and RyFe;7N3. Only the percentage of the two phases varies
upon the time and temperature of reaction. The nitrogenation process does not
lead to an intermediate nitride. The other is the single phase model proposed by
Skomski et al (1993). They thought that R;Fe;;N, produced at the nitrogenation
temperature is a quasi-equilibrium gas-solid solution with a continuous range of
interstitial nitrogen concentrations. This model leads to the existence of a single
phase with continuously variable intermediate nitrogen concentration.

The carbides Sm;Fe;55i,C; with various C concentrations were prepared by
heating SmyFe,5Si; powders at various temperatures in CH, for 2 h followed by
annealing at the same temperatures in Ar gas for 2 h.

Mossbauer spectra and x-ray diffraction patterns with Cu K, radiation for
Sm;Fe,;5Si; powder after heating in CH, at various temperatures as well as for the
virgin Sm,Fe;5Si; are shown in Fig.5.2 and Fig.5.3, respectively.

The arrows 1 and { in Fig.5.2 point to the position of characteristic lines for
Sm,Fe,5Si,C, and Sm;Fe,sSi,, respectively. For the samples heated in 400-600°C
, the Mdssbauer spectra have the characteristics of both Sm;Fe;5Si; (Fig.5.2 (a))
and Sm;Fe;sSi;C; (Fig.5.2 (e)). These spectra can be considered to be a sum of
two spectra. One is for Sm;yFe;5Si;, the other is for Sm,Fe;55i,C,. The fitting
method used is the following. A standard pattern for Sm,Fe,;5Si,C, is expressed
as {y:}(i=1,256). The other pattern corresponding to Sm;Fe;sSi; is given by four
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Figure 5.2: Mdssbauer spectra for SmyFe;sSi; before (a) and after heating in CH,
at temperatures of (b) 400°C , (c) 500°C , (d) 600°C and (e) 700°C .
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Figure 5.3: X-ray diffraction patterns (top) and their fitted curves (bottom) for
powders of Sm,Fe,5Si; before (a) and after heating in CH, at temperatures of (b)
400°C , (c) 500°C , (d) 600°C and (e) 700°C . The dotted lines are for the C-rich
phase and the solid lines are for the C-poor phase.
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Table 5.2: The volume percentage of the C-poor and C-rich phase, v, for
SmjFe,;5Si, after heating at various temperatures, T, in CH; for 2 h. A is the
areas obtained from MGdssbauer spectra or x-ray diffraction lines.

T, virgin 400°C  500°C ~600°C  700°C
M X M X M X
A (C-poor phase) (%) 100 78(7) 74(6) 55(5) 49(6) 15(8) O 0
A (C-rich phase) (%) 0  22(7) 26(5) 45(6) 51(6) 85(8) 100 100
v (C-poor phase) (%) 100 78(7) 76(6) 54(6) 49(6) 14(8) © 0
v (C-rich phase) (%) 0 22(7) 24(5) 46(6) 51(6) 86(8) 100 100

<y>""'" 0 0.35 0.60 1.2 1.3 2.2 2.5 2.5
<y>**P 0 0.8(2) 1.2(2) 2.5(2) 2.5

M and X represent Massbauer spectra and x-ray diffractions, respectively.

sets of sextets with Lorentzian line-shapes,

Y Lij((Ao);s Tss (Hap)j» €55 855 :) (5.7)
j=1
where L;; is a Lorentz function with the following fitting parameters: intensity Ay,
linewidth T', hyperfine field Hy;, quadrupole splitting € and isomer shift §; z is the
channel number. Each sextet corresponds to one Fe site. Thus, the experimental
spectrum, {Y;} (i=1,256) of the samples can be written as

Y,=Co—[a-{y} + 21 Lij((Ao);sTj, (Hy)j» €51 653 %)) (5.8)
=

where Cj is the average background count and « is a proportionality coefficient for
the area ratio of spectrum {y;} compared to the total spectrum. A least-squares
method was used to fit Eq.(5.8). The fitted hyperfine parameters for the samples
annealed at various temperatures are plotted in Fig.5.4(A). The square symbols
represent the hyperfine parameters of Sm;Fe,5Si; with poor C absorptions. The
circle symbols represent the hyperfine parameters of SmyFe;5Si;C, with a rich C
absorption. The relative areas for the C-rich and C-poor phases are calculated
based on the fitted parameters a, Ay and I'. The volume percentages for the two
phases are found from (5.1). The results are listed in Table 5.2.
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Figure 5.4: Hyperfine parameters (A) and lattice parameters (B) for Sm;Fe;;5Si;
after heating at various temperatures, T,, in CH4 for 2 h. The circles are for the
C-rich phase and the squares are for the C-poor phase.



X-ray diffraction patterns (a) and (e) (Fig.5.3) are for Sm;Fe;;Si, and Sm,Fe;5Si,C,,

respectively. The patterns (b) and (c) can be considered to be an overlap of the
two patterns. One corresponds to Sm;Fe;sSi;, the other to Sm;Fe;sSi;Cy. The
intensity ratio of the two patterns is listed in Table 5.2. Because, for SmjFe;5Si,
and Sm;Fe;5Si;C,, the differences of the Bragg angle, 8, and the structure factor,
Fixi, are small enough to be neglected and the multiplicity factor, ms, is the
same, the values of R in (5.4) can be considered to be the same. Consequently,
the relative volumes of Sm;Fe;5Si; and Sm;Fe,;5Si,C, can be simplified as

vy V2.I

w " VL (85)
where the subscripts 1 and 2 represent SmyFe;5Si; and Sm;Fe;5Si;C,, respectively.
The calculated percentages for each phase are also listed in Table 5.2. In addition,
the lattice parameters were found from the positions of the diffraction lines; the
results are shown in Fig.5.4(B).

The average C concentrations, <y>“, were also found from the relative vol-
umes of SmyFe;55i,C,5 and Sm,Fe 5Si;; they agree with the values obtained by
weighing.

In the C absorption process, the continuous variations of the lattice parameters
and Moéssbauer parameters are not observed. By contrast, for reaction tempera-
tures, T,, of 400-600°C , both the Mdssbauer spectra and x-ray diffraction show
that two phases exist; one is the C-poor phase, Sm;Fe;5Si;, and the other is the
C-rich phase, Sm;Fe;5Si;C,. In the C absorption process, the lattice parameters, a
and c, as well as Mossbauer parameters, §, € and Hjy, are almost the same for the
C-rich phase; at the same time, the parameters are very close for the C-poor phase.
With increasing reaction temperatures, only the relative amount of the C-poor and
C-rich phases changes; the amount of the C-poor decreases and that of the C-rich
phase increases, as shown in Fig.5.5. At T,=700°C the SmjFe;sSi; powders have
sufficient C absorption to become a homogeneous single phase SmyFe;5Si;C,.

Obviously, the present experimental results support the the phase segregation
model.
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Figure 5.6: Schematic representations of (A) the Th;Ni;; structure and (B) the
ThyZn;; structure.

5.3 Crystal structures

R,Fe;; compounds crystallize in two structures, the rhombohedral Th;Zn,; struc-
ture for the light rare-earth compounds and the hexagonal ThyNi;; structure for
the heavy rare-earth compounds, as shown in Fig.5.6. Fe atoms occupy the 6¢/4f,
9d/6g, 18f/12j and 18h/12k sites and the R atoms the 6¢c/2d+2b sites for the
rhombohedral and hexagonal structures, respectively. Neutron diffraction exper-
iments show that the interstitial atoms occupy the 9e/6h sites for RoFe,;C, and
RyFe;;N, (Helmholt and Buschow, 1989; Haiji et al, 1990; Ibberson et al, 1991; )

X-ray diffraction patterns for the carbides R;Fe;sSi;C, and their parents are
shown in Fig.5.7. All diffraction lines are indexed. The two crystal structures can
be distinguished based on the following criteria. (1) For the hexagonal structure
there is a characteristic (203) reflection. (2) For the rhombohedral structure the
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Figure 5.7: X-ray diffraction patterns for carbides R;Fe;5Si;C, and their parents
with (A) Nd, (B) Sm, (C) Gd and (D) Er. The patterns of (A), (C) and (D)
are obtained using Cu K, radiation and the pattern (B) is obtained using Co K,
radiation. The top and bottom in each figure are for R;Fe;sSi; and RaFe;sSi;Cy,

respectively.
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Table 5.3: Crystal structure parameters for R,Fe;sSi; and R;Fe;sSi;C,. @ and ¢
are the lattice parameters and V is the cell volume.

— ~ Structure o) c(A) _ c/a__ V (AD) VIV (%)

Y2Fe;5Si; hex. 8.417(2) 8.299(3) 1.479(1) 509(1)
Nd;Fe;5Si; rho. 8.553(4) 12.500(7) 1.461(1) 792(2)
NdjFe;58i;Cy rho. 8.782(1) 12.518(2) 1.425(1) 836(1) 5.7
SmjFe;5Sia rho. 8.521(2) 12.478(4) 1.464(1) 785(1)
SmFe;58i2Cy rho. 8.720(4) 12.500(8) 1.433(2) 823(2) 4.8
GdzFe;5Si; hex. 8.494(3) 8.304(3) 1.466(1)* 778(1)*
Gd;Fe;5Si2Cy rho. 8.717(5) 12.489(9) 1.433(2) 822(2) 5.7
Er;Fe;5Si; hex. 8.436(5) 8.300(6) 1.476(1)* 512(2)
ErsFe;58i,Cy hex. 8.625(6) 8.324(8) 1.448(2)* 536(2) 4.6

—
—

The values with superscript * are for the rombohedral structure.

crystal-surface indices must meet a condition of -h+k+1=3m where m is an inte-
ger. Hence, the compounds R;Fe;5Si; have the rhombohedral structure for the light
rare-earth compounds and the hexagonal structure for the heavy rare-earth com-
pounds. The carbides RzFe,5Si,C, retain the same structure as their corresponding
parents, except for Gd carbide. Because the (203) diffraction line disappears for
GdyFe;55i2Cy, it follows that it turns into the rhombohedral structure from the
hexagonal structure of its parent. Crystal structure transitions have been observed
in RoFe;;C, with Tb, Dy, Ho and Y made by alloying (Liu et al, 1991). According
to the analysis by Buschow et al (1990), in R;Fe,; there is a tendency to adopt
the rhombohedral or hexagonal structure for compounds with relatively large or
small cell volumes, respectively. The introduction of C or N atoms expands the
cell volume and leads to a structural transition for some carbides and nitrides.
The crystal structure parameters for R;Fe;58i;Cy and R;Fe;sSi; are listed in
Table 5.3. The positions of all the diffraction lines for RyFe;5Si;Cy move toward the
left as compared to their parents. This implies that the introduction of interstitial
C atoms leads to an increase in the lattice parameters, as shown in Fig.5.8. As
compared to their parents, for R;Fe;5Si,Cy the parameter a increases by 2.3-2.7
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%; however, the parameter c only increases by about 0.2-0.8 %. The ratio of c/a,
therefore, is less for the carbides RyFe;55i;Cy than their parents. From Fig.5.6,
it is known that the interstitial C atoms are located on the rare-earth plane and
have two R atoms and two Fe atoms as their nearest-neighbours. Consequently,
the C atoms lead to a significant expansion of the c-plane and has relatively little
influence on the c-axis. In addition, the cell volumes expand about 4-6 % after the
C atoms are introduced into the lattice.

On the other hand, the lattice parameters, a and c, as well as the cell vol-
umes, V', decrease with increasing atomic numbers of the rare-earth ions for either
RFe;55i;C, or RaFe;55i; because of a decrease in the ion radius.

5.4 Curie temperatures

The thermomagnetic scans for RoFe;55i;C, and RoFe;5Si; are shown in Fig.5.9(A)
and (B), respectively. The Curie temperatures are found to be 623, 630, 650 and
620 K for the carbides with R=Nd, Sm, Gd and Er, respectively, and 496, 530,
571 and 490 K for their corresponding parents (ref. to chapter 4.3.2).

The Curie temperatures for R,Fe;; are rather low, only 324 K for Y,Fe;; and
476 K for Gd,Fe,7 (Buschow 1977). When Si replaces Fe in R,Fe;; compounds, the
Curie temperatures are elevated about 100-180°C , as shown in Fig.5.10. Usually,
the substitution of nonmagnetic atoms, M, in binary Fe-M alloys (M is a metallic
element but excludes the rare-earths, R) will lead to a decrease in the Curie tem-
peratures. This anomaly in the Curie temperatures for R-Fe compounds will be
thoroughly discussed in chapter 9.

As compared to RoFe;5Si;, the Curie temperatures for their carbides R;Fe;5Si;Cy
increase by 80-130°C , as shown in Fig.5.10. The origin of this significant increase
in the Curie temperature will be also discussed in chapter 9. In this section, the
average exchange integrals between the Fe-Fe and Fe-R pairs are calculated.

At high temperatures it is reasonable to neglect the R-R interaction. Based on
the high-temperature approximation of the mean field theory, the Curie tempera-
ture can be written as (Buschow, 1991)

3kpT} = arere + (@Fere + 4aFeraRFe)? (5.10)
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Table 5.4: The average exchange integrals, Jr.r. and Jr.g, of the Fe-Fe and Fe-R
pairs

RoFe;7 RgaFeisSiz Rth;-:Sizcy=

Trere (meV)  17(2)  3.1(2) 2.003)
_Jrer (meV)  1.3(2)  1.0(3) 0.6(2)
where
QFeFe = ZFeFeJFeFeSFe(SFe + 1) (511)
arerRGRFe = ZFeRZRFeSFe(SFe + 1)Jr.rG (5.12)

The quantities Z4p represent the numbers of neighboring B atoms for a given
A atom, Sp. is the spin quantum number of the Fe atoms, Jg is the angular
momentum of the rare-earth ions, G=(gr-1)Jr(Jr + 1) is the de Gennes factor,
and Jr.r. and Jr.g are the average exchange integrals for the Fe-Fe and the Fe-R
pairs, respectively. For the 2:17-type structure, Zr.r., Zrr. and Zr.r are 10.0,
19.0 and 5.4, respectively.

From (5.10)-(5.12) one can easily derive

9T12 - STIZFefesFe(SFe + 1)(‘IF€F¢/’¢B)
—  4ZRFeZFerSre(SFe + 1)G(Jrer/kp)* =0 (5.13)

By applying the least-squares method to the above equation the average exchange
integrals, Jr.r. and Jr.p, can be obtained from the Curie temperatures. The
results for R;Fe;7, RyFe;5Si2 and RzF(-hsSisz are listed in Table 5.4.

By substituting these values of Jr.r. and Jr.r into (5.13) the Curie tempera-
tures, as a function of the G factor, can be calculated; they are shown in Fig.5.10
as the solid curves. The calculated values agree very well with the experimental
data.

As compared to their parents, the average exchange integral between the Fe-Fe
pairs increases by about 30 % but the integral between the Fe-R pairs decreases
by about 40 % for R,Fe;5Si;C,. Therefore, for these carbides, the increase in Curie
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temperature is attributed to an enhanced exchange interaction between the Fe-Fe

pairs.

5.5 Magnetic anisotropies

All R;Fe;5Si; compounds have an easy c-plane anisotropy and thus they can not
be made into permanent magnetic materials. One of the outstanding properties of
R2Fe;5Si,C; is an elevated Curie temperature, as described in chapter 5.4. Another
is a modified magnetocrystalline-anisotropy.

X-ray diffraction patterns of aligned carbides R;Fe;55i,C, (R=Nd, Sm, Gd and
Er) at room temperature are shown in Fig.5.11. For Sm;Fe;5Si;Cy, the intensity of
the (006) reflection dramatically increases, whereas the intensities of the other re-
flections almost disappear. This means the emergence of an easy c-axis anisotropy.
By contrast, the increased intensities of the (220) and the (300) reflections and the
almost complete absence of other reflections show that an easy c-plane anisotropy
is present in RyFe;5Si;C, with R=Nd, Gd and Er.

Méssbauer spectroscopy is also an important technique to determine the anisotropy
type of samples. The Méssbauer spectra and their fitted curves for aligned RyFe;5Si;C,
(R=Nd, Sm Gd and Er) are shown in Fig.5.12. In fitting these Mdssbauer spec-
tra, all isomer shifts, quadrupole splittings, hyperfine fields, linewidths and the
area ratios of the subspectra were constrained to be the same as those for the
non-aligned samples. However, the ratio of the six absorption lines in each sextet
was assumed to be 3:b:1:1:b:3, where b is a fitted parameter instead of b=2 for the
non-aligned samples. For a fully aligned sample the intensity ratio, b, between the
2nd plus 5th lines and the 3rd plus 4th lines should be equal to 4/3 if the sample
has an easy c-plane anisotropy and b=0 if the sample has an easy c-axis anisotropy
(see chapter 8.1).

The fitted values of b are 1.42, 1.35 and 1.40 for R;Fe;55i;C; with R=Nd,
Gd and Er, respectively. This shows that the three carbides have an easy c-
plane anisotropy at room temperature. On the other hand, 5=0.3 shows that
Sm;¥e;55i;Cy has an easy c-axis anisotropy. These conclusions are consistent with
results obtained from x-ray diffraction.
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Figure 5.11: X-ray diffraction patterns of aligned R,Fe;sSi;C,. The pattern for
Sm,Fe;5Si;C, is obtained using Co K, radiation; the patterns for Nd, Gd and Er

carbides are obtained using Cu K, radiation.
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Table 5.5: Saturation magnetizations for R;Fe;5Si, and RoFe;5Si;Cy. o is the
specific magnetization, M, is the magnetization, H,y is the hyperfine field, and
ire and pgp are the magnetic moments of Fe and R, respectively.

RoFe;5Si2 )

— —

—

Nd Sm Gd Er
7K 300K 77K 300K 77K 300K 77K 300K
o(emu/g) 146(2) 120(2) 132(2) 112(2) 71(1) 65(1) 78(2) 80(2)
M, (up/fu.) 309(3) 25.4(4) 28.3(4) 24.0(4) 15.3(3) 14.0(2) 17.2(4) 17.6(4)
Hyz(kOe) 216(3) 223(3) 238(3) 210(3)
pre(uB) 1.44 1.49 1.59 1.40
pr(1B) 19 0.8 49 -1.7

RaFe;58i2C,

Nd Sm Gd Er
77K 300K 77K 300K 7TK 300K 77K 300K
o(emu/g) 119(2) 104(2) 90(3) 87(2) 59(2) 62(2) 3555(1) 71(1)
M(ug/f.u.) 25.5(3) 22.2(3) 19.6(6) 18.8(4) 12.9(4) 13.5(4) 12.3(2) 15.8(2)
Hy,;(kOe) 227(3) 201(3) 232(3) 212(3) 223(3) 198(3) 229(3) 197(3)
pure(12B) 1.51 1.34 1.55 1.41 1.49 1.32 1.53 1.31
ur(eB) 1.4 1.1 -19 -1.2 -4.8 -3.2 -53  -20

———

The values of the anisotropy field for Sm carbide will be given in section 6.4.

5.6 Magnetizations and hyperfine fields

The saturation magnetizations at 300 K and 77 K for R,Fe;5Si;C, (R=Nd, Sm, Gd
and Er) and their parents have been measured (ref. to Chapter 4.3.2); the results
are listed in Table 5.5. Some features of RyFe;55i;C, are significantly different
from the nitrides.

First, the saturation magnetizations, M,, at room temperature are 22.2, 18.8,
13.5 and 15.8 pup/f.u. for RyFe;sSi;C, where R represents Nd, Sm, Gd and Er,
respectively. These values are smaller than the 25.4, 24.0, 14.0 and 17.6 up/f.u.
for their corresponding parents. Further, based on a proportionality coefficient,
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150 kOe/up, between the hyperfine field and the Fe moment, the Fe magnetic
moments, ur., at room temperature are found to be 1.3-1.4 up for R,Fe;5Si,C,
and 1.4-1.6 up for R;Fe;sSi;. This feature is significantly different from that for
R;Fe;7N, (Coey and Sun, 1990) and R;Fe;55i;N; (Yang F M et al, 1992; Valeanu
et al, 1994), for which the saturation magnetization is larger by about 4-12 % than
that for their parents. This problem will be further discussed in section 7.3.3.
Second, the saturation magnetizatious are almost the same for Sm,Fe;5Si, and
Nd;Fe;5Si;. However, the magnetization is much smaller for Sm;Fe;5Si,C, than
for Nd,Fe;5Si;C, at either T=300 K or T=77 K. Further, for a collinear coupling
between the Fe and R moments, the R moments, uz can be derived from M, and

BFe by

and the results are listed in Table 5.5. The magnetic moments of the R ions
are positive for Nd;Fe;5Si;C, and its parent, and negative for Gd;Fe;sSi,C, and
Er,Fe;5Si;C, as well as for their parents. This implies a ferromagnetic coupling
between the Fe and Nd moments and a ferrimagnetic coupling between the Fe and
Gd or Er moments. However, it is surprising that the Sm moment is negative for
SmgFe;5Si;C,. The antiparallel coupling between the Fe and Sm moments leads
to a low saturation magnetization for Sm;yFe;5Si;Cy. This problem will be further
discussed in chapter 6.4.

5.7 Temperature dependence of magnetizations

The temperature dependence of the magnetization can provide some important
information on spin-reorientation, magnetic coupling and exchange interactions.
The magnetizations at various temperatures for RyFe;55i;Cy (R=Nd, Sm, Gd and
Er) are shown in Fig.5.13.

The curve of M, — T for Nd;Fe;5Si2C, has a typical ferromagnetic coupling
character; the temperature derivative of the magnetizations, d M,/dT, is nega-
tive in whole temperature range. The curves of M, — T for Er,Fe;sSi,C, and
Gd,Fe;5Si,Cy have a P-type ferrimagnetic coupling character because d M,/dT>0
at low temperatures and d M,/dT<0 at high temperatures.
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According to the two sublattice model, the molecular fields, Hr. and Hp, acting
on the Fe and R sublattices respectively is expressed as

Hp(T) = Ho+ d[15nrcrepre(T) + 2nrerpr(T)] (5.15)
Hp(T) = Ho+d[2npppr(T) + 15nrerpr.(T)] (5.16)

where Hj is the applied field, pr.(T") and pg(T) represent the magnetic moment
of Fe and R atoms, respectively, at the temperature T'. d=N upp/m converts the
moment per RFe;55i;Cy in pp to Gauss, where N, is the Avogadro’s number, p is
the density and m is the formula mass. ng.g., nr.g and ngp represent the molecular
field coefficients that describe the Fe-Fe, Fe-R and R-R magnetic interactions,
respectively.

The temperature dependences of the sublattice magnetizations are governed
by Brillouin functions

prdT) = ﬂFe(O)BS(#Fe(O)::BBfFC(T)) (5.17)
ua@) = un(O(LreOeEedD), (5.18)

where pr.(0) and pp(0) are the magnetic moments of Fe and R atoms at T=0
K. In the case of a collinear coupling between the Fe and R moments, the total
magnetization is given by

M,(T) = 15pr.(T) £ 2pr(T) (5.19)

where the sign + is for ferro- and ferri-magnetic coupling, respectively.

Usually, the coefficients n,p are determined by numerically solving Egs.(5.15)-
(5.18), under the condition that the magnetizations, M,, calculated by (5.19) best
correspond with the experimental magnetizations (Fuerst et al, 1986; Li H S et al,
1988; Xu and Shaheen, 1994).

In my present work, some improvements are made. First, the temperature
dependence of the Fe moments are found based on the hyperfine fields at various
temperatures obtained from Méssbauer spectra and a conversion coefficient, 150
kOe/pr., between the hyperfine field and Fe moment. Then, the temperature
dependence of the R moments is calculated from (5.19). Finally, the coefficients
n4p are determined by a least-square fitting to experimental data of the Fe and R
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Table 5.6: The exchange interaction constants of Fe-Fe, Fe-R and R-R for
R2F81ssizcy.

R 97 JR  TNFeFe NFeR nRR JreEe  JFer Jrr

p
(g/cm?) (10%) (10%) (10) (meV) (meV) (meV)

Nd 712 8/11 9/2 11.8(7) 4.1(25) 2.8(33) 6.0(d) -2.3(14) 1.0(11)
Gd 740 2 7/2 133(11) -3.8(32) 4.7(17) 7.8(6) -1.6(14) 0.9(3)
Er 765 6 15/2 12.6(6) -0.99(75) 0.42(52) 7.6(4) -1.3(10) 0.8(9)

moments based on (5.17) and (5.18). In this method, instead of one experimental
curve of M,-T, two curves, pr.-T and pg-T, are fitted to find the molecular-
field coefficients. Consequently, the values obtained should be more accurate and
reliable.

The fitted sublattice magnetizations, Mp.=15ur. and Mr=2up, as well as
the total magnetization, M,, are shown as solid curves in Fig.5.14 (A)-(C) for
Nd;Fe;5S5i,Cy, Gd2Fe;5Si;Cy and Er;Fe;5Si;Cy. The fitted molecular-field coefli-
cients, nFrere, Nrer and npg, are listed in Table 5.6. For a comparison with the
results obtained from the Curie temperature, the coefficients are converted into

exchange integrals by
Jrere = ;Z’Zg%,nwe (5.20)
Jrer = JRFe = %—dusgpe(ﬁ%)nna (5.21)
Jrn = d" 2 (gR =) naz (5.22)

where Z,p represents the number of neighboring B atoms for a given A atom;
Zrere=10, Zp.p=5.4, Zrr.=19 and Zpp=4. With (520)—(522) the ng.r. and ng.p
calculated by the two lattice model lead to Jgere ~6.9—7.8 meV, Jrep=-1.6—-2.3
meV and Jrp=0.8—1.0 meV. The negativity of Jr.r is expected because of the
antiparallel coupling of the Fe and R spins in either light rare-earth compounds
or heavy rare-earth compounds.
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5.8 Conclusions

(1) Si is able to elevate the gas-phase reaction temperature to 700°C and to
stabilize the 2:17-type structure of the carbides R;Fe;; ,Si,C, provided the Si
concentration is x>1. At the same time, these carbides R;Fe;5Si;C, have a high
C concentration (y>2.5).

(2) In the C absorption process at 400-600°C , there exist two phases; one is a C-
poor phase and the other a C-rich phase. With increasing reaction temperature,
the amount of the C-poor phase decreases and the amount of the C-rich phase
increases. The single phase R;Fe;5Si;C, with a saturation C concentration can be
formed at the reaction temperature of 600-700°C .

(3) The carbides RzFe;55i,C, with R=Nd, Sm and Er retain the same crystal
structures as their corresponding parents. However, Gd;Fe;5Si;C, turns into the
rhombohedral structure from the hexagonal structure of its parent. As compared
to their parents, for RoFesSi;Cy, the parameter a increases by 2.3-2.7 %, the
parameter c increases by only 0.2-0.8 % and the cell volume expands about 4-6 %.

(4) The Curie temperatures of RyFe;55i;C, are 620-650 K. They increase by
80-130°C as compared to their parents. Based on the Curie temperature and the
curves of M,-T, the average exchange integrals in magnitude are calculated to be
about 4-8 meV and 0.6-2.3 meV for the Fe-Fe and Fe-R pairs, respectively.

(5) The carbides R,Fe;5Si,Cy with R=Nd, Gd and Er have an easy c-plane
anisotropy at room temperature, the same as their parents. However, the intro-
duction of C atoms leads to a uniaxial anisotropy for SmyFe;5Si;Cy.

(6) The saturation magnetization for the light rare-earth carbides R,Fe;55i:Cy
is less than that for their parents. This feature is significantly different from ni-
trides, for which the magnetization is larger than for their parent. This is a major
drawback for RgFemSizC,

Chapter 5 Appendix

The ratio of the relative volume, v,_r./v2.17, between the a-Fe phase and car-
bide can also be found from the relative integral intensity, I,_r. and Iy.7, of the
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Table 5.7: (A) The values of R for Sm,Fe,;C, and (B) the ratio of the relative
volume, Uqg_Fe/v217, between the a-Fe phase and carbide for Sm;Fe;;_,Si,C;.

_— A

szFel-(Cy a-Fe
hkl 113 300 024 220 303 006 110
20 376 453 475 529 535 554 570
sin@/\ 0.166 0.197 0.208 0.230 0.232 0.240 0.246
fre 198 190 186 178 178 175 17.3
fsi 107 100 98 95 95 93
fr 454 443 433 421 419 414
fc 41 35 34 32 31 31
Fr(Fe,Si) -8.1 205. -241. 453. 788. 652. 34.6
Fra(R) 273. 266. -185. 253. 246. 265.
Fui(C) -123 -108 306 288 -93 279
F(total) 252. 460. -396. 734. 1251. 946. 34.6
Mpkl 12 6 6 6 6 2 12
LP 414 274 245 192 187 173 162
R (10%) 319 348 230 622 880 309 2.327

(B)

SmyFe;7C, a-Fe

x=0 x=05 x=1 x=2 x=
R(10%) 2707 2683 2679 2562 2487 2.327

V (A?3) 833 829 823 811 236
Ia-Fe/2ar 0.506 0.100 0.072 0.068
Va—Fe/V2:17 0.468 0.094 0.066 0.061

x-ray diffraction lines by

Va-Fe I re- Vz_p - Raaz
= afe 5.23
Va7 Lz - V&7« Ra_re (523)
and 1 + cos® 20
L 2 TCOS SO i 2 —9M.(0.
R; = sin’ 6, cos 6; Ml Faul® exp(—2M;(6;)) (5.24)

where 6 is the Bragg angle, myy is the multiplicity factor and Fjy is the structure
factor. The detailed process is given by Table 5.7 (A) and (B). f; is the atomic
scattering factor of the atom i. The temperature factor exp(—M/(0)) is neglected.

93



Chapter 6

SmoyFe;r_, SixCy Carbides

— structures and magnetic prop-
erties

The carbides R;Fe;55i;Cy have greatly elevated Curie temperatures as com-
pared to their parents. However, only Sm carbides may be made into a useful
permanent magnet because they have a uniaxial anisotropy. In this section, the
intrinsic magnetic properties of SmyFe;7_,SicC, are reported.

6.1 Crystal structures

X-ray diffraction (Fig.5.1)(B) shows that all of the carbides Sm,Fe;7_,Si,C, (x=1,
2 and 3) retain the Th;Zn;; structure, the same as their parents SmoFe;7_,Siy.
The crystal structure parameters are listed in Table 6.1.

The lattice parameters, a and ¢, of the carbides SmyFe;;_,Si Cy as well as
their cell volumes decrease with increasing Si concentration, as shown in Fig.6.1,
because (1) the radius of Si atoms is smaller than that of Fe atoms and (2) the
C concentration decreases with Si substitution. On the other hand, the lattice
parameters increase and the cell volumes expand about 5 %, as compared to their
corresponding parents.

For Sm;Fe,;_,Si,, the decrease in the lattice parameter a with Si substitution
is attributed to the smaller radius of Si atoms. However, the parameter c is al-
most the same in experimental error for the compounds with x<2 and decreases
for x=3. It is known that the 18f site is located on the c-plane and the 6c site
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Table 6.1: Crystal structure parameters for Sm,Fe;7_,Si.C; and their parents. a
and c are the lattice parameters and V is the cell volume.

a c c/a vV AV/V

(A) (A) A% (%)
SmoFe;7 8.566(4) 12.456(8) 1.454 792
SmoFe;6Si 8.536(4) 12.476(7) 1.462 787
SmyFe1SiC2y  8.736(4) 12.543(8) 1.436 829 53
SmyFe;5Si; 8.521(5) 12.478(10) 1.464 785
SmaFe;5Si,Ca s 8.720(4) 12.500(8) 1.433 823 4.6
SmyFe4Si; 8.500(8) 12.421(15) 1.461 777

Sm,Fe1(SizC23  8.685(3) 12.421(6) 1430 811 4.4

is along the c-axis (see Figure 5.6). The preferential occupation of Si atoms on
the 18f site and a small occupancy on the 6¢ site for x<2 (chapter 7.2.4) lead to
a contraction in the c-plane and have little influence on the c-axis. On the other
hand, for x=3, the rapid increase in the occupancies of Si atoms on the 6¢ site
leads to an decrease in the lattice c.

6.2 Curie temperatures

The intrinsic magnetic properties for SmsFe;7_.Si2Cy and their parents are listed
in Table 6.2. The Curie temperatures, T}, the specific magnetizations, o,, and the
anisotropy fields, H,, with various Si concentrations are shown in Fig.6.2 (A), (B)
and (C), respectively.

The Curie temperature for SmyFe;; is rather low (only 410 K). With Si substi-
tution, the Curie temperatures are elevated to a maximum of 530 K at x=2; there
is a slight decrease at x=3, as shown in Fig.6.2(A).

On the other hand, the Curie temperatures for SmyFe;7_.Si,C, with x=1, 2
and 3 are 660, 630 and 595 K, respectively. As compared to the parents, they
are raised by 170, 100 and 70°C , respectively, as shown in Fig.6.2(A). The Curie
temperatures, T}, as function of the cell volume V, are plotted in Fig.6.3 and lie on
a straight line. The linear relationship between Ty and V has also been discovered
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Table 6.2: Magnetic properties of Sm;Fe;;_.Si.C; and their parents. T} is the
Curie temperature, o, the specific magnetization, M, the saturation magnetization
in pp/fu, Hys the hyperfine field and H, the anisotropy field.

T/(K) o, (emu/e) M, (ug/fa)  Has (Oe)  H, (kOe)
77K 300K 77K 300K 77K JOOK 77K 300K
SmzFeSiiCz7 660(5) 10i(2) 92(2) 22.1(4) 20.7(5) 234(3) 140 95
SmgFe;6Si; 690(5) 116(2) 25.3(4) 224(3)
SmyFe;sSizCas  630(5) 90(3) 87(2) 19.5(7) 18.8(4) 232(3) 212(3) 110
SmzFe;sSiz 530(5) 112(2) 24.0(4) 222(3)
SmoFesSisCaa 595(5) 86(2) 83(2) 18.1(4) 17.7(4) 196(3) 90
SmzFe14Sia 525(5) 109(2) 22.8(4) 213(3)

in the series Y;Fe;;C, and Gd,Fe;;C, with various C concentrations (Liu J P et
al, 1991).

6.3 Magnetic anisotropy

Both x-ray diffractograms and Mossbauer spectra of the aligned samples show that
all the carbides Sm;Fe;;_,SixCy (x=1, 2 and 3) have an easy c-axis anisotropy. As
an example, the x-ray diffraction pattern and Moéssbauer spectrum for aligned
Sm;Fe,6SiC, are shown in Fig.6.4(A) and (B), respectively.

The diffraction intensity of the (0 0 6) reflection dramatically increases, whereas
the intensities of other reflections almost disappear, as shown in Fig.6.4(A). This
establishes the emergence of an easy c-axis anisotropy. The area ratio, b, between
the 2nd plus Sth lines and the 3rd plus 4th lines of the M&ssbauer spectrum is
close to zero, which implies an easy c-axis anisotropy.

In order to determine the magnitude of the anisotropy field, magnetization
curves with the field applied parallel and perpendicular to the alignment direction
were obtained, as shown in Fig.6.5 for Sm;Fe;7_.SixCy. The anisotropy fields, H,,
are estimated by extrapolating from the maximum applied field of 18 kOe. The
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Figure 6.3: The dependence of the Curie temperatures on the cell volumes for
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anisotropy fields decrease with Si substitutions either at room temperature or at
T=77 K, as shown in Fig.6.2 (C). For Sm;Fe;45i;C; 7 the values of H, are 95 kOe
at T=300 K and 140 kQOe at T=77 K. Of course, these values estimated from the
extrapolation may not be very accurate, since the applied fields are so small as
compared to the anisotropy fields. However, we believe that the value of H, at
room temperature for SmyFe;SiC, is larger than the 73 kOe for Nd;Fe;4B and 80
kOe for NdTiFe;;Ny, but less than the 140-230 kOe values for Sm;Fe,;;N,.

6.4 Magnetizations

The saturation magnetizations, M,, of Sm;Fe;7_,Si,C, decrease with Si substitu-
tion as shown in Fig.6.6(A). At T=77 K, the magnetizations are 22.1, 19.5 and
18.1 pp/f.u. for x=1, 2 and 3 respectively; at T=300 K , the magnetizations
are 20.7, 18.8 and 17.7 ug/f.u.. As compared to their parents, the saturation
magnetizations at room temperature decrease by 20 %.
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The hyperfine fields at room temperature decrease with Si substitutions for
Sm;Fe;7-.SixCy; however, they can be considered to be almost constant for Sm;Fe;;_,Si,,
as shown in Fig.6.6(B). The conversion coefficient, Br=150+6 kOe/ugp, between
the Fe moment and hyperfine field has been obtained from the magnetization mea-
surement and Mossbauer spectra for Y,Fe;7, Yz2Fe 7 Hy, YoFe7N, and Y,Fe;;C, (Qi
et al, 1992). Based on the conversion coefficient of 150 kOe/up the Fe moments
are found to be a constant equal to 1.50(4) up for Sm,Fe;;_,Si,. However, for
Sm,Fe;7_,SicCy, the Fe moments decrease with Si substitution, from 1.57 up for
x=1 to 1.31 pp for x=3, as shown in Fig.6.6(B).

Further, in the case of a collinear coupling between the Fe and Sm moments,
the R moments, ps,, can be derived from M, and pr. by

Ms = 15ptre + 2pi5m (6'1)

The results are listed in Fig.6.6(C). It is very surprising that the Sm moments are
negative for all the SmyFe,;_,Si,C, carbides.

The temperature dependences of the total magnetizations, M,(T'), the magne-
tization of the Fe sublattice, Mr.(T)=15ur.(T), and the magnetization of the Sm
sublattice, Mgm(T)=2psn(T), for SmyFe;5Si,C, are shown in Fig.6.7(A). The val-
ues of pr.(T) are found from the hyperfine fields at various temperature, Hx¢(T),
and the conversion coefficient, Br=150 kOe/up. The values of usm(T) are ob-
tained from (6.1). Fig.6.7(A) suggests an antiparallel coupling between the Fe and
Sm moments.

In addition, many researchers have observed that the saturation magnetization
of the Nd carbides is larger than that of the Y carbides; however, the saturation
magnetization of the Sm carbides is smaller than that of the Y carbides for the 2:17-
type and 1:12-type carbides, as shown in Table 6.3. These imply an antiparallel
coupling between the Fe and Sm moments.

Theoretically, the antiparallel structure between the Fe and Sm moments has
been predicted. Usually, there is a rule for R-M (M represents a transition element)
compounds, viz the magnetic moments of R and M are parallel for the light rare-
earth compounds and antiparallel for the heavy rare-earth compounds. This rule
is based on two facts: (1) an antiferromagnetic coupling between the spins of R
and M, and (2) an antiparallel and parallel arrangement between the spin and
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Table 6.3: Saturation magnetizations in pp/fu at T=4.2 K for the carbides. The
values in brackets are at room temperature and the values with the superscript *
are at T=77 K.

T Y Nd Sm Ref.
RgFeuCy 35.8 35.1 4.5 Sun et al, 1992
RzFe;7Cy 34.1(28.9) 30.1(26.6) Hu and Liu, 1991
R;Fe;7C, 32.5(27.9) 31.8(29.0) 29.2(26.2) Tang et al, 1992
RaFe;7Cy 35.5 40.6 34.0 Zhong et al, 1990
RTiFe;;Cy 20.5(15.5) 20.7(20.2) 18.0(13.0) Hurley and Coey, 1992
RaFe;55i;Cy 24.8°(22.2) 19.6°(18.8) in present work
RzFe;5GazCy 27.8 26.5 Shen et al, 1993

RoFe14GagCy 246 27.5 234 Shen et al, 1993

orbital angular momenta for the light and heavy R compounds, respectively. One
exception for light R is the Sm-M compounds, where the magnetic moment of
the Sm®* ion, gsm=-up<Lz + 2Sz>, may be lower than the free-ion value of 0.85
up (see Table 1.2) and sometimes appears to be negative. The origin of such a
behavior for cubic Laves-phase compounds has been discussed by Buschow et al
(1973) and attributed to the mixture of the excited J multiplets to the ground state
and the crystalline electric field (CEF) potential at the Sm3* sites. Malik et al
(1976) have shown that, in the case of a hexagonal CEF, us,, takes either a positive
or an negative value depending on the combination of the crystal-field coefficients
Ao and temperature. A calculation for Sm;Fe;sN, has shown that there exists
a crossover temperature, above which the Sm moment becomes negative (Zhao
et al, 1991). Yamada et al (1995) have also shown that when the second order
crystal-field coefficient A, is negative, with increasing A, the magnetic moment
of Sm initially increases and then suddenly becomes negative, i.e. antiparallel to
the Fe moments. The results calculated by Malik et al and Yamada et al are shown
in Fig.6.8 (A) and (B).

By fitting the experimental anisotropy fields on the basis of the two-lattice
model, the values of the crystal field parameters, A,9 can be deduced. The calcu-
lations not only include the exchange and crystal field interaction, but also involve
the ground, the first and the second states. For Sm;Fey;Ny, the value of Ay has
been found to be in a range between -300 and -600 Ka3 (Li H S and Cadogan,
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1991; Zhao et al, 1991; Kato et al, 1993) and the value of Ay to be +200 Ka}
(Zhao et al, 1991). As predicted by Milik et al and Yamada et al, for Sm,Fe,;Ny,
the crystal-field coefficient Ay is negative and Ay is positive; the magnitudes of
Az and Ay are 102-10° Ka. If the crystal-field coefficients for Sm;Fe,;_,Si,C, are
similar to those for Sm;Fe;;Ny, the antiparallel coupling between the Fe and Sm
moments is a strong possibility for Sm,Fe,5S5i,C,.

Some other possibilities were also considered as follows,

(a) The magnetization of the Fe sublattice can not be expressed as 15ur,
because there is an antiparallel arrangement for some Fe sites. However, this
hypothesis is not supported by experiments. Both Mossbauer spectra with an
appled field for Y;Fe;7N, (Anagnostou et al, 1994) and neutron diffraction for
Nd;Fe;;N, show the parallel arrangement for all Fe sites.

(b) An incorrect conversion coefficient leads to a large Fe moment for the Sm
carbides. In order to obtain a positive value for the Sm moment, it has to be as-
sumed that the coefficient is larger than 180 kOe/up. However, if 8r=180 kOe/pz
is used, many incorrect results are obtained. (1) The value of 8F significantly de-
viates from the experimental result, 150 kOe/pp (Qi et al, 1992). (2) The value of
the Sm moment will increase at first and then decrease with increasing tempera-
ture, as shown in Fig.6.7(B). As an example, the Sm moment is ~0 at T=77K and
0.56 ug at T=300 K for SmyFe;55i;C,. (3) A parallel arrangement between the Fe
and Er moments will occur for T'>370°C ; the total magnetization is 15.8 up/fu,
the Fe moment is 181/8r=1 pup and thus the Er moment is +0.4 pp for T=370°C .

6.5 Conclusions

(1) All carbides Sm;Fe;7_,Si,C, with x=0, 1, 2 and 3 retain the rhombohedral
structure.

(2) With increasing Si concentrations, the Curie temperatures of SmyFe;7_,SixCy
decrease from 660 K for x=1 to 595 K for x=3; the saturation magnetizations at
room temperature decrease from 92 emu/g for x=1 to 83 emu/g for x=3.

(3) All the carbides SmyFe;;_SixCy have a uniaxial anisotropy. The anisotropy
fields decrease with Si substitutions, from 95 kQe for x=1 to 75 kQOe for x=3 at
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room temperature and from 140 kQe for x=1 to 90 kOe for x=3 at T=77 K.

(4) For SmyFe,7_,SixCy, the Sm and Fe magnetic moments may be antiparallel;
this leads to low saturation magnetizations.

(5) For SmyFeSiC, 7, the Curie temperature is 660 K, and at room temper-
ature the anisotropy field and the saturation magnetization are 95 kOe and 92

emu/g, respectively.
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Chapter 7

Mossbauer Spectroscopy

Méssbauer spectra of RoFe 7N, and R,Fe;;C,, have been studied extensively. How-
ever, only a few papers have been appeared on R;Fe;5Si;C,. In fact, the Massbauer
spectra for RyFe;5Si;Cy are significantly different from those for RpFe;7N, and
RzFe;7Cy. More importantly, Mossbauer spectroscopy is one of few techniques
useful for the determination of the magnetic properties of rare-earth iron com-
pounds on an atomic scale. Hence, it is important to study the M6ssbauer spectra
of RyFe;55i;Cy in an attempt to unravel the magnetic properties of these carbides
at an atomic level.

7.1 Analysis of MoGssbauer spectra

Since the quadrupole splitting is much smaller than the magnetic hyperfine split-
ting for all samples, a perturbation Hamiltonian was used to analyse the Méssbauer
spectral data. The parameters obtained for each six-line subspectrum by a least-
squares fitting procedure were the hyperfine field, Hys, the quadrupole splitting,
¢, the isomer shift, §, the line widths and the intensities. The area ratios of the
six absorption lines in each sextet were constrained to be 3:b:1:1:b:3; b is equal to
2 for the non-aligned samples and is fitted for the aligned samples. For each Fe
site, the subspectral areas for R;Fe;5Si;Cy were kept the same as those for their
corresponding parents RyFe;5Si, because it is assumed that the distributions of Si
and Fe atoms are not changed during the process of C absorption.

In principle, there are two ways to fit Méssbauer spectra of R;Fe;7N, and
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R;Fe;;C,. In the first method, Mdssbauer spectra are fitted with four subspectra,
corresponding to the four crystallographically inequivalent Fe sites, 6¢/4 f, 9d/6g,
18f/125 and 18h/12k sites (Zouganelis et al, 1991; Zhou et al, 1993). In the other
method, based on the analysis of Steiner and Haferl (1977), for compounds with
an easy c-plane anisotropy, Mossbauer spectra are fitted with seven subspectra.
The subspectra corresponding to the 9d/6g, 18 f /127 and 18h/12k sites are divided
into two components with an area ratio 2:1 because of different angles between
the electric-field-gradient principle axis and the direction of the hyperfine field
and also different hyperfine fields produced by the magnetic dipoles. Then seven
subspectra are used to fit the Mdssbauer spectra (Hu et al,1991; Qi et al, 1991;).
Both methods can provide a good fit and almost the same hyperfine parameters
for each Fe site.

The site assignments of the subspectra are based on the relative areas to-
gether with the neighboring environments of the sites. The 6¢c/4f and 18h/12k
sites have the most and the least numbers of nearest-neighbor Fe atoms (13 and
9), respectively. Thus the largest and least hyperfine fields are to be associat-
ed with the 6c/4f and 18h/12k sites, respectively. Both the 9d/6g and 18f and
12; sites have ten Fe atoms as their neighbors; however, the relative numbers
of site occupancy on the two sites are 3 and 6, respectively. The subspectra for
9d/6g and 18f and 12j, therefore, can be distinguished by their subspectral ar-
eas. To summarize, the magnitudes of the hyperfine fields are in the sequence
H,;(6c/4f)>Hns(9d/69)>Hys(18f/125) > Hns(18h/12k).

Médssbauer spectra for R;Fe;sSi; (R=Y, Nd, Sm, Gd and Er) were fitted by
four subspectra, which correspond to the four Fe sites, 6¢/4f, 9d/6g, 18 f /127 and
18h/12k. However, because of the influence of the C (or Si) atoms, at least five
spectra are necessary to obtain a good fit to the experimental data for the carbides
RgFeL-,SigCy.

The relative area of the subspectra is about 3/17 for the 9d/6g site in R;Fe;sSi,.
In order to maintain the value for the 9d/6g site, the subspectra of R,Fe;55i,C,
have to be split into two components. Their area ratios are listed in Table 7.1.

It is known that the 9d/6g sites have four C atoms as their first nearest-
neighbours (1st nn). Based on the binomial distribution model, the probabilities
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Table 7.1: The area ratios, A(9d,)/A(9d,), between two components for the 9d/6g
site and P(4)/P(3) calculated by the bionomial distribution model

Nd Sm Gd Er

C concentration, y 2.6 2.5 2.6 2.6
P(4)/P(3) 0.61:0.39 0.56:0.44 0.61:0.39 0.61:0.39
A(9d:)/A(9dz)  0.58:042 0.55:0.45 0.60:0.40 C.61:0.39

of finding m adjacent C atoms for the 9d/6g sites are found by

n!

P(m) = m!(n — m)!

c"l-¢e) ™ (7.1)
where n=4 is the number of adjacent 9e/6k sites around the 9d/6g site and c=y/3
is the relative carbon concentration. The calculated values of P(4)/P(3) are also
listed in Table 7.1. The consistency between A(9d;)/A(9d;) and P(4)/P(3) im-
plies that the two components for the 9d sites can be attributed to the various
configurations of adjacent C atoms.

For the 6c¢ sites, there is no 1st nn C atom. The shortest distance between the
Fe (the 6¢ site) and C atoms is 4.53 A. Moreover, the 18 f sites are located between
the 6c sites and 9e sites. As a result, the C atoms are screened by Fe atoms on the
18f sites and have little influence on the hyperfine parameters of the 6¢ sites. For
the 18 f and 18k sites, there is only one 1st nn C atom and the distances between
Fe and the 1st nn C atom are 1.86 and 1.95 A, respectively. The probabilities
for finding one C atom are over 0.8 and, therefore, the probabilities for other C
atom configurations are so small that they can be neglected. Hence, for most of
R;Fe;5Si,Cy, there is only one component for each of the 6¢, 18 and 18h sites.

However, based on my experience, the M6ssbauer spectrum of samples with
an easy c-axis ansitropy, such as the Mdssbauer spectra of Sm;Fe;5Si;C, at room
temperature and Er;Fe;sSi;Cy at 77 K, may be more complicated. In particular,
some fine structure exists in the 1st spectral lines (v~ -2.5 — -4 mm/s) for the
18f and 18k sites. In order to obtain a good fit and to maintain the relative area
of about 6/17 for the 18 f and 18k sites, each subspectrum for the two sites has to
be split into two components, i.e. 18f;, 18f,, 18k; and 18h,. The area ratios of the
two components are close to the ratios between the probabilities, obtained from
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Table 7.2: Modssbauer parameters at room temperature for R,Fe;5Si;C, and
R;Fe;5Si;. Here Hiy is the hyperfine field, € is the quadrupole splitting, § the
isomer shift, A is the relative area of each subspectrum associated with each crys-
tallographic site.

R R;Fe;55i;Cy RyFei5Si;
site  Hpy € ) site  Hiy € 8 A
(kOe) (mm/s) (mm/s) (kOe) (mm/s) (mm/s) (%)
af  262(3) 0.04(1) 0.02(1) 10.1(9)
Y 6g 233  -020  -008 21.1(11)

12j 217 006  -0.12 30.9(14)

12k 197 015  -010 38.0(17)

6c  313(3) 0.05(1) 008(1) 6c 256(3) 0.02(1) -0.03(1) 12.5(10)
Nd 9d 255 0.8 010 od 233  -003 -0.13 18.4(10)
18f 169 011  -0.16 18f 205 008  -021 33.0(13)
18h 164 027 022 18h 202  0.15 0.09  36.0(14)

6c  277(3) 0.42(1) 0.07(1) 4f 284(3) 0.05(1) 0.09(1) 10.6(9)

Gd 94 237 019 008 6g 253  -009 -0.10 20.1(17)
18 178 006  -013 12§ 229 010  -027 31.7(27)
18h 169  0.28 014 12k 224 0.8 0.08  37.6(31)

af  269(3) 0.02(1) -0.02(1) 4f 254(3) 0.07(1) 0.03(1) 11.0(3)

Er 6g 230 0.16 010 6g 224 -019 -0.14 19.6(14)
12j 179 002  -019 12j 201 007  -026 32.0(23)
12k 174 028 010 12k 198 0.1 002  37.4(27)

formula (7.1), for zero adjacent Si atoms and for one or two adjacent Si atoms.
Hence, the two components correspond to two different neighbour configurations.
One is the configuration with zero Si atoms; other is the configuration with one
or two Si atoms.

Based on the above analyses, Mdssbauer spectra of RjFe;sSi;, RaFe;5Si;Cy,
SmgFe;;_,Six and Sm;Fe;;_,Si,Cy at room temperature were fitted; the Mdssbauer
spectra and the fitted curves are shown in Fig.7.1, 7.2, 7.3 and 7.4. The fitted
hyperfine parameters are listed in Tables 7.2 and 7.3.
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Table 7.3: Mdssbauer parameters at room temperature for SmjFe;;_,Six and
SmyFe;7_,SixCy. Here & is the isomer shift, e is the quadrupole splitting, Hxy
is the hyperfine field and A is the subspectral area.

x site SmyFe;7_,SizCy szFeu__:ﬁz
] € Hyg é € Hyy A
(mm/s) (mm/s) (kOe) (mm/s) (mm/s) (kOe) (%)
0 6c 0.08(1) -0.09(1) 343(3) 0.02(1) 0.02(1) 264(3) 11.9(10)
ad -0.05 -0.10 309 -0.25 -0.10 229 17.8(16)
18f -0.06 -0.50 250 -0.31 0.10 209 35.8(31)

18h 007  -0.16 247  0.01 014 206 34.5(31)
0.5 6c 0.03(1) 0.02(1) 269(3) 12.1(9)
o9d -0.18  -0.09 236 18.6(14)
18f 032 008 212 33.4(25)
18h 0.02 014 210 35.9(27)

1 6c 0.16(1) -0.18(1) 322(3) 0.04(1) 0.03(1) 270(3) 11.8(8)
9d -000 -028 286 -0.16 -0.09 239 19.8(13)
18f -009 -045 212 -029 009 213 32.8(22)
18h 010 -015 194 002 014 212  35.6(25)

2 6c_ 013  -0.14 310 005 004 268 12.0(6)
od 000 -026 255 -0.11  -0.07 238  20.4(13)
18f -001 -040 190 -0.27 006 211 31.3(15)
186 0612  -0.14 174 005 014 208 36.3(15)

3 6c 0.17(1) -0.11{1) 295 0.06(1) 0.04(1) 264(3) 11.4(9)
9d 006 -013 241  -0.08 -004 226 23.2(8)
18f 009  -041 177 -021 003 208 33.2(17)
18h 004 -010 151 009 011 197  32.2(17)
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Figure 7.5: The isomer shift, §, as a logarithm function of cell volumes, InV.

7.2 Mossbauer spectra for Ry(Fe, Si)17

Maossbauer spectra at room temperature for R;FesSi; (R=Y, Nd, Sm, Gd and
Er) and SmgFe);_,Si, (x=0, 0.5, 1, 2 and 3) together with the fitted subspectra
are shown in Fig.7.1 and Fig.7.3. The fitted Mdssbauer parameters are listed in
Tables 7.2 and 7.3.

7.2.1 Isomer shifts

The average isomer shifts, 8, as a logarithmic function of the cell volumes, InV,
are plotted in Fig.7.5 and lie on a straight line.
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Based on the Mdssbauer spectra of a-Fe under various pressures, Williamson
et al (1972) gave a relationship between the isomer shift and volume,
dé
avjv
where x is a constant. After solving the differential equation, a linear relationship
between the isomer shifts and cell volumes is obtained,

b=xlnV+C (7.3)

=K (7.2)

From the slope of the straight line in Fig.7.5, the value of x is 1.80 mm/s for
R;Fe;5Sis, which is larger than the 1.33 mm/s for a-Fe (Williamson et al, 1972).
In terms of (3.21) in section 3.2.1, the isomer shift, §, can be expressed as

6=Co- %[W’(O)lz -Cy (7.4)

where Cy and C; are constants, [¢(0)|? is the charge density at the Fe nucleus
for the absorber, R is the radius of the Fe nucleus and éR is the difference of
the nuclear radius between the first excited state and the ground state. Because
SR/ R is negative for the Fe nucleus, § will decrease/increase when [1(0)|2 increas-
es/decreases.

The magnitude of |¢(0)|2 and 6 are dependent on three factors: (1) the distri-
bution of the s electrons, (2) the shielding effect of p and d electrons on s electrons
and (3) the volume effect. For a series of R,Fe;5Si; compounds, the s, p and d
electrons of the Fe atoms can approximately be considered to be constant because
all R ions are trivalent and their f electrons are localized; however, the cell vol-
umes are reduced with increasing atomic number of the rare-earth elements. The
decrease in the volumes leads to a decrease in isomer shift.

7.2.2 Quadrupole splittings

See section 7.3.2.

7.2.3 Hyperfine fields

The average hyperfine fields, calculated by weighting their subspectral areas, as
plotted against (gr-1)Jg for RoFe;5Si; (R=Y, Nd, Sm, Gd and Er) are shown in
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Fig.7.6. Except for the Y compound, the dependence is linear to a good approxi-
mation.

It has been known that the hyperfine fields at an Fe nucleus consist of two
parts, viz, Hyy=HF.+Hp. The first term is the contribution of the Fe atoms to the
hyperfine field; it includes the Fermi contact field, the orbital field, the dipole field
and the transfer field produced by the adjacent Fe atoms. The second term is the
transfer field produced by the adjacent R atoms. It is most conveniently expressed
in terms of RKKY theory where Hp, is proportional to (gr-1)Jr Y ; F(2krr;). The
Y; extends over all distances r; between the central nucleus considered and the
R atoms of the lattice. The function F'(2krr) is the RKKY function and kr is
wave number at the Fermi surface. For a given series of isostructural compounds
3=; F(2kfr) can be considered to be a constant so that Hp is proportional to (ga-
1)Jg. Thus, the average hyperfine field, Hjs, can be expressed as a linear function
of (gg-l)J R-

Hy; = Hr. + a(gr — 1)Jz (7.5)

By applying the least-squares method to (7.5), a=10.2 kOe for R;Fe;55i;. The
value of a is 7.0 kOe for RFe;; Ti (Li Z W, 1992).

7.2.4 Site occupancies of Fe atoms

The relative occupancy numbers, N;, on the 6¢/4f, 9d/6g, 18 f/125 and 18h/12k
sites are 2:3:6:6 for 2:17-type compounds. If it is assumed that the recoilless
fractions on the four sites are the same, the occupation numbers N;(Fe) and N;(Si)
of Fe and Si atoms on the ith site can be estimated by

N(Fe) = Cromir (7.6
j=1<%2
Ni(Si) = 1- Ny(Fe) (2.7)

where Cr. denotes the Fe composition and A; is the area of the ith Mdssbauer
subspectrum. Based on the subspectral areas, A;, listed in Table 7.2 and 7.3,
N;(Fe) can be calculated using (7.6); the results are listed in Table 7.4.

The occupancy fractions, F;(Fe) and F;(Si) of Fe and Si atoms on the four sites
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are given by

Fi(Fe) = N(Fe)/N; (7.8)
F(8i) = 1- F(Fe) (7.9)

The results are shown in Fig.7.7(A) and (B) for R;Fe;5Si; (R=Y, Nd, Sm, Gd and
Er) and Smj,Fe,;_,Si,, respectively. The dotted line in the figures is for random
occupancy of the four sites by the Fe and Si atoms.

It is obvious that, for either RyFe;5Si; or SmjFe;;_,Siy, the Si atoms are ex-
cluded from the 9d/6g site and prefer the 18 /125 site. On the other hand, with
Si substitutions, the occupancy of the Si atoms on the 18f site seems to reach
saturation at a Si concentration of x=2. In contrast, the occupancy fractions of
Si atoms are small for the 18k and 6c¢ sites at low Si concentration, but increase
rapidly at x=3.

These occupancies are supported by x-ray diffraction experiments (see Table
6.1). With Si substitutions, the ratio of the lattice parameters, c/a, increases
at first, reaches a maximum at x=2 and then decreases. It is known that the
18f sites lie on the basal plane and the 6¢ sites are along the c axis. The Si
occupancy on the 18f sites will lead to a contraction in the basal plane, whereas
the occupancy along the 6c¢ sites will shorten the lattice parameter c. For x<2,
the preferential occupation on the 18f sites and a small occupancy on the 6¢ sites
causes an increase in the ratio ¢/a. For x=3, the rapid increase in the occupancy
of Si atoms on the 6c¢ sites leads to a decrease in the ratio of c/a.

Neutron diffraction for Y;Fe;4Siz (Lin et al, 1992) has shown that Si atoms
avoid the 6g¢ site and occupy the other three sites almost equally. This implies that
a half of the 4f sites are occupied by Si atoms; in other words, Si atoms prefer the
4f sites. However, Long et al (1993), based on neutron diffraction for Nd;Fe,;Si;,
indicated that Si atoms are excluded from the 6c¢ sites and preferentially occupy
the 18h sites.

The occupancies of the Si atoms on the four Fe sites are related to the Curie
temperature. The relationship between both will be discussed in Chapt 9.
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Table 7.4: Relative areas A(%) of Méssbauer subspectra and the occupation num-
bers N;(Fe) of Fe atoms in each site. The numbers in the parentheses are the fiting

errors in the last significant digit.

__RoFe;s5Six _

R Y  Nd Gd Er
6c A(%) 101(9) 125(10) 10.6(3) 11.0(8)

N(Fe) 15(1) 1.9(2) 16(1) 1.7(1)
9d A(%) 21.1(11) 18.4(10) 20.1(17) 19.6(14)

N(Fe) 30(2) 28(2) 3.03)  29(2)
18f A(%) 30.9(14) 33.0(13) 31.7(27) 32.0(23)

N(Fe) 46(2) 5.0(2) 4.8(4) 4.8(3)
18h  A(%) 38.0(17) 36.0(14) 37.6(31) 37.4(27)
N(Fe) 57(3) 54(2) 56(5)  5.6(4)

—

SmoFe;7_.Six
x 0 0.5 1 2 3
6c A(%) 11.9(10) 12.1(9) 11.8(8) 12.0(6) 11.4(9)
N(Fe) 2.0(2) 2.0(2) 1.9(1) 1.8(2) 1.6(1)
9d A(%) 17.8(16) 18.6(14) 19.8(13) 20.4(13) 23.2(8)
N(Fe) 3.0(3) 3.1(2) 3.2(2) 3.1(2) 3.2(2)
18f A(%) 35.8(31) 33.4(25) 32.8(22) 31.3(15) 33.2(17)
N(Fe) 6.0(5) 5.5(4) 5.3(4) 4.7(2) 4.6(2)
18h  A(%) 34.5(31) 35.9(27) 35.6(25) 36.3(15) 32.2(17)
N(Fe) 5.8(5) 5.9(4) 5.7(4) 5.5(2) 4.5(2)
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Figure 7.7: Occupation fractions of Si atoms on each site for (A) R;Fe;sSi, and
(B) Sm;Fe;7_Six. The dotted line is for random occupancy by the Si atoms.
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7.3 Mb@ssbauer spectra of Ry(Fe, Si)17C,y

Méssbauer spectra at room temperature for R;Fe;5Si,C; (R=Nd, Sm, Gd and
Er) and Sm;Fe;;_Si,Cy together with fitted subspectra are shown in Fig.7.2 and
Fig.7.4. The fitted MoGssbauer parameters are listed in Tables 7.2 and 7.3. The
average isomer shifts, the average quadrupole splittings and the average hyperfine
fields calculated by weighting their subspectral areas are shown in Fig.7.8 (A), (B)
and (C), respectively.

7.3.1 Isomer shifts

The average isomer shifts are 0.06, 0.06, 0.03 and 0.00 mm/s for R;Fe;5Si,C, with
R=Nd, Sm, Gd and Er, respectively. As compared to R,Fe;sSi,, they are increased
by about 0.10 mm/s. Two factors are largely responsible for the increase. One is
the expansion of the cell volume because of the C atoms introduced. The other
factor is the transfer of electrons from Fe to C atoms. Since the electronegativity
is much larger for C than for Fe and Si, the C atoms have a tendency to attract the
conduction electrons from Fe and Si. A decrease in the Fe conduction electrons
will lead to an increase in the isomer shifts.

Based on the the volume expansion and the transfer of conduction electrons
from Fe to C atoms, the isomer shifts calculated for SmyFe;;_,SiCy are as follows.

First, the relationship between the isomer shift and volume for R;Fe;5Si; is
given by section 7.2.1, as

Aby = 1.80A—Vv-(mm/s) (7.10)

The cell volumes expand by 5.6, 4.7, 3.7 and 2.4 % for Sm;Fe;7_,Si,C, with x=0, 1,
2 and 3, respectively, as compared to the volume of 792 A3 for SmoFe;;. Hence, the
increments in the isomer shift, Ady, produced by the volume expansion are 0.100,
0.085, 0.067 and 0.043 mm/s for the carbides with x=0, 1, 2 and 3, respectively,
based on (7.10).

Then, the average isomer shifts are -0.149 and 0.006 mm/s for Sm;Fe,; and
Sm;Fe;;C,4, respectively. After deducting the increment of 0.074 mm/s produced
by the volume expansion, the increment of the isomer shift associated with the C
atoms is 0.081 mm/s, which is equal to the increment of 0.034 mm/s per C atom.
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Table 7.5: The calculated and experimental isomer shifts for Sm,Fe;;_,Si,C,.

x by (mm/s) éc (mm/s) A& (mm/s) ASP (mm/s)

X

0 0.100 0.081 0.181 0.16(2)
1 0085 0.092 0.177 0.15(2)
2 0.067 0.085 0.152 0.14(2)
3 0043 0.078 0.121 0.13(2)

Because the C concentrations are 2.7, 2.5 and 2.3, the corresponding increments
of the isomer shift, Aéc, are 0.092, 0.085 and 0.078 mm/s for Sm;Fe;7_,Si.C, with
x=1, 2 and 3, respectively, as compared to their parents.

Finally, the increments of the isomer shifts for Sm;Fe;;_,Si,C,, as compared to
their corresponding parents, are given by

Ab=6— 8y = Aby + Ade (7.11)

where 6 and &y are the isomer shift for SmyFe;7;_SixC, and Sm;Fe;;_,Siy, re-
spectively. The results are listed in Table 7.5. The values calculated, A§°%, by
(7.11) are consistent with the experimental values, A§*?. Therefore, as compared
to their corresponding parents, the increase in the isomer shift for the carbides
SmyFe;7_.SicCy is attributed to the volume expansion and the transfer of conduc-
tion electrons from Fe to C.

7.3.2 Quadrupole splittings

The average quadrupole splittings have a different sign for R,Fe;5Si; and R;Fe;5Si;Cy,
as shown in Fig.7.8(B). The quadrupole splittings can give some information on
the magnetic anisotropy. It is well known that the quadrupole splitting, e, is re-
lated to the angle, 8, between the direction of the hyperfine field and the principal
axis of the electric-field gradient (EFG) by the equation

€= i-qu(li cos? @ — 1) (7.12)
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Figure 7.9: The dependence of the quadrupole splittings on the C concentration,

where Q is the nuclear quadrupole moment and g is the component of the EFG
along the principal axis. When the magnetic moments are either along the c-axis
or in the c-plane, the quadrupole splitting will be significantly different in sign
and /or in magnitude because of the different & angles. Quadrupole splittings with
the opposite sign imply a different type of magnetic anisotropy for R,Fe;5Si; and
R;Fe;5Si;Cy. This conclusion is also supported by the x-ray diffraction experiments
(see chapter 5.5) ‘

In addition, the average quadrupole splittings are about 0.14-0.25 mm/s for
R,Fe;5Si;Cy, which are 2-3 times larger than those for RoFe;sSi;. This shows
that the interstitial C atoms produce a large asymmetry in the EFG. This ef-
fect of interstitial C atoms is obviously observed in the SmjyFe;;_,SiC, series.
For Sm;Fe;7-.Si,Cy with x=0, 1, 2 and 3 the average quadrupole splittings are
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-0.24, -0.28, -0.25 and -0.21 mm/s, respectively, which are about four to five times
larger in magnitude compared to 0.04-0.06 mm/s for their corresponding parents.
The quadrupole splittings, €, as function of the C concentration, are plotted in
Fig.7.9. The quadrupole splittings lie on a straight line; extrapolation to y=0
yields €=0.056 mm/s. This value is the same order of magnitude as the 0.04-0.06
mm/s observed for SmyFe;7_.Six. It follows that the large quadrupole splittings
for the carbides can be attributed to the C atoms creating a large EFG.

7.3.3 Hyperfine fields

The MGossbauer spectral shapes of R;Fe;58i;C, are greatly different from those of
their parents. One of the significant differences is that for R,Fe;5Si;C, the 1st
and 6th spectral lines for the 6¢c/4f and 9d/6g sites are separated from those for
the 18f/125 and 18h/12k sites, whereas the lines for the four Fe sites overlap
for R,Fe;sSi;. This implies that the hyperfine fields on the 6c/4f and 9d/6g
sites increase, whereas the fields on the 18f/125 and 18h/12k sites decrease, as
compared to R;Fe;5Si;. As an example, the hyperfine fields are 310, 255, 190 and
174 kOe for the 6c, 9d, 18f and 18h sites of Sm;Fe;5Si;C,, respectively. They,
as compared to SmyFe;5Si;, increase by 41 and 18 kOe for the 6¢c and 9d sites,
respectively, but decrease by 20 and 34 kOe for the 18 f and 18k sites, respectively.
As a result, the average hyperfine field decreases by ~5 % for Sm;Fe;5Si,C,.

The relative changes of the hyperfine fields on each Fe site for RyFe;55i2Cy
are shown in Fig.7.10, where AHIII/H}?[:(HM' hf)/Hg ’ and H}.f and Hg! are
the hyperfine fields for R;Fe;5Si;Cy and RyFe;sSi;, respectively. Obviously, as
compared to their parents, the hyperfine fields of R;Fe;5Si;Cy; (R=Nd, Sm and Er)
increase for the 6¢/4f and 9d/6g sites and decrease for the 18f/12;j and 18h/12k
sites. For Gd;Fe;58i;Cy, the hyperfine fields decrease only by 2.5 and 6.3 % for 6¢c
and 9d sites, respectively; however, the fields decrease by about 23 % for 18f and
18h sites. The average hyperfine fields decrease by 5-17 % for carbides R;Fe;5Si,Cy,
as compared to their parents.

This difference may be related to the distances between the Fe and C atoms.
The magnetic moments on each Fe site of Y,Fe;;, Y,Fe,;C, and Y;Fe;;N, have
been calculated by Beuerle and Fahnle (1992) as well as Jaswal et al (1991).
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They have found that the interstitial atoms lead to two opposite effects. One is a
geometrical effect (volume expansion) that increases the Fe moments; other is the
hybridization effect of the interstitial atoms with the neighboring Fe atoms that
decreases the Fe moments. It is known that the shortest distances between the C
atoms and the 6¢c/4f and 9d/6g sites are 4.53 and 3.29 A, respectively; however,
the shortest distances of the C atoms to the 18f/125 and 18h/12k sites are only
1.86 and 1.95 A. These short distances lead to a hybridization of the 3d electrons of
an Fe atom and the 2s and 2p electrons of a neighbouring C atom. As a result, the
magnetic moments or the hyperfine fields decrease for the 18f/12;j and 18k/12k
sites.

In addition, there exists a similar result for Fe-C martensite; the 1st nn Fe
atoms around a C atom have a hyperfine field of 265 kOe and the 2nd Fe atoms
have a hyperfine field of 334 kOe, which is smaller and larger than 331 kOe for
a-Fe, respectively (Moriya et al, 1968).

It is known that the hyperfine field on each Fe site is larger for R,Fe;;N,
than for RoFe;; (Hu et al, 1991; Qi et al 1991). This shows that for the nitrides
the geometrical effect is larger than the hybridization effect. By contrast, for
the carbides, the hybridization effect surpasses the the geometrical effect. Qi
et al (1992) also attribute the smaller Fe moments for the carbides to a greater
hybridization with Fe 3d orbitals based on Miedema’s model of the electron density
at the Wigner-Seitz cell boundary. The charge density parameter nys is 6.86, 5.36
and 4.10 d.u. for C, Fe and N, respectively. Thus, the electrons in the C-Fe bonds
tend to occupy a spin-down state and the electrons in N-Fe bonds a spin-up state.
Thus, the average Fe moment is smaller for Y,Fe;;C, than that for Y;Fe;;N,.

The decrease in the hyperfine field for the 18f/12;5 and 18h/12k sites leads to
a smaller average hyperfine field (Fe moment) as compared to RyFe;5Si;. This is
one of the causes of a rather low saturation magnetization in SmjFe)sSi;C,.

7.4 Conclusions

(1) Because of the effect of C and Si atoms, at least five (or seven) subspectra
are needed to obtain a good fit for R;Fe;sSi,C, Mdssbauer spectra.
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(2) The C atoms lead to an increase in the isomer shifts as compared to the
parents. This increase can be attributed to the volume expansion and the transfer
of conduction electrons from Fe to C.

(3) The quadrupole splittings for Sm;Fe;7_,Si,Cy show a significant increase
and a different sign as compared to their parents. This indicates that the C atoms
lead to a larger EFG around the Fe nuclei and modify the magnetic anisotropy of
their parents.

(4) For the carbides, the hyperfine fields on the 6¢/4f and 9d/6g sites increase,
whereas the fields on the 18f/12j and 18k /12k sites decrease, as compared to the
corresponding parents. As a result, the average hyperfine field decreases. This
is one of the sources of the low saturation magnetizations for the light rare-earth
carbides as compared to their parents. The other sources have been discussed in
chapter 6.

(5) Mo6ssbauer spectra show that the Fe and Si atoms are not randomly dis-
tributed on the four Fe sites in the compounds R;Fe;5Si;, Sm;Fe;;_,Si, as well as
their carbides. The Fe atoms tends to occupy the 9d/6g and 18h/12k sites and
the Si atoms prefer to occupy the 18f/12j site.
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Chapter 8

Spin-Reorientation Transition for

For RoFe;55i;Cy the Fe sublattice favours an easy c-plane anisotropy and the R
(Sm, Er and Tm) sublattice prefers an easy c-axis anisotropy. The magnetic
structure and the easy-magnetization direction are governed by the competition
between the Fe and R sublattice anisotropies. The carbide Sm;Fe;5Si,C,; has an
easy c-axis anisotropy and the carbides R;Fe;sSi;Cy (R=Nd and Gd) have an
easy c-plane anisotropy at both 77 and 300 K. However, Er;Fe;sSi;Cy has a spin
reorientation transition from an easy c-plane anisotropy at high temperatures to
an easy c-axis anisotropy at low temperatures.

In this chapter the spin reorientation transition will be studied. First of all,
a new method is proposed. Then, spin-reorientation transitions are studied by
Méossbauer spectra of the aligned sample. Finally, the transition is calculated us-
ing the two lattice model.

8.1 Method

The spin reorientation transition is usually determined by measuring the depen-
dence of the ac susceptibility or the magnetization on temperature. However,
Mossbauer spectroscopy is also an important technique. For a non-aligned pow-
der sample there exists a jump in the hyperfine field during the spin reorientation
transition (Gubbens et al, 1976, 1989, 1991; Hu B P et al, 1989). For an aligned
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sample the direction of the Fe magnetic moments can be determined by

cosf =/ —— (8.1)

where 8 is the angle between the directions of the hyperfine field and the y-ray
propagation and the angle factor, b, is the area ratio between the 2nd plus the
5th and the 3rd plus 4th lines. This method has been used to study the spin
reorientation transition for Nd,Fe;,B (Onodera,1984) and RFe;; Ti (Hu B P et al,
1989a). However, the formula is valid only under the following conditions. (1) The
sample must be fully aligned; this is very difficult to do experimentally. (2) The
sample must have an easy c-axis anisotropy when aligned at room temperature.
Unfortunately, the carbide Er;Fe;sSi;C, has an easy c-plane anisotropy at room
temperature. Formula (8.1), therefore, cannot be used.

A sample, such as R,Fe,;7, was ground into very fine particles that are considered
to be single crystals. An aligned sample was prepared by mixing the fine particles
with epoxy resin and then placing the mixture in an applied magnetic field. When
the sample has an easy-plane anisotropy, these particles are aligned along one of
their a crystal axes in the applied magnetic field and the magnetic moments lie
along either a [100], [110] or [010] direction in a zero field.

In order to get a general formula between the direction of the hyperfine field
(magnetization) and the angle factor, b, for an aligned sample, a coordinate system
is selected, as shown in Fig.8.1. Let the directions of both the applied field and
the v-ray propagation be along the Z-axis. For a fully aligned sample, the normal
to the c-plane, n, is perpendicular to the z-axis. For a non-fully aligned sample,
the normal deviates by a small angle, £, i.e. the angle between the n and the Z
axis is -§. The probability distribution of £ is assumed to be Gaussian, viz

PE) = —ep(zy (2)

where & is the standard deviation.
The area of the six absorption lines for a Mossbauer spectrum are expressed as

Ass = [ P(£)3(1 + cos? B)d¢
Azs = [ P(€)(1 — cos? B)dE (8.3)
Asq = [ P(§);(1 + cos® B)d¢
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X

Figure 8.1: Schematic diagram for the directions of y-ray propagation, magneti-
zation and crystal axes.

where A;; represents the relative absorption area of the { and the j line and 8 is
an angle between the direction of the hyperfine field (or magnetic moment) and
the v-ray propagation.

When spin reorientation occurs the magnetic moments on the (100}, (110] and
[010] directions will be rotated an angle, 8, toward the direction [001] (c-axis)
in the (100), (110) and (010) planes, respectively. The angles, £;, i=1, 2 and 3,
between the «-ray propagation (Z axis) and the magnetic moments on the (100),
(110) and (010) planes are related to the angles of 8 and £ by

cos f, =sin(6 +§)
{ cosB; = —cos@sin + 3 sinfcos§ (8.4)
cos s = cosfsin§ + §sinfcosé

On substituting the expressions for cos§; in (8.4) into (8.3) and using the
approximations, sin? £ > ¢2 and cos? £ >~ 1 — £2 for small £, the angle factor, b, can
be written as

, _ T PEA( - cos’ )de
3T P(€)(1 + cos? B)dE
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4(2 — [sin® 0 + &,/Z sin 20 + x%(2 — 3sin4)])

8.5
2 + [sin? @ + &,/ Z 5in 20 + K2(2 — 3sin?6)] (8.5)

Hence, the angle 8 can be found by solving Eq.(8.5) if the values of x and b are

known.
When the moments are in the c-plane, the angle 8==/2. From (8.5), b is given
by

4(1 + x?)
b= —u-u-—_=2 .
3—x2 (8.6)
and the value of & is
3b—4
“={rra (8.7)

For a fully aligned sample, k=0; Eq.(8.5) then is a very simple expression, viz

4(2 — sin’9)

b= ———-— .
2 +sin’ 4 (8.8)
Hence, the value of b is equal to 4/3 when the moments are in the c-plane (8=7/2)

and is equal to 4 when the moments are along the c-axis (6=0)

8.2 Mossbauer spectra for aligned Erz;Fe;5S5i>Cy

Méssbauer spectra of Er,Fe;55i,Cy were fitted using five or seven subspectra. Be-
low 90 K, each subspectrum for the 6g, 125 and 12k sites was split into two
components. Thus, seven subspectra are used to fit a Mdssbauer spectrum. How-
ever, above 90 K, a good fit can be obtained with five subspectra; only for the
6g site are two subspectra required. The area ratios of the six absorption lines in
each sextet were assumed to be 3:b:1:1:b:3, where b was a fitted parameter. The
subspectral areas and the line-widths for each site at various temperatures were
kept the same as those at room temperature.

Mossbauer spectra of Er,Fe;sSi;C, from 77 to 300 K and their fitted curves
are shown in Fig.8.2. The average quadrupole splittings and spectrum shifts are
calculated by weighting the subspectral areas. The Mdssbauer parameters at 77
K and 300 K are listed in Table 8.1.
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Figure 8.2: Mossbauer spectra in 77-300 K for aligned Er,Fe;5Si;C, together with
curves for subspectra obtained by a computer fit.
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Table 8.1: Mdssbauer parameters for EryFe;sSi;. Here Hyy is the hyperfine field, €
is the quadrupole splitting, § the isomer shift.

Sites Hps (kOe) ¢ (mm/s) 6 (mm/s) b6
af  268(3)  0.02(2) -002(2) 1.40(8)

T (300 K) 6g 230 0.16 0.10 1.40
12j 179 -0.02 -0.18 1.40
12k 194 0.28 -0.10 1.40
af  324(3)  -004(2) 0.14(2) 3.52(30)
T (77K) 6g 279 -0.05 0.08 3.52
12 203 -0.46 -0.04 3.52
18k 197 -0.07 0.14 3.52

The Mdssbauer spectrum at 77 K has two significant differences as compared to
that at 300 K. One, the positions of the 2nd and 5th lines obviously move towards
the right. Two, the intensities of the 2nd and 5th lines significantly increase. The
average quadrupole splittings are -0.19 and 0.13 mm/s at 77 and 300 K, respec-
tively. They are opposite in sign. On the other hand, the intensity ratios of the
2nd plus the 5th and the 3rd plus 4th, I,5/154, are 3.52 and 1.40 at 77 and 300 K,
respectively. These results imply that a spin-reorientation transition has occured
in Er;Fe;55i,C,.

8.2.1 Hyperfine fields

The temperature dependences of the hyperfine fields for the four Fe sites are shown
in Fig.8.3. With decreasing temperatures an increase in the hyperfine fields oc-
curs in 90-100 K; The increase is abnormal for the 4f and 6g sites. The hyperfine
fields at =77 K are 324 and 279 kQOe for the 4f and 6g sites, respectively. They
increase by 20 and 21 kQOe as compared to 304 and 258 kOe, the corresponding
hyperfine fields at =100 K. In the viewpoint of Streever (1979), this increase can
be attributed to the orbital field and dipole field because the magnitude of the two
fields is related to the direction of the Fe magnetic moments.
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8.2.2 Quadrupole splittings and spectrum shifts

The temperature dependences of the average quadrupole splittings, <e>, and the
average spectrum shifts, <6>, are shown in Fig.8.4(A) and (B), respectively.

The average quadrupole splittings are almost constant within the experimental
errors, 0.10(+1) mm/s, from 300 K to 120 K. However, they rapidly decrease and
even change their sign, from 0.13 mm/s at 120 K to -0.19 mm/s at 77 K. Be-
cause the quadrupole splitting is related to the angle between the direction of the
hyperfine field and the principal axis of the electric-field gradient, the significant
difference in magnitude and the change of sign clearly shows that a spin reorien-
tation has occurred. The transition temperature corresponding to <e>=0 is 90
K.

The spectrum shifts relative to a-Fe at room temperature increase with decreas-
ing temperature. This is consistent with the second-order Doppler shift. However,
the shifts have an anomalous decrease in the 100-77 K temperature range.

8.2.3 Angle factor, b= A35/A34

The angle factors of the Mdssbauer spectra, b = Aj5/A34, in the temperature
range of 300 to 77 K are shown in Fig.8.4(C). They are almost constant from 300
K to 100 K and rapidly increase below T'=100 K. For a fully aligned sample with
an easy c-plane anisotropy, the value of b should be 1.33 based on (8.8). How-
ever, the average value of b for 120-300 K is 1.39. The difference between the
experimental and the theoretical value is attributed to some misaligment of the
particles. Based on (8.7) the standard deviation of the Gaussian distribution (8.2)
is calculated to be k=1.78. On substituting the values of x and b into (8.5) and
solving this equation one finds the angles, 8, of the Fe magnetic moments relative
to the c-axis. The results are shown in Fig.8.5. Because § ~10° at 77 and 80
K, within experimental error, the Fe magnetic moments can be considered to be
rotated into the c-axis from the c-plane.
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8.3 Theoretical calculation

The anisotropy energy, E,, can be expressed as
E, = (Kyr. + K1,p)sin’8 + Ky psin*0 + (K g + K p cos 6¢) sin® @ (8.9)

where 6 and ¢ are the polar angles for the magnetization vector relative to the
c-axis, and the K, r. and K, g are the anisotropy constants for the Fe and R
sublattices, respectively. For the Fe sublattice, the first term, K g, usually dom-
inates. For the R lattice, the relationships between K and B,,, are obtained
from (Lindgard and Danielsen, 1975)

Kin = —ngo <On>-5Bu<Ou>-5Bo<O0n>  (810)
Kon = 5(5340 < Ow > +9Bg < Og >) (8.11)
Kzp = —21%1-360 < Og > (8.12)
Kyp = %Bgf, < Ogo > (8.13)

where < O,,, > are thermal averages of the Stevens operators. The crystal field

parameters can be expressed as
Bim=6,<1"> Apm (8.14)

where 8, is the nth-order Stevens factor, <r*> the expectation value of the 4f
radius and A,,, the crystal field coefficients.

For the calculation of the crystal field parameters two assumptions are made.
(1) The magnetic moments of Fe and Er are collinear. (2) B, is the average of
B, (2b) and B,n(2d) for the 2b and 2d sites. Now the Hamiltonian for Er ions
at T'=0K can be written as

Hra=pun-Hp+ Z B mOnm (8.15)

where Hp=-dngrr.MFp. is the molecular field acting on the Er ions, up =-gsupJr
is the magnetic moment of Er ions and d is a conversion ceofficient (as defined in
section 5.7). The magnetic moments of the Fe sublattice, Mr.=15ur., are derived
from the average hyperfine field of Er,Fe;5Si;Cy and the proportionality coefficient
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Table 8.2: Crystal parameters, A,, for Er,Fe;55i,C; 5 (in unit of Kag™).

A2 Agw Ago Ass
-180.6(6) 0.6(10) -0.04(8) -6.8(16)

of 150 kOe/up between ur. and H,s. In addition, the values of K r, are taken
from Li H-S and Cadogan (1992).

The second term is the crystal field interaction. For hexagonal symmetry, the
B30039, B0y, BeOso and BesOgs terms must be taken into account. The eigen-
values F; and the corresponding eigenvectors, [i >, are calculated by diagonalising
the 15 x 15 matrix of (8.15). The thermal average values, < O,,, >, can be obtained

from

< Oun >= Y < i[Opnli > exp(—§;/ kaT) (8.16)

3

where Zp, is the partition function.
By using iteration a set of B,,, and ngrr. were varied to fit the experimental
values §(T') by minimizing the anisotropy energy E, (8.9). The best fitted results

are nrr.=930 and
By = —0.163K

By = 0.016 x 10K
Bso = —0.148 x 10K (8.17)
Bas = —33.9 x 10K

The crystal field coefficients A, , as obtained from fitted B;,, values are listed in
Table 8.2. Obviously, the second-order crystal field parameter, Aj, determines the
sign and magnitude of the Er sublattice anisotropy. The value of Ay, -180.6 Kag?
is smaller than the -290 and -400 Kag? obtained from the %8Er Méssbauer spectra
for Er;Fe;7C and Er;FeirNy, respectively (Gubbens et al, 1991). However, it is
known that the value of Ayp obtained from rare-earth Mdssbauer spectra depends
on the Sterheimer antishielding factor and the screening constant used; these are
difficult to determine experimentally. The fitted molecular field coefficient, ngr.,

144



is 930, which is consistent with 990 obtained from the temperature dependence of
the magnetization for Er;Fe;5Si; (see section 5.7).

At a certain temperature, the anisotropy energies, E,, as a function of the 6
angles, can be calculated by substituting (8.17) and (8.10-8.13) into (8.9). The
results at T'=4.2, 90 and 200 K are shown in Fig.8.6. Obviously, the minimum in
the anisotropy energies at T'=4.2, 90 and 200 K is located at #=0°, 51° and 90°,
respectively. On the other hand, for a given temperature, the § angle is found by
solving the equation

oF,

a6
The calculated 8's, as a function of temperatures, are shown as the solid line of
Fig.8.5; they are in good agreement with the experimental data.

— (Kyre + K1 p) +2Kp g 5in® 0 + 3(Ks g + Ky g cos69)sin® 0 =0 (8.18)

8.4 Conclusion

Based on the angle factors of the Méssbauer spectrum, a new method to find the
angles between the direction of the Fe moments and the c-axis for a non-fully
aligned sample with an easy c-axis anisotropy at room temperature is proposed
and is used to determine the spin reorientation temperature.

Mossbauer spectroscopy shows that the spin reorientation transition for Er,Fe;55i,C,
occurs at 90-100 K. At the transition temperature, the angle factors, the hyperfine
fields and the quadrupole splittings of the Mdssbauer spectra change suddenly.

The crystal field coefficients, A,,,, have been obtained by fitting the experi-
mental data for the & angles. The value of Ay is -181 Kag™.
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Figure 8.6: The anisotropy energies, E,, as a function of the angles, 8, at T=4.2,
90 and 200 K.
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Chapter 9

Negative Exchange Interaction
Theory and Curie Temperatures

When nonmagnetic atoms replace Fe in binary Fe-M alloys (M is a metallic el-
ement but excludes the rare-earths, R) the Curie temperatures always decrease.
However, some nonmagnetic atoms, such as Al, Ga and Si, substituted for Fe in
the R;Fe;; compounds can elevate the Curie temperature (Plusa et al, 1986; Van
Mens, 1986; Alp et al, 1987; Lin et al, 1992; Wang and Dunlap, 1993; Shen et
al, 1993a). For Al- or Ga-substituted 2:17-type compounds, the source is usually
attributed to a lattice expansion. However, for Si-substituted 2:17 compounds,
although the Curie temperatures increase, the cell volumes decrease. This surpris-
ing property has attracted much attention. In addition, when N or C is introduced
interstitially into the lattice of R;Fe;; compounds, the Curie temperatures are sig-
nificantly elevated. The origin of this significant increase in the Curie temperature
will be discussed in this chapter.

9.1 Méssbauer spectra for Sm;Fe;7 and SmyFe;7N,

Méssbauer spectra and computer fitted subspectra for Sm;Fe;7 and Sm;Fe;;N, are
shown in Fig.9.1 and Fig.9.2. The assignment of the subspectra is determined by
their relative areas and the magnitude of their hyperfine fields. The fitted area
ratios of the subspectra on the 6¢c, 9d, 18f and 18hA sites are 11.9 : 17.9 : 35.7 :
34.5=20:3.0:6.1: 59 for SmyFe;7 and 10.7: 17.8: 35.7: 358 =18 : 3.0:
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6.1: 6.1 for SmyFe;;N;. These values are very close to the ratios of numbers of the
site occupanies: 2:3:6:6. The magnitude of the hyperfine fields is in the sequence
th(ﬁc)>H;.;(9d) >th(18f)>th(18h).

The average spectrum shifts and quadrupole splittings between 77 K and
the Curie temperature are shown in Fig.9.3(A) and (B), respectively. The av-
erage spectrum shifts decrease with increasing temperature for both SmyFe;7 and
Sm;Fe;;N,, which is consistent with the second-order Doppler shift. The average
quadrupole splittings can be considered almost constant or linear with a small
slope in the range from 77 K to the Curie temperatures; however, they have dif-
ferent signs because of the different types of magnetic anisotropy for SmjFe;; and
Sm;Fe;;N,.

The dependences of the hyperfine fields on temperature are shown in Fig.9.5
(A) and (B) for SmyFe;; and Sm;Fe;;Ny, respectively. With increasing tempera-
ture, the hyperfine fields decrease at different rates for four Fe sites. For SmjFe,;
the hyperfine fields decrease most rapidly for the 94 site and most slowly for the
18h site. At T=77 K the first lines of the subspectra for the 6¢c and 94 sites are
separated from those for the 18 f and 18h sites; however, at T=300K these lines
overlap. For SmyFe;7N, the hyperfine field decreases most rapidly for the 6c site.
These features are related to the negative exchange interactions between some
sites, as will be described in Section 9.3.

The doublet in the Mossbauer spectra of Sm;Fe;;N, is attributed to the su-
perparamagnetism of fine particles, because (1) the area of the doublet increases
with increasing temperature, (2) the doublet disappears when a magnetic field of
about 2 kOe is applied, as shown in Fig.9.4(A), and (3) the isomer shifts for the
doublet are almost the same as those for the sextets of Sm;Fe,;Ny, as shown in
Fig.9.4(B).

For non-interacting particles with uniaxial anisotropy, the superparamagnetic
relaxation time, T, is given by

T= Toezp(% (9.1)
where 7 is of the order of 10719-107?2 5, V is the volume of the particles and K is
the magnetic anisotropy constant. When 7 is close to the nuclear Lauor precession
time, 7, (~ 1078 s), Mdssbauer spectrum for a magnetic sample is the overlap of
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Figure 9.1: Mdssbauer spectra of SmyFe;; in a temperature range of 77 K to 430
K, as well as the curves for the subspectra obtained by a computer fitting.
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Figure 9.2: Mossbauer spectra of SmaFey;Ny in a temperature range of 77 K to
700 K, as well as fitted subspectrum curves.
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average quadrupole splitting, ¢, on the temperature. The open circles are for
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Figure 9.4: (A) Mdssbauer spectra at room temperature with zero and 2 kOe field.
(B) Isomer shift for the doublet and sextet spectra.
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a sextet and a singlet or doublet. Based on (9.1) with v=10"% 5, K=107 J/m?
and T=700 K, the volume is estimated to be 4.5x10~% m? and the corresponding
estimated size of the particles is 1.7x10™° m or 17 A.

9.2 Mean-field theory

For an R-Fe compound the R-R exchange interactions can usually be neglected.
Based on the mean-field theory, the Heisenberg Hamiltonian can be written as

M = -2 JZrSk. Sh.~2) JP.xSt. - Sh
i<j i<j
= =Y Sr.(2Jhr. < +Jfr < Sk >) — Y. JE.Sh < St > (92)
i<j i<j

where J;"B is the exchange integral between the ith A atom and the jth B atom,
i is the spin operator of the ith A atom, and <Sr.> and <Sg> are given by

< SFc > = -I‘Pc(T)/gFel‘B (93)
<Sp> = <(gr=1)Jr>=—vur(T)/us (9.4)

where y=-(gr-1)/9r, gr.=2 and gp=2/7 for the Sm ion.

In Sm,Fe;; and its nitride there are four Fe sites and one R site. In order
to calculate the values of the exchange integrals between Fe atom pairs some
assumptions are made: (1) only the interactions between the neighboring atoms
are considered, (2) all exchange integrals between the Fe and R atoms are assumed
to be the same, J3, z=Jr.r, and (3) the magnitude of the exchange integrals, JBes
are related to the distances of the Fe-Fe pairs, i.e. the integral for the Fe-Fe pairs
is the same if their distances are equal or very close.

After substituting (9.3) and (9.4) into (9.2), the Heisenberg Hamiltonians are
given by

Fe —Sp,(Z 2T r . Z8retti o (T)/ 9Fettn + JrerZip,YBR(T) /1) (9.5)
Hr = -SRJRFe > Ziepti(T)/grentn (9.6)
J

for the ith Fe site and R site, respectively, where Z4p is the number of neighboring
B atoms for a given A atom.
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The mean-field, H,,, acting the ith Fe site is defined as

I‘Bg e(z 2 F;Fe PeFe”‘;‘e(T)/gFeﬂB + JFGRZ‘RFe‘Y“R(T)/I‘B) (97)

H,, is selected to be along the z-axis and thus the Fe moment is aligned along the
direction of Hn. Eq.(9.5) can be rewritten as

Hee = —gFepBSFch (9-8)
The eigenvalue of Hr., E, is given by
En = —greppmHn (9.9)

where m=-8§, -(§-1), ... §-1, S.
The thermodynamic properties of a system can be obtained from the partition
function,

S s
Zp = Z exp(—Em/kpT) = Y exp(grepaHnm/kpT) (9.10)

m=-§ m=-5

= sinh(greppHn(2S + 1)/kgT]/ sinh(grepp Hm /2kBT)] (9.11)

The Fe moment is given by (9.3) and the thermal average for the operator Sr. can
be calculated based on

< Sre >= tr[Sr.exp(~Hr./ksT))/trlexp(—Hr./ksT)] (9.12)
Hence, s
wrT) = 222 3 mexp(mgr.uaHn/kaT) (913)

This summation is easily obtained from 8Z/8H,, (9.11). The result is
Bre(T) = grentpBs(z) = prc(0)Bs(z) (9.14)

where t=gr.upSH,,/kpT and B; is the Brillouin function,

28 +1 28 +1 1
25 (=52~ 335

Bs = —co th( ) (9.15)
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In a similar way, from the Hamiltonians M}, and Hg expressed in (9.5) and
(9.6), respectively, the magnetic moments of Fe on the ith site and R can be written
as a Brillouin function, Bs, with S =1 for Fe and S=5/2 for Sm, respectively,

IRFe(T) = #Fe(O)BSI Sre (Z 2 Fei'e Ig’eFe”)i.'c (T) /gFe
-Jrenz'npe‘YI‘R(T)] (9.16)
W) = WelOBslTnee 3 Zhasie(T)/gr. (917)

When a conversion cofficient, G, between the Fe moment and the hyperfine
field is used, (9.16) gives
: Sr. ;
Hy (T) = hf(O)BS[ = 22 BeFeZPereHi;(T) /(greBF)

-Jrenz'nrewa(T)] (9-18)

9.3 Exchange Integrals

Based on (9.18) and (9.17), the exchange integrals, Jg,r,, of the Fe-Fe pairs can
be found. First of all, the numbers of adjacent atoms, Z},r, and Zi 5, and their
interatomic distances are listed Table 9.1. Because no exact determination of the
parameters of the atomic positions could be found for SmjFe,;; and Sm;Fe;;N, in
the literature, the atomic positions (Jaswal et al, 1991) for Nd;Fe;; and Nd;Fe;;N,
were used instead to calculate the interatomic distances. However, the lattice
parameters for Sm;Fe;; and Sm;Fe);N, were used.

Secondly, the conversion coefficient Gf is 150 kOe/up, Hj;(0) are taken as
H;;(77K) and pg(0) as 1.6pp. The values of Jrre(=Jrer)=1.0 and 0.6 meV are
taken from Table 5.4 for SmyFe;; and Sm;Fe,;Ny, respectively. The values of pg(T)
are found from (9.17).

Finally, a non-linear least-squares method is applied to (9.18), where the ex-
change interals, J;?;FC, are the fitted parameters. By iteration a set of optimum
exchange integrals is found that make the mean square deviation between the
calculated and experimental values of Hys(T") a minimum. The fitted results are
listed in Table 9.2. By substituting the fitted J}, ., into (9.18), the hyperfine fields
for each Fe site as a function of temperature are calculated; the results are shown
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Table 9.1: The interatomic distances (in A) and the numbers of adjacent atoms
for each site.

_ ____ SmpFe; _
Site 6c  9d 18f 18h R Il
6c | 2.392x1 2.625x3 2.742x6 2.656x3 | 3.077x1 5.061x3 5.118x3
9d | 2.625x2 2.438x4 2.467x4 | 3.307x2 4.813x4
18f | 2.742x2 2.438x2 2.467x2 2.553x2 | 3.070x2 4.934x2 5.260x1
2.657x2
18h | 2.656x1 2.467x2 2.553x2 2.508x2 | 3.085x1 3.203x1 3.255x1
2.657x2 )_51.877x2 3
_ szFeuNy _
Site 6c 9d 18f 18h R
6c | 2.427Tx1 2.674x3 2.760x6 2.620x3 | 3.065x1 5.170x3 5.200x3
9d | 2.674x2 2.473x4 2.469x4 | 3.327x2 4.875x4
18f | 2.760x2 2.473x2 2.479x2 2.583x2 | 3.148x2 4.945x2 5.312x1
2.724x2
18h | 2.620x1 2.469x2 2.583x2 2.650x2 | 3.147x1 3.246x1 3.423x1
. 2.724 %2 4.939x2

— ——
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Table 9.2: The fitted exchange integrals, Jr.r., and the interatomic distances, d.

_ . SmyFe;7
Fe-Fe pair 6c-6c  9d-18f 18f-18f 18h-18h 18f-18h 6c-18h 18f-18h 6c-18f
9d-18h 18f-18h
d (A) 2.392 2438 2467  2.508 2553  2.625 2.657  2.742
Jrere (meV) -17.3(16) -1.7(4) 2.7(4) 2.5(15) 5.0(4) _ 6.7(8) _ 4.6(6) _ 1.4(3)
- szFenNy .
Fe-Fe pair  6¢c-6c 9d-18f,9d-18h 18f-18h 6c-18h 18h-18h 6¢-9d 18f-18k 6¢c-18F
185-18f
d (R) 2.427 2469—2479 2.583 2620 2650 2.674  2.724  2.760

Jrere (meV)_-42(6) 3.43) 38(5)__56(7) __46(8) 39(11) 224 19Q)

by the solid curves of Fig.9.5(A) and (B). The calculated curves agree well with
the experimental data for both SmyFe;; and SmjFe,,N;.

The exchange integrals, JZ,r., as a function of the distances of the Fe-Fe pairs,
are plotted in Fig.9.6. The two sets of data (for Sm;Fe,;N, and Sm;Fe;;N,) lie
very well on the same curve; it is very similar to the famous Bethe-Slater curve.
This implies that the signs and magnitudes of the exchange integrals are mainly
determined by the distances of the Fe-Fe pairs for both SmyFe;; and SmjFe;;N,.
With an increase in the distance of the Fe-Fe pairs, the exchange integrals undergo
a transition from negative to positive. When the distance is smaller than 2.45 A,
the exchange interactions between the Fe atoms are negative; when the Fe atoms
are located at a larger distance the interactions are positive. Further, the positive
interactions increase at first and then decrease.

For SmjFe;7, three sites (the 6c, 9d and 18f sites) involve negative exchange
interactions; four of ten pairs of the 9d atom associated with its neighboring Fe
atoms, two of ten pairs of the 18 f atoms and one of thirteen pairs of the 6c atoms
are negative interactions. Meanwhile, only the interactions between the 18k atom
and its neighboring Fe atoms are positive. Hence, with increasing temperature,
the hyperfine fields decrease most rapidly for the 9d site and most slowly for the
18h site.
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The exchange integrals for Sm;Fe;7N; are different in two significant ways as
compared to SmyFe;7. First, the exchange integrals are elevated to J=-4.2 meV
from J=-17.3 meV for the 6c-6¢ sites and second, the negative exchange interac-
tion is turned into a positive one for the 9d-18f site. Consequently, with increasing
temperature the hyperfine fields decrease most rapidly for the 6c¢ site; more im-
portantly, the Curie temperatures are greatly elevated for Sm;Fe;;N,.

9.4 T;: for nitrides and carbides

Based on the competition between the positive and negative exchange interactions,
a model is now proposed to predict the Curie temperatures of the Y-Fe compounds
as well as their nitrides and carbides. First of all, the dependence of the exchange
integrals on the distance between the Fe-Fe pairs is simplified into a step function.
When the distance of Fe-Fe pairs is smaller than 2.45 A, the exchange interactions
are negative; at larger Fe-Fe distances, the interactions are positive. Then, based
on Fig.9.6 the positive exchange integral is taken as J,=4.74 meV on the average
and the negative exchange integral is taken as J_=-9.92 meV. Finally, for Y-Fe
compounds, mean field theory gives the Curie temperatures as

2Sre(Sre + 1)
T, = =£ 3,:; (Ze e+ 2_J)

25re(Sre +1) (ZJ.+ Z_(J- - J.)]
3kp

= T, +T. (9.19)

where Z, and Z_ are the average numbers of the neighboring Fe atoms that are
linked by positive and negative interactions, respectively, with a given atom and
Z=Z,+Z_ is the average coordination number of an Fe atom.

The first term in (9.19),
_ 25rc(Sr. +1)

3kp

is the Curie temperature of the Y-Fe compounds when no negative exchange inter-
actions are present. Because the average Fe coordination numbers are not much
different, T, is almost the same for all the compounds involved.

T, ZJ,, (9.20)
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Table 9.3: The Curie temperatures calculated for some Y-Fe compounds and their
nitrides and carbides. (J;=4.74 meV and J_=-9.92 meV.)

Z 72— drere(A) T. (K) T-(K) T3 (K) 777 (K)

YoFe;r 10 1.53 2.56 733 -346 387 324
YoFe;7Ny 10 o0.12 2.60 733 -27 706 694
Y.Fe:Cy 10 0.12 2.60 733 -27 706 660
YFey; Ti 9.96 0.92 2.61 730 -208 522 524
YFe;;TiNy 9.96 0.25 2.63 730 -57 673 713
YFe;;TiCy 9.96 0.25 2.63 730 -a7 673 708
YzFey B 9.64 0.71 2.58 707 -162 545 571

The second term,

2SF¢(SFe + 1)

o 2-(J-~ L), (9.21)

T =

is the contribution of the negative interactions to the Curie temperature. This
term is significantly different in magnitude for the various Y-Fe compounds. From
the average numbers, Z_, of Fe-Fe pairs associated with the negative interaction
and J_-J,=-14.7 meV, the values of T_ found from (9.21) are also listed in Table
9.3.

Gavigan et al (1988) emphasize the importance of the mean local Fe coordina-
tion numbers in determining the Curie temperatures for R,Fe, compounds. How-
ever, for Y;Fe;7, YFe;, Ti, Y,Fe;4B as well as the nitrides and carbides, although
the average coordination numbers and the average distances of Fe-Fe pairs are
approximately equal, as shown in Table 9.3, their Curie temperatures are signifi-
cantly different, from 324 K for Y,Fe,7 to about 700 K for Y,Fe,;;N, and Y,Fe;;C,.
The source is a large difference in the magnitude of the negative interactions for
these compounds.

For Y.Fe,;;, Z_=1.53 and T.=-346 K, however, for Y,;Fe,7N, and Y,Fe;;Cy,
Z_=0.12 and T.=-27 K. Thus the contribution that the negative interaction makes
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is decreased by 320 °C in magnitude for Y;Fe;;N, and Y;Fe;;C, as compared
to Y;Fe;;. Consquently, the Curie temperatures of Y;Fe;yN; and Y,Fe;;C, are
enormously elevated. Similar conclusions also apply for YFe;;Ti and its nitride
and carbide.

In addition, the Curie temperatures for Y,Fe;;, YFe;; Ti, Y.Fe 4B as well as
their corresponding nitrides and carbides have been calculated based on (9.19)-
(9.21) with J,=4.74 meV, J_=-9.92 meV and the parameters, Z and Z_, listed
in Table 9.3. The calculated Curie temperatures, T5* agree well with the experi-
mental data, as shown in Table 9.3.

Marasinghe et al (1996) state the dependence of the Curie temperature on the
average distance of Fe-Fe pairs for R,Fe;,B, R;Fe;7, RoFe;;C,; and R,Fe ;N,, as
shown in the inset of Fig.9.7. Obviously, this dependence is very weak. However,
the Curie temperatures, as a function of Z_/Z, are plotted in Fig.9.7 and lie on
a straight. line. This shows that the Curie temperature is strongly related to the
relative number of the Fe-Fe pairs with negative interactions. T can be defined as
the Curie temperature if no negative interaction were present. From the intercept
of the line, To=745(3) K and the corresponding exchange integral J,=4.82(2) meV
are obtained if Z is approximately taken as 10. From the slope, J_—J, are derived
to be -16.8(34) meV; thus, J_ is equal to -12.0(25) meV. The values of J; and J_
are very consistent with those obtained from the mean-field theory.

9.5 T¢ for Si substituted 2:17-type compounds

9.5.1 RzFe155i2

The Curie temperatures of R;Fe;sSi; (R=Y, Nd, Sm, Gd and Er) can also be
calculated using the above model. For Fe-based alloys with a low solvent con-
centration, the dependence of the Curie temperatures on the concentrations can
be considered, to a good approximation, to be linear. The first term in (9.20),
therefore, can be expressed as

T, =To(1 — ox) (9-22)
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Table 9.4: The Curie temperatures calculated with a=0.016 and T,=733 K for
R;Fe;sSi; (R=Y, Nd, Sm, Gd, Er).

RgFelssiz
R Z. T,K) T_(K) Tr.r(K) T (K) T;? (K)

Y 113 710 255 0 455 490
Nd 118 710  -268 3 445 500
Sm 121 710 274 86 522 530
Gd 112 710  -255 149 604 570
Er 119 710 269  -19,37°  422,478° 480

® This value of Tr-r. (with the superscript) is deduced from the Curie temperatures of Er,Fe;;
and LuyFe;7; the corresponding T;" is also marked with the superscript.

where T3=733 K is the Curie temperature of Y,Fe,7 if no negative exchange inter-
actions are present, x is the Si concentration and « is a coefficient. In addition,
the contribution of the R-Fe interaction on the Curie temperatures, Tr_r., should
be considered. Hence, for RoFe;5Si;, the Curie temperatures, T§, are given by

+ 2Sre(Sre +1)
3kp
where the value of a is taken as 0.016 for Si (Li Z W et al, 1995) and the values
of Tr_re are obtained from the Curie temperature of R,Fe;7 minus that of Y,Fe;-.
The values of Z_ are derived from the areas of the Mossbauer subspectra, viz

TP = To(1 — ox) Z_(J-—J.) + Tare (9.23)

Z_= flf ﬁ; N, F;(Fe) ﬁ; Fi(Fe)Z;_ (9.24)
i= i=
where N; and F;(Fe) are the occupation number and the fraction of Fe atoms
for the ith site, respectively, which have been defined in section 7.2.4; Z;_ is the
number of Fe-Fe pairs with a negative interaction for a given by j site.
The calculated Curie temperatures are listed in Table 9.4; they are close to the
experimental data.
For ErpFe;;_.Six, a negative value of Tr._r is unreasonable. However, if the
value of Tg,_p is derived from the Curie temperatures of Er,Fe;7 and Lu,Fe;; (268
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Table 9.5: The Curie temperatures calculated with a=0.016 and T;=733 K for
RoFe;7_,Siy.

_ szFen_xSix _
x Z_ T, (K) T (K) Tresm (K) TP (K) T7* (K)

0 153 733 -346 86 473 410
0.5 142 727 -322 86 491 450
1 135 721 -306 86 501 490
2 121 710 -274 86 522 530
3 118 698 -267 86 ) 525

K), one obtains Tr. =37 K and T{¥=478 K, which agree very well with the ex-
perimental value of 490 K. It has been shown that the dependences of the Curie
temperatures on VG (G=(g — 1)*J(J + 1)) can be divided into two branches for
R;Fe)4B; one branch takes the Y compound as the starting point for the light
rare-earth compounds, the other takes the Lu compound for the heavy rare-earth
compounds (Fig.9 in Herbst, 1991). Therefore, it is reasonable to obtain the value
of Tr._g from the Curie temperatures of Er;Fe;; and Lu,Fe;;.

9.5.2 szFel-,_xSix

The Curie temperatures of SmjFey;_,Si, (x=0, 0.5, 1, 2 and 3) have been calcu-
lated on the basis of (9.23) with Tp=733 K, a=0.016, Tr.-sm»=86 K and the values
of Z_ calculated by (9.24). The calculated results, as shown in Table 9.5, repli-
cate the characteristics of the experimental data, which increase at first, reach a
maximum at x=2, and then decrease with Si substitutions.

9.5.3 RzFe14Gag

Mossbauer spectra at room temperature for R,Fe 4Ga; together with fitted sub-
spectra are shown in Fig.9.8. The fitted subspectral areas are listed in Table 9.6.
Fe atoms preferentially occupy the 9d and 18k site, whereas Ga atoms plus va-
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Table 9.6: Relative areas A(%) of Mdssbauer subspectra and the occupation num-
ber Nj;(Fe) of Fe atoms on each site for for RoFe;;Ga,.

A (%) N;(Fe)
6c 9d 18f 18h 6c 9d 18f 18h
Y 101 21.1 309 38.0 141 297 433 532
Nd 106 208 30.1 386 148 291 4.21 540
Sm 104 203 295 39.7 146 2.84 4.13 5.56

Table 9.7: The Curie temperatures calculated with a=0.032 and T;=733 K for
R2F614Gaz.

szFeu_xSix

x  Z_ Ty (K) T (K) Tresm(K) T7* (K) T;” (K)

Y 1084 663  -231 0 432 478
Nd 1.047 663  -223 3 443 526
Sm 1006 663 215 8 534 541

cancies occupy the 18f and 6¢ sites. This occupancy trends to elevate the Curie
temperature, the same as the occupancy of the Fe and Si atoms in R;Fe;5S5i,.
The Curie temperatures of R;Fe;;Ga, are calculated from (9.23), where T5=733
K, a is taken as 0.032 based on the literature for Fe-Ga alloys with low Ga concen-
tration (Massalski, 1986) and Z_ is obtained from (9.24). The results are listed in
Table 9.7. The calculated Curie temperatures are close to the experimental values.

9.6 Conclusions

Based on the mean field theory, the exchange integrals for Sm,Fe;; and Sm;Fe;7Ny,
as a function of the distance between the Fe-Fe pairs, have been obtained by fitting
the hyperfine field data at various temperatures for each Fe site. The results
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Figure 9.8: Méssbauer spectra at room temperature for RoFe;(Ga; together with
fitted subspectra.
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show that there are positive and negative exchange interactions for SmjFe;; and
Sm;Fe;7N,. When the interatomic distance is smaller than 2.45 A, the exchange
interactions between the Fe-Fe pairs are negative; when Fe atoms are located at a
larger distance the interactions are positive. The positive and negative exchange
integrals are 4.74 and -9.92 meV on the average, respectively.

For SmjFe;,, the 6¢c-6¢c and the 9d-18f pairs have negative exchange interac-
tions. This leads to a rather low Curie temperature for R;Fe;;. For Sm;Fe;;Ny,
the negative exchange interaction between the 6¢c-6¢ pairs is weakened and that
between the 9d-18f pairs is shifted to a positive interaction. Hence, the Curie
temperatures are significantly elevated.

When Si atoms replace Fe in RyFe;;, Si atoms prefer the 18f/125 and 6¢/4f
sites which leads to a decrease in the negative interactions. Consequently, the
Curie temperatures increase.

Based on a model that considers the competition between the positive and
negative exchange interactions the Curie temperatures for some Y-Fe compounds
and their nitrides and carbides as well as SmyFe;;_,Six, RoFe;sSi; and RoFe ,Ga;
compounds have been calculated. The results are very consistent with the exper-
imental values.

In summary, the negative exchange interactions play an important role in de-
termining the Curie temperatures of the 2:17 type R-Fe compounds as well as their
nitrides and carbides.
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Chapter 10

Conclusions

(1) The rare-earth iron nitrides and carbides, R;Fe;;N, and R,Fe;;C, made
by a gas-phase reaction have attracted much attention because of their excellent
intrinsic magnetic properties. However, these nitrides and carbides have a major
drawback, namely their chemical or structural instability at high temperatures.
They will completely decompose into a-Fe and RN(RC). Because of this drawback,
it is difficult for the nitrides or carbides to be made into anisotropic permanent
magnets by normal techniques.

The author has discovered that Si substitution can elevate the gas-phase-
reaction temperature from 500°C to 700°C for the carbides and prevent the decom-
position of the carbides into a-Fe and RC. The carbides R,Fe;5Si,C,; with R=Nd,
Gd and Er and Sm;Fe;7_,SiCy with x=1, 2 and 3 have been prepared by heating
fine-particle powders of their corresponding parents in CH, for 2 h at 700°C in-
stead of the usual 500°C . All of these carbides have a high C concentration which
is very close to the theoretical value of y=3.

(2) X-ray diffraction shows that the compounds R,Fe,sSi; and SmyFe;;_,Si,Cy
have the rhombohedral structure for the light rare-earth compounds and the
hexagonal structure for the heavy rare-earths. The carbides RjFe;5Si;C, and
R,Fe;7_SicCy retain the same structure as their corresponding parents, except
for Gd,Fe,5Si;Cy which turns into the rhombohedral structure from the hexagonal
structure. As compared fo their parents, for R;Fe;58i,Cy, the lattice parameter a
increases by 2.3-2.7 %, the parameter c only increases by 0.2-0.8 %, and the cell
volumes expand about 4.8-5.7 %.
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(3) The Curie temperatures are 496, 571 and 490 K for R;Fe;5Si; with R=Nd,
Gd and Er, respectively. As compared to their parents, the Curie temperatures
of the carbides are elevated by 127, 79 and 130°C , respectively. The Curie tem-
perature of SmjFe,;; is rather low, only 410 K. With Si substitution, the Curie
temperatures increase at first, reach a maximum of 530 K at x=2 and then de-
crease at x=3. The Curie temperatures of the carbides are 660, 630 and 595 K
with Si concentrations of x=1, 2 and 3, respectively. They are raised by 170, 100
and 70°C , respectively, as compared to their corresponding parents.

Two methods are used to calculate the exchange interaction constants; the
results are close. One is based on the values of the Curie temperature and the
high-temperature approximation of the mean-field model; the other is based on the
temperature dependences of the magnetization and the two-sublattice model. The
average exchange interaction constants calculated from the Curie temperatures are
Jrere=4.0(3) meV and Jr.zg=0.6(2) meV for R,Fe,5Si;,C, and Jr.r.=3.1(2) meV
and Jr.p=1.0(3) meV for the parents. As compared to their parents, Jr.r. for the
carbides increases by about 30 %, whereas Jr.gp decreases by about 40 %. Hence,
an increase in the Curie temperatures of the carbides can be attributed to the
enhanced interaction between the Fe-Fe pairs, but not to the interaction between
the Fe-R pairs.

(4) The origin of the enhanced exchange interaction between the Fe-Fe pairs for
the carbides has been studied based on the negative exchange interaction theory.
The exchange integrals as a function of the distance between the Fe-Fe pairs have
been obtained by fitting the hyperfine field data at various temperatures for each
Fe site in terms of the mean-field theory. The results show that there are two
types of exchange interactions; one is a positive interaction when the interatomic
distance is larger than 2.45 A and the other is a negative interaction when Fe atoms
are located at a shorter distance. For Sm;Fe;;, the 6¢c-6¢c and 9d-18 f pairs have
negative interactions. This leads to a rather low Curie temperature for RzFe;;.
For SmjFe; 7N, the negative integrals between the 6¢c-6¢ pairs is weakened and that
between the 9d-18f is shifted to a positive value. Hence, the Curie temperature is
significantly elevated.
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When Si atoms replace Fe in RyFe;;, MGssbauer spectra show that Si atoms
prefer the 18f/12j and 6¢/4f sites which leads to a decrease in the negative inter-
action. Consequently, the Curie temperatures are raised. Based on a model that
considers the competition between the positive and negative exchange interactions,
the Curie temperatures have been calculated for Y,Fe;7Ny, Y;Fe;7Cy, YTiFe;; Ny,
YTiFe,;;Cy, RoFe;5Si; with R=Nd,Gd and Er, Sm;Fe;7_,Si, with x=0, 0.5, 1, 2 and
3 and R,Fe;;Ga; with R=Y, Nd and Sm. The results are very consistent with the
experimental values. Hence, the negative interactions play an important role in
determining the Curie temperature of the R-Fe compounds, nitrides and carbides.

(5) For aligned samples, the enhancement or disappearance of some character-
istic x-ray diffraction lines and the ratio of intensities between the 2nd plus 5th
and the 3rd plus 4th lines of the Mdssbauer spectrum show that RyFe;sSi; (R=Y,
Nd, Sm, Gd and Er) and R;Fe;55i,C; (R=Nd, Gd and Er) have an easy c-plane
anisotropy at room temperature; by contrast, the Sm carbides have an easy c-axis
anisotropy. Based on the magnetization curves with the field applied parallel and
perpendicular to the alignment direction, the anisotropy fields, H,, are estimated
to be larger than 140 kOe and 95 kOe at =77 K and T=300 K, respectively, for
Sm;Fe sSiCy. In addition, the anisotropy fields of Sm;Fe;7_.Si.Cy decrease with
increasing Si concentrations.

M@éssbauer spectra of an aligned sample show that Er;Fe;sSi;C, has an easy
c-plane anisotropy at room temperature, whereas it has an easy c-axis anisotropy
at T'=77 K. The average isomer shifts, the average quadrupole splittings, hyper-
fine fields on each Fe site and the area ratios between the 2nd plus 5th and the
3rd plus 4th spectrum lines undergo an abrupt change in the interval 7=90-100
K. This implies that a spin-orientation transition from an easy c-plane to an easy
c-axis anisotropy occurs between 90 and 100 K. By fitting the angles between the
Fe moment and the c-axis at various temperature with using the two-sublattice
model, the second order crystal-field coefficent, A»=-180 Ka} is obtained.

(6) The saturation magnetizations at room temperature are 22.4, 18.8, 13.5

and 15.8 uB/f.u. for RoFe;5Si,Cy with R=Nd, Sm, Gd and Er, respectively. These
values are smaller than 25.4, 24.0, 14.0 and 17.6 pupg/f.u. for their corresponding
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parents. Mossbauer spectra show that the average hyperfine fields are smaller for
the carbides than for the parents. By using the conversion coefficient, Br=150
kOe/up, between the hyperfine field and the Fe moment, the Fe moments, ur.,
are found to be about 1.3-1.4 up for R,Fe;5Si,Cy, and 1.4-1.6 pp for the parents.

Massbauer spectra further show that for R;Fe;5Si;Cy the hyperfine fields on the
6c/4f and 9d/6g sites increase, whereas the fields on the 18f/125 and 18k/12k
sites decrease; on average there is a net decrease in the hyperfine field, as compared
to their parents. The shortest distances of the C atom to the 6c/4f and 9d/6g
sites are about 4.53 and 3.29 A, respectively. However, the shortest distances to
the 18 /125 and 18h/12k sites are only about 1.86 and 1.95 A, respectively. The
short bonds on the 18f/12;7 and 18k/12k sites lead to hybridizations between the
2p electrons of the C atom and the 3d electrons of the neighboring Fe atom, which
may be responsible for the smaller hyperfine fields and the corresponding smaller
Fe moments of the carbides.

(7) The saturation magnetizations are almost the same for Sm;Fe;sSi, and
Nd;Fe,;5Si;. However, the magnetization is significantly smaller for SmyFe,5Si,C,
than for Nd,Fe;581,C, at T=300 or T'=77 K. Based on the values of saturation
magnetizations and hyperfine fields, the R moments are calculated; the results
show that the Nd moments are positive for either Nd;Fe;sSi, or its carbide; the
Sm moments are positive for Sm;Fe,;_,Si,, but are negative for the their carbides.
An antiparallel coupling between the Sm and Fe moments is a strong possibility
and leads to a relatively low saturation magnetization for SmyFe;7_,SiC,. This is
a major drawback for the carbides SmjFe;7_.Si Cy.

(8) For Sm;Fe;SiCy, the Curie temperature is 660 K and the anisotropy field at
room temperature is larger than 95 kOe; both are superior to those for Nd,Fe;4B.
The saturation magnetization at room temperature is only 20.7 ug/fu.. Fur-
ther work includes two directions: (1) increase the saturation magnetization of
Sm;Fe;7_,Si,C, and (2) make Sm;Fe;;_,SixCy into a sintered anisotropic perma-
nent magnet using two methods. One, the powders of Sm;Fe;7_,Si,C, after align-
ing and shaping are sintered at about 700°C . Two, the sintered anisotropic mag-
nets SmyFe;;_,Si, are carbonized in CH; at 700°C .
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