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Abstract 
R2FelpNy and R2Fe17Cy have attracted much attention because of their excellent 

intrinsic magnetic properties. Havever, these nitrides and carbides prepared by 
a gas-phase reaction have a major drawback, namely their chexnical 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, R2Fe15Si2Cy (R=Nd, Sm, Gd and Er), has been 
prepared by heating powders of their parents in C& 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 
aiigning and t hen sintering. 

The crystal stmct ures, the Curie temperatures, the saturation magnetization- 
s, the temperature dependences of the magnetization, the magnetic anisot ropies 
and the spin reorientation transitions of R2Fe15Si2Cy 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 Sm2FeisSiC2.7, 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 
Mossbauer spectra in an attempt to unravel the magnetic properties of these car- 
bides on an atomic scale. The exchange integrals as a fuaction 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- 
at ures of Rz(FeSi) 17 compounds; this model is consistent with the experimental 
result S. 
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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 me gives the best values of the magnet- 

ic energy products, (BH)-,  and the intrinsic coeruve forces, a, 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 acd a 
maximum energy product of 33 MGOe has b e n  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). 

Mme '&d 

A chronology of permanent magnet development since 1900. 



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)lz 
with the T m l 2  structure (DeBore et al, 1987), &(Fe, M)29 with the monoclinic 
structure (Collocott et al, 1992; Li H S et al, 1994), and the composite magnet 

N&FesoBao (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, R2Fe17C, were fust prepared by melting the primary 
materials R, Fe and C followed by annealing at lûûO°C (DeMooij and Buschow, 
1988). The introduction of C atoms not only increases the Curie temperature, but 
also modifies the magnetic anisotropy for Sm2Fe17C. However, for those carbides 
made by dloying, the Curie temperature is only elevated 100-150" as compared to 
t heir parent, because the C concentration is rather low (y< 1.6 for the heavy rare- 
earth carbides and ys1.0 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 rareearth carbides (Shen et al, 1992). Two, a third 
elememt, Ga, was added in R2Fe17 (Shen et ai, 1993, 1994). By these two ways 
the C concentration can be r a i d  to y12. 

In 1990 Coey and Sun (190) fkst prepared a new series of interstitial rare-earth 
iron nitrides R2Fe17Ny by heating powders of the R2Fe17 parents in N2 or NH3 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 NdzFe14B. The most striking ones are an 
increase of the Curie temperatures by about 400" and, for Sm2Fe17Ny, a high 
uniaxial anisotropy with an anisotropy field of 140 kOe at room temperature. 

After R2Fe17Ny, many new rareearth iron nitndes and carbides, such as R2Fe17Cy 
(Coey et al, 1991a), RTiFellNy (Yang Y C et al, 1991), RTiFellCy (Hurley and 
Coey, 1992) and &(Fe,M)& (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 macerials, but also in the in-- 
tigation of the fundamental physics involved. These investigations have included 



magnetic properties, crystal structure, t hermodynamics, phase relations, electmn- 

ic properties and bond structure. The experirnental methods applied involve many 

techniques nowadays available to solid state scientists, including various types of 
magnetic measurements, x-ray difhction, standard metallography (Huang et al, 
1991; Endoh et al, lggl), Kerr microscopy (Mul<ai and Fujimoto, l992), transmis- 
sion electron microscopy, MMossbauer spectroscopy, neutron diffraction and riuclear 
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 chernical instability at high temperatures. They will completely de- 

compose into a-Fe and RN or RC at 6ûû°C . Because of this drawback, it is 
difncult for the nitrides and carbides t9 be msde h to  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 stiil retained up to 900°C . A new series, R2(Fe, 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 

&Fe compounds, the previous work on R2Fe17Cy and R2Fe17Ny and the theory of 
Mossbauer spectroscopy are reviewed. The sample preparation and the experimen- 
ta1 procedure are decribed in chapter 4. The crystal structure and the magnetic 
properties of R2(Fe, Si)& 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 Er2Fel&Cy are st udied 
in chapter 8; the negative exchange interaction mode1 is proposed in chapter 9 to 
interpret the origin of the greatly elevated Curie temperature for the nitrides and 

carbides. The main accomplis hments 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, Br, the coercive force, a,, and the maximum energy product, 
(BH),,. These parameters are determined nom the hystersis loop lying in the 
second quadrant, as shown in Fig.l.1. In addition, the Curie temperature, TI, is 
also an important parame ter which determines the useful temperat ure range of 
the permanent magnets. 

An excellent permanent magnet at room temperature must have a high satu- 
rat ion magnetization and a high magnetocrys talline anisot ropy 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)-=0.25MZ. 
The magnetic properties of the 3d transition met& and the rare-earth metals are 
listed in Tables 1.1 and 1.2. The 3d metais (Fe, Co and Ni) have high Curie tem- 
peratures and high saturation magnetizations at room temperature; however , their 
magnetocrytalline anisotropies are only 4.6 x IO4 and 41.0 x IO4 J/m3 for Fe and Co, 
respectively. On the other hand, the rare-earth metals (4 f metals) have a huge 
magnetocrystalline anisotropy, which is about 100-1000 tirnes larger than that for 
the 3d elements; however, theh Curie temperatures are below room temperature. 
The combination of 3d and 4 f elements may produce excellent permanent mag- 
nets. In fact, the best permanent magnets were indeed discovered among the 
rare-eart h transition (R-T) metallic compounds. Co-based Sm(Co, Fe, Cu, Zr) 7r 
alloy has a magnetic energy product of 33 MGOe (Miska et al, 19881). Fe-based 



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 metais. 
Tc (K) M. (kGs) Kl (10' J/m3) 

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 MGOe (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 aaisotropy, the exchange interaction and the crystal field interaction in the 
rare-eart h transition compouads require furt her 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 metais. 
S L J=L&S ground g P (PB)  (KI Km 
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determine the Curie temperatures of the R-Fe compounds. 

1.1.1 Fe-Fe interaction 

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

Heisenberg Harniltonian is given by 

where J' is the exchange integral between the ith and jth spins. The other is 
the itinerant electmn model proposed by Stones. Generaily, 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=O 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 

houe (1986,1987), Yamada and Shimizu (1986) and Coehoorn (1989). Based on 
the state-density curves for 3d electro~ with spin-up and spin-down, the rare- 

eart h transition intermetaliic 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 filied up 

but that with spin-down is not filled, the compounds are strong fmomagnets. 
Usualiy, Y-Fe compounds are weak ferromagnets and Co-rich Y-Co compounds 

plus Y2Ni17 are strong ferromagnets. 
The Heisenberg model as adapted to the mean-field model (the spin operator 

S j in (1.1) is replaced by its average d u e  < S j >) is often used to calculate the 

Curie temperature. Based on the mean-field theory, the molecular-field coefncient 

~ F G ~  and the exehange constant JFeFc that describe the magnitude of the &Fe 

interaction, can be obtained from the Curie temperature of Y-Fe compounds 

and 

where CF. is the Curie constant, Z is the neighboring coordination number for a 

given Fe atom and SFe is the spin quantum number of Fe. 

1.1.2 R-R interaction 

The spatial extent of 4f electrons of R atoms is very smali as compared to the 
interatomic distances. There almost is no substantial overlap of the wave func- 
tions between 4 f 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 elect rons, has been proposed to explain magnetic ordering in rare-ear t h 
metals. In this theory, the secondsrder perturbation interaction behueen 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 



where Si and Si are the spins of the ith and j th  R atoms, respectively. The 
=change interaction constant, J(%), between the ith and j th  R ions has been 

derived by van Vleck (1962), 

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

duction electron spins, g~ is the gyromagnetic ratio, EF is the Fermi energy, kF is 

the wave number at the Fermi d a c e  and F ( z )  is the RKKY function, given by 

An important conclusion of the RKKY theory is that the exchange interaction, 
J ( a j ) ,  is an oscillatory funetion of the distance 1% 13. Consequently, J ( a j )  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 metais. 

1.1.3 R-Fe interaction 

Because of the spatial localization of the 4 f sheli, the direct overlap between the 3d 

and 4f spins is rather smali. 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 mode1 
suggested by Campbell involves a direct on-site 4 f-5d exdiange coupling. Accord- 

ing to this scheme (as shown in Fig.l.2), the localized 4 f 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 metas. 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-eastb (J = L - S) and 
to an antiparailel aiignment for the heavy rare-earths (J = L + S). 

Experimentaliy, the molecuiar-field coefncient, n ~ a ,  for R-Fe compounds can 
be found h m  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 
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Figure 1.2: Schematic diagram illustrating the coupling between the R and Fe 
moments by meam of 4f-5d exchange interaction. 

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

where MF, and MR are the magnetization vectors for the Fe and R sublattices, 
respectively, & Ho the applied field and a is the angle between the R and Fe 
sublattice magnetization vectors. 

By mi.imizîng this expression wîth respect to the angle a, the foiloaring solu- 
tions are obtained 

sina = O  
cos a = [ (Ho/~RF~)*  - - WF J I ~ M R M F ~  (l.8) 

The first solution ieads to a 4  or 180'; With the constraint -1s cosa 51, the 
second expression leads to 

Apprarently, there are two cnticai magnetic fields, viz 



Below Hl,& the R (heavy rare-earth) and Fe sublattice moments are antipar- 

allel. Above H21d, they are pardel. In the intermediate field range, HIId < 
Ho < II2,&, the canting angle a is non-zero. The resultant magnetization, 

M = [MF= + MRI, is given by 

Based on (1. IO), (1.11) or (1.12), the value of nRFe 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), &Co (Verhoef et al, 1990,1992b; 

Zhou et al, 1992; Franse et ai, 1992) and R-Ni (Marquina et al, 1992; DeBoer and 

Buschov~, 1992). 

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

whese 

In eqs. (1.13) to (1.16), TFCFe, TF& and TRR represent the contributions to the 

Curie temperature for the Fe-Fe, Fe-R and R-R interactions, respectively, and 

Cfi  and CR are the Curie constants of the Fe and R sublattices, respectively. 

Combination of (1.13)-(1.16) leads to 

By applying (1.17), the values of ~ F , R  have been derived for R2FeuB, RCo2 (Be- 
lorizky et al, 1987) and RFe2 (Brooks et al, 1989). 



1.2 Cryst al-field interaction 

Both the crystal-field (or crystal-electric-field) and spinsrbit interactions can pro- 

duce a large magnetocrystalline anisotropy. For most of the R-Fe compounds the 

crystal field interaction is much weaker t han the spin-orbit interaction because 

the 4f 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. 

The crystal field potential, Vd(ri), produced by a charge, qj, at a distance R, 
£rom the origin and acting on the ith 4f electron of a given R ion can always be 

expressed by spherical harmonin, Yn&) 

where Am is a crystal field coefncient and is defiwd as 

Rom group theory, n in (1.18) and (1.19) must be even with n < 21 where 1 is 
the orbital quantum number. Thus, the crystal field potential, Kf, over al1 4f 
electrons is expressed as 

Mer 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 



1.2.2 Crystal-field energy 

From (1.20), the crystal-field Hamil tonian is given by 

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 equivaients. 

(a) Direct integral 
The crystal field interaction can be treated as a perturbation term on the 

spin-orbit interaction. The zerwrder wave function, 1 J, MJ >, is expressed as 

a determinental product of a single-electron space wave function, q&, and a spin 

Thus the matrix elements of Wcf are given by 

Because 4i (Q) = &(ri)I;,t (Fi) this integral is the product of two parts, 
a radial part 

J 2 n 2  < rn > = [Rki (ri)] ri dri 

and an orbital part 

where rn=mt-m" based on a selection rde. 

(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 funetions specified by J. 
Because the angular momentum J and the position vector r are vectors, based on 
the Wigner-Eckart theorem, the summation in (1.29) over the 4f electrons leads 
to the formula 



where On,( J )  are the Stevens equivalent operators and 0, are the nt h-order S teven- 

s coefficient S. The 2nd, 4th and 6th Stevens coefficients are usually written as a ~ ,  

,ûJ and y,, respectively. Al1 these quatities are tabulated (Hutchings, 1964). 
Thus, the crystal-field Hamiltonian of (1.23) is written as 

where B,, is called the crystal-field parameter and is expressed as 

Because of particular crystal symmetries, soma terms in (1.29) disappear and 
HCf becomes reduced. For cubic symmetry with z chosen in the (001) direction, 
7-i.f is described by two parameters, Ba and Ba, 

whereas for hexagonal symmetry with 3h symmetry, four parameters, Ba, B40, 
Ba and &, are needed, 

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

S=Y, 

%j = 8 2 0 0 2 0  + BmOa + &O4 + BmOW + Brno6(. (1.33) 

1.3 Magnetocrystalline anisotropy 

The nature of the crystal field surroundhg an R i o ~ .  depends on the uystal field 
parameters, Bnm = 0, < rn > Am. The Stevens coefncients, O,, represent a shape 
distribution of 4 f electrons. Positive or negative a~ (4) corresponds to a charge 
distribution shaped like a cigar or lïke a pancake, respectively. Sm, Er, Tm and 
Yb have a positive a J and the other rare-earths have a negative a ~ .  In the case 

of Gd, the 4 f electron has spherical symmetry because L=O and thus nJ=O. As 



a result, anisotropy is absent in the Gd compounds. In general, R atoms, which 

have a difEerent sign of a ~ ,  wiil display diffe~ent types of magnetic anisotropy for 

isos tructural compounds. For example, at room temperat ure, Nd2Fe14B has an 

easy c-axis anisotropy; however, Sm2FeMB has an easy c-plane anisotropy. 

On the other hand, represents a property of the crystallographic arrange- 

ment surrounding a R ion. A Sm ion has a positive a ~ ;  however, for SmTiFell 
and Sm2Fe14B, the easy magnetization direction is parallel to and perpendicular 

to the c-axis, respectively, because of their opposite signs in Lm. In many hexag- 

onal and tetragonal structures, the most important term is the second-order field 

coefficient A20. The Am as well as a~ largely determine the sign and magnitude 
of the uniaxial anisotropy constant KIR and hence also determine the preferred 

magnetization direction. 

The magnetic anisotropy energy, Ea,R of the R sublattice can be phenomeno- 

logically described as 

where 0 and 9 are the polar and azimuthal angles of the magnetization with respect 

to the main symmetry axes and KnmPR is the anisotropy constant. Based on the 

transformation properties of the Stevens operator equivaients, the relationship 

between the cryst al-field parameters, Bm, and the anisotropy constants, Km$ 
can be found. As an example, for tetragonal symmetry, the anisotropy energy is 

and the relationships between Ki$, KPR and 8,, as found by (Rudowicz, 1985; 
Lindgard and Danielsen, 1975) are 



The values of Knma can be obtained experimentally h m  the magnetization c m e s  
of a single crystal sample measured in different directions. Thus, the aystal field 

parameters, Bnm, can be calculated in te- of (1.36)-(1.40). 

1.4 Two-sublat tice mean field model 

The magnetocrystalline anisotropy of the R-Fe compounds consists of two separate 

contributions associated with the R and Fe sublattices. The cornpetition 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 mode1 is usuaily used (Yamada et ai, 

1988; Radwanski and Franse, 1988; Cadogan et al, 1988). 
In this model, the magnetizations are deiined as MF.=N'<~Fe> and MR=- NM jpB J 

for the Fe and R sublattices, respectively, where NF. and NR are the numbers of 

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

where Ease=KiEe sin2 8 and Ha=-nFdMR are the Fe-sublattice anisotropy en- 

ergy and the exchange field acting on the Fe sublat tice, respectively, 8 is the angle 
between MF. and the c-axis and Ho is the applied magnetic field. 

The Hamiltonian for the R ions is written as 

XR = x B n m L  - (Hz + Ha) MR (1 -42) 
n m  

where Hz=-nFaMFe is the exchange field acting on the R ions. The free energy, 

FR, of the R ions at a given temperature is obtained by using a partition function, 

ZR> 
FR = - kBT Ln(ZR) (1.43) 

where ZR is given by 

Ei are the eigenenergies of 'HR and can be obtained by direct diagonalization of 
(1.42). 



Hence, the total energy of the two-sublat tice system becomes 

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

It is now possible to determine the magnetic structure at any given temper- 
ature and appiied 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 Bnm, nw,, KIF= ~e a Bc t ion  of the direction 
of the sublattice magnetizations. The calculated values of the magnetization com- 
ponents in the direction of l& can subwquently be compared with experimental 
values available for different fields Ho and at various temperatures. Based on this 
method Yamada et al (1988) have calculated the magnetization curves in the high 
field for R2Fe14B; Hu et al (1990) found a set of the crystal field parameters from 
the magnetization curves in different directions for a single crystal of DyFellTi and 
then computed the dependence of the magnetization direction on temperature for 



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 materiah. (1) new rare-earth iron compounds in- 
cluding R(Fe, M) 12, with the TMln12 structure and R3(Fe, M)29 with a monoclinic 
structure, (2) oanocomposite permanent magnets with enhanced remanence, and 
(3) inters ti tial rare-ear t h iron nitrides and carbides. 

2.1 New R-Fe compounds 

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)-=14 MGOe by rapid quenching 

method. In the other one, Sagawa et al (1984) made a permanent magnetic alloy, 

Nd15E&B8, with (BH)-=36 MGOe by using the conventional sintering method. 
Al1 of these permanent magnetic alloys contained a novel ternary crystalline 

compound, R2Fe14B. Its crystal structure was soon determined by Herbst et al 

(1984, 1985)) Givord et al (1984), and Shoemaker et al (1984). R2FewB has a 

tetragonal structure with space group P4&nnrn. Each unit ce11 contains four 
formula units, or 68 atoms. There are six Fe sites 16k2, 16kl, 8jl, 8j1, 4c and 4e 

sites), hnro R sites (49 and 4 f sites) and one B site (49 site). 



The magnetic properties of R2Fe14B (Herbst, 1991) are iisted in Table 2.1 

of Appendix 2.4. The compounds La2Fe14B, Lu2Fei4B and Y2Fe14B are normal 
ferromagnets in which the magnetic properties are determined by the Fe sublattce. 

The average Fe moment is 2.2 at 4 K and the anisotmpy field is of about 26 

kOe at room temperature. 
The Curie temperature of Nd2Fe14B 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; Jurcyk and Wallace, 1987). Substitution of Co and Ni for Fe 
increases the Curie temperature (Matsuura et al, 1985; Burzo et al, 1985). It is 
surprishg that the diamagnetic atoms Si and Ga substituted for Fe can also cause 

a considerable increase in the Curie temperature, for example, fiom 585 to 615 K 
in Nd2Fe14-,Si,B for x=O and x=1.5 (Pedziwiatr et al, 1987; Jurczyk et al, 1987). 
This unwual increase in the Curie temperature is attributed to the occupation of 

the 16kz 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 iow temperature. Consequently, a change 
of the easy magnetization direction fiom the c-axis to the c-plane is observed at 
the temperatures 320,311 and 115 K for the compounds ErzFei4B, Tm2Fe14B and 

Yb2Fe14B, respectively. The other originates fkom a Merence of the temperature 
dependence between the various terms for the R sublat tice anisotropy. Callen and 
Callen (1966) have shown that the expectation values of < Ona > depend on the 
reduced R sublat tice magnetization MR (T) /MR(0) by 

As a conseqence of these temperature dependences the higher order contributions 
can be negligible et 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 Nd2Fe14B and HozFe14B 
(Wolfers et al, 1 990), respectively. 



RFe12 does not exist for any rare-earth element. A t hird element, such as Ti, V, 
Cr, Nb, Mo, W and Si, must be added to form the ternary compouuds RFe12-,Mx 

with the ThMnlz structure. The values of x depend on the specific M element, 

such as 0.71~51.25 for Ti (Hu et al, 1990a), 1.251~14.0 for V (Buschow and de 
Mooij, 1989), 1.35sx13.5 for Cr (Buschow and de Mooij, 1989) and 0.51~64.0 

for Mo (Sun et al, 1992a). 

RFe12-xMx has the tetragonal structure with the space group I4/mmm. Each 

unit ce11 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 obsewed 

to be 1.35-1.93 p~ 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 YFe12 were predicted to be 2.07 at 4.2 

K and about 710 K, respectively, by extrapolation of the high-field magnetization 

data and the Curie temperatures of YFe12,Mx (Verhoef et al, 1988; Buschow, 
1991). Up to now the maximum magnetizations are found to be 24.6 pe/h at 4.2 

K for YFell.5M%.5 (Sun et al, 1992a). 
The saturation magnetizations and the Curie temperatures for EU?ellTi are 

Listed in Table 2.2 of the Appendix and the spin structures for meilTi and Rl?eloV2 

are shown in Fig.2.1 

The Fe sublat tice anisotropy favours an easy magnetization direction parallel 

to the c-axis. The sign of Am 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 DyFellTi the magnetic moments are parallel to the [IO01 direction below 58 K 
and pardlel to the c-axis abwe 200 K; at temperatures between the two spin re- 
orientation transitions the moment is canted (Hu et ai, 1990; Andreev ea al 1990). 

For ErFel 1Ti the canting angle is 16f 2" at 4.2 K and decreases progressively wit h 
increasing temperature (Andreev et al, 1988). These results show that the higher- 



Figure 2.1: The dependence of the spin structure on temperatures for RFellTi (Hu 
et al, 1989) and WeloV2 (IIaije et al, 1990) 

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

&(Fe, M)= 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 R2(Fe, M)i9 and later the correct stoichiometry was shown to be &(Fe, M)29 
(Li H S et ai, 1994). Fuerst et al (1994) were the first to suggest that the new 
phase belongs to a monocihic structure with the P2i/c space group. Now the 
&(Fe, M)= phase is known to fonn 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; Yang . 

F M et al,l995). No reports on the heavy rare-earth R3(Fe, have appeared, 
except the Gd compound. 

The &(Fe, M)a structure contains two R sites (2a and 4e) and fifteen Fe(M) 
sites (2d and fourteen 4e sites). Like the R2Fe17 and Th2Mni2 structures, the 
R3 (Fe, M)29 structure can dso derived h m  replacing R atoms by Fe-Fe dumbbells 



in the hexagonal CaCy structure, 

The R2Felr and Th2Mn12 structures represent x=1/3 and x=1/2, respectively; the 

&(Fe, structure represents x=2/5. 
The magnetic properties of &(Fe, M)= are listed in Table 2.3 of the Appendix. 

The R3(Fe,M)= 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 magneticaily aügned powder samples of N&(Fe, Ti)29 and Sm(Fe, Ti)29 indi- 

cates that the easy direction of magnetization is in the a-b basal plane, dong 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)= are 58 pB/fu at 4.2 K and 

47 ps/fu at room temperature, and the anisotropy fields are 98 kOe at T=12 K 
and 77 kOe at room temperature (Cadogan et al, l994a). For Sm3(Fe, Ti)29, the 

magnetization and anisotropy field are 119 ~ m ~ / k g  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 euhanced 

remanence. The remanence ratio, Br/B8, is as high as 0.7-0.8 without any need 
for aligament , as compared to 0.5 for usual isotropie magnet. 

The nanocomposite permanent magnet with enhanced remanence was first 
made by Coehoorn et al in 1988. The starting materiai had a composition N&FeeoBm. 

After a rapid quench the material was annealed at 670°C. The remanence ratio 
is 0.75 and the energy product is 10.8 MGOe. This composite magnet consists of 

Nd2Fe14B, Fe3B and a-Fe phases; th& relative volume ratios are about 36 %, 60 
% and 4 %, respectively, by Mossbauer spectra (Li Z W et al 1992). The coercive 

force is induced by the Nd2FellB phase based on the observation that the coercive 



force Mnishes 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 Nd5F~.5CoSGalB18.5 

(Hirosawa et al, 1990). 
An isotropie permanent magnet was obtained by Manaf et al (1993, 1993a) 

starting with the composition N&FesBBs 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 

Nd2Fe14B with numerous particles of a-Fe on gain boundaries. The average grain 

&es are <30 n m  and <10 nm for NdzFerrB and a-Fe, respectively. 
The other way to produce a composite magnet is by mechanical doying fol- 

lowed by annealing. The composite rnagnets SmxFelMxNy (x4-9)  made by me- 
chanical alloying consist of SmzFei7Ny and a-Fe phases. With increasing Sm con- 
centration fkom 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 kOe. (Coey, 19%). Optimum 

properties are achieved for Sm7FeglNy. 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 Sm2Fe17Ny 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 

Aithough R2Fe17 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 anidotropy of R2Fei7. The crystal structural parameters and 

magnetic properties of R2Fel& and R2Fe17Ny are listed in Table 2.4 and 2.5 of the 

Appendix. 



2.3.1 Crystal structures 

R2Fe17 compounds have two aystal structures, the rhombohedrai Th2Znlr or the 
hexagonal Th2Ni17 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 rhombohedrai structure, Fe 

atoms occupy the 6c, 9d, 18f and 18h sites and R atoms the 6c site; for the 

hexagonal structure, Fe atoms are located on the 4 f ,  60, 12j and 12k sites and 

R atoms the 26 and 2d sites. However, each correspondhg site for the two kinds 
of structure has a similar local environment. Neutron and x-ray diffractions have 

shown that the interstitiai 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 interstitiai site, the 18g site (Yelon 

and Hadjipanayis 1992; Kajitani et al, 1993; Yan et al, 1993). 

Interstitial C or N atoms leads to an inaease ia the celi volume by 6-7 %, 
as compared to R2Fe17. A iinear relationship between the celi volume and the C 
concentration was found for R2Fe17Cy until ysl. With increasing C concentration, 

there is a structural transition, from the hexagonal to the rhombohedral structure 

for RzFe17Cy mth 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 

rhomboheàral structures can be retained for R2FeirCy with Gd, Tb, Dy, Ho and 

Er made by alloying (Zhong et al, 1990) and for Gd2Fei7Cy and Tb2FenCy made 
by the gas-phase reaction (Sun et al, 1992). 

2.3.2 Curie temperatures 

One of the most interesthg magnetic properties is the very high Curie tempera- 
tures of the rare-earth nitrides and carbides. As compared to R2Fe17, the Curie 

temperatures are elevated by 100-200°C for R2Fe17C made by doying and even 

by 300-4ûû°C for R2Fe17Ny and R2Fei7Cy made by a gas-phase reaction. A linear 



relationship between the Curie temperature and the correspondhg cell volume has 

been shown for a series of Y2E&C, and Gd2Fe1rCy carbides with various C con- 

centrations (Liu J P et ai, 1991 ). These results suggest that the increase in the 

Curie temperature is a vdume &kt. Analysis of the R-Fe exchange interactions in 

R2Fe17N, 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 t hat the strength 

of the R-Fe interactions is d e r  than that for RzFen; the large increase in Curie 

temperature is therehre attributed to an enhancement of the Fe-Fe interaction. 

2.3.3 Magnetizations 

The saturation magnetization at T=4.2 K for Y2Fe17Ny is 38.5 p B / f u  which cor- 

responds to 2.27 per Fe atom, larger than 2.09 for Y2Fe17 and 2.20 p~ for 
a-Fe. The band structure of Y2Fei7Ny was calculated by Beuerle et al (1991) as a 

function of the unit cell volume, wbich simdated the volume expansion observed 
in a nitrogen absorption. The resdts 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 

£iom magnetic measurements anci Mossbauer spectroscopy. Similar calculations 

have been made by Li Y P et al (1991), Woods et al (1993)) Zeng et al (l993), 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 R2Fell compounds. For the nitndes 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 Am to more negative values. Consequently, for 

the Sm, Er, Tm and Yb atoms with a positive secondsrder Stevens coefncient 

(aJ>O), the easy c-axis anisotropy of the R sublattice is greatly enhanced. 
For the Sm nitrides and carbides, interstitial C or N atoms c m  enhance the 

Sm sublattice anisotropy that compensates b r  the Fe sublattice anisotropy (which 

favors an easy magnetization direction perpendicular to the c ais) even at  fairly 



low interstitiai concentrations. It has been shown that the easy magnetization di- 

rection is parallel to the c-axk at  all temperatures below the Curie temperature for 

Sm2FeliCo.s (Gr6ssinger et al, 1991; Ding and Rosenberg, 1991). For Sm2FelrNy, 
the anisotmpy field, E,, at room temperature was estimated to be 140 kOe by 

a magnetic measurement (Coey and Sun, 199û) a d  even 230 kOe by a singular- 

point detection method (Katter et al, 1990; 1991). These values are much larger 

than those bund in Nd2Fe14B and SmTiF'ell, where Ha -73 kûe and 100 kOe, 

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 ai (1993) and Miragile et ai (1991). From high field magnetization data, the 

anisotropy fields at 4.2 K are found to be larger than 350 kOe for Srn2Fe17Nz.i (Liu 
J P et al, 1991) and even to be larger than 700 kOe for Sm2Fei7N3.0 (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 , &, 
have been calculated by using the temperature dependence of the anisotropy field, 

EI,(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 magnetocryst alline anisotropy constants, Kl (T) and K2 (T) (Wolf et al, 1995). 

The caiculated second crystal-field coefficients, Am, have a range of -160- -600 

Kao2. 

Other R2Fe17Ny and R2FeliCy compounds (R-Er and Tm) with a positive c r ~  

have been found to have a spin reorientation transition fÎom the c-plane to the 

c-axis below m m  temperature (Gubbens et al, 1989, 1991 and 1992; Hu et al, 
1990a; Liu et al, 1991; Kou et al, 1991a; Gr2singe.r et al, 1991; Hu B P and Liu, 

1991; Ohno et al, 1993). This transition reflects the cornpetition between the R 
sublattice and the Fe sublattice anisotropy. The spin-reorientation temperature 

rises with the C concentration for TmzFe17Cy, fiom 72 K for y=O to 200 K for 
y=1.4; in contrast to their parent, carbides ErzFenCy have a transition at y20.8. 

2.3.5 Mksbauer spectroscopy 

57Fe M6ssbauer spectra of R2Fe17Ny and R2Fe17Cy have been studied extensive- 
1y by Hu et al (1991), Zouganelic et al (1991), Qi et al (1991,1992), Long et al 



(1992), Pringle et al (1992), Rosenberg et ai (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 Hw(6c) >Hhf  (9d)>dlhf (18f)>Hhf (l8h). In 
addition, Long et ai (1992) fitted th& Miissbauer spectra in a dXéreat order of 

Hh (9d) >Hhj (6c) >Hn,(18h) > Hhf (l8f) based on the Wigner-Seitz volume of each 
Fe site. The average hyperfine fields are iarger for R2Fe17Ny than for R2Fe17Cy; 

the dinerence is attributed to the transferred h y p h e  field h m  interactions 

with neighboring atoms (Qi et al, 1992). B a d  on a jump in the hyperfine field 
and a sign change in the quadrupole spiitting, the spin-reorientation transitions 

have been studied for R2Fei7Ny and R2Fe17Cy R=Tm or Er (Gubbens et al, 1989, 

1991; Hu et al, 1990). The spin-reorientation temperatures obtained are in good 
agreement wit h t hose measured by a.c. susceptibility and t hermomagnetic scans. 

The Mossbauer spectra of rare-earth nuclei have been used to study the rare- 

earth sublattice aaisotropy (Gubbens et al, 1989, 1991, 1992, 1994; Dirken et 

al, 1989, 1991; Mulder et al, 1992; Isnard et al 1994). The secondsrder crystal 
field parameter, Am, can be hund hom the quadrupole splitting observed at the 

rare-earth nucleus, based on a relationship between A20 and Kz 

where CT is the screening constant, y, is the Sterheimer antishielding tactor, and 

V, is the principle axis component of the electric field gradient (EFG). Rom the 

rare-earth Miissbauer spectra, the values of Am are -50(*100), -200(f 50) and - 
400(&50) KG* for Er2Fe17, Er2Fe17Ci and Er2Fel7NZs4 (Gubbens et al, 1991, l992), 
respectively, are -200, -430 and -580 K c 2  for Gd2Fe17, Gd2Fe17Cl.2 and Gd2Fe17N3 

(Dirken et al, 1989, 1991), respectively, and is 300(*50) ~q~ for Tm2Fe17C and 

Tm2Fe17N2.7 (Gubbens et al, 1989, 1992, 1994). 

2.3.6 Substitution effect 

The dects of substitution of Co for Fe in R2FellN, have ben studied by (Hurley 

and Coey, 1991; Katter et al, 1992; Xu and Shaheen, 1993). For Sm2(Fe1-xCox)~~Ny, 



with increasing Co concentration, the Curie temperatures, the saturation magneti- 

zations and the anisotropy fields increase at first and then decrease; theh maxima 

occur at about x=0.5,0.2 and 0.3, respectively, (Katter et al, 1992). The magnetic 

properties of R2(Fel,Mx)17Ny (M=Si, Ga, Ai, Ti, V and Nb) have been reported 
by Hu B P et al, 1992; Tang et ai, 1992; Li X W et ai, 1993; Valeanu et al, 1994; 

Middleton and Buschow, 1994; Yang F M et al, 1994a; Liu et al, 1994; Koyama et 

d 1995). The largest stability range of the 2:17 nitrides is for Al with 0 1 ~ 1 0 . 4  

for the Sm nitrides. The N concentrations, the Curie temperatures, the saturation 

magnetizations and the anisotropy fields are generaliy reduced with increasing M 
concentration x. 

One of the merits of R2Fe17Cy prepared by alioying is its chernical 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 taro ways were proposed. One, 

the melt-spinning method was used to make the heavy rare-earth carbides (Shen 

et al, 1992; Cao et al, lW2,1993 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 R2Fe17. The C concentration can be raised to y12. The magnetic properties of 

R2Fe15Ga2Cy 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 R2Fe17C, (Li Z W et al, 1994, 1995). 

Appendix 
The magnetic properties as well as the crystal structural parameters of NdzFellB 

(Herbst, 1991), RTiFql (Hu et al, 1989; Yang Y C et al 1991), &(Fe, M)29 (Cado- 

gan et al, 1994), &Fel$ (Zhong et ai, 1990) and R2FeiiNy (Otani et al, 1991) 
are listed in Table 2.1-2.5, where Ms is the saturation magnetization, El, is the 

anisotropy field, TI is the Curie temperature, and a and c are the lattice constants. 



Table 2.1: Magnetic properties of R2Fe14B by Herbst (1991). 

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



Table 2.3: Magnetic properties of R3(Fe, M)= by Cadogan et al (1994). 

Table 2.4: Crys t al s truc t ual parame ters and magnetic properties of R2FeliC by 
Zhong et al (1990). 

R a c Structure Tc TSR M ,  
(nm) (nm) (KI (KI (PB/W 

Y 0.859 1.245 rho 502 35.5 
rho 
rho 
rho 
rho 
t ho 
rho 
tho 
rho 
hex 
hex 
hex 
hex 



Table 2.5: Crystal structud parameters and magnetic properties of RzFelrNy by 
Otani et al (1991). 

Ei. a c Structure Tc TsR Ms 
(nm) ( n - 4  @) (K) ( P B / ~ u )  

Ce 0.847 1.267 rho 700 36.3 
Pr 0.879 1.242 rho 720 41.3 
Nd 0.878 1.266 rho 740 43.9 
Sm 0.874 1.267 rho 750 38.2 
Gd 0.871 1.265 rho 740 27.3 
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 

0.862 0.848 hex 690 150 20.5 
Tm 0.858 0.848 hex 690 225 30.5 
Yb 0.857 0.850 hex 675 
Lu 0.858 0.848 hex 675 
Y 0.863 0.846 hex 690 38.5 



Chapter 3 

Review: Theory and Application 
of Mossbauer Spectroscopy 

When the nucleus is bonded in a solid, there is a process with a certain probabiiity 

of recoilless y-ray emission and absorption. Consequently, a recoilless nuclear 
resonance absorption can be observed. This effect, namely the Mossbauer d e c t ,  

was first discovered by R. Mossbauer in 1958 (Môssbauer 1958). A few years later 

(1961) he was awarded the Nobel prize for his discovery. 

The recoiiiess fkaction, f ,  based on the Debye model, is calculated to be 

where BD is the Debye temperature and ER is the recoil energy for the nuclear 

emission or absorption. The recoilless &action is about 0.78 for "Fe nuclei in a 
Rb matrix. 

The natural iine-width (in Joules) of the emission or absorption line, I', based 
the Heisenberg uncertainty principle, is given by 

where h is Planck's constant and t1l2 is the half lifetime at the excited states. The 

first excited state of "Fe (Eo=14.4 keV) has a value of tlI2=97.8 ns. Thus, the 

natural line-width is as sharp as î = 4 . 7 ~ 1 0 - ~  eV and the energy resolution is as 
high as r / E a  -10-13. 

The sharpness of the Mossbauer line, which can determine the energy positions 
of the emitted y-ray fiom a source relative to an absorber with a high accurscy, 



is the most important feature of the Miissbauer aec t .  Therefore, the Mossbauer 
&ect makes it possible to resolve the hyperfine interactions between the Môssbauer 
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 Môssbauer niicleus. 

In fact, the Mossbauer nuclear transitions are not absolutely the same in the 
source and absorber because the nuclei in the source and absorber have different 
environrnents. However, the energy of the y-ray can be modulated by a ht-order 
Doppler &t. By an appropriate relative motion the nuclear transitions can be 

accurately matched and thus resonance occurs. The counts of the y radiation, 
N(v) ,  which come h m  the source, pass through the absorber and are recorded 
by a detector, as a function of the Doppler veloeity, u, are a Mossbauer spectsum. 

Before Mossbauer spectroscopy is appiied to get the information on the hyper- 
fine interaction, two problems must be resolved: (1) The he-shape of Môssbauer 
spectrwn and (2) the relatiomhip between the positions of Mossbauer 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 Mossbauer spectnun has been 
described by Arthur (l968), Greenwood and Gibb (1 971), Asch and Kalvius (l98l), 
and Tkooster and Viegers (1981). The counts, N(u), for a Miissbauer spectnun 
consists of three parts: 

where N,(oo) are the counts which come h m  Miissbauer radiation far h m  the 
resonance, NR are the counts of other radiation, fs is the recoilless fraction for the 
source and T(u) is the transmission intensity for recoilless Mossbauer radiation. 
If the Mossbauer radiations are distinguished h m  the other radiations, (3.3) can 
be expressed as 

N ( v )  = Co[l - fo(1 - T(u))] (3.4) 



where 

Aithough the emitted y-ray energy is very sharp, there still exists an energy 
distribution. The distribution, S(v, E), at energy E and Doppler velocity v has a 

Lorentzian shape and is given by 

where ïs and Ei are the nat usal line-width and the transition energy, respectively, 

for the source and Eo is the transition energy for free nuclei. 

On the other 

be expressed as 

where î, and E: 
for the absorber, 

hand, the reduced resonance absorption cross-section, o ( E )  , can 

are the nat ural Line-widt h and the transition energy, respectively, 

The energy distribution of transmission intensity, T(v, E) is given by 

and the total transmission intensity over whole energy range can be written as 

+w 
T(v)  = S(v, ~ ) e - ' ~ @ ( ~ d E  (3.10) 

where ta is the effective thickness of the absorber, which is defined as 

where uo is the maximum resonance cross-section, fa is the recoilless fraction for 
the absorber and is the number of Miksbauer nuclei. 

By substituting (3.7) and (3.10) into ( 3 4 ,  one obtains 



When ta « 1, the exponent term approximates to 

Hence. 

where I'=r.+raand & - Ei 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 Fraueafelder (1962) have 

shown that, even if absorbas are not very thin, the resonance absorption is still a 

Lorentzian distribution with a broadened line-width, reff=ï. h(ta), where 

h(t.) = 1 + 0.135to, for O < ta < 5 (3.15) 

h(ta) = 1 + 0.145ta - 0.0025tz for 5 < ta < 10 (3.16) 

Based on (3. M), the maximum absorption height, Ao, and the absorption area, 
A, are found to be 

Eq. (3.18) indicates that the absorption area is proportional to the number, n~ , of 

Mkbauer nuclei. 
In conclusion, based on (3.14) and (3.18), for a thin absorber, (1) Mossbauer 

spectral lines have a Lorentzian line-shape and (2) the areas of Mossbauer spectra 

are proportional to the numbers of Mossbauer nuclei in the absorber. 

3.2 Theory of hyperfine interactions 

The Hamiltonian operator for the hyperfine interaction can be expressed as 

'H = %(e0) + %(ml) + X(e2) + ... (3.19) 
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The first term in the rïght side of this equation, R(eO), stands for the electric 

monopole interaction, which leads to a shift of energy levels. The second and 

the third terms, 'H(ml) and X(e2) refer to the magnetic dipole and the electric 
quadruple interactions. They spli t the nuclear energy levels into sublevels wi thout 

shifting the center of gravity of the multiplet. For Mossbauer spectmscopy, ody 

these kinds of interactions have to be considered. The higher-order interactions 

can be aeglected because th& energies are several orders of magnitude smaller 
than the eO, e2 and m l  interactions. In addition, the electric dipole interaction, 

%(el), is parie-forbidden. These hyperfine interactions have been discussed by 

Matthias and Schneider (l062,1963), K W g  (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 shiR and given by (Shirley, 1964) 

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 +a (0) and +s (0) are wavefunctions at the nucleus in 

the source and in the absorber, respectively. Because in a Mossbauer experiment 

usually the source is fixed, l+(0)lf=Ci is a constant for various absorbas. The 

isomer ski&, therefore, can be simplified as 

Since the nuclear radius is related to the spin quantum number, 1, and not to the 

magnetic quantum number, mr, this interaction only leads to a eneigy shift. 



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 

where the quadrupole moment, eQ, is a t e m r  and its components are given by 

The electric field gradient, vE, is a 3 x3 second-rank tensor and its components 

are given by 

( i ,  j = x ,  y+) (3.24) 

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, Ki=O. 
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 

With respect to the principal axes, the EFG tensor is desaibed by two independent 

parameters, usually chosen as V,=eq and the asymmetry parameter, 7, 

-f 4 1  - ?) O 
- f &  + r ) )  (3.26) 

O O 

where r) is defined as v =  (V, - V=)/V, and is restricted to 05  <1. 
On substituting (3.23) and (3.26) into (3.22), the interaction 'H(e2) can be 

expressed as 
e2qQ 

[3Î; - Î2 + q ( Î .  - Pi)] "(e2) = U(Z - 1) 
Obviously, 3i(e2)=0 for I < 112. 



3.2.3 Magnetic-dipole interaction 

The interaction between the nuclear magneticdipole moment, pl, and a hyperfine 

magnetic field, HM, at the nucleus can be written as 

where p~ is the nuclear magneton and g~ is the gyromagnetic ratio of state 1. 
In tact, pure magnetic dipole interactions are rarely encountered for magnetic 

appiications of the M6ssbaue.r effect. Quite fkequently one fin& that a nuclear 

state is simultaneously perturbed by both magnetic dipole 3i(ml) and electric 

quadrupole 7f (e2) interactions. The total interaction Hamiltonian, 3i (rn 1 + e2) 

='H(ml) + 3i (eZ) , is a (21+1) x (2Ifl) Hermitian matrix. The matrix elements 

have been derived DY Matthias et al (1962) and the nonzero elements are given by 

where rn = -1, 

-glpxHhjrnr + (3 cos2 B - 1 + sin2 6 cos 24)  

3eZnQ 1 sin @(cos 0 q= -r)[(l f cos B)eZi4 - (1 T COS B) e-2'0]) 
8 I ( U  - 1) 6 

[(If rn + 2)(I ~m + 1)(I ~ r n ) ( i  ~ r n  - 1)]'/2 (3.31) 

Môssbauer transitions between the states of 1 reme > and 1 I,mg > inwlve only 

the magnetic dipole (angular momentum L=l) and electric quadrupole radiations 

(L=2). The M-selection rule for the transitions is given by 

M = O ,  &1 for the dipole radiation, L=1 
M = O, kl, i2 for the quadrupole radiation, L=2 

where M = me - mg and the subscripts e and g denote the excited and ground 

states. 

For a mixture m l  + e2 transition, the transition intensities are related to the 

Clebsch-Gordan coefficients, < IgmgLM 1 Ieme >, and the angle, P, between the 



y-ray propagation direction and the quantum axis by the foiiowing formula (Asch 
and Kaivius, 1981; Fischer and Gonser, 1981) 

1 
A(p),,, = 3(l+ cm2 P)  1 < I,m,l k 1 1 &me > l2 ~ ~ f i ( c o s ~  ,8 + cos 28) 

4 

where K is the mixture parameter; the n2 is defhed as the intensity ratio between 

3.3 5 7 ~ e  Mossbauer spectroscopy 

57Fe Mossbauer spectroscopy involves a 7-ray transition between the excited state 
1=3/2 and the ground state I=1/2. With a combination of magnetic dipole and 
elect sic quadrupole interactions, the energy levels for the excited and ground s tates 

will split into some sublevels and thus there are six or eight Mossbauer spectral 
lines. In order to obtain the positions of these spectral ünes it is necessary to find 

the eigenvalues of the matrix (the matrix elements are given by (3.29)-(3.31)) 
for the states of 1 = 3 / 2  and 1=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 exht 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, Le. eqQ *: gIpxHhf.  
Under this condition, the formulae for the transition enesgies and intensities are 

considerably simpler . 



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

There is no eleetric quadrupole interaction because ezqQ/[41(21 - l)] = 0. 
For the I=3/2 state, only the diagonal elements x ,  remain; the non-diagonal 

elements may be considered approximately to be zero because eqQ n: gIpNHhf. 

F'urther, if the EFG tensor is assumed to be axially symmetric, i.e. q=0, the eigen 
energies E(I = 312) are given by 

From (3.36) and (3.37) the transition energies, AE3prl/2y involving the states 
I=3/2 and I=1/2 are found to be 

where Eq = f e2qQ(3 cos2 B - 1). 
The positions, Pi in mm/s, of the six transition lines for a Mksbauer 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=l/2, the energy level of the m=+1/2 
state is Lower than that of the m=-112 state, whereas for I=3/2 the levels of the 
rn=3/2 and m=1/2 states are highes than those of the m=-312 and m=-112 states, 
because g, and g, have a positive and negative value, respectively. Based on (3.38), 
the h y p h e  field, Hh the quadrupole splitting, a = 2Eq and the isomer shift, 
6, are calculated to be 

where ~ = 3 1 . 1  kOe/mrns-' is the conversion coefficient h m  doppler velocity to 

hyperfine field. 

Under the condition of eqQ << gIpNHhf, the yray transitions can apprmi- 
mately be considered to be magnetic-dipole radiation. Consequently, there are 



Figure 3.1: The energy level a d  the correspondhg M6ssbauer spectrum for 
qQ a: ~ I P N H -  



Table 3.1: Angular dependence of the allowed transitions for the "Fe Mossbauer 
spectrum 

Line No. Transition M < I,m,LM ( 1.m. >' Relative inteasity 
1,6 f3/2+ f1/2 fl 1 i ( l + c d p )  
2,5 f1/2-, f1/2 O 2/3 sin2 /3 
3,4 2 1 Tl 1/3 f ( l + d  p) 

only six transitions because the transitions for M-f 2 are forbidden. Further, the 

relative transition intensities given by (3.32) md (3.33) can be simpiïfied because 

n2=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 p. Hence, the relative intensities are 3:2:1 for the 1st plus 6th 

lines, the 2nd plus 5th Lines and 3rd plus 4th fines. For the oriented samples, when 

the direction of the y-ray is dong the direction of the hyperfine field, i.e. P= O", 

the relative intensities 

to the direction of the 

An angle factor, b, 

the 3rd and 4th lines. 

are 3:O:l; When the direction of the y-ray is perpendicular 

hyperfine field, i.e. ,@=go0 the relative intensities are 3:4: 1. 

is defined as the intensity ratio of the 2nd and 5th lines to 
The angle P is related to the angle factor b by 

cosp = - d4;b 

3.4 Applications of Mossbauer spectroscopy 

Mossbauer spectroscopy is utilized in a wide diversity of fields, such as physics, 

chemistry, biology, metaiiurgy, geology and mineralogy. However, 1 focus my at- 
tention on the applications of 57Fe Mossbauer 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 



a sharp decrease in absorption intensiiy will occur because of the appearance of a 

hyperfîne field. Since no external magnetic field is required for this measurement, 

the Miissbauer method may on occasion have some advantages over other general 

t ethniques . 

3.4.2 Fe magnetic moments 

The value of the total Fe magnetic moment can be obtained directly h m  a sat- 

uration magnetization measurement of R-Fe compounds with a non-magnetic R 
@=Y, La or Lu). However, M6ssbauer spectroscopy can be used to determine 
the Fe moment also. The problem faced by Mksbauer spectrosco~ is knowing 

the conversion coefncient h m  hyperfine field to Fe moment. For Y-Fe compounds 

the conversion coefficient has been found to be about 150 kOe/ps by Gubben et 
al (1974). 

Mossbauer 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), 

Ehf = aps  + PPL (3.43) 

where ps and p~ 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 Mcssbauer spectrum can 
be used to identify phases in much the same way as X-ray *action patterns 
are used. Fwther, the relative quantity of an Fe-containing phase can also be 

calculated based on the corresponding area of Mossbauer subspectra. Although, 
for these purposes, the applicability of the Môssbauer d e c t  is not nearly as g e n d  

as x-ray difkaction, the Môssbauer effect, in some particular cases, may play a 

decisive role in the identification of phases. 



For an N&FenB19 nanocomposite magnet, it is difiicult to detect the NdzFe14B 

phase by x-ray diffraction because its particles are too fine. However, Nd2Fe14B 

can easily be distinguished from Fe3B in an M6ssbauer spectrum at 600 K. At this 

temperature, FeJB stili has a ferromagnetic sextet spectnim; however, Nd2Fe14B 

has a paramagnetic doublet spectrum. The volume percentages are found to be 

60%, 36% and 4% for FqB, Nd2Fe14B and a-Fe phases, respectively (Li Z W et al, 
1992). A simple iinear combination of a Wgin YFellTi spectrum and a saturated 

YFeilTiCy spectnun is used to fit the spectra obtained at intermediate heating 

temperatures and the coexistence of Cpoor (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, oRen 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 calcdated from the corresponding areas of 

the Mossbauer subspectra. Alt hough neutron diffraction, x-ray diffraction and 

NMR (nuclear magnetic resonance) can also provide usefui data about the site 

occupancies of atoms, the Mossbauer effect is usually more effective and more 

convenient . 
Mossbauer studies of Y(Fe,M)12 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 Nd2 (FeCo) i4B have been studied using 
MSssbauer spectroscopy. The Mksbauer spectroscopy of NdzCollB doped wit h 

57Fe showed Chat Fe atoms have a strong preference for the 8jz site (Van Noort 

et al 1985). Ryan et al (1989) introduced a 57Co source into a Nd2Fe14B matrix 

prepared with =Fe. The decreased subspectral area for the 8j2 means that Co 
atoms avoid this site. 

Some nonmagnetic atoms, such as Si and Ga, c m  raise the Curie temperture 

when they are used to replace Fe in R2Fe14B and R2Feil compounds. Based on the 

areas of Mossbauer 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 



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 M6ssbauer effect can be used to investigate the general properties of magnetic 

coupling, i.e., whet her the material is ferromagnetic, fmimagnetic, antiferromag- 

netic or sperimagnetic. For this purpose one can apply an extemal magnetic field 

to the material and obsenre the intensity variation of the 2nd and 5th spectral 

lines. For the amorphous film YI8Fes2, the intensities of the 2nd and 5th Lines 
gradually decrease with increasing applied magnetic field, Elo, and do not dis- 

appear even at Ho=50 kOe (Chappert et al 1981). This shows that amorphous 

YisFesz is sperimagnetic. 

3.4.6 Spin reorientation 

The cornpetition between the anisotropies of the Fe and R sublattices may lead to 

a spin reorientation. The Mossbauer 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. RFq compounds have a cubic Laves phase struc- 

ture. Fe atoms are located on the 8a site with P3m symmetry. The axes of the 

EFG are parailel to the local threefold axes of spmetry. When the magnetiza- 

tions are parallel to the [100] direction, al1 the Fe atoms are equivalent and yield 
a simple six-line spectrum; when the magnetization is along the [Ill] and [110] 

directions, the Mossbauer spectnun is split into two components with the relative 

intensity ratio of 3:l 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 R& compounds have been shown to be the [100] direction for R=Ho 

and Dy, the [Ill] 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 



orientation on the R composition and the temperature) have been determined for 

R~- .&F~~ (Atzmony and Dariel, 1973). 
(2) The spin-reorientation tempuature, TsR, 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 (fiom a planar to an aris 
anisotropy). This jump has its origin in the anisotropic residuai orbital moment. 
In this way Gubbens et al (1976) found Tm=72 K for Trn2Fel7; Hu et al (1989) 
also studied the spin reorientation for RFellTi compounds with R=Nd, Tb and 

DY- 
(3) For an aligned or single aystal sample the direction of the Fe moments 

c m  be derived bom the intensity ratio between the 2nd plus 5th and the 3rd plus 
4th Môssbauer spectral iines by (3.42). Nd2Fe14B 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 TsR=135 K deviates about 23" from 
the c-axis. Similar intensity variations have been observed for aligned samples of 

Er2Fe14B (Vasquez et al, 1985; Friedt et al, 1986), Ho2Fe14B (hchart  et al, 1987) 

and RFei iTi (Hu et al, l989a). 



Chapter 4 

Experimental Det ails 

4.1 Sample preparation 

The compounds R2Fe15Si2 (R=Y, Nd, Gd and Er) and Sm2Fe17,Si, (x=O, 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 0th- rareearth 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 atmosphere. To ensure 
homogeneity, al1 ingots were remelted at least three times and then wese annealed 
at 900°C . The Sm samples were a ~ e a l e d  for 4 h and the other samples for 72 
h. X-ray diffraction showed that ali samples after annealing were single phase 
with a 217-type structure; a smail amount of a-Fe was present in Nd2FelSSi2 and 
Sm2Fe17-,Si, with x=O and 0.5. 

The samples of R2Fe15Si2 and Sm2Fe17-,Six were ground into the fine powden. 
These powders were heated in C& at a pressure of about 2 bar at 700°C for 2 
h to form carbides R2Fe15Si2Cy with R-Nd, Sm, Gd and Er and Sm2Fe17-,Si,C, 
with x=l, 2 and 3. Then, the sample chamber was pumped for a few minutes to 

eliminate any Hz. Al1 samples were single phase with the 2:1?-type structure; a 
small amount of a-Fe was present. In addition, Sm2Fei7Cy are prepared by heating 
the powders of SmzFe17 in CI& 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 



Table 4.1: The carbon concentration by weighing for carbides. 

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 A5"C . 

The x-ray diffraction experiments were performed using a Philips x-ray ciiffrac- 
tometer with Cu-, Co- or Fe-Ka radiation. A schematic representation of the 
x-ray difkactometer is shown in Fig.4.2(A) . A powder sample, C, can be rotated 
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Figure 4.1 : Schematic representation of C absorption apparatus. 



about an axis O. X-rays produced by a x-ray tube are diffracted by the sample to 

form a convergent beam. The beam cornes to a hcus at the slit F and then enters 

the counter G. A and B are special dits which define and collimate the incident 
and diffracted beams. The dits and counter are supported on the carriage E, which 
can be rotated about the axis O. The supports E and H are mechanicaily 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 6 . 

4.2.3 Vibrating-sample magnetometer (VSM) 

A vibrating-sample magnetometer is used to measure the magnetization of a sam- 

pie. Its schematic representation is shown in Fig.4.2 (B). This method is based 

on the flux change in a coi1 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 ampüfier establishes a potential on the vibrating plates and the 

amplitude of vibration produces a varying ac signal on the fked capacitor plate. 
The signal derived fkom the vibrating capacitor is proportional to the amplitude 

and kequency of the vibration. The voltages from the two sets of coils are com- 

pared and the difierence 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 mateïials. The apparatus must be calibrated with a specimen 

of known magnetization, such as Fe or Ni. 

4.2.4 Mossbauer spectrometer 

A Mossbauer spectrometer, shown in Fig.4.3(A), consists of four parts : a source, 
driver, detec t or and mu1 tichannel analyzer. 

Source The source used for the 57Fe Mijssbauer spectra is the isotope "Co in a 

metallic matrix. The decay scherne for is shown in Fig.4.3(B). The radiation 



Figure 4.2: Schematic representation of (A) x-ray diffractometer and (B) vibrat- 
ing-sample magnetome ter. 



emitted from 57Co co~sists of (1) Resonant 7-rays from an excited to a ground state 

(recoiiiess) , (2) Non-resonant y-rays fiom the same transitions (involving recoil) , 
(3) Radiation h m  ail other transitions and (4) secondary radiation produced in 
the matrix (mainly x-rays). The radiation from (1) (transition from I=3/2 to 

112) produces a Mssbauer spectnun, the radiation from (2)-(4) contributes to 

the background. 
Detector The detector is applied to record the y-ray counts. The pulses h m  

the detector are ampiified, pass through a discriminator, which rejects most of 

the non-resonant background radiation, and finally are fed to the open chamel 

address. 
Multichannel analyzer A multichannel analyser c m  store an accumulated 

total of ycounts in one of 512 individual registers known as channels. Each channel 
is held open in turn for a short time interval of fked length, which is derived h m  
a very stable constant-fkquency clock device. Any y-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 fiom 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 moddated 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 Mossbauer spectra below and above 
room temperat ure, respectively. The precision of temperature is within 0.S0C . In 
addition, a superconducing magnet is dso installed, which can apply a magnetic 
field of up to 60 kOe to the absorber. 
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Figure 4.3: (A) Schermtic representation of MOssbauer spectrorneter and (B) de- 
cay scheme of S7Co. 



4.3 Procedures and data analyses 

4.3.1 X-ray diffraction 

X-ray diffraction experiments were performed using a Philips difbactometer with 

Cu Ka, Co K, or Fe Ka radiation. The x-ray dinraction 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, h m  the 

intensity, the relative volume of each phase can  be found for a multiphase system. 

(1) Lattice parameters 
The spacing diüi of the planes (hki) can be obtained fkom the diffraction angle 

20, based on the Bragg law, 

2dhkl 8 = (4-1) 

where X is the x-ray wavelength. For a hexagonal structure, the relationship 

between dhkl and the lattice parameters, a and c, is given by 

Therefore, m iines in a x-ray diffraction pattern lead to m sets of equations with 

two variables, a and c. The values of o and c are usually obtained by applying a 

least-squares met hod to (4.2). 

(2) Quantitative phase analysis 
Quantitative phase analysis by x-ray ciXiaction is based on the intensity of the 

diffraction lines. For a single-phase powder sample, the integrated intensity, IhLll 
for the (hkl) crystal surface is given by 

where C is a constant, V is the ceil volume, 8 is the Bragg angle, mm is the mul- 
tiplicity factor, exp(-2M(B)) is the temperature factor, pi is the line absorption 
co&cient, and Fur is the structure fiactor. The structure factor is defined as 



where fj is the atomic scattering factor of the jth atom, and Xj, Y j  and 3 are the 

positions of the jth atom. 
In ( 4 4 ,  the constant C is independent of the kind and amount of the =acting 

sample and pl is for the whole sample; the 0th- parameters depend on O, hkl, and 
the structure of sample. One defines R as 

Therefore, for a two-phase system, the ratio of the integrated intensities between 
the two phases can be written as 

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

4.3.2 Magnet ic measurement s 

(1) Curie temperature 
There exis ts a spontaneous magne tization for ferromagnets or fmimagnets be- 

cause of the exchange interaction. With increasing temperat ure, the magnetization 
decreases and vanishes at a certain temperature. This temperature is called the 
Curie temperature, Tf ,  which separates the paramagnetic state at T>Ti from the 

ferromagnetic one at T<Tf. Therefore, the Curie temperature can be obtained 
fiom a thermomagnetic scan in an applied field. The cuve of magnetization ver- 
sus temperatw 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 d l  applied field, a lin- extrapola- 
tion is usually used to obtain the Curie temperature. The magnetization behavior 
near the Curie temperature can be describeci more accurately by a paraboüc c m .  

Based on the mean-field theory, a reduced spontaneous magnetization, o=M(T)/Mo 
(in this section, o is the reduced spontaneous magnetization, but not the specific 



Figure 4.4: For Ni metal, (A) the c w e  of M-T and (B) the Curie temperature, 
TI. The open circles are for a linear extrapolation and the solid symbols are for a 
parabolic extrapolation. 

magnetization), can be expresseci as 

where 

z = ~ Z J S ~ ~ T / ~ T  

Bs is the Brillouin function, Z is the neighboring coordination number, J is the 
exchange integral, kB is B01tzma~'s constant, and S is the spin quantum number. 

Because, hr a smali x, 

o=&(x) in the first-order approximation can be expressed as 

At T=Tf (4.1 1) and (4.9) give a expression for the Curie temperature, 



On substituting (4.12) into (4.8) lads  to 

When Bs is expanded at  Tf and the first three 

show 

The Curie temperattue is given by 

terms are taken in coth(z), one can 

Eq.(4.14) indicates that at T + TI, 02(T) is linearly related to T. 
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 Ieads to a Curie temperature of 630 K for the field of 0.5 kOe. 

These resuits 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) Saturat ion magnet ization 
In the high-field region, the relation between the magnetization, M, and the 

applied magnetic field, H, is caiied the law of approach to saturation and is usually 

mit ten as 

where the second tenu is generally interpreted as due to inclusions andior mi- 
crostructure, and the third term as due to magnetocrystalline anisotropy. In fields 

over ten thousand oersteds, the a l / H  is usually dominant so that the above ex- 

pression reduces to 
a1 M = M e ( l - a )  (4.17) 

High-field measurements of M can therefore be plot ted against 1/H and extrapo- 
lated to 1/H=O in order to find the values of saturation magnetization, M.. 



Figure 4.5: (A) Magnetizat ion curves and (B) saturation magnetization ob tained 
from the extrapolation. The solid circles and squares are the magnetization cuves 
with and without the correction of demagnetizing field, respectively. 

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

where Nd is the demagnetizing factor and Hd 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 c w e s  as functions of 
the applied field, H, 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. l?), as shown in Fig.4.5(B). 

The magnetization obtained h m  a vibsating-sample magnetometer is the spe- 

uf ic  magnetization, u, in emu/g. The magnetization can be expressed in Gs and 



pB /feu., respect ively, by 

where p is the density, V is the cell volume, n is the number of the chernical for- 
mula units in a ce11 and p~ is the Bohr magneton. 

(3) Magnetocrystalline anisotropy 
For a uniaxial crystal, the maguetization curves are significant ly dinerent when 

a magnetic field is appiied paraltel to or perpendicular to the c-axis. 

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

The magnetic field energy is 

7r 
EH = -MSRcos(- - O). 

2 

The condition for minimum total energy is 

Also, the magnetization is 

Elimination of B fkom (4.22) and (4.23) gives 

If K2 is zero, the magnetization c w e  becomes a straight iine, 

On the other hand, when the field is applied paralle1 to the easy c-axis, based on 
(4.20), the magnetic field energy EH=-MsH cos O and magnetization MII=Ms cos 8, 



Figure 4.6: Calcdated magnetization curves and anisotropy fields. 

the condition for minimum energy is given by sinû=O. The magnetization curw 
is a straight iine paralle1 to the magnetic field H axis, 

The two magnetization curves intecsect at 

Ha 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, 
KI =4.5 x 106 ergs/cm3, and Kz=1.5 x 100 ergs/cm3. The dashed line is the magne- 
tization behavior if K2=0. The anisotropy field is 10.3 kOe for Co metal. 



(4) Measurements 
Magnetic measurements were performed using a vibra t ing-sample magne tome- 

ter for the R2(Fe, Si)l7 carbides and their parents. 
(a) To determine the Curie temperat ures, the dependence of the mqnetization, 

M(T),  on temperatures was measured in an appiied field of 0.5 kOe and followed 
by a linear extrapolation of @ vernis T near the Curie temperature. Because 
a small amount of a-Fe is present in di carbides, the background signal (due to 
a-Fe) was subtracted when the Curie temperature was measured by fitting 
versus 2'. 

(b) Magnetization curves, M(H) ,  were measured in appiied fields up to 18 
kOe for d l  R2(Fe, Si)l7 carbides and th& parents. For the law of approach to 

saturation, when the fields are over twelve thousand oers teds, the dependences 
of both al/H and a2/612 on magnetization are linear to a good approximation; 
however, the a&? is much large than the -/H? Therefore, the first term, a l / H ,  
in eq.(4.16) cannot be neglected. In addition, the saturation magnetizations, Ms, 
obtained kom (4.16) and (4.17) are almost the same. For simpiicity, the values 
of M. were found by eictrapolating M ( H )  against 1/H plots to l/E=O using the 
Law of approach to saturation. For the magnetization curve, M ( H ) ,  a correction 
for the demagnetizing field has been made. 

(.c) Aligned samples were prepared by d n g  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 
perpendicdar to the aiignment direction were obtained. Then, the two magneti- 
zation curves were extrapolated h m  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 
57Fe Miissbauer spectra were collected using a conventional constant accelera- 

tion spectmmeter. The yray source was in a Rh matrk The absorbers were 

made by immobiüzing the powdered samples in benzophenone for the measure- 
ments below room temperature and in boron nitride powders in high temperatures. 



In addition, the aligneci sarnples were prepared by mkhg the fine powders with 

epoxy resin and then by placing the mixture in a magnetic field of 10 kOe. Al1 
the absorbers contained 5-8 mg/cm2 of natural iron. The calibration was made by 

using the spectrum of a-Fe at room temperature. 

(2 )  Mssbauer spectrum fitting 
Li the approximation of a thin absorber, the theoretical expression for a Mksbauer 

lineshape is Lorentzian (see Chapter 3.2). A Mossbauer spectrum obtained in an 

experiment is usually an overlap of many Lorentzian lines, 

where yi and vi are the counts and Doppler velocity for the ith charnel, respec- 

tively, B is a average background count, 4, I' and P are the height, width and 

position of the Mossbauer spectral line, respectively, N is the nurnber 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 Mossbauer param- 

eters, the hyperfine field, Hhr, the quadrupole splitting, E, and the isomer shift, 

6, 

For K = 1, since there are no quadrupole splittings and hyperfine fields, both a 

and ,û are zero. For K = 2, since there is no hyperfine field, a is zero and P is 
equal to -0.5 and +0.5. For K = 6, the a and ,û are determined by the following 

formulae, 

and 

pk = +0.5 - 0.5 - 0.5 - 0.5 - 0.5 + 0.5 

where g, and g. are the gyromagnetic ratio for the grouad state (1 = 1/2) and the 
excited state (1 = 3/2), respectively, PN is the nuclear magneton and E, is the 

energy of the yray. 



The theoretical expressions in (4.28) can be written as 

where qj denotes the variable parameter in brmulae (4.28) and n is the number of 

the variable parameters. In the fitting of a Mossbauer spectrum, one h d s  a set 
of the variable parameters, qj, which makes the mean square difference between 
the theoretical value, y(vi, qj), and the experimental spectrum, 9, 

a minimum, where wi is a weight factor taken as 1/x, and m is the number of 

experimentai points. 
First, a set of the initial parameters, qo=qf , are given. Then, the y(vi, qj )  are 

expanded into a Taylor series with the initiai valws of q j  and the second and more 
order terms are neglected, viz, 

Hence y(vi, q j )  becomes a linear function. Finally, the y(ui, qj) are substituted into 
(4.31) and the condition 

a@ - = O  
aqj 

is applied to make O a minimum. h m  (4.31)-(4.33), one obtains 

matrix A wit h elements 

and a vector D with components 

are defined. Hence, (4.34) can be rewritten as 

D-A*dq=O 



where 6q= 6qj. The soluation of (4.37) is 

6 q = ~ - 1 . ~ ;  

thus a set of new parameters 

is obtained. Eqs.(4.31)-(4.39) constmct a itinerative calculation. Finally, a set 
of best parameters that makes Q 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 tirne. The method is therefore not suitable for a PC computer. Slavic (1974) 
suggested a new method to fit x-ray spectrwn with Gaussian line shapes and ob- 
tained a satisfactory result. This method is now used to fit Mossbauer spectre. 
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 matrbc 
A of (4.35), the value of the non-diagonal elements can be considered to be a p  

proximatively zero so that the matrix A is a diagonal matrix. The formula (4.38) 

t herefore becomes simply 

The (4.40) and (4.39) provide a iterative met hod for a set of parameters, qj, which 
makes @ in (4.31) a minimum. The method suggested by Slavic is vesy suitable for 
a PC computer, because it is not necessary to solve the iwerse matrix in (4.38). 
The computer program has been compiled to be used to fit Mossbauer spectrum 
and satisfactory resdts have been obtained. 



Chapter 5 

R2Fe15Si2Cy Carbides 
- crystal structures and magnet- 

ic properties 

The rare-earth iron nitrides R2FelrNy and carbides R2FeirCy made by a gas- 

phase reac tion have at tracted 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 SmzFenNy or SmzFeuCy, 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, t hese 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 difEcult for the nitrides or carbides to be made into useful permanent magnets 

with high remanences, at least by normal techniques. 

Recently, we have discovered t hat Si is able to stabilize the 2: l? structure of the 

carbides. A new series, R2Fe15Si2Cy (R=Nd, Sm, Gd and Er), has been prepared 
by heating powders of their corresponding parents in C h  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 Sm2Fe15Si2Cy. 

Mossbauer spectra and x-ray diffraction patterns with Fe Ka radiation for powders 



Table 5.1: Relative volume of the a-Fe(Si) phase for Sm2Felr-xSix after heating in 
Cn, at 700°C calculated from Mossbauer spectroscopy and x-ray ditEraction. 

Method x=O x=0.5 x=l x=2 x=3 
Mkbauer 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(4) 6(3) 

Relative volume (%) 100 32(4) 8(2) 6(2) 6(2) 

of Srn2Fei7-& (x=O, 0.5, 1, 2 and 3) after heating in C a  at 700°C for 2 h are 
shown in Fig.5.1. The *action 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, M6ssbauer 
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 saznples with x=0.5, 1, 2 and 3. The paramagnetic doublet corresponds to the 

carbides Sm2Fe17-,SixC, and the six-line spectrum corresponds to the a-Fe(Si) 

phase. 

The relative volumes, Y,ir and %-F., of the 2:17-type carbides and a-Fe(Si) 

can be found hom Mossbauer spectra and x-ray diffraction patterns. Based on the 
Mksbauer subspectral areas, A2:17 and &-Fe, as well as the crystabe structure 

and lat tice parameters of Sm2Fe17,SixCy and a-Fe phases, the ratio of relative 
volumes between the two phases is giwn by 

where and NP are the ce11 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 va-Fe/~2:17 is f o d ,  the values of v,-~.  and Y,n can be obtained fiom the 
additional relations hip 

Va-f'. + v217 = 100% (53) 

On the other hand, the ratio of the relative volume between the *Fe phase 



Figure 5.1: Mabauer spectra (A) and X-ray diffraction patterns (B) for 



and carbide can also be fouad fiom the relative integral intensity, and I&, 
of the x-ray diffraction lines (see section 4.3.1) by 

and 

where 8 is the Bragg angle, r n h ~  is the multiplicity factor and Fui is the structure 

factor. 

The relative volumes of a-Fe(Si)and the 2:17 type carbide have been calculated 

by Mossbauer spectroscopy (5.1) and x-ray ditfraction (5.3); the final results are 

listed in Table 5.1. The detaiied process can be seen in the Appendix of this 

chapter. 
SmzFe17 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 *action; probably 

the value obtained from the Mossbauer spectroscopy is more accurate. For samples 

with -1, the amount of a-Fe(Si) drops to about 48  %. In an analysis simlar to 

that of Ibberson et al (1991), the C absorption process can be written as 

2R2(Fe,Si)i7 +6C = 2Rz(Fe,Si)i7C3 (5.5) 

R2(Fe, Si)l7 + 2C = 2RC + 17(Fe, Si) (5-6) 

The process (5.5) is cailed the C absorption process and will be discussed in section 
5.2. The process (5.6) impiies a chernicd 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 chernical or structural stability of the carbides. SmFe17 

completely decomposes into a-Fe at 700°C . However, for SmzFe17-xSixCy with 
xz1, even at the bigh temperature of 700°C , only 4-8 % of a-Fe(Si) is formed. In 
addition, x-ray ciBiaction and Mossbauer spectra show that SmzFeisSi2C, retains 
the 2:17-type structure d e r  annealhg in Ar gas SDr 2 h, dthough the amount of 
a-Fe(Si) inmeases. Obviously, Si is effective in stabilizing the 2: 17-type stmcture 
of carbides and in preventing the decomposition of the carbides into a-Fe(Si) and 

RC. 



The phase decomposition (5.6) requires an activation energy and a long-range 

-ion of Fe(Si) atoms. The Si substitution may elevate the activation energy 

and/or decrease the dinusion constant of Fe(Si) atoms, thus stabiiizing 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 aad Hurley, 

1992a). This model pointed out that during the N absorption process there exkt 

two phases, R2Fe17 and R2Fe17i&. 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 R2Fe17Ny produced at the nitrogenation 
temperature is a quasi-equilibrium gas-solid solution with a continuous range of 

interstitial nitrogen concentrations. This model le& to the existence of a single 

phase with continuously variable intemiediate nitrogen concentration. 

The carbides SmzFel5Si2C, with various C concentrations were prepared by 

heating Sm2Fe15Si2 powders at various temperatures in Ca for 2 h foilowed by 

amealing at the same temperatures in Ar gas for 2 h. 
Mossbauer spectra and x-ray *action patterns with Cu Ka radiation for 

Sm2Fe15Si2 powder after heating in C a  at various temperatures as weil as for the 

virgin Sm2FelsSi2 are shown in Fig.5.2 and Fig.5.3, respectively. 

The mows t and fi in Fig.5.2 point to the position of characteristic lines for 

Sm2Fe15Si2Cy and SmzFelSSi2, respectively. For the sarnples heated in 400600°C 
) the Mossbauer spectra have the characteristics of both Sm2FeisSiz (Fig.5.2 (a)) 

and Sm2FeuSi2CY (Fig.5.2 (e)). These spectra can be considered to be a sum of 
two spectra. One is b r  Sm2FeisSi2, the other is h r  Sm2Fe15SizCy. The fitting 

method used is the following. A standard pattern for Sm2Fe15Si2Cy is expressed 

as {yi)(i=1,256). The other pattern corresponding to Sm2FelsSi2 is given by four 



Figure 5.2: Mkbauer spectra Eor Sm~FeisSi2 b e f h  (a) and sfiter hating CH( 
at temperatures of (b) 400°C , (c) 500°C , (d) 600°C and (e) 700°C . 



Figure 5.3: X-ray diffraction patterns (top) and their fitted curves (bottom) for 
powders of Sm2FeisSi2 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. 



Table 5.2: The volume percentage of the C-poor and C-rich phase, u, for 
Sm2Fei5Si2 after heating at various temperatures, Ta, in C)4 for 2 h. A is the 
areas obtained h m  M6ssbauer spectra or x-ray diffraction lines. 

Ta vira 400°C 500°C 600°C 700°C 
M X M X M X 

A ( C p o r  phase) (%) 100 78(7) 74(6) 55(5) 49(6) 15(8) O O 
A (Crich phase) (%) O 22(7) 26(5) 45(6) 51(6) 85(8) LOO 100 
v ( C p o r  phase) (%) 100 78(7) 76(6) 54(6) 49(6) 14(8) O O 
v (Crich phase) (%) O 22(7) 24(5) 46(6) 51(6) 86(8) 100 100 

<y>d- O 0.55 0.60 1.2 2.3 2.2 2.5 2.5 
<y>-- O 0.8(2) 1.2(2) 2.5(2) 2.5 

M and X represent Mkbauer spectra and x-ray diniactions, respectively. 

sets of sextets with Lorentzian line-shapes, 

where Lij is a Lorentz function with the following fitting parameters: intensity &, 
linewidth r, hyperfine field HhI, quadrupole splitting e and isomer shift 6; z is the 

c h a ~ e i  number. Each sextet corresponds to one Fe site. Thus, the experimental 

spectrum, {x) (i=1,256) of the samples can be written as 

where Co is the average background count and a is a proportionality coefncient Lor 
the area ratio of spectnun {yi) compared to the total spectrum. A least-squares 

method was used to Et 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 Sm2FelsSiz with poor C absorptions. The 
circle symbols represent the hyperfine parameters of Srn2Fe15Si2Cp with a rich C 
absorption. The relative areas for the Grich and C-poor phases are calculated 

based on the fitted parameters a, 4 and r. The volume percentages for the two 
phases are found from (5.1). The resuits are listed in Table 5.2. 



Figure 5.4: Hyperfine parameters (A) and lat tice parameters (B) for Srn2Fe16Si2 
after heating at various temperatures, Ta, in CH4 for 2 h. The circles are for the 
C-rich phase and the squares are for the Cpoor phase. 



X-ray diffraction pat tems (a) and (e) (Fig.5.3) are for Sm2Fe15 Si2 and Sm2FeIsSi2Cy, 

respectively. The patterns (b) and (c) can be considered to be an overlap of the 

two patterns. One corresponds to Sm2Fe1&i2, the other to Sm2Fe15Si2Cy. The 

inteasity ratio of the two patterns is listed in Table 5.2. Because, for SmzFe15Si2 

and Sm2Fe15Si2C,, the dinerences of the Bragg angle, 8, and the stmcture factor, 
FW , are small enough to be neglected and the multiplicity factor, m u ~ ,  is the 

same, the values of R in (5.4) can be considered to be the same. Consequently, 

the relative volumes of Sm2Fer5Si2 and Sm2Fe15Si2C, c m  be simplified as 

where the subscripts 1 and 2 represent Sm2Fe15Si2 and Sm2FelsSi2Cy, respectively. 

The calculated percentages for each phase are also listed in Table 5.2. In addition, 

the lattice parameters were bund fiom the positions of the dinraction ünes; the 

results are shown in Fig.5.4(B). 

The average C concentrations, <y>", were also found fiom the relative vol- 

umes of Sm2FelsSi2C2.5 and Sm2Fe15Si2; they agree with the values obtained by 

weighing. 
In the C absorption process, the continuous variations of the lattice parameters 

and MIssbauer parameters are not observed. By contrast, for reaction tempera- 

tures, Ta, of 400-600°C , both the Mossbauer spectra and x-ray diffraction show 

that two phases exist; one is the Cpoor phase, Sn2Fe15Si2, and the other is the 
Grich phase, Sm2Fe15Si2C,. In the C absorption process, the lattice parameters, a 

and c, as well as Mossbauer parameters, 6, E and Hhf,  are almost the same for the 

Grich phase; at the same tirne, the parameters are very close for the C-poor phase. 

With increasing reaction temperatures, only the relative amount of the Cpoor and 

C-rich phases changes; the amount of the Cpoor decreases and that of the C-rich 

phase increases, as shown in Fig.5.5. At Ta=7000C the Sm2Fe15Siz powders have 

sufncient C absorption to become a homogeneous single phase Sm2Fe15Si2Cy. 

Obviously, the present expiment al results support the the phase segrega tion 

mo del. 



Figure 5.5: The relative volume for the Gpoor and Grich phases with increasing 
reaction temperature, Ta. The open symbols are for the Gpoor phase and the solid 
symbols for the C-rich phase; the ckcles are the values obtained h m  M6ssbaue.r 
spectra and the squares h m  x-ray diffraction. 



Figure 5.6: Schematic representations of (A) the Th2Nilr structure and (B) the 
ThzZn17 structure. 

5.3 Crystal structures 

R2Fe17 compounds crystallize in two structures, the rhombohedrai Th2Zn17 struc- 
ture for the light rare-earth compounds and the hexagonal Th2Nii7 structure for 
the heavy rare-earth compounds, as shown in Fig.5.6. Fe atoms occupy the 6c/4 f ,  
9d/6g, 18f/12j and 18hllZk sites and the R atoms the 6c/2d+2b sites for the 
rhombohedral and hexagonal structures, respect ively. Neutron S a c  t ion exper- 
iments show that the interstitial atoms occupy the 9e/6h sites for R2Fei7Cy and 
R2Fe17Ny (Helmholt and Buschow, 1989; Haiji et al, 1990; Ibberson et al, 1991; ) 

X-ray diffraction patterns for the carbides RzFeisSizC, and th& parents are 
shown in Fig.5.7. Al1 diffraction iines are indexed. The tato crystal structures c m  

be distinguished based on the following criteria. (1) For the hexagonal structure 
there is a characteristic (203) reflection. (2) For the rhombohedral structure the 



Figure 5.7: X-ray diffraction patterns for carbides R2Fel&i2Cy 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 br R2FelsSi2 and &FelsSi2Cy, 
respec tively. 



Table 5.3: Crystal structure parameters for R2FelsSi2 and R2Fe15Si2Cy. a and c 
are the lattice parameters and V is the ce11 volume. 

Nd2Fe15 SiZ rho. 8.553(4) 12.500(7) 1.461(1) 792(2) 
Nd2FelsSi2Cy rho. 8.782(1) 12.518(2) 1.425(1) 836(1) 5.7 

Sm2FelsSi2 rho. 8.521(2) 12.478(4) 1.464(1) 785(1) 
Sm2FelsSi2Cy rho. 8.720(4) 12.500(8) 1.433(2) 823(2) 4.8 

GdzFe15Si2 h a .  8.494(3) 8.304(3) 1.466(1)' 778(1)* 
Gd2FelsSizCy rho. 8.717(5) 12.489(9) 1.433(2) 822(2) 5.7 

ErzFe15Si2 hex. 8.436(5) 8.300(6) 1.476(1)' 512(2) 
Er2Fei5Si2Cy h a .  8.625(6) 8.324(8) 1.448(2)* 536(2) 4.6 

The values with superscript * are for the rombohedtal structure. 

crystal-surface indices m u t  meet a condition of -h+k+l=3m where m is an inte- 

ger. Hence, the compounds R2FeisSi2 have the rhombohedrai structure for the Light 

rare-earth compounds and the hexagonal structure for the heavy rare-earth com- 

pounds. The carbides R2FelSSi2Cy retain the same structure as their corresponding 

parents, except for Gd carbide. Because the (203) diffraction &ne disappears for 

Gd2FelsSi2Cy, it follows that it turns into the rhombohedral structure kom the 
hexagonal stmct ure of its parent. Crystal structure transitions have been observed 

in R2Fe17Cy with Tb, Dy, Ho and Y made by alloying (Liu et al, 1991). According 
to the analysis by Busdiow et al (1990), in R2Fen there is a tendency to adopt 

the rhombohedral or hexagonal structure for compounds with relatively large or 

small ce11 volumes, respectively. The introduction of C or N atoms expands the 

ce11 volume and leads to a structural transition for some carbides and nitrides. 

The cryst al structure parameters for R2Fe1sSi2 C, and R2Fel&i2 are Listed in 
Table 5.3. The positions of all the dinraction lines for &FelSSi2Cy move toward the 

le& as compared to th& 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 R2Fe15Si2Cy the parameter a increases by 2.3-2.7 



Figure 5.8: The lattioe parameters, O and c, and the ceil volumes, V. The circles 
and the squares are Eor &Fe15Si2C, and &Fe&, respectively- 



%; however, the parameter c only increases by about 0.2-0.8 % . The ratio of c/a ,  

therefore, is less for the carbides R2Fe15Si2Cy than their parents. Rom 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 sigaificant expansion of the c-plane and has relatively little 

influence on the c-cucis. In addition, the celi volumes expnd 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 ce11 vol- 

umes, V, decrease with increasing atomic numbers of the rare-earth ions for either 

R2FelSSi2C, or R2FelSSi2 because of a decrease in the ion radius. 

5.4 Curie temperatures 

The t hermomagnetic scans for R2Fe15Si2Cy and R2Fe15Si2 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 R2Felr are rather low, only 324 K for Y2Fe17 and 
476 K for Gd2Felr (Buxhow 1977). When Si replaces Fe in R2Felr 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 metaliic 
element but excludes the rare-earths, R) will lead to a deaease in the Curie tem- 

peratures. This anomaly in the Curie temperatures for R-Fe compounds will be 
t horoughly discussed in chapter 9. 

As compared to R2FelSSi2, the Curie temperatures for their carbides R2Fei5Si2Cy 

increase by 80-13û°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 integrah 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-temperat ure approximation of the mean field theory, the Curie tempera- 
ture can be written as (Buschow, 1991) 



Figure 5.9: Thermomagnetic scans at an applied field of 0.5 kOe for (A) 
&Fe&Cy and (B) &Fei& (a Nd, i Sm, A Gd and Er) 



Figure 5.10: The Curie temperatures, Ti. The circles, squares and triangles are 
for R2Fe15Si2Cy, R2Fe15Si2 and R2Fe17, respectiwly, and the solid curves are the 
caiculated dues .  The values for &Fel7 are taken fkom Buschow et al (1977). 



Table 5.4: The average exchange integrals, JFeFe and Jm, of the Fe-Fe and Fe-R 
pairs 

The quantities ZA8 represent the numbers of neighboring B atoms for a given 

A atom, Sn is the spin quantum number of the Fe atoms, JR is the angular 
momentum of the rare-earth ions, G=(gR-1)2JR(JR + 1) is the de G e ~ e s  factor, 

and JFcFI and JFcR are the average exchange integrals for the Fe-Fe and the Fe-R 

pairs, respectively. For the 2:17-type structure, ZFeFo ZRFL and ZFLR are 10.0, 
19.0 and 5.4, respectively. 

From (5. 10)-(5. 12) one can easily derive 

By applying the least-squares method to the above equation the average exchange 

integrais, JFLFe and .,TF&, can be obtained from the Curie temperatures The 
results for R2Fe17, R1Fe15Si2 and R2Fe15Si2Cy are listed in Table 5.4. 

By substituting these values of JFsC and JFLR into (5.13) the Curie tempera- 
tures, as a function of the G hctor, can be calcuiated; they are shown in Fig.5.10 
as the soiid cmes. The calcuiated d u e s  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 R2FelSSiZCy. Therebre, for these carbides, the increase in Curie 



temperature is attributed to an e n h c e d  exchange interaction between the Fe-Fe 

pairs. 

5.5 Magnetic anisotropies 

AU R2Fei5Si2 compounds have an easy c-plane anisotropy and thus they can not 
be made into permanent magnetic materials. One of the outstanding properties of 

R2FenSir Cy is an elevated Curie temperature, as described in chapter 5.4. Ano ther 
is a modified magne t ocryst alline-anisotropy. 

X-ray dinraction patterns of aligned carbides R2Fe15Si2Cy (R=Nd, Sm, Gd and 

Er) at room temperature are shown in Fig.5.11. For SmzFetsSi& the intensity of 
the (006) dect ion dramatically increases, whereas the intensities of the other re- 

flections hast disappear. This means the ernergence of an easy c-axis arrisotropy. 
By contrast, the increased intensities of the (220) and the (300) reflections and the 
alrnost complete absence of other reflections show that an easy c-plane anisotropy 

is present in R2FelSSi2Cy with R=Nd, Gd and Er. 

Mossbauer spectroscopy is also an important technique to determine the anisotropy 

type of samples. The McWsbauer spectra and their fitted curves for aligned R2Fei5Si2Cy 
(R=Nd, Sm Gd and Er) are shown in Fig.5.12. In fitting these Mossbauer spec- 

tra, all isomer shifts, quadrupole spiittings, hyperfine fields, üaewidths 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 iines in each sextet 
was assumed to be 3:kl:l: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 shodd be equal to 413 if the sample 
has an easy c-plane anisotropy and b=O 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 R2Fe15Si2Cy with R=Nd, 
Gd and Er, respectivdy. This shows that the three carbides have an easy c- 

plane anisotropy at mom temperature. On the other hand, b 4 . 3  shows that 

Sm2Fe15Si2Cy has an easy c-axis anisotropy. These conclusions are consistent with 
results obtained from x-ray diffraction. 



Figure 5.11: X-ray difFraction patterns of aligned &FeuSi2Cy. The pattern for 
Srn&l~Si&, is obtained using Co K, radiation; the patterns for Nd, Gd and Er 
carbides sre obtained using Cu K, radiation. 



Figure 5.12: MOSsbauer spectra of aligneci R2FeisSi2Cy. The arrows point the 2nd 
and 5th spectral lines. 



Table 5.5: Saturation magnetizations for R2Fe15Si2 and R2Fe15Si2C,. u is the 
specific magnetization, M ,  is the magnetization, Hhf is the hyperf&e field, and 

and are the magnetic moments of Fe and R, respectively. 

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 R2Fe15Si2Cy @=Nd, Sm, Gd 

and Er) and their parents have been measured (ref. to Chapter 4.3.2) ; the results 

are iisted in Table 5.5. Some features of R2Fe15Si2Cy are significantly different 

fiom the nitrides. 
FKst, the saturation magnetizations, M., at room temperature are 22.2, 18.8, 

13.5 and 15.8 p~1f.u. for RzFelsSi2Cy where R represents Nd, Sm, Gd and Er, 
respectively. These values are smaller than the 25.4, 24.0, 14.0 and 17.6 pB/f.u. 

for the* corresponding parents. Furthet, based on a proportionality coetncient, 



150 kOe/pB, between the hyperfine field and the Fe moment, the Fe magnetic 

moments, pfe, at mom temperature are found to be 1.3-1.4 for R2Fe15Si2Cy 
and 1.41.6 p~ for R2FelsSi2. This feature is signi6.cantly different kom that for 

R2Fe17Ny (Coey and Sun, 1990) and R2Fel5Si2NY (Yang F M et al, 1992; Valeanu 
et al, 1994), for which the saturation magnetization is larger by about 412 % than 

that for their parents. This problem wiii be hvther discussed in section 7.3.3. 
Second, the saturation magnetizations are almost the same for Sm2FetsSi2 and 

NdzFe15Si2. However, the magnetization is much smaller for Sm2Fe15Si2Cy than 
for NdzFei5Si2Cy at either T=300 K or T=77 K. Further, for a collinear coupling 

between the Fe and R moments, the R moments, can be derived fiom Ms and 

P F ~  b~ 
& = 1 5 ~ c ~ e  f  PR (5.14) 

and the results are listed in Table 5.5. The magnetic moments of the R ions 
are positive for Nd2Fe15Si2Cy and its parent, and negative for Gd2FetsSi2Cy and 

Er2Fe15Si2Cy as weil as for their parents. This implies a fermmagnetic coupling 
between the Fe and Nd moments and a ferrimagnetic coupling between the Fe and 
Gd or Er moments. However, it is surprishg that the Sm moment is negative for 
Sm2Fe15Si2Cy. The antiparallel coupling between the Fe and Sm moments leads 

to a low saturation magnetization for Sm2FelsSi2Cy. This problem WU be further 

discussed in chapter 6.4. 

5.7 Temperature dependence of magnetizations 

The temperature dependence of the magnetization c m  provide some important 
information on spin-seorientation, magnetic coupling and exchange interactions. 
The magnetizations at various temperatures for R2Fe15Si2Cy (R=Nd, Sm, Gd and 

Er) are shown in Fig.5.13. 
The curve of M. - T for Nd2FelSSiaCy has a typical fmomagnetic coupling 

character; the temperature derivative of the magnetizations, dMJdT, is nega- 

tive in whole temperature range. The curves of M. - T for Er2FelSSi2Cy and 

Gd2Fei5SizCy have a P-type fmimagnetic coupling character because d Ms/d T>O 
at 1ow temperatures and d Ms/dT<O at high temperatutes. 



Figure 5.13: The temperature dependence of the magnetization of &FeisSi2Cy 
(R=Nd, Sm, Gd and Er). 



According to the two sublattice model, the molecular fields, HF. and BR, acting 
on the Fe and R sublattices respectively is expressed as 

where Ho is the applied field, pFe(T) and pR(T) represent the magnetic moment 
of Fe and R atoms, respectively, at the temperature T. d=NApBp/m converts the 

moment per R2Fe15Si2Cy in p~ to Gauss, where NA is the Avogadro's number, p is 
the density and m is the formula mass . nFde, n ~ d  and n m  represent the molecuiar 
field coefficients t hat describe the Fe-Fe, Fe-R and R-R magnetic interactions, 
respec tively. 

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

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

where the sign f is for ferro- and terri-magnetic coupling, respectively. 
Usually, the coefficients n ~ a  are determined by numerically solving Eqs. (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 Mossbauer spectra and a conversion coeflicient, 150 

kOe/pFe, between the hyperfme field and Fe moment. Then, the temperature 
dependence of the R moments is calculated from (5.19). Finally, the coefficients 
 AB are determined by a least-square fitting to experimental data of the Fe and R 



Table 5.6: The exchange interaction constants of Fe-Fe, Fe-R and R-R for 
R2Fel&CY. 

Er 7.65 6 1512 12.6(6) -0.99(75) 0.42(52) '?.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, pFe-T and pRT, are fitted to find the molecular- 

field coefficients. Consequently, the values obtained shouid be more accurate and 

reiiable. 

The fitted sublattice magnetizations, MFe=1!5pFe and MR=2pR, as well as 

the total magnetization, M., are shown as solid curves in Fig.5.14 (A)-(C) for 
Nd2Fe15Si2Cy, Gd2FeisSi2Cy and Er2FelSSizCy. The fitted molecular-field coeffi- 

cients, nF&, nF& and nRR, are iisted in Table 5.6. For a cornparison with the 

resul ts obtained kom the Curie temperature, the coefficients are converted into 

where ZAB represents the number of neighboring B atoms for a given A atom; 
ZM=lO, ZFcR=5.4, ZRFe=l 9 and ZRR=4. With (5.20)-(5.22) the n ~ d ~  and n ~ &  
calculated by  the two lattice mode1 lead to JFLFs -6.9-7.8 meV, JFJL=-1.6- -2.3 
meV and JRR=0.8-1.0 meV. The negativity of JFeR is expected because of the 
antiparallel coupling of the Fe and R spins in either üght rareearth compounds 

or heavy rare-earth compounds. 



Figure 5.14: The temperature dependences of the calculated and experimental 
magnetizations for &FeisSi3CI, (A) Nd, (B) Gd and (C) Er 
The experimental total magnetizations (O), M,(T), are taken fiom magnetic men- 
surement; the Fe sublattice magnetizationa (O), MFe, are taken from the hyperfine 
fielâs and the R sublattice magnetizations (A), MR, are obtained fkom (5.19). The 
soiid iines are calculated c w e s  with (5.17-5.19). 



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 R2Fe177XSixCy providecl the Si 

concentration is xll. At the same tirne, these carbides R2FelsSi2Cy have a high 
C concentration (~22.5) .  

(2) In the C absorption process at 400-600°C , there exist two phases; one is a G 
poor phase and the other a C-rich phase. With increasing reaction temperature, 
the amount of the C-poor phase deaeases and the amount of the C-rich phase 
increases. The single phase R2Fe15Si2Cy with a saturation C concentration can be 
formed at the reaction temperature of 600-700°C . 

(3) The carbides R2FelSSi2Cy with R=Nd, Sm and Er retain the same crystal 
structures as theh corresponding parents. However, Gd2Fei5SizCy tums into the 
rhombohedral structure from the hexagonal structure of its parent. As compared 
to theh parents, for R2Fe15Si2Cy, the parameter a increases by 2.3-2.7 %, the 
parameter c increases by only 0.2-0.8 % and the ceil volume expands about 4-6 %. 

(4) The Curie temperatures of R2Fe15Si2Cy are 620-650 K. They increase by 
80-130°C as compared to their parents. Based on the Curie temperature and the 
curves of Ms-T, the average exchange integrais in magnitude are calculated to be 
about 48 meV and 0.6-2.3 meV for the Fe-Fe and Fe-R pairs, respectively. 

(5) The carbides R2FelSSi2Cy with R=Nd, Gd and Er have an easy c-plane 
anisotropy at room temperature, the same as their parents. However, the intm- 
duction of C atoms leads to a uniaxial anisotropy for S K ~ ~ F ~ ~ ~ S ~ ~ C , .  

(6) The saturat ion magnetization for the light rare-earth carbides R2Fe15 Si2Cy 
is l e s  than that for their parents. This feature is significantiy difFerent h m  ni- 
trides, for which the magnetization is larger than for their parent. This is a major 
drawback for R2Fe15Si2Cy 

Chapter 5 Appendix 

The ratio of the relative volume, u ~ - ~ ~ / v ~ : ~ ~ ,  between the a-Fe phase and car- 

bide can also be found hom the relative integral intensity, Io-Fe and 12:11, of the 



Table 5.7: (A) The values of R for Sm2FeaCy and (B) the ratio of the relative 
volume, between the a-Fe phase and carbide for Sm2Fe17,SixC,. 

A 
Sm2Feir Cy a-Fe 

hkl 113 300 024 220 303 006 110 
28 37.6 45.3 47.5 52.9 53.5 55.4 57.0 
sin 9/X 0.166 0.197 0.208 0.230 0.232 0.240 0.246 
f ~ e  19.8 19.0 18.6 17.8 17.8 17.5 17.3 
f si 10.7 10.0 9.8 9.5 9.5 9.3 
f~ 45.4 44.3 43.3 42.1 41.9 41.4 
fc 4.1 3.5 3.4 3.2 3.1 3.1 
FMl(F'e,Si) -8.1 205. -241. 453. 788. 652. 34.6 
FM@) 273. 266. -185. 253. 246. 265. 
Fui (c) -12.3 -10.8 30.6 28.8 -9.3 27.9 
F(to tal) 252. 460. -396. 734. 1251. 946. 34.6 
mhkl 12 6 6 6 6 2 12 
LP 4.14 2.74 2.45 1.92 1.87 1.73 1.62 
R (10') 319 348 230 622 880 309 2.327 

(BI 

v ( A ~ )  833 829 823 811 23.6 
Ia-~e/&2:17 0.506 0.1ûû 0.072 0.068 
va- ~ e / v 2 : 1 7  0.468 0.094 0.066 0.061 

x-ray diffraction iines by 

and 
R,= 1 + COS* 20i 

sin2 Bi COS Bi mLi lFLl l2 exp(-zMi (6)) 

where 6 is the Bragg angle, mu1 is the mdtiplicity factor and F ,  is the structure 
factor. The detailed process is given by Table 5.7 (A) and (B). fi is the atomic 
scattering factor of the atom i .  The temperature factor exp(- M(B)) is neglected. 



Chapter 6 

Si C Carbides Sm2Fe17-x Y 
- structures and magnetic prop- 

O erties 

The carbides R2Fe15Si2Cy 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 Sm2Fei7-,Si,$, are reported. 

6.1 Crystal structures 

X-ray diffraction (Fig.S.l)(B) shows thac a11 of the carbides SmaFelr-xSixCy (x=l, 
2 and 3) retain the Th2Zn17 structure, the same as theh parents Sm2Fe17-,Six. 

The crystal structure parameters are Listed in Table 6.1. 
The lattice parameters, a and c, of the carbides SmzFen-&C, as well as 

their ce11 volumes decrease with increasing Si concentration, as shown in Fig.6.1, 

because (1) the radius of Si atoms is srnaller than that of Fe atoms and (2) the 

C concentration decreases with Si substitution. On the other hand, the lattice 

parameters increase and the ce11 volumes expand about 5 %, as compared to their 
corres;>onding parents. 

For SmzFe17-.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 x52 and decreases 

for x=3. It is known that the 18 f site is located on the c-plane and the 6c site 



Table 6.1: Crystal structure parameters for Sm2Felr,SixCy and th& parents. a 
and c are the iattice parameters and V is the ce11 volume. 

is dong the c-axis (see Figure 5.6). The preferential occupation of Si atoms on 
the 18 f site and a small occupancy on the 6c site for x52 (chapter 7.2.4) lead to 
a contraction in the c-plane and have little idluence on the c-axis. On the other 
hand, for x=3, the rapid increase in the occupancies of Si atoms on the 6c site 
leads to an decrease in the lattice c. 

6.2 Curie temperatures 

The intrinsic magnetic properties for Sm2Felr-,Si2Cy and their parents are listed 
in Table 6.2. The Curie temperatures, Tt, the s p e d c  magnetizations, a., and the 
anisotropy fields, Ha, with various Si concentrations are shown in Fig.6.2 (A), (B) 
and (C) , respec tively. 

The Curie temperature for Sm2Feir 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 0th- hand, the Curie temperatures hr Sm2Fe17-xSixCy with x=l, 2 
and 3 are 660, 630 and 595 K, respectively. As compared to the parents, they 
are r a i d  by 170, 100 and 70°C , respectively, as shown in Fig.6.2(A). The Curie 
temperatures, TI, as funetion of the celi volume V, are plotted in Fig.6.3 and lie on 
a straight iine. The Linear relationship between Tf and V has also been discovered 



O 1 2 3 

Si concentration x 

Figure 6.1: Lattice parameters and ce11 volumes for Sm2Fei7,SixCy (circles) and 
t heir parents (squares). 



Si concentration x 

Figure 6.2: (A) Curie temperatmes, Tt, (B) s p d c  magnetizations, us and 
(C) anisotropy fields, Ha, for carbides Sm2Fei7,SixCy (circles) and theh parents 
(squares). The solid and open symbois are for T=300 K and 77 K, respectively. 



Table 6.2: Magnetic properties of Sm2Fe17,Si,C, and their parents. TI is the 
Curie temperat ure, us the s p d c  magnetization, M. the saturation magnetization 
in pB/fu, Hhf the hyperfine field and Ha the anisotmpy field. 

in the series Y2Fe17Cy and Gd2Fe17Cy with various C concentrations (Liu J P et 
al, 1991). 

6.3 Magnetic anisotropy 

Both x-ray diffractograms and Môssbauer spectra of the aligned samples show that 

ali the carbides Sm2Fe17-xSixCy (x=l, 2 and 3) have an easy c-axis anisotropy. As 
an example, the x-ray diffraction pattern and M6ssbauer spectrum for aligned 

sm2Fe1&Cy are shown in Fig.6.4(A) and (B) , respectively. 
The *action intensity of the (O O 6) reflection dramaticdy 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 5th lines and the 3rd plus 4th lines of the Mossbauer spectrum is 
close to zero, which implies an easy c-axis anisotropy. 

In order to determine the magnitude of the anisotropy field, magnetization 

c w e s  with the field applied pardel and perpendicular to the alignment direction 

were obtained, as shown in Fig.6.5 for Sm2Felt-xSixCy. The anisotropy fields, Ha, 
are estirnated by extrapolating b m  the maximum applied field of 18 kOe. The 



Figure 6.3: The dependence of the Curie temperatures on the cell volumes for 
Sm2FeIr-xSixCy. 

anisotropy fields deaease with Si substitutions either at room temperature or at 

T=77 K, as shown in Fig.6.2 (C) . For Sm2Fel&ilCz7 the values of Ha are 95 kOe 
at T=3ûû K and 140 kOe at T=77 K. Of course, these values estimated h m  the 
extrapolation may not be very accurate, since the applied fields are so small as 
compared to the anisotmpy fields. However, we believe that the value of Ha at 

room temperature for SmzFe16SiCy is larger than the 73 kOe for Nd2Fei4B and 80 
kOe for NdTïF'ellNy, but less t h  the 140-230 kOe values for S&kaNy. 

6.4 Magnetkations 

The saturation magnetizations, M,, of Sm2Felr,SixCy 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 pB/f.u. for x=l, 2 and 3 respectively; at T=30 K , the magnetizations 
are 20.7, 18.8 and 17.7 pB/f.u.. As compared to their parents, the saturation 
rnagnetizations at room temperature decrease by 20 %. 







Si concentration x 

Figure 6.6: (A) saturation magnetizations, Ms, (B) hyperfine fields, Hhf,  as well 
as Fe moments, p ~ = ,  and (C) Sm moments, p l ,  for Sm2Fe17-,SixC, (circles) and 
Sm2Felt-xSix (squares). 



The hyperfine fields at room temperature deaease with Si substitutions for 
Sm2Felr-xSixCy; however, they can be considered to be almost constant for Sm2Felr-xSix, 
as shown in Fig.6.6(B). The conversion coefnaent, PF=150f6 kOe/pB, between 
the Fe moment and hyperfiae field has been obtained from the magnetization mea- 
surement and Mossbauer spectra for Y2Fe17, Y2FenHy, Y2FelrNy and YzFelrCy (Qi 
et al, 1992). Based on the conversion coefficient of 150 kOe/pa the Fe moments 
are found to be a constant equal to 1.50(4) p~ for Sm2Fe17,Six. However, for 
Sm2Felr,SixCy, the Fe moments decrease with Si substitution, from 1.57 for 
x=l to 1.31 PB for x=3, as shown in Fig.6.6(B). 

Further, in the case of a collinear couphg between the Fe anci Sm moments, 
the R moments, p h  can be derived from Ms and by 

The results are iisted in Fig.6.6(C). It is very surprising that the Sm moments are 
negative for all the Sm2Fe17-xSixCy carbides. 

The temperature dependences of the total magnetizations, M. (T) , the magne- 
tization of the Fe sublattice, MF.(T) =15pFe(T), and the magnetization of the Sm 
sublattice, M'(T) =2psm(T), for Sm2Fe15SizCy are shown in Fig.6.?(A). The val- 

ues of pFe(T) are hund h m  the hyperfine fields at various temperature, Hhf (T), 
and the conversion coefficient, ,&=150 kOe/pB. The values of psm(T) are ob- 
tained h m  (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 d e r  than that of the Y carbides for the 2:17- 
type and l: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 d e  for R-M (M represents a transition element) 
compounds, viz the magnetic moments of R and M are pardel for the light rare- 
earth compoumls and antiparallel for the heavy r-h compounds. This rule 
is based on h o  facts: (1) an antifmmagnetic coupling between the spins of R 
and M, and (2) an antiparallel and parailel arrangement between the spin and 



Figure 6.7: The temperature dependence of the msgnetizations h r  Sm2FeuSi2Cy. 
0 represent the totai magnetizations, O the Fe sublattice magnetizations, and A 
the R sublattice magnetizations. (A) PF=150 kûe/pB and (B) pF=180 kOe/pB 



Table 6.3: Saturation magnetizations in pB/fu at T4.2 K for the carbides. The 
values in brackets are at room temperature and the values with the superscript * 
are at T=77 K. 

Y Nd Sm Ref. 
R2Fel7Cy 35.8 35.1 34.5 Sun et al, 1992 
RzFeirCy Xl(28.9) 30.1(26.6) Hu andLiu, 1991 
R2Fei7Cy 32.5(27.9) 31.8(29.0) 29.2(26.2) Tang et al, 1992 
RzFei7ci 35.5 40.6 34.0 Zhong et al, 1990 
RTiFeIiCy 20.5(15.5) 20.?(20.2) 18.0(13.0) Hurley and Coey, 1992 
R2FelsSi2Cy 24.8'(22.2) 19.6'(18.8) in present work 
R2Fel&azCy 27.8 26.5 Shen et ai, 1993 
R ~ F ~ ~ ~ G - C ;  24.6 27.5 23.4 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 Sm3+ ion, C I S , = - ~ ~ < L ~  + 2S2>, may be Lower than the free-ion value of 0.85 

(see Table 1.2) and sometirnes 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 crystailine electric field (CEF) potential at the Sm3+ sites. Malik et al 
(1976) have shown that, in the case of a hexagonal CEF, psm takes either a positiw 
or an negative value depending on the combination of the crystal-field coefficients 
Ad and temperature. A calculation for Sm2Fe17Ny 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 Ale is negative, with increasing & , the magnetic moment 
of Sm initially increases and then suddenly becornes negative, i.e. antiparallel to 
the Fe moments. The results calcuiated 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 erystal field parameters, Ad c m  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 Sm2Fe17Ny, the value of Am has 
been found to be in a range between -300 and -600 Kg (Li H S and Cadogan, 



1991; Zhao et al, 1991; Kato et al, 1993) and the value of & to be +200 KG 
(Zhao et al, 1991). As predicted by Milik et al and Yamada et al, for Sm2Fe17Ny, 
the crystal-field coefkient A20 is negative and & is positive; the magnitudes of 
A20 and Ar are 10'-lO' Ka$ If the erystal-field coefncients for Sm2Fe17,SixCy are 
similar to those foi SmzFe17Ny, the antiparallel coup& between the Fe and Sm 
moments is a strong possibiity for Sm2Fe15Si2Cy. 

Some other possibilities were also considered as follows, 
(a) The magnetization of the Fe sublattice can not be expressed as 15/iFe 

because there is an antiparallel arrangement for some Fe sites. However, this 
hypothesis is not supported by experiments. Both Miissbauer spectra with an 

appled field for Y2Fe17Ny (Anagnostou et al, 1994) and neutron diffraction for 
Nd2FeirNy show the pardlel arrangement for al1 Fe sites. 

(b) An incorrect conversion codcient 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/pB. However, if pF=180 kOe/pB 
is used, many incorrect results are obtained. (1) The value of PF significantly de- 

viates h m  the experimental result, 150 kOe/pB (Qi et al, 1992). (2) The value of 
the Sm moment will increase at first and then decrease with increasing tempera- 
t ue ,  as shown in Fig.6.7(B). As an example, the Sm moment is -O at T=77K and 
0.56 ps at T=300 K for Sm2Fe15Si2Cy. (3) A parallel arrangement between the Fe 
and Er moments will occur for T>370°C ; the total magnetization is 15.8 pB/fu, 
the Fe moment is 181/fi=1 and thus the Er moment is +0.4 p~ for T=370°C . 

6.5 Conclusions 

(1) Al1 carbides Sm2Fe17-,SixCy with x=O, 1, 2 and 3 retain the rhombohedral 
structure. 

(2) With increasing Si concentrations, the Curie temperatures of Sm2Fe17-,Si,$, 
decrease from 660 K for x=l to 595 K for x=3; the saturation magnetizations at 
room temperature decrease fmm 92 emufg for x=l to 83 emufg for 0 3 .  

(3) AU the carbides SmzFe~7-xSixCy have a uniaxial anisotropy. The anisotropy 
fields decrease with Si substitutions, from 95 kOe for x=l to 75 kOe for x=3 at 



M.gutic moment of Sm .r a fandion of 4 by M.liL et ai (1996). 

l ' l e  in p a r a a t h  am the vaiiur of A&>/k, A,&<>/* a d  

A&>/k in Keivin, regeecividy. 

Figure 6.8: Magnetic moment of Sm as a hinction of &. 



room temperature and h m  140 kOe for x=l to 90 kOe for x=3 at T=77 K. 
(4) For Sm2Fe17,SixCy, the Sm and Fe magnetic moments may be antiparallel; 

this leads to low saturation magnetizations. 
(5) For Sm2Fe16SiC2.7, 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. 



Chapter 7 

Mossbauer Spectroscopy 

Mossbauer spectra of R2FeloNy and R2FelrCy, have been studied extensively. How- 
ever, only a few papers have been appeared on R2Fe15Si2Cy. In fact, the Mossbauer 

spectra for R2Fe15Si2Cy are significantly dinerent h m  those for R2Fei7Ny and 

R2Fe17Cy. More importantly, Mossbauer spectmscopy 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 Mossbauer spectra 

of R2Fel5Si2CY in an attempt to unravel the magnetic properties of these carbides 

at an atomic level. 

7.1 Analysis of Mossbauer spectra 

Since the quadrupole splitting is much d l e r  than the magnetic hyperfine split- 
ting for al1 samples, a perturbation Hamiltonian was used to analyse the Mossbauer 

spectral data. The parameters obtained for each six-line subspectrum by a least- 

squares fitting pmcedure were the hyperfine field, HW, the quadrupole split ting, 

E, the isomer shift, 6, the line widths and the intensities. The area ratios of the 
six absorption lines in each sextet were constrained to be 3:b:l:l: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 R2Fe&i2Cy were kept the same as those for their 
corresponding parents R2Fe15Si2 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 Mksbauer spectra of R2Fe17N, and 



R2FeiiC,. In the h t  method, Mkbauer spectra are fitted with four subspectra, 

correspondhg to t h  four crystdographicdy inequivalent Fe sites, 6c/4 f ,  9d/6g, 
18 f l12j  and 18h/12k sites (Zouganelis et al, 1991; Zhou et al, 1993). In the 0 t h  
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 comsponding to the 9<1/6g,18 f /12j and 18h/12k sites are divided 
into two components with an area ratio 2:1 because of different angles between 

the electric-field-gradient prinaple rucis and the direction of the hyperfhe field 
and also different hyperfine fields produced by the magnetic dipoles. Then seven 

subspectra are used to fit the M6ssbauer 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 6c/4 f and 18h/12k 

sites have the most and the least numbers of nearest-neighbor Fe atoms (13 and 

g), respectively. Thus the largest and least hyperfine fields are to be associat- 

ed witb the 6c/4f and 18h/12k sites, respectively. Both the 9d/6g and 18f and 
12j sites have ten Fe atoms as their neighbors; howem, the relative numbers 
of site occupancy on the two sites are 3 and 6, respectively. The subspectra for 

9d/6g and 18 f and 12j, therehre, can be disthguished by their subspectral ar- 
eas. To summarize, the magnitudes of the hyperfine fields are in the sequence 

Hh (6~/4f)  >Hhf (9d/6g) >Hhf(18f /12j) > H h f  (18h/12k) 
Mossbauer spectra for RzFel&i2 (R=Y, Nd, Sm, Gd and Er) were fitted by 

four subspectra, which correspond to the four Fe sites, 6c/4f, 9d/6g, 18 f 1123 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 

R2Fe&i2Cy. 
The relative area of the subspectra is about 3/17 for the 9d/6g site in R2Fe15Siz. 

In order to maintain the value for the 9d/6g site, the subspectra of R2Fe15Si2C, 

have to be split into two components. Their area ratios are listed in Table 7.1. 

It is kwwn that the 9d/6g sites have four C atoms as their first nearest- 
neighbours (1st on). Based on the binomial distribution model, the probabilities 



Table 7.1: The area ratios, A(9dl)/A(9&), between two components for the 9d/6g 
site and P(4)/P(3) calculated by the bionomial distribution mode1 

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 0.6130.39 
A(94)/A(9&) 0.58:0.42 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) = crn(1 - c)I-l 

rn! (n - m)! 

where n=4 is the number of adjacent 9e/6h sites around the 9d/6g site and c=y/3 

is the relative carbon concentration. The calcuiated values of P(4)/P(3) are also 

listed in Table 7.1. The consistency between A(9di)/A(9d2) 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 M C atom. The shortest distance between the 

Fe (the 6c site) and C atoms is 4.53 A. Moreover, the 18 f sites are located between 

the 6c sites and 9e sites. As a resuit, the C atoms are screened by Fe atoms on the 

18 f sites and have Little influence on the hyperfine parameters of the 6c sites. For 

the 18 f and 18h sites, there is only one 1st nn C atom and the distances between 

Fe and the 1st na 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 t hat they c m  be neglected. Hence, for most of 

R2FelSSi2C,, there is ody one component for each of the 6c, 18f and 1Bh sites. 
However, based on m y  experience, the M6ssbauer spectrum of samples with 

an easy c-a& ansitmpy, such as the Mkbauer spectra of SmzFe15Si2Cy at room 

temperature and ErzFei5Si2Cy 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 

18 f and 18h sites. In order to obtain a good fit and to maintain the relative area 
of about 6/17 for the 18f and 18h sites, each subspectrum for the hm sites has to 
be split into two components, i.e. 18 fi, 18 f2, 18h1 and 18h2. The area ratios of the 
two components are close to the ratios between the probabilities, obtained h m  



Table 7.2: Mossbauer parameters at room temperature for R2Fe15Si2Cy and 
R2Fe15Si2. Here H h i  is the hyperfine field, E is the quadrupole spütting, 6 the 
isomer shift, A is the relative area of each subspectrum associated with each crys- 
taiiographic site. 

R R2Fe15Si2Cy R2Fe15Si2 
site Hhf 6 6 site H f  ci 6 A 

formula (7-l), 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, Mhsbauer spectra of R2FelsSi2, R2Fe15Si2Cy1 
Sm2FewxSix and Sm2Fe17-xSixC, at room temperature were fitted; the M6ssbauer 
spectra and the fitted curves are showa in Fig.7.1, 7.2, 7.3 and 7.4. The fitted 
hyperfîne parameters are üsted in Tables 7.2 and 7.3. 



Figure 7.1: MGssbauer spectra at room temperature br R2FersSi2 together with 
curves for subspectra obtained by a cornputer fit. 



Figure 7.2: MOssbauer spectra at room temperature for R2FersSizCy together with 
curves for subspectra obtained by a amputer fit. 



Figure 7.3: Môssbauer spectsa of Sm2Fe17-,Si at r o m  temperature, as weii as 
their fitted curves. 



Figure 7.4: Mossbauer spectra of Sm2Felt-,&C, at mom temperature, as weli as 
their fitted c w e s .  



Table 7.3: MEssbauer parameters at room temperatwe for Sm2Fe17-xSix and 
Sm2Fen-xSixCy. Here 6 is the isomer shiR, is the quadruple spütting, Hkf 
is the hyperfine field and A is the subspectral area. 

x site Sm2Fq7-,Si2Cy Sm2Fq7-,Si2 
6 e Hhf 6 e Hhf A 



Figure 7.5: The isomer shift, 6, as a logarithm tunetion of ce11 volumes, in V. 

7.2 Mossbauer spectra for R2(Fe,Si)17 

Mkbauer spectra at room temperature br RzFeisSi2 (R=Y, Nd, Sm, Gd and 
Er) and Sm2Felt-,Si ( x 4 ,  0.5, 1, 2 and 3) together with the fitted subspectra 
are shown in Fig.7.1 and Fig.7.3. The fitted Mtissbauer parameters are listed in 
Tables 7.2 and 7.3. 

7.2.1 Isomer shifts 

The average isomer shifts, 6, as a logarithmic function of the ceil volumes, LnV, 
are plotted in Fig.7.5 and iie on a straight line. 



Based on the Mcssbauer spectra of a-Fe under various pressures, 

et al (1972) gave a relationship between the isomer shift and volume, 

Williamson 

(7-2) 

where IC is a constant. After solving the differential equation, a linear relationship 

between the isomer shifts and ce11 volumes is obtained, 

From the slope of the straight line in Fig.7.5, the value of n is 1.80 mm/s for 

R2FelSSi2, 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, 6, can be expressed as 

where Co and Cl are constants, 1$(0) 10 is the charge density at the Fe nucleus 
for the absorber, R is the radius of the Fe nucleus and 6R is the difFerence of 
the nuclear radius between the first excited state and the ground state. Because 

6R/R is negative for the Fe nucleus, 6 will decrease/increase when (+(O) If increas- 

es/decreases. 
The magnitude of l@(O) 1: 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 RzFe15Siz compounds, the s, p and d 
electrons of the Fe atoms can approxirnately be considered to be constant because 
al1 R ions are trivalent and their f electrons are localized; however, the ce11 vol- 
umes are reduced with increasing atomic number of the rare-earth elements. The 
decrease in the volumes lads to a decrease in isomer shift. 

7.2.2 Quadrupole split tings 

See section 7.3.2. 

7.2.3 Hyperfine fields 

The average hyperfine fields, calculated by weighting their subspectral areas, as 
plot ted against (gR-1) JR for R2Fq5SiZ (R=Y, Nd, Sm, Gd and Er) are shown in 



Fig.7.6. Except for the Y cornpouad, 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, Hhf=HFe+HR. The first tenn 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 transfér field pmduced by the adjacent Fe atoms. The second term is the 

transfer field pmduced by the adjacent R atoms. It is most conveniently expressed 
in terms of RKKY theory where ER is proportional to (gR-1) JR Ci F(2kFri). The 
xi extends mer ail distances ri between the central nucleus considered and the 
R atoms of the lattice. The funaion F(2kFr) is the RKKY function and kF is 
wave number at the Fermi surface. For a given series of isostmctural compounds 

Ci F(2kFr) can be considered to be a constant so that HR is proportional to (gR- 
1) JR. Thus, the average hyperfine field, Hu, can be expressed as a linear function 

of (SR-1) JR* 

Hhf = Hl% + a(gR - 1) 4 3  (7-5) 

By applying the Least-squares method to (7.5), a=10.2 kOe for R2Fe15Si2. The 
value of a is 7.0 kûe for RFellTi (Li Z W, 1992). 

7.2.4 Site occupancies of Fe atoms 

The relative occupancy numbers, Ni, on the 6c/4f ,  9d/6g, 18 f /12j 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 Ni(Fe) and Ni(Si) 
of Fe and Si atoms on the ith site can be estimated by 

Ni (Si) = 1 - Ni(Fe) (7-7) 

where CF, denotes the Fe composition and A, is the area of the ith Mossbauer 
subspectrum. Based on the subspectral areas, A, Listed in Table 7.2 and 7.3, 

Ni(Fe) can be calculated using (7.6); the results are listed in Table 7.4. 
The occupancy fkactions, &(Fe) and Fi(Si) of Fe and Si atoms on the four sites 
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JR 

Figure 7.6: Average hyperfine fields, E h I ,  versus (gR-1) JR fDP R2FeisSiz. 



are given by 

The results are shown in Fig.?.7(A) and (B) for RzFe15Si2 @=Y, Nd, Sm, Gd and 

Er) and Sm2Fe17,Six, respectively. The dotted üne in the figures is for random 
occupancy of the four sites by the Fe and Si atoms. 

It is obvious that, for either &Fel& or Sm2Felt-,Si,, the Si atoms are ex- 

cluded from the 9d/6g site and prefer the 18f/12j site. On the 0th- hand, with 

Si substitutions, the occupancy of the Si atoms on the 18 f site seems to reach 
saturation at a Si concentration of x=2. In contrast, the occupancy fiactions of 
Si atoms are s m d  for the 18h 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 e s t ,  reaches a maximum at x=2 and then decreases. It is known that the 
18f sites lie on the basal plane and the 6c 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 x52, 
the preferential occupation on the 18 f sites and a small occupancy on the 6c sites 
causes an increase in the ratio c/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 dinraction for YzFellSi3 (Lin et al, 1992) has shown that Si atoms 
avoid the 69 site and occupy the ot her three sites almost equally. This implies th& 
a half of the 4f sites are occupied by Si atoms; in other words, Si atoms prefer the 

4 f sites. However, Long et al (l993), based on neutron diffraction for Nd2Fe13S4, 
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. 



Table 7.4: Relative areas A(%) of Mksbauer subspectra and the occupation num- 
bers Ni (Fe) of Fe atoms in each site. The numbers in the parent heses are the fiting 
errors in the last significant digit. 



Figure 7.7: Occupation fractions of Si atoms on each site for (A) R2Fe15Sil and 
(B) Sm2Fe177XSix. The dotted line is foc random occupancy by the Si atoms. 



7.3 Mossbauer spectra of R2(Fe, Si)17Cy 

Mkbauer spectra at room temperature for R2Fe15Si2Cy (R=Nd, Sm, Gd and 

Er) and Sm2Feli,SixCy together 6 t h  fitted subspectra are shown in Fig.7.2 and 
Fig.7.4. The fitted Miissbauer parameters are listed in Tables 7.2 and 7.3. The 

average isomer shifts, the average quadrupole spiittings and the average hyperfiDe 

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 R2Fe15Si2Cy with 

R=Nd, Sm, Gd and Er, respectively. As compared to R2FeI5Si2, 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 h m  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 Sm2Fe17-,Si,$, are as follows. 
First, the relationship between the isomer shift and volume for R2Fe15Si2 is 

given by section 7.2.1, as 

The ce11 volumes expand by 5.6,4.7,3.7 and 2.4 % for Sm2Fe17-xSixCy with x=O, 1, 
2 and 3, respective1y7 as compared to the volume of 792 A3 for Sm2Fe17. Hence, the 

incrernents in the isomer shift, A&, produced by the volume expansion are 0.100, 

0.085, 0.067 and 0.043 mm/s  for the carbides with x=O, 1, 2 and 3, respectively, 
based on (7.10). 

Then, the average isomer shas  are -0.149 and 0.006 mm/s for Sm2Fe17 and 

S~n2Fe~iC~.~,  respectively. After deducting the increment of 0.074 m / 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. 



Figure 7.8: The average isomer shiRs (A), average quadrupole spiittings (B) and 
(C) average hyperfine field. The circles are lor R2FelSSi2C, and the squares are 
for R2FelSSi2. 



Table 7.5: The calculated and experimental isomer shifts for Sm2Fe17-,SixC,. 

Because the C concentrations are 2.7, 2.5 and 2.3, the corresponding increments 

of the isomer shifk, Abc, are 0.092,0.085 and 0.078 mm/s for Sm2E'q.r_xSixCy with 

x=l, 2 and 3, respectively, as compared to their parents. 

Finally, the increments of the isomer shifts for Srn2Fen-.SixC,, as compared to 

their corresponding parents, are given by 

where 6 and bo are the isomer shift for Sm2Fe17-.Si&, and SmzFelr-xSix, re- 

spectively. The resdts are listed in Table 7.5. The values calculated, A@, by 

(7.11) are consistent with the experimentai values, A@'. Therefore, as compared 

to theh corresponding parents, the increase in the isomer shift for the carbides 

Sm2Fe17-xSixCy 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 split tings have a different sign for R2FelS Si2 and R2Fei5 Si2 C,, 
as shown in Fig.?.8(B). The quadrupole spiit tings can give some information on 

the magnetic anisotropy. It is weil known that the quadrupole splitting, c, is re- 

lated to the angle, 8, between the direction of the hyperfine field and the principal 
a i s  of the electric-field gradient (EFG) by the equation 



Figure 7.9: The dependence of the quadrupole splittings on the C concentration, 
y, for SmzFei7-,SiXCy. 

where Q is the nuclear quadrupole moment and q is the component of the EFG 
along the principal axh. When the magnetic moments are either along the c-axïs 

or in the c-plane, the quadrupole splitting will be significantly different in sign 
and/or in magnitude because of the dXerent 0 angles. Quadrupole splittings with 
the opposite sign imply a different type of magnetic anisotropy for R2FelSSiz and 
R2Fe15Si2Cy. This conclusion is &O supported by the x-ray dinraction experiments 
(se chapter 5.5) 

In addition, the average quadrupole splittings are about 0.14-0.25 mm/s  for 
R2FelSSi2Cy, which are 2-3 times larges than those for R2FelSSi2. 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 Sm2Fea-xSixC, series. 
For Sm2Fe17-xSixCy with x-O, 1, 2 and 3 the average quadrupole splittings are 



-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 correspondhg parents. 

The quadrupole splittings, c, as function of the C concentration, are plotted in 

Fig.7.9. The quadruple splittings lie on a straight line; extrapolation to y=O 

yields e=0.056 mm/s. This value is the same order of magnitude as the 0.04-0.06 

mmjs obsenred Tor Sm2Fe17,Six. It foiiows 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 Mossbauer spectral shapes of R2Fe15Si2Cy are greatly different fiom those of 

their parents. One of the sigoificant differences is that for R2Fe15Si2Cy the 1st 

and 6th spectral ünes for the 6c/4 f and 9d/6g sites are separated fiom those for 

the 18f/12j and 18h/12k sites, whereas the lines for the four Fe sites overlap 

for R2Fe15Si2. This implies that the hyperfme fields on the 6c/4f and 9d/6g 

sites increase, whereas the fields on the 18f/12j and 18h/12k sites decrease, as 
compared to R2Fe15Si2. As an example, the hyperfine fields are 310, 255, 190 and 
174 kOe for the 6c, gd, 18 f and 18h sites of Sm2Fe15Si2Cy, respectively. They, 

as compared to Sm2Fe15Si2, increase by 41 and 18 kOe for the 6c and 9d sites, 

respectively, but decrease by 20 and 34 kOe for the 18 f and 18h sites, respectively. 
As a result, the average hyperfine field decreases by -5 % for Sm2Fe15Si2Cy. 

The relative changes of the hyperfine fields on each Fe site for R2Fe15Si2Cy 

are shown in Fig.7.10, where ARhf/zf=(Hhf-zf)/H&, and Hhf and H& are 
the hyperfine fields for R2Fe15Si2Cy and R2Fe15Si2, respectively. Obviously, as 

compared to their parents, the h y p h e  fields of R2Fe15Si2Cy (R=Nd, Sm and Er) 

increase for the 6 4 4  f and 9d/6g sites and deerease for the l8f l l 2 j  and 18A/12k 

sites. For Gd2FelsSi2Cy, the hyperfine fields decrease only by 2.5 and 6.3 % for 6c 
and 9d sites, respectively; however, the fields decrease by about 23 % for 18f and 

18h sites. The average hyperfine fields decrease by 5-17 9% for carbides R2FeisSi2Cy, 

as compared to their parent S. 

This ciifference may be related to the distances between the Fe and C atoms. 

The magnetic moments on each Fe site of Y2Fe17, Y2Fe17Cy and Y2Fel7N, have 

been calculated by Beuerle and Fahnle (1992) as well as Jaswal et al (1991). 



Figure 7.10: The relative change of the hypesiine fields, AHhf/Hhl, for each site 
of R2Fe&i2Cy. 



They have found that the interstitial atoms lead to two opposite effects. One is a 

geometrical ened (volume expansion) that increases the Fe moments; other is the 

hybridization effect of the interstitiai atoms with the neighboring Fe atoms that 

decreases the Fe moments. It is known that the shortest distances between the C 
atoms and the ûc/4 f and 9d/6g sites are 4.53 and 3.29 A, respectively; however, 

the shortest distances of the C atoms to the 18 f /12j 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 hyperhe fields decrease for the 18fj12j and 18h/12k 

sites. 

In addition, there evists a similar result for F'e-C martemite; the 1st nn Fe 
atoms aromd 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 
cr-Fe, respectively (Moriya et al, 1968). 

It is known that the hyperfine field on each Fe site is larger for R2FelrNy 

than for R2Fet7 (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 dec t .  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 mode1 of the electron density 

at the Wigner-Seitz ce11 boundary. The charge density parameter nws is 6.86, 5.36 
and 4.10 d.u. for Cl 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 Y2Fe17Cy than that for Y2Fe17Ny. 

The decrease in the hyperfine field hr the 18 f /12j and 18h/12k sites leads to 

a smaller average hyperfhe field (Fe moment) as compared to R2Fe15Siz. This is 

one of the causes of a rather low saturation magnetization in Sm2FeisSi2Cy. 

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 R2Fe15Si2Cy Mossbauer spectra. 



(2) The C atoms lead to an increase in the isomer shifts as compared to the 

parents. This increase c m  be attributed to the volume expansion and the transfer 
of conduction electrons fiom Fe to C. 

(3) The quadrupole splittings for SmzFei77XSixCy show a significant increase 

and a dXerent sign as compared to their parents. This indicates that the C atoms 

lead to a larger EFG around the Fe nuclei and modib the magnetic anisotropy of 
their parents. 

(4) For the carbides, the hyperfine fields on the 6c/4 f and 9d/6g sites increase, 

whereas the fields on the 18 f /12j and 18h/12k sites decrease, as compared to the 
corresponding parents. As a result, the average hyperfine field decseases. 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) Mossbauer spectra show that the Fe and Si atoms are not randomly dis- 
tributed on the four Fe sites in the compounds R2Fe15Si2, SmzFeir-xSix as weli 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. 



Chapter 8 

Spin-Reorient at ion Transit ion for 

For R2FelSSi2Cy the Fe sublattice favours an easy c-plane anisotropy and the F. 
(Sm, Er and Tm) sublattice prefers an easy c-axis anisotropy. The magnetic 
stmcture and the easy-magnetization direction are goverccd the ccmpelitim 
between the Fe and R sublattice anisotropies. The carbide Sm2Fe&i2Cy has an 

easy c-axis anisotropy and the carbides R2FeisSi2Cy (R=Nd and Gd) have an 

easy c-plane anisotropy at both 77 and 300 K. However, Er2Fe15Si2Cy has a spin 

reorientation transition fiom an easy c-plane anisotropy at high temperatures to 

an easy c-axis anisotropy at iow 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 
Mossbauer 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 t here 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 



sample the direction of the Fe magnetic moments can be determined by 

where 0 is the angle between the directions of the hyperfine field and the yray 
propagation and the angle factor, b, is the area ratio behveen the 2nd plus the 

5th and the 3rd plus 4th lines. This method has been used to study the spin 
reorientation transition for Nd2Fe14B (Onodera,lW) and RFellTi (Hu B P et al, 
1989a). However, the formula is valid only under the bllowing conditions. (1) The 

sample must be fuiiy aligned; this is very dificult to do experimentaily. (2) The 
sample must have an easy c-axis anisotropy when aiigned at room temperature. 

Unfort unately, the carbide Er2FelSSi2 Cy has an easy c-plane aniso tropy at room 
temperature. Formula (8.1) , therefore, cannot be used. 

A sample, such as R2Fe17, was ground into very fine particles t hat are considered 
to be single crystals. An aligned sample was prepared by mMng 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 (1001, [Il01 or [O101 direction in a zero field. 

In order to get a general formula between the direction of the hyperfine field 
(magnetization) and the angle factor, 6, for an aiigned sample, a coordinate system 
is selected, as shown in Fig.8.1. Let the directions of both the applied field and 
the yray propagation be along the Zaxis. For a fully aligned sample, the normal 
to the c-plane, n, is perpendicular to the z-axis. For a non-fdly aligned sample, 
the normal deviates by a small angle, E, Le. the angle between the n and the Z 
awis is 5-<. The probability distribution of 5 is assumed to be Gaussian, viz 

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



Figure 8.1: Schematic diagram for the direct ions of 7-ray propagation, magneti- 
zation and aystd axes. 

where represents the dative absorption area of the i and the j line and P is 
an angle between the direction of the hyperfine field (or magnetic moment) and 
the y-ray propagation. 

When spin reorientation occurs the magnetic moments on the [100], [Il01 and 
[O101 directions will be rotated an angle, 8, toward the direction [Ol] (c-axis) 

in the (lm), (110) and (010) planes, respectively. The angles, Bi, i-1, 2 and 3, 
between the 7-ray propagation (Z ai9s) and the magnetic moments on the (100), 
(110) and (010) planes are related to the angles of B and E by 

On substituting the expressions h r  cosBi in (8.4) into (8.3) and using the 
approximations, sin2 N c2 and cos2 E .- i - t2 for smdl E, the angle h t o r ,  b, can 
be written as 



- 4(2 - [sin2 û + Ka sin 20 + K* (2 - 3 sin2 e)]) - 
2 + [sin2@ +s&sin28 + d ( 2  - 3sin28)] 

(895) 

Hence, the angle 0 can be found by solving Eq.(8.5) if the values of r; and b are 

known. 
When the moments are in the c-plane, the angle 0=7r/2. Rom (8.5), b is given 

and the value of K is 

b + 4  

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

Hence, the value of b is equal to 413 when the moments are in the c-plane (6=r /2)  
and is equal to 4 when the moments are dong the c-axis (8=0) 

Mossbauer spectra for aligned Er2Fe15Si2C, 

Mossbauer spectra of Er2FelSSi2Cy were fitted using five or seven subspectra. Be- 
low 90 K, each subspectrum for the 69, 12j and 12k sites was split into two 

components. Thus, seven subspectra are used to f i t  a M6ssbauer 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:Ll:l: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 Er2FelSSi2Cy fiam 77 to 300 K and their fitted cuves 

are shown in Fig.8.2. The average quadrupole splittings and spectrum shifts are 
calculated by weighting the subspectral areas. The Miissbauer parameters at 77 
K and 300 K are Listed in Table 8.1. 
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Figure 8.2: Môssbauer spectra in 77-300 K for aligned ErzFe15Si2Cy toget her with 
curves for subspectra obtaineâ by a cornputer fit. 



Table 8.1: M6ssbauer parameters for Er2Fe15Si2. Here Hhf is the hyperfine field, a 
is the quadrupole splitting, 6 the isomer shïf't. 

Sites Hnf (kOe) e (mm/s) 6 (mm/s) b 
4f 268(3) 0.02(2) -OM(2) 1.40(8) 

The Mossbauer spectrum at 77 K has two significant diffaences 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 spiittings 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, 12,5/13,4, are 3.52 and 1.40 at 77 and 300 K, 
respectively. These results imply that a spin-reoiientation transition has occured 
in Er2Fe15Si2Cy. 

8.2.1 Hyperfine fields 

The temperature dependences of the hyperfine fields for the four Fe sites are shown 

in Fig.8.3. Wit h decreasing temperatures an inaease in the hyperfiae fields oc- 

c m  in 90-100 K; The increase is abnomal for the 4f and 6g sites. The hyperfine 
fields at T=77 K are 324 and 279 kOe for the 4f and 6g sites, respectively. They 

increase by 20 and 21 kOe as compared to 304 and 258 kOe, the corresponding 

hyperfine fields at T=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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Figure 8.3: Dependences of hyperfioe fields, R h t ,  on temperatures 



8.2.2 Quadrupole splittings and spectrum shifts 

The temperature dependences of the average quadrupole splittings, <e>, and the 

average spectnim shifts, <6>, are shown in Fig.8.4(A) and (B), respectively. 
The average quadrupole splittings are almos t constant wi thin the experimental 

errors, O.lO(*l) mm/s, nom 300 K to 120 K. However, they rapidly deuease and 

even change their sign, fkom 0.13 mm/s at 120 K to -0.19 mm/s at 77 K. Be- 
cause the quadrupole spiitting 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 comesponding to <€>=O is 90 
K. 

The spectrum shifts relative to a-Fe at room temperature inaease with decreas- 

ing temperature. This is consistent with the second-order Doppler shiR. However, 

the shifts have an anomalous decrease in the 100-77 K temperature range. 

8.2.3 Angle factor, b=Aa,5/As4 

The angle factors of the Mossbauer spectra, b = A2s/A5a, in the temperature 
range of 300 to 77 K are shown in Fig.8.4(C). They are almost constant kom 300 

K to 100 K and rapidly increase below T=100 K. For a M y  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 différence between the 
experimental and the theoretical value is attributed to some misaligrnent of the 

particles. Based on (8.7) the standard deviation of the Gaussian distribution (8.2) 

is calculated to be n=1.78. On substituthg the values of K and b into (8.5) and 
solving this equation one fin& the angles, 8, of the Fe magnetic moments relative 

to the c-axis. The results are shown in Fig.8.5. Because 8 -10" at 77 and 80 
K, within experimental error, the Fe magnetic moments can be considered to be 
rotated into the c-axis nom the c-plane. 
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Figure 8.4: (A) the average quadrupole splittings, a, (B) the average 
shifts, 6, and (C) the angle factors, ~ P = A ~ / & , ~  hr T=77-300 K. 
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Figure 8.5: Dependence of angles, 6, between the Fe magnetic moments and the 
c-8wis on the temperatures. The solid line is caldateci &om the theoretical model. 



8.3 Theoretical calculation 

The anisotropy energy, E,, can be expressed as 

where 0 and q5 are the polar angles for the magnetization vector relative to the 

c-axis, and the KiFe and KiPR are the anisotropy constants for the Fe and R 
sublattices, respectively. For the Fe sublattice, the first term, KIEel usudy dom- 

inates. For the R lattice, the relationships between Kia and B,, are obtained 

from (Lindgard and 

K1.R = 

K2,R = 

K3,R = 

&.R = 

where < 0- > are 

Danielsen, 1975) 

thermal averages of the Stevens operators. The crystal field 

parameters can be expressed as 

where On is the nth-order Stevens factor, <rn> the expectation value of the 4f 

radius and Anm the cryst al 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) Bnm is the average of 

Bnm(2b) and Bnm(2d) for the 2b and 2d sites. Now the Harniltonian for Er ions 
at T=OK can be written as 

where HR=-dnRFeMFe is the molecular field acting on the Er ions, /AR =-gJpBJR 
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, MF,=15~Fe, are derived 

from the average hyperfhe field of Er1FelSSi2Cy and the proportionality coefficient 



Table 8.2: Crystal parameters, A-, for Er2FeisSizCz.s (in unit of Ka;"). 

of 150 kOe/ps between and Hhj. In addition, the values of Klse are taken 

from Li H-S and Cadogan (1992). 
The second term is the crystal field interaction. For hexagonal symrnetry, the 

B20020, BaOM, BBOOBO and BsOss terms must be taken into account. The eigen- 
values Ei and the corresponding eigenvectors, [i >, are calculated by diagonalising 

the 15 x 15 ma& of (8.15). The thermal average values, < O,, >, can be obtained 

where ZR is the partition function. 
By using iteration a set of B,, and n ~ .  were varied to fit the experimental 

values B(T) by minirnizing the anisotropy energy E, (8.9). The best fitted results 

The crystal field coefiicients &m as obtained h m  fitted Bnm values are iisted in 
Table 8.2. Obviously, the seconda der cryst al field parame ter, Am, de termines the 
sign and magnitude of the Er sublattice anisotropy. The value of Aa, -180.6 KG* 
is smailer than the -290 and -400 KG* obtained h m  the "Er Mossbauer spectra 
for ErzFeliC and ErzFetrNy, respectively (Gubbens et al, 1991). However, it is 
known that the value of Am obtained from rare-earth Mossbauer spectra depends 
on the S terheimer antishielding factor and the screening constant used; t hese are 

difficult to determine experimentally. The fitted molecular field coefficient, ~ R F , ,  



is 930, which is consistent with 990 obtained fiom the temperature dependence of 

the magnetization for ErzFeisSi2 (see section 5.7). 

At a certain temperature, the anisotropy energies, E,, as a function of the 8 
angles, c m  be calculated by substituting (8.17) and (8.10-8.13) into (8.9). The 
results at Td.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 @=O0, 51' and go0, 
respectively. On the other hand, for a given temperature, the 0 angle is found by 

solving the equation 

The calculated O'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. 

Conclusion 

Based on the angle factors of the Mossbaues spectrum, a new method to find the 

angles between the direction of the Fe moments and the c-axis for a non-fully 

aiigned sample with an easy c-axis anisotropy at room temperature is proposed 

and is used to determine the spin reorientation temperature. 

Miissbauer spectroscopy shows that the spin reorientation transition for Er2Fe15Si2 C, 
occurs at 90-100 K. At the transition temperature, the angle factors, the hyperfme 

fields and the quadrupole splittings of the Mossbauer spectra change suddenly. 
The crystal field coefncients, A,, have been obtained by fitting the experi- 

meatal data for the û angles. The value of Am is -181 K q n .  
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F igw 8.6: The anisotropy energies, E., as a function of the angles, 8, at T=4.2, 
90 and 200 K. 



Chapter 9 

Negat ive Exchange Interaction 
Theory and Curie Temperatures 

When nonmagnetic atoms replace Fe in binary Fe-M alloys (M is a metallic el- 
men t  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 R2Fe17 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, l993a). For Al- or Ga-substituted 2: 17-type compounds, the source is usually 
at tributed to a lattice expansion. However, for Si-substituted 2: 17 compounds, 
although the Curie temperatures increase, the ce11 volumes decrease. This surpris- 
ing property has attracted much attention. In addition, when N or C is introduced 
interstitially into the lattice of R2Fe17 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 Mossbauer spectra for Sm2FeI7 and Sm2Fe17Ny 

Mossbauer spectra and computer fitted subspectra for Sm2Fe17 and Sm2Fe17Ny 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 6c, 9d, 18f and 18h sites are 11.9 : 17.9 : 35.7 : 
34.5 = 2.0 : 3.0 : 6.1 : 5.9 for Sm2Fe17 and 10.7 : 17.8 : 35.7 : 35.8 = 1.8 : 3.0 : 



6.1 : 6.1 for Sm2Fe17Ny. 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 

Hij(6c) >Hhf(9d) > E h  (18f )>Hhf (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 Sm2Fe17 and 
Sm2Fe17Ny, 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 h m  77 K to the Curie temperatures; however, they have dif- 
ferent signs because of the different types of magnetic anisotropy for SmzFe17 and 

Sm2Fe17Ny. 

The dependences of the hyperfine fields on temperature are shown in Fig.9.5 

(A) and (B) for SmzFelr and Sm2FelrNy, respectively. With increasing tempera- 
t ure, the hyperfine fields decrease at dülerent rates for four Fe sites. For Sm2Fe17 

the hyperfine fields decrease most rapidly for the 9d site and most slowly for the 

18h site. At T=77 K the first lines of the subspectra for the 6c and 9d sites are 
separated from those for the 18f and 18h sites; however, at T=3ûûK these lines 

overlap. For Sm2Fe17Ny 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 Môssbauer spectra of Sm2Fe17Ny 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 Sm2Fe17Ny, as shown in 
Fig.9.4(B). 

For non-interacting part icles wit h uniaxial aanistropy, the superparamagnetic 
relaxation tirne, 7,  is given by 

where TO is of the order of 10-1°-10-l2 s, V is the volume of the particles and K is 
the magnetic anisotropy constant. When T is close to the nuclear Lauor precession 
time, TL (- 10Jl S) , Mossbauer spectrum for a magnetic sample is the overlap of 
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Figure 9.1: Miissbauer spectra of Sm2Felt in a temperature range of 77 K to 430 
K, as well as the curves h r  the subspectra obtained by a cornputer fitting. 
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Figure 9.2: M6ssbauer spectra of SmzFei7Ny in a temperature range of 77 K to 
700 K, as well as fitted subspectnun curves. 
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Figure 9.3: The dependences of (A) the average spectrum shift, 6, and (B) the 
average quadrupole splitting, e, on the temperature. The open circles are for 
Sm2Fe17 and the solid circles ate for Sm2Fe17Ny. 

Figure 9.4: (A) Miwsbauer spectra at mom temperature with zero and 2 kOe field. 
(B) Isomer shift for the doublet and sextet spectra. 



a sextet aad a singlet or doublet. Based on (9.1) with ~=10-' s, K=lo7 J/m3 
and T=700 K, the volume is estimated to be 4.5 x IO-* m3 and the correspondhg 

estimated size of the particles is 1.7x10-~ m or 17 A. 

9.2 Mean-field t heory 

For an R-Fe compound the R-R exchange interactions can usually be neglected. 

Based on the mean-field theory, the Heisenberg Hamiltonian c m  be written as 

where J'AB is the exchange integral between the ith A atom and the jth B atom, 

S i  is the spin operator of the ith A atom, and esFe> and <SR> are given by 

where y=-(gR-1)/gR, gFc=2 and gR=2/7 for the Sm ion. 
In SmzFelt 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) al1 exchange integrals between the Fe and R atoms are assumed 
to be the same, GeR= and (3) the magnitude of the exchange integrais, 

are related to the distances of the Fe-F'e pairs, i.e. the integral for the Fe-Fe pairs 

is the same if th& distances are equal or very close. 

Mer substituting (9.3) and (9.4) into (W), the Heisenberg Harniltonians are 

given by 

B atoms for a given A atom. 



The mean-field, Hm, acting the ith Fe site is defined as 

Hm is selected to be along the z-axis and thus the Fe moment is aügned dong the 

direction of Hm. Eq.(9.5) can be rewritten as 

The eigenvalue of XFeY Em is given by 

where rn=-S, -(SI), ... S-1, S. 
The thermodynamic properties of a system can be obtained h m  the partition 

function, 

ZR = 

- - 

The Fe moment is given by (9.3) and the thermal average for the operator SFe can 

be calculated based on 

Hence, 

This summation is easily obtained from BZ/BHm (9.11). The result is 

where ~ = g ~ l r ~ S H ~ / k ~ T  and A is the Brillouin function, 



In a similar way, fiom the Hamiltonians 'HgC and îlR 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 5 4 1 2  for Sm, respectively, 

When a conversion cofficient, &, between the Fe moment and the hyperfine 

field is used, (9.16) gives 

9.3 Exchange Integrals 

Based on (9.18) and (9.17), the exchange integrals, GeFe, of the Fe-Fe pairs can 
be found. First of dl,  the numbers of adjacent atoms, zzeFe and FieR, and their 
interatomic distances are listed Table 9.1. Because no exact determination of the 

parameters of the atomic positions could be found for Sm2Fe17 and Sm2Fe17Ny in 

the literature, the atomic positions (Jaswal et al, 1991) for Nd2Feir and Nd2Fe17Ny 

were used instead to calculate the interatomic distances. However, the lattice 

parameters for Sm2Fe17 and Sm2Fe17Ny were used. 

Secondly, the conversion coefficient PF is 150 kOe/pB, H$O) are taken as 
HLf (77K) and pR(0) as 1.6~~. The values of JRFI(= JFcR)=l.O and 0.6 meV are 

taken fiom Table 5.4 for Sm2Fe17 and Sm2Fe17Ny, respectively. The values of pR( Y') 
are found from (9.17). 

Finaily, a non-linear least-squares method is appüed to (9.18), where the ex- 

change interals, @,=, are the fitted parameters. By iteration a set of optimum 

exchange integrais is found that make the mean square deviation between the 

calculated and experimentai values of Hhf(T) a minimum. The fitted results are 

listed in Table 9.2. By substituting the fitted Gge into (9.18), the hyperfine fields 
for each Fe site as a function of temperature are calculated; the results are shown 



Table 9.1: The interatomic distances (in A) and the numbers of adjacent atoms 
for each site. 

Sm2Fe17 
Site ôc 9d 18 f 18h R 

Sm2Fe17Ny 
Site 6c 9d 18f 18h 
6c 
9d 
18 f 

18h 

2.427~1 2.674~3 2.760~6 2.620~3 
2.674~2 2.473~4 2.469~4 
2.760~2 2.473~2 2 .479~2 2.583~2 

2.724~2 
2.620~1 2.469~2 2 .583~2 2.650~2 

Z.?% x 2 



Table 9.2: The fitted exchange integrals, JFeFe, and the interatomic distances, d .  

Sm2Fe17 
FeFe pair 6c-6~ W18f 18f-18f 18h-18h 18f-18h h l 8 h  18f-18h 6c-18f 

Sm2Fe17N, 
FeFe pair 6c-6c M l 8  f ,9&l8h 18 f-l8h 6c-18h 18h-18h 6c-9d 18 f-18h 6c-18 f 

18f-18 f 
d (A) 2.427 2.469-2.479 2.583 2.620 2.650 2.674 2.724 2.760 

by the solid cuves of Fig.9.5(A) and (B). The calculated cuves agree well with 

the experimental data for both Sm2Felr and Sm2Fe17Ny. 

The exchange integrals, $&, as a functioa of the distances of the Fe-Fe pairs, 

are plotted in Fig.9.6. The two sets of data (for Sm2FeiiNy and Sm2Fe17Ny) lie 

very well on the same c w e ;  it is very similar to the famous Bethe-Slater curve. 

This implies that the signs and magnitudes of the exchange integrals are mainly 
determllied by the distances of the Fe-Fe pairs for both SmzFeir and Sm2FeliNy. 

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 t hen decrease. 

For Sm2Fe17, 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 18h 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. 



Temperaturc Ot() Tcmperaturc (K) 

Figure 9.5: The dependences of the hyperfine fields, Hhf, on the temperature for 
each Fe site in (A) SrnzFe17 and (B) Sm2FeliNy. The solid lines are the calculated 
CUÇVeS. 



Figue 9.6: The exchange integrais, JF&=, as a function of the distances between 
the Fe-Fe pairs. The open &des are for Sm2Fe17 and the solid circles are for 
Sm2FeirN,. 



The exchange integrais for Sm2Fe17N, are dinerent in two significant ways as 

compared to Sm2Felt. First, the exchange integrals are elevated to 354.2 meV 

fiom J=-17.3 meV for the 6c-6c sites and second, the negative exchange interac- 
tion is turned into a positive one for the 9d-18 f site. Consequently, wit h increasing 

temperature the h y p h e  fields decrease most rapidly for the 6c site; more im- 
portantly, the Curie temperatures are greatly elevated for SrnaFe&. 

Tf for nitrides and carbides 

Based on the cornpetition between the positive and negative exchange interactions, 

a mode1 is now proposed to predict the Curie temperatures of the Y-Fe compounds 

as well as their nitrides and carbides. First of ali, the dependence of the exchange 

integrals on the distance between the Fe-Fe pairs is simpüfied 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 8s J+=4.74 meV on the average 

and the negative exchange integral is taken as J.=9.92 meV. Finaily, for Y-Fe 

compounds, mean field t heory gives the Curie temperat ures as 

where Z+ and 2- 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 h t  term in (9.19), 

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 aimost the same for ail the compounds involved. 



Table 9.3: The Curie temperatures caiculated for some Y-Fe compounds and 
nitrides and carbides. (J+=4.74 meV and J-=-9.92 meV.) 

2- ~ F = - F =  (A) T+ (K) T- (K) Tjlil (K) (K) 
y2Fe17 10 1.53 2.56 733 -346 387 324 

YzFeirN, 10 0.12 2.60 733 -27 706 694 
Y2Fq7C, 10 0.12 2.60 733 -27 706 660 

The second term, 

is the contribution of the negative interactions to the Curie temperature. This 
term is significantly dinerent 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 h m  (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 &Fe, compounds. How- 

ever, for Y2Fe17, YFellTi, Y2Fe14B 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, theV Curie temperatures are signifi- 
cantly dinerent, from 324 K for Y2Fe17 to about 7ûû K for Y2Fe17Ny and Y2Fe17Cy. 

The source is a large dinerence in the magnitude of the negatiw interactions for 
these compounds. 

For Y2Fen, 2-=1.53 and T-=O346 K, however, for Y2FeirNy and Y2FeliCy, 

2-=0.12 and T-=-27 K. Thus the contribution that the negative interaction makes 



is decreased by 320 OC in magnitude for Y2Fe17Ny and Y2Fe17Cy as compared 

to Y2Fell. Consquently, the Curie temperatures of Y2Fe17Ny and Y2FelrCy are 

enormously elevated. Similar conclusions also apply for YFellTi and its nitride 

and carbide. 

In addition, the Curie temperatures for Y2Fe17, YFellTi, YaFetlB as weli 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-, üsted 

in Table 9.3. The calcuiated Curie temperatures, agree weii 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 R2Fe14B, R2Fe17, R2Fe17Cy and R2FellNy, as 

shown in the inset of Fig.9.7. Obviously, this dependence is very weak. However, 

the Curie ternperatures, as a function of 2-12, are plotted in Fig.9.7 and Lie on 
a straight line. This shows that the Curie temperature is strongly related to the 
relative nurnber of the Fe-Fe pairs with negative interactions. To can be defined as 

the Curie temperature if no negative interaction were present. Rom 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. Rom the slope, J- - J+ are derived 

to be -16.8(34) meV; thus, J- is equd to -12.0(25) meV. The values of J+ and J- 
are very consistent with those obtained h m  the mean-field theory. 

9.5 Tf for Si substituted 2:17-type compounds 

9.5.1 R2Fe15Sia 

The Curie temperatures of R2FeisSi2 (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 





Table 9.4: The Curie temperatures caiculated with a=0.016 and To=733 K for 
R2Fe15Si2 (R=Y, Nd, Sm, Gd, Er). 

This value of TR-Fc (with the superscript) is deduced from the Curie temperatures of Er2Feu 
and Lu2Fqr; the eorresponding Tjd  U aho marked with the superscript. 

where T0=733 K is the Curie temperature of Y2Fei7 if no negative exchange inter- 

actions are present, x is the Si concentration and n is a coefnuent. In addition, 

the contribution of the R-Fe interaction on the Curie temperat uns, TRqe,  should 

be considered. Hence, for R2FelsSiz, the Curie temperatures, TF, are given by 

where the value of a is taken as 0.016 for Si (Li Z W et al, 1995) and the values 
of TR-Fe are obtained fiom the Curie temperature of R2Fe17 minus that of Y2Fe17. 

The values of Z- are derived fimm the areas of the Mossbauer subspectra, viz 

where Ni and Fi(Fe) are the occupation n u b e r  and the fraction of Fe atoms 

for the ith site, respectively, which have been defined in section 7.2.4; 2,- 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 Er2Fe17,Six, a negative value of is unreasonable. However, if the 
value of TFe-R is derived from the Curie temperatures of Er2Fe17 and Lu2Fe17 (268 



Table 9.5: The Curie temperatures calculated with a=0.016 and To=733 K for 
R2Fe17-,Si,. 

K), one obtains TFc-~=37 K and q = 4 7 8  78, which agree very well with the ex- 

perimental value of 490 K. It has been shown that the dependences of the Curie 

temperatures on fl (G=(g - 1)2 J(J + 1)) can be divided into two branches for 

R2Fe14B; one branch takes the Y compound as the starting point for the light 

rare-eart h compounds, the ot her takes the Lu compound for the heavy rare-earth 

compounds (Fig.9 in Herbst, 1991). Therefore, it is reasonable to obtain the value 

of b m  the Curie temperatures of ErzFe17 and LuzFei7. 

9.5.2 SmzFei7,Six 

The Curie temperatures of SmzFei7-xSix (x=O, 0.5, 1, 2 and 3) have been calcu- 

lated on the basis of (9.23) with To=?33 K, a=0.016, TF.-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 h s t ,  reach a 
maximum at x=2, and t hen decrease with Si substitutions. 

Mossbauer spectra at room temperature for R2Fe14Ga2 together with fitted sub- 
spectra are shown in Fig.9.8. The fit ted subspectral areas are listed in Table 9.6. 
Fe atoms preferentially occupy the 9d and 18h site, whereas Ga atoms plus va- 



Table 9.6: Relative areas A(%) of M6ssbauer subspectra and the occupation num- 
ber Ni (Fe) of Fe atoms on each site for for R2Fe14Ga2. 

Table 9.7: The Curie temperatures calculated with a=0.032 and T0=733 K for 
RnFe14Gaz. 

cancies occupy the 18 f and 6c sites. This occupancy trends to elevate the Curie 
temperature, the same as the occupancy of the Fe and Si atoms in R2Fe15Si2. 

The Curie temperatures of RzFe14GaZ are calcdated from (9.23), where T0=733 

K, a is taken as 0.032 based on the literature for Fe-Ga alloys with low Ga concen- 

tration (MassaUri, 1986) and 2- is obtained fiom (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 Sm2Fe17 and Sm2Fe17Ny, 

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 



Figure 9.8: M6ssbauer spectra at room temperature hr R2Fei4Ga2 togethar with 
fitted subspectra. 



show that there are positive and negative exchange interactions for Sm2Fe17 and 
Sm2FelrNy. When the interatomic distance is smalier 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 Sm2Fe17, the 6c-6c and the 9d-18 f pairs have negative exchange interac- 
tions. This leads to a rather low Curie temperature for &Fel7. For Sm2FelrNy, 
the negative exchange interaction between the 6c-6c pairs is weakened and that 
between the 9d-18 f pairs is shifted to a positive interaction. Hence, the Curie 
temperatures are significantly elevated. 

When Si atoms replace Fe in R2Fe17, Si atoms prefer the 18f /12j and 6c/4f 
sites which leads to a decrease in the negative interactions. Consequently, the 
Curie temperatures increase. 

Based on a mode1 that considers the cornpetition between the positive and 
negative exchange interactions the Curie temperatures for some Y-Fe compounds 
and their nitrides and carbides as well as Sm2Fe17-,Si,, R2FelsSiz and R2Fe14Ga2 
compounds have been calculated. The results are very consistent with the exper- 
iment al 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. 



Chapter 10 

Conclusions 

(1) The rare-earth iron nitrides and carbides, R2FelrNY and R2Fe17C, made 

by a gas-phase reaction have attracted much attention because of their excellent 

intriosic magnetic properties. However, these nitrides and carbides have a major 

drawback, namely their chemical or structural instability at high temperat ures. 
They will completely decompose into a-Fe and RN(RC). Because of this drawback, 

it is difncult 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 fiom 500°C to 700°C for the carbides and prevent the decom- 

position of the carbides into a-Fe and RC. The carbides R2Fe15Si2Cy with R=Nd, 

Gd and Er and Sm2Felt-xSixCy with x=l, 2 and 3 have ben prepared by heating 
fine-particle powders of their corresponding parents in CI& for 2 h at 700°C in- 

stead of the usuai 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 diEr action shows t hat the compounds R2FelsSi2 and Sm2Feli-xSixCy 

have the rhombohedral structure for the Light rare-earth compounds and the 

hexagonal structure for the heavy rare-earths. The carbides R2FelsSi2C,, and 
R2Fe17-Si$, ret ain the same structure as t heir corresponding parents, except 

for Gd2Fe15Si2Cy which turns into the rhombohedral structure from the hexagonal 
structure. As compared to their parents, for R2Fe15Si2Cy, the lattice parameter a 

increases by 2.3-2.7 %, the parameter c only increases by 0.2-0.8 %, and the ce11 
volumes expand about 4.8-5.7 %. 



(3) The Curie temperatures are 496, 571 and 490 K for R2FelsSi2 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 Sm2Fe17 is rather low, oniy 410 K. With Si substitution, the Curie 
temperatures increase at first, reach a m-um 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=l, 2 and 3, respectively. They are raised by 170, 100 
and 70°C , respectively, as compared to their correspondhg 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 caiculated from the Curie temperat ures are 

JFSe=4.O (3) meV and JFa =O. 6 (2 )  meV for R2 Fei5 Si2 C, and JFGe=3. 1 ( 2 )  meV 
and JM=1.0(3) meV for the parents. As compared to their parents, JFLFc for the 

carbides increases by about 30 %, whereas JFa 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 ter- 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 Sm2Fei7, the 6c-6c and 9d-18 f pairs have 
negative interactions. This leads to a rather low Curie temperature for R2Fe17. 

For Sm2Fe17Ny the negative integrals between the 6c-ôc pairs is weakened and that 
between the 9d-18 f is shifted to a positive value. Hence, the Curie temperature is 
significant ly elevat ed. 



When Si atoms replace Fe in R2Fe17, Miissbauer spectra show that Si atoms 

prefer the 18 f /12j and ûc/4 f 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 calcdated for Y2Fe17N,, Y2Fe17Cy, YTiFellNy, 

YTiFellCy, R2Fel&i2 with R=Nd,Gd and Er, Sm2Fe17-xSix with x 4 ,  0.5, 1, 2 and 
3 and R2Fel4G4 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 difkaction lines and the ratio of intensities between the 2nd plus 5th 

and the 3rd plus 4th lines of the M6ssbauer spectrum show that RaFelsSi2 (R=Y, 
Nd, Sm, Gd and Er) and R2FelSSi2Cy (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 c w e s  with the field applied parallel and 

perpendicuiar to the alignment direction, the anisotropy fields, Ha, are estimated 

to be larges than 140 kOe and 95 kOe at T=77 K and Tt300 K, respectively, for 

Sm2FelsSiCy. In addition, the anisotropy fields of Sm2Fe17,SixCy decrease with 
increasing Si concentrations. 

Mossbauer spectra of an aligned sample show that Er2Fe15Si2Cy has an easy 

c-plane anisotropy at room temperat ure, whereas it has an easy c-axis aniso t ropy 
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 h e s  undergo an abrupt change in the interval T=90-100 

K. This implies t hat a spin-orientation transition h m  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, Am=-180 KG is obtained. 

(6) The saturation magnetizations at room temperature are 22.4, 18.8, 13.5 
and 15.8 pB/f.u. for R2FersSi2Cy with R=Nd, Sm, Gd and Er, respectively. These 

values are smaller than 25.4, 24.0, 14.0 and 17.6 pB/f.u. for their corresponding 



parents. Mossbauer spectra show that the average hyperfine fields are smaller for 

the carbides than for the parents. By usuig the conversion coefncient, &=150 

kOe/pB, between the h y p h e  field and the Fe moment, the Fe moments, p ~ ~ ,  

are hund to be about 1.3-1.4 h r  R2Fe15SizCy, and 1.41.6 fbr the parents. 

Mksbauer spectra further show that for R2Fe15Si2Cy the hyperfine fields on the 
6c/4 f and 9d/6g sites increase, whereas the fields on the 18 f / t 2 j  and 18h/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. Howem, the shortest distances to 

the 18 f /12j and 18h/12k sites are only about 1.86 and 1.95 A, respectively. The 

short bonds on the 18f /12j and 18hIlZk 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 correspondhg smaller 
Fe moments of the carbides. 

(7) The saturation magne tiza tions are almos t the same for SmzFelsSiz and 

NdzFe15Si2. However, the magnetization is significantly smailer for Sm2FelSSi2Cy 

than for NdzFe15Si2Cy 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 NdzFelsSi2 or its carbide; the 

Sm moments are positive for Sm2Feit-,Six, 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 Sm2Felr-xSi,Cy. This is 
a major drawbadc for the carbides Sm2Felt-,Si&. 

(8) For Sm2FelsSiCy, the Curie temperature is 660 K and the anisotropy field at 

room temperature is larger than 95 kOe; both are superior to those for Nd2FelrB. 
The saturation magnetization at room temperature is only 20.7 pB/f.u.. Fur- 
ther work includes two directions: (1) inaease the saturation magnetization of 

Sm2 Feli-xSixCy and (2) make Sm2Fe17-&CY into a sintered anisotropic perma- 
nent magnet using two methods. One, the powders of Sm2Fey-xSixCy after align- 

ing and shaping are sintered at about 700°C . Two, the sintered anisotropic mag- 
nets Sm2Fe1f-,Si, are carbonized in CI& at 700°C . 
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