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ABSTRACT

The calcﬁlation of the electric field gradient at
four sites in each of six alkali halide crystals, KCl, KBr,
KI, RbCl, RbBr, and RbI, is performed on the basis of a
model of thé surface given by Benson, Freeman, and Dempsey.
These four sites correépond to the sites that positive and
negative ions would take if they were placed on or in
the surface. The Mossbauer quadrupole splitting of 1129,.
assumed to be at the negative ion sites on the surface, is
then estimated. | |

 The surface modelvdescribes the distortion at the

surface in terms of four parameters. These are the dis-
plaCements of thé‘pésitive and negafive ions from their
bulk configurations and the dipole moments which are induce&
'in.these_iOns. The model'aésumes that the displacements
and induced dipolé moments are perpendicular to thé surface
of the crystal. |

The results show that because of the indeterminacy in
the‘Sternheimer antishielding factors for surface ions the
quadfupole splitting (which is small but measureable) cannot
presently be used as a test of the surface model. However,
given accurate Sternheimer factors, consideration of the
potassium halides may be able to supply such a test since
plots of the electric field gradient versus the lattice

constant with and without considering the surface distortion

- have markedly different slopes at the positive ion sites




both in the surface of the crystal and on the surface of

the crystal., Also the electric field gradient at the
positive ion site in the surface of the KI crystal changes
sign because of the distortion. If the direction of the'
electric field gradient could be determined experimentally,
this would also serve as a test of the surface mbdel,

independent of the Sternheimer factor.
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CHAPTER ONE

INTRODUGTION

~.With the improvement of experimental techniquesllit is
how possible to produce'cléan and planar crystal surfaces
and hence theoretical discussion of surface experimental
»data is now feasible. The Mossbauer effect holds promise
of being a useful tool in the study of surfaces because of
the sharply defined energy of the gamma réy.' This iﬁQ
vestigation estimates the electric field gradient at the
surfaces of alkali halide crystals and the_quadrupole’
ysﬁlitting of the Mossbauer line due to atomé on these
.surfaces, In order fo perform such a calculation it is

- necessary to conslder the configuration of thé‘surfooéo
iatoms. It is expected that the surface and bulk con;b
Wflgupatlons of the atoms will differ because of the
.1mbalance ‘of forces at the surface. A model of the surface

proposed by Benson, Freeman and Dempseyg'which describes

~the distortion in terms of four parameters, the dlsplacements

?of the positive and negative ions and the dipole moments
induced in these jons, is used in the calculations. Then
- by calculating the electric field gradient at the atomic
'sitesiit.is possible to get the electric field grédient
at the nuclear sites by“intrdaucing a Sternheimer anti-
shleldlng factor which glves the contrlbutlon of. the:

electronlc charge distrlbutlon of the Mossbauer atoms- to. -

the electric field gradient. Hence @he splitping,of,the
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levelé of the Mossbauer nuclei due to the interaction
between the nuclear gquadrupole moment and the electric
field gradient at the nucleaf site can be estimated.

A discussion of the general thedfy of the Mossbauer
effect and the differences in this effect between surface
and bulk ions,is given in chapter II. This chapter also

contains a detailed description of the crystal surface

model used, Chapter III contains a discussion of the electric

field gradient at atomic and nuclear sites. A section on
.the Sternheimer éntishielding factors 1is élso,contained in
this éhaptér. Chapter'IV'containsvfhé results of the |
caleulation of the électric field gradient at four sites
in each:éf six aikali halide‘crystals and an estimate of

129_at a

‘the quadrupole spiitting»of the spectra for.I
negative ion siie-dn and in the surface of these crystals.‘
The‘feasibiiity of.experiﬁéntaliy testing the model of a

érYstal:surface is discussed on the basis of our,detailed-

results.
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CHAPTER TWO

THE MOSSBAUER EFFECT AND ALKALI HALIDE SURFACES
2.1 INTRODUCTION TO THE MOSSBAUER EFFECT

To understand thg_Mossbauer effect one must first
consider the emission of a gamma ray by a free nucleus.

When such a gamma ray is given off, in order to conserve

—
momentum, the nucleus will recoil with momentum — P
-and recoil energy : / ﬁ§/z B

(1)

BN 2
where F = the momentum of the emitted gamma ray and
'vrqéwﬁhe mass 6f the nucleus after the gamma ray is given off,
.Thus if e is the energy transition of the nudleus, then

the energy E of the gamma réy is E* - R. However; if the
nucleus under consideration is bound in the crystal one of
fhfee possibilities can arise. These possibilities'ére:4A

- (1) the free atom recoil energy could be large compared
" t0. the binding energy of the atom in the crystal and con=-
sequently the atom would be dislodged from its atomic-site.
This»étom can then be'ﬁfeéted as a free aton,

(2) the free atom recoil energy could be less than the
displacemént energy but greater than the maximum phonon energy
" required to raise the lattice to an excited state,(phonén
energy). In this casé-ihé atom usually dissipates its energy
by raising the latticé»ﬁo an excited state containing many
phondns.

. (3) the free atom recoil energy could be -less than the

maximum phonon energy -of -the crystal. 1In these last 2:cases the
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Mossbauer effect may arise. The probability, however, of
it occuring is much greater in case (3).

The recoil energy of a bound nucleus is absorbed by
the crystal When a gamma ray is emitted of'absorbed. This
energy may be absorbed partially in the form of translational
energy and partially in the form of internal energy. The
translational energy is negligible. This can be seen from
the requirement of conservation of momentum ‘ M,;/A = -}5\
where M = the mass of the crjstal.

V = the recoil velocity of the crystal
and 1§=-nmmentum of the recoiling nucleus.
Since M, is much greater than the mass M of the nucleus,

V| will be much smaller than the recoil velocity of the

. &
nucleus, and hence the translational energy, irﬂ.y' , Will be

‘negligible from & ., .,* _ L P = 4 E" ] *
2V =R T e e

The recoil energy absorbed in the form of internal.energy is
received, however, by a quantized system and’hence'eﬁergy
can be absorbed only. in discrete amounts., In particular
there‘exists a-finite-probaﬁility that no recoill enérgyvis
lost to the crystal vibrations when a gamma ray is emitted
(or absorbed). As a fesult the gémma ray whiéh‘is emitted
(or absorbed) has energy E=E™and the 'pa.rt of the gamma ray
Spectrumﬂwhich cqrrespOnds tovsuch a gamma ray is the zero-

phonon line, This is known as the Mossbauer effect. It
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- should be noted that momentum is still transferred to the
lattice in those events where no recoil energy is transferred
to:the lattice vibrations., But this momentum is taken up by
the crystal as a whole and consequently the corresponding = &
translational velocmty is negligible corresponding to the
previously mentioned negligible: translational energy.

Only a fraction of the»gamma'rays which‘&re'emittéd-by”
nuclei-bound in a crystal are emitted without recoil eﬁergy
logs. This fact.is elucidated in a sum rule which has\been' ‘‘‘‘‘
derived by Lipkin.5' This gum rﬁle.states that the avgrége
energy transfefredvto the lattice pér eveﬁt_is equal to the

energy the nucleus would receive if it Wére;free to recoil,

- The mathematical statement is

é(E -E.) P(L: >1_,;)': =_TR | ()

| where E4-the energy of the final state of the crystal

E = the energy of the initial state of the crystal
‘and FD(Lf:—§l_4>=the'pnobability of the erystsl going from
its initial state L; to its final state L+ . It can be
Seen that this sum rule is consistent with energy conservation. =
Note that thg_Mbssbauer'transitions,.thét is transitions |
which transfgr'no enefgy to thé lattice vibratidns'(ZQro
phonon transitions) do not contribute to thits sum since
ELW=E+‘.‘ Thus if»there exists an appréciable ﬁrobability

for energy transfers which are greater than ‘the free atom

recoil’ energy R, there will also be an appreciable probability
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for Zero energy transfer to the lattice vibratious. Tha t is,
if (E_F‘E,_-) >R for a large number of transitions, then con-

sidering these cases alone

= (E,-E.)P(L:~ L) >R i
| £

Hence for equation (2) vto hold E, must equal E, for an
appreciable number of transitions. As an illustration? of
this conSid.er ‘the special case of a nucleus, in a highly
localized potential wéll, Whi.ch has ohly one '»‘possibie' ‘bound
excifed state. Thus if the energy transfer is greater than
R, say. E;’E;‘E Rthen from (2),P(L;—> L;) = %.This' means that
the proba:b.ility of recoilless transitions must be -é- from
the requir;ement which is used in the derivation of this
rule, ‘that é P(L.— L_f_) =

The lmportance of the Mossbauer effect lies in the line
vgi.‘dths whlch are agsocliated with the‘ emitted gamma ray.
The'ée line wi-d-ths are equal to the natural (inherent) line
widths, The inherent width of the gamma ray is given by the
pr!ecifaioin, with which its energy is defined by the properties
of the n}icléuﬁ-. ‘I'hét i’S», the width arises from the finite
tbir_h.e ‘that -.th'é, nucleus spends in the “excited state. The
‘I‘mcertainty p:‘c'inciplef pertaining to energy and time relates
the Wid.th‘ M of the nuclear state (which a,i‘s-é appears as the

line width of the gamma ray) to the mean life ‘of the nuclear

. 60
" state, These quantltie_s are rela‘ted by &M= Lor M= __'_qt

- where T:/:_= the half 1ife of the ntic.lear state. Thus a
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typical T%Lof the order of 10-7 seconds corresponds to a line
width of the order of 10“9 ev. This is much smaller than the
recoil energy 1§ssvwhich is of the order of 10~7 ev., Since
the width df the Mossbauer line is less than the energies of
interaction of the‘nuclear magnetic aipolé and electric
quadrupole moments with the surrounding electronic dis-
tribution, it is in principle possibie to Study these
interactions*by‘using the Mossbauer'effect¢ 

In order to detect thezzero—phoﬁon_iinqs‘it is necessary
to sweep the zero-phonon emissioh and absorption lines over
one ano ther by means of a Doppler shift That is, a relative
velocity is 1mparted between the source and absorber, botb
of which contain Mossbauer atoms. . Suppose the source 13
moved with velocity v and the absorber is maintained at
rest in the lab system. This will “esult in a Doppler shift

of the emission 11ne by an amount
AE = (%) E SR
ST c;> r (3)

where ¢C = the veloclty of light.

A . derivation of this equation for the Doppler shift of the
energy is given in appendix I, This shift of the emission
line results in a reduction in the amount of nuclear
resgnance absorpt§Qn due to less overlapiof-the;emission
and absorption‘linés (see fig. 1). When the intensity of
radiation at the detector which is placéd behind the’

absorber is plotted as a function of the velocity of the
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FIGURE 1 OVERLAP'OF EMfSSION.AND ABSORPTION LINES .
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source we get the Mossbauer spectrum (fig. 2). This pictgre
of the emission and absorption lines consisting of very
narrow lines holds only if'all the emission and absorption
processes occur without recoil energy loss, However,’inban
ordinary crystal only a certain fraction f of the gamma
‘rays are emitted or absorbed without recoil and conséquently
the line structures are as shown in fig. 32 The part of the
spectrum called the pﬁonon wing corresponds to emissioh of
. a gamma ray accompanied by lattice excitation while the
éharp lihe at E corresponds to the recoil free transitions.,
The zeroc-phonon line with which we are concerned in |
" the Mossbauer effect is often split, broadened, and shifted
as a result of environment and thermal effects. First,“iﬁé
pfesence of a magnetic field will produce a splitting of
the nuclear levels due to the ihteraction of this field with
the magnétic dipole moment of the nucleus. Consequently a
splitting of the zero=-phonon line will result, |

Second, the nucleus is surrounded and penetrated by a

- ecloud of electronic charge. Thé nucleus interacts with

this charge distribution and ﬁhe energy of inﬁeraction
reéults in a shift of the energy levels of the nucleus,
characteristic of the electronic environment, known as the
iéomer'shift; This pfoduces a shift in positioﬁ of the
zero=-phonon liné of the spectrum.,

| Third, if the Mossbauer nucleus possesses a gquadrupole

moment and the symmetry of the crystal is not too high so
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N FIGURE 3 GAMMA SPmCTRUM OF ATOMS

EXHIBITING THE MOSSBAUER EFFECT |
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that there is an electric field gradient at the nuclear

site, there will be an interaction between the quadrupole

moment of the nucleus and the electric field gradient. This

wili result in a splitting of the nuclear levels and hence
a splitting of the zero-phonon line.

Fourth, thermal effects also produce a change in the
zero=-phonon émissibn and absorption linés. It has.been‘

o that the Doppler broadening does not have an effect

shown
'on the width of the zero-phonon line., However, the second
order Doppler effect does shift this line by®

AE = £ (1)

c®.

:Where E = the gamma ray energy -

<\/z>=the mean square velocity of'ﬁhe emitting nucleus
and € = the #éiocify of iight. |

If the Mossbauer atoms of a crystal are in different

environments they will experience diffepent electric and
magnetic fiéids';ﬁd différént electronié-distributions
resulting in different interaction energies between these
and the nucleus. This results_in’differeﬁt shifts and
splittingé,of the Mossbauer 1ines forlétpms in different
environments. ~ |

A consequence of the splitting and shifting of the

- zero-phonon line is that the Mossbauer spectrum may contain

a variety of features. 'AS a simple illustration consider

the Doppler sweeping of an emission liﬁevwhich is split
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i ﬂover’an abscrptibn iine;which is 1ikewise split. If each
oflthese’iines-hes just two components the resulting
spectrum will have 4tpeaks. Hence as the'multiplic;;y of
splitting increases the number of peaks in the Mosgsbauer |
~ spectrum will increase but . not necessarlly in a one- to-one
correspondence w1th the nuclear levels.

2.2 SURFACE MOSSBAUER STUDIES

The appllcatlon of the Mossbauer effect to the study
,of surfaCes is in pr1n01ple stralghtforward but is ex-
perimentally very dlfflcult 7  Since the Mossbauer effect
‘is sen51t1ve to the sirength and direction of the lattice
blndlng forces, theyelectric_apdimagnetic fields, and the
denéity of electrons at the nucleUsAit[ehOQld'be possibleqif
to get information‘about these quanfifies-for surface atoms
_ by comparlng the Mos;bauer spectra for surface atoms,pg¥

_w1th those for atoms 1n well-understood bulk configuratlons.k

Before considering how the above quantltiee affect thef'J':

Mo ssbauer Spectrum;'con31der some of'the dlfferencesfin thec
: Mossbauer effect between surface and bulk atoms.

The fraction of the gamma rays whlch are emitted

,* without recoil is given in general by

feool<ilap (s BT >l 5)
where _j = the wave vector of the emitted‘gamma ray
zf=-the position vector of the decaying nucleus

‘and A = the initial (and final) state of the nucleus.
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~In the harmonic approx1mat10n this becomes

f = ,w/a( LAl (ER)T IA>) M/’(z&</¢y >) ~(6)~"‘

where <J¢Y 2 =the thermal mean  sguare dlsplacement of the
emitting nucleus along the direction of emission of the
lgamma ray. Thus if we consider atoms which are in the bulk
of the erystal (atom A), on the surface of’the'crystal |
(atom B), and in the surface'eflthe crystal (atom C), it is
: feasily:seen that  for each of these atoms will be different.
Consider figure 4., For atom,A;vthe-binding parallel'andf
perpendieular to the surface should be of the same strength
in an isotropic’crystal; hehce'<4/;F>and £ should be the-samejj{
these directions. However, for dtoms B and C which are at B
the surface, £ will have dlfferent values parallel and
perpendicular to the surface. For atom B <‘h'> will be?
larger in’avdirection parallel to the surface if the'atomv
is bound more tlghtly in a directlon into the crystal than
~along the surface of the crystal. This will result in -F
being larger in a direction perpendicular to the surface
than parallel to the surface. Atom C, on the other hand,
is bound on 3 sides by other atoms. Hence it~would:be
b\:expected that <A5,>out of the crystal is largest and. hence f
: w111 have 1ts smallest value perpendlcular to the surface
'of_the crystal. ~The strength»andfdirection of the_blnding
of the atoms in the erystal will thue have an effect on

<.Myl> and hence will affect f. Also the strength and




FIGURE 4 'THREE LOCA I‘IONS OF ATOMS IN A
CRYSTAL UNDERGOING A MOSSBAUER

TRANSITION.
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direction of the binding will affect the mean square
velocity of the atoms and hence will affect the second
order Doppler shift which is given by equation (4).

As mentioned previously a magnetic field will interact

with the nuclear dipole moment resulting in a shift of the

nuclear levels. Thus by considering the Mossbauer spectra

of‘the:surface atoms it;Should be possible to'study,the
‘magnetic*field at the surface. #n electric fie}d in;a‘
c}yStal wiil‘distort the electfonic charge distribution
bof the atoms. Thus thrcugh a study of isomer shifts the
electriclfield_at the "surface of the crystal may be found.
- Associated with the electric field at the surface ofvthe
crystal may be an electric field gradient. The interaction
" between this electric field gradient and theknuciear

' quadrupole moment w111 also result in a splitting of the
energy 1eve1s of the nucleus. As in the_case of the
electric field, the electrlc~field gradiect'may be zéro
inside a crystal of high symmetry (cubic cryStal) but due
to the break in symmetry at the surface and the dlstortlon
of the lattice at the surface a non-zero value for the
field may occur there., This investlgatlon is concerned
7w1th ‘the electric fleld gradientat the surface of 1onlc
crystals and with its 1nteraction Wlth the quadrupole

wmoments of Mossbauer atoms on these surfaces.’

o Although theoretically surface Mossbauer studles can~"

give useful information about crystal surfaces there are‘ﬂ
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- many experimental difficultioé which must be overCOme.'
First of all;‘the‘surféces'undér considerétion:must be
clean and planarlsihce it is diffioult enough to interpret
experimental‘results without the added complioationSOf |
impurity atoms and non-planar surfaceé. Such 1nhomogeneous
surroundings would result in dlfferent contributions to |
the isomeric shifts and linehsplittlng from different
Mossbauer atoms oﬁ.théVSurface. Since theymoésbauer

spec trum is»formed from the accomulated contributions of,f
alik§he Mossbauer atomsAin'the sample the spectrom would
be broadened and smeérgdvand hence would yield very little
information about the surface. | |

Godw1n9

has been able to produce relatlvely clean
surfaces by ultra high vacuum techniques. A high vacuum
is essentual since“aﬁ"éwvacuum of 107 mm of mercury a

: moﬁoiéyeriofigas (iﬁpu%ity) eanyoe deposited on a surface
in less than a few séc5ﬁ6§‘and hehce'the,timéjaﬁailéﬁie
for the experimentviéﬁvéfy short. waévor,'at'pfeséofes
of ],O"9 mm of mercury more than 15 minutesvié required‘
for the deposition of aAmonolayer‘of impuriﬁy gas., Godwin
used presshres asflow‘as io-lo mmoof mercury in his |
experiments., Iﬁ'Shouldvbe noted that the attairment and
kmeasuremenﬁyof such high'vaouums is by no means trivial.
During the course of the experiment the temperature of
the surfaoe'should be held will Beiow room temperature;

~otherwise some of the radiocactive Mossbauer atoms will
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diffuse to cracks or imperfections in the crystal forming
islands. lthe radiocactive atoms which are at these sites

~will be in a different environment than the other atoms

deposited on the crystal surface. Another difficult aspect
of these surface experiments is the deposition of the
radioaétive material on the surface in less than a mono-

layer. This difficulty was overcome by Godwin., A further

difficulty which arises experimentally is chemical in

nature. It has been found that when Fe+*+ is placed on
silica, silica-alumina, and alumina surfaces the Same;
Mossbauer spectra result.lo This is believed to be due to
the fact that the spectra actually arises from finely

divided iron oxide.rather than:isolatelee+++ on the surface.
Thus it can be seen that although Mossbauer studies of
sﬁrfaces hold pfomise.of giving valuable information‘about
the surfacqs great difficulties arise in the actual

performing of the experiment.r

2.3 MODEL OF THE CRYSTAL

At the surface of a crystal the symmetry which is
present in the bulk of the crystal is broken. Also it is
assumed that the surface atoms are disglaced'from~their

regular,lattice,sites and dipole moments are induced in

these atoms. To formulate a model of this distortion
imégine g surfaée created in a érystal without distorting
the lattice structure and then allow the surface atoms to

relax. Such a model of the distortion of the lattice at
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" the surface, calculated by Benson, Freeman, and Dempseyji;is
used in this investigation. (A more regstrictive model,

which considers the distortion to be confined to the firvst

2 layers of the crystal, while the present model considers

the diétortion in the fiPst 5 layers, gave results which

were consistent with those of E, G, McRae-and . .

Co W, Caldwell Jr.lz) The§ considefed a sodium chloride
type crystal where the energy of 1nteraction between two ions

is given by
. . | _s
Wop = Qug— 20 (R e 0e)

o -
d +"Q"J (-'9\"‘.3 ‘ u.s) N;f

- .

_B(N‘;J'H“>(N*J°UJ')NAJ 'F"(IJ‘,' '-/j.f) N:JB (7)

where Ney = the position vector of the 31L ion relative to the
. Th o
< 1on and uLJ-the sum of the Coulomb, dlsper81ve, and

repu131ve terms and has the form

- -6 ~8
U,cJ' e N IUA.‘l 'f/C,'.J Neg = OZJ.Q,‘N»-‘J "J M/O( J"*J/ﬁ)

' ~1
where 0.0 ; Ny =8 Coulomb energy interaction term .

-6
Ce; Mg = a dipole-dipole potential term

-8
C[L‘J‘ iy

= a dipole~quadrupole potential term
andf~kdigﬁp(_ﬁudAp):;q_repulsive,term which comes into effect
as the ions become close together,

The constants C;iaand‘dgi are vgn der Waals constants
whose values have been calculated by ﬂayef.ls. He set up a
power: series in inverse powers of the distance between the ions

to represent the potential inside the.lattice and then with
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- the use of assumed absorption curves for the cerystals was
able %o calculate the van der ¥®aals constantis.

The repulsive constant by can be written as

boy = b Fuj 2P {(/an-,ﬂ_;)//a} = b feibs L..’

where /o and b are em?irieally determined constants

/P44 = the atomic radius
and  fo = the Pauli factors which have values 1.25, 1,
0.75 for++ 4+-, and —— interactions respesctively for all
alkali halides sxcept the lithium halides.lé Sueh a form
for the repulsive eoﬁsta_nt‘ and Pe’;aulsive term were
assumed:® and the constants P and b wors empirically deter=
mined by cam;éariéon of calculations vusing such & potential
o @x;:eriéxental data such as the compres'sibility of salts,

The other terms in the expressiocn for U.; arise from
& eons-idéﬁatian of a dipole in an externsl eleetric field.
The potential energy of a dipole T in an external field E.u.-c
is given by —ﬁE“ . The electric field produced by &
dipole —LT_\' is __gi‘van by ths exgréssicn

8 Wiy e Mgy 0 My
= 3
NL'J' . NA'.A‘

Thus tihefenergy of interaction of the dipole moment of the

1% jon with the electric field produced by the dipole

1

moment of the jﬁ" ion 1s
Y - _ ~3 L - - ‘ [ .
T+ B (p02 7o ;) = "3 i Be) (R W)+ Beo
‘ = 5

N _ N
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Also the field due to the ionic charges is of the form
Lo fba.

thus the energy of interaction between the ions with
N&J
dipole moments }AA and MJ and this field is
o N
‘L&(mq'u,g) -+ 4.,'(/;,‘;4--%-)
: 3 _ 5
NA-J NA:_\'

This accounts for all the terms, up to and including the

(sWQE Touy'= ~Tois)

dipole-dipole terms in the expre851on>for the interaction
between'é ions (equation 7). B | |
In their medel'BenSOn, Freeman, ahd Dempsey (BFD) con-=-
sidered a semi~- infinlte crystal where the sites of a .
regular NaCl -type crystal Were deflned by the vector
-ﬁ—o.(ﬁe + me, +m&,) where (?l,z,_,zs)~ are the unit vectors
of an orthogonal Cartesian system of axes, a is- the distance
between nearest nelghbcurs in the crystal, and (1 m, n) are

a set of integers where

e td ta

-~ ¢ meoo

oL m & oo

Successive layers of the crystal are designated by their
n values.’ Since the lattice deformatlon at the surface is
assumedth'orlglnate because'of‘the'lmbalance of forces at
'thevcrystsl surface»BFD assumed that'the“ions were
displaced only'infa'direcfion perpendicular.tO'the surface
of‘the'crystal. - They also assumed that a dipdle,ﬁomeht was
induced in the surface ions. This distortion was considered

to extend to a distance of 5 atomic layers into the erystal
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beyondbwhich the displacement and dipole.moment parameters
were taken to be zero. The displacements and the induced
dipole moments for positive and hegative ions in the layer
m=xwere given by A3$ Z:-z and uf 'e';'\3 fespectively, where r
refers to ions of charge:tz,respectively. To obtain values
of A3f:andllf 6orresponding to an equilibrium configuration
an expression for the distortionbenergy was mimimizedxwith
respect to these variables. The distortion energy was
defined as the differenée.per ion pair between the energy
of the crystal in an arbitrarj configuration and the energy
in the undistorted configuration. This calculation is
described in detail in their paper.l6 ' |

The data'obtainéd from this calculation‘by BFD was
not foﬁnd to be féliable for,éll crystals, For one thiﬁg
no equilibrium cbnfiguration could be found for thé lithium
' halides and no explanation was offered why this was so.
Furthermdré,’the data which were calculéted for the sodium
halide crystals lead to corrections in the surface energy
of the érystal which were extremely large and physically
unrealistic. The contribution to the suf?ace energy of a

erystal from the nth layer of atoms Ac(n) was given by

ac(m) = Ac(o0) ["MP(—&’M)]

where ¥ is a parameter which is an index of the depth of
penetration of the relaxation in the surface region, That

is, for large ¥ the surface effects (distortions and
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dipole moments) are significant for only a small number of
layers from the surface. Since ¥ is‘small for the sodium

'érystals the approximations used in the calculations for

these crystals may not be valid. First it was assumed that

the distortion of the crystal extended only to the fifth
layer into the crystal. However, the induced dipole
momenté of the ions in the fifth layer of these sodium
halides»arevstillvquite large and the‘displacements of
the ions are of the same order of magnitude as the dis-
plgcement of ions in the first layer of other crystals.
Also the expression for the distortion energy was érrived
at by considefing an expansion of the interaction only up
to and including dipole=-dipole térms. "Again this
approximation‘may‘not be valid because of thevlarge values
of the dipole moments which were thus.calculaﬁed for the
sodium haiides.

Bécause of these.limitationé, we shall consider only
the six crjstals KC1, KBf, KI, RbCl, RbBr and RbI in our

calculations,
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CHAPTER THREE

ELECTRIC FIELD GRADIENTS AT ALKALI HALIDE CRYSTAL SURFACES

3.1 INTERACTION ENERGY BETWEEN A NUCLEUS AND ITS SURRCUNDINGS

The first term in the expression for fhe interaction
energy between a nucleus in é crystal and its surrounding
elecfronic‘charge distribﬁtion is the isémer’shift; ‘This
results in a change ihﬂpdsitiqn of the nuclear levels.l®
The expression which represenﬁs this éhift was derived on
the assumption of a uniform Charge”dénsity and a spherical .
mucleus. When these pestrictions are relaxedfhigher'Ogder
termé‘in‘thé'interactidn”énergy'expression become non-zero,
These térms do not shift the npciear.levels but resuit in‘é
splitting of the levélsQ, To see that this is sé first éonsider
the isomer shift.' The'nucleus is'surrounded'aﬁd penetra#éd
by an electronic charéévdistribﬁtion. The energy of in%eré
action can be’compﬁﬁéd élaséically by considering‘a uniformly
charged'spherical nucleus imbedded in_a s¥electron chafge |
Tc_l_éud. _If'there‘iS'ankeleétric~field present fhe electron”"
charge dénsit? at thehnncléus will change and heﬁce‘there
will‘be an altered Coulbmb_interaction resulting in a'new
bﬁsition of the nuclear level. Thus there is‘gishift’of the
level. To see that a_splitting results when higher order
terms in the interaction energy are considered considér
statibnary perturbation theory. According to this theory

the Hamiltonién describing the system can be expanded as a
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. power series in a parameter X
H = ot H, o ot
where HO=:the unperturbed Hamiltonlan
 H. = the first order perturbation

1
-and szzthe second order perturbation
It is assumed that all the eigenvalﬁes end all the eigenstates
of Ho are known. Also’itAis assumed fhat the energy E can -
1ikewise be expanded as a power series in N . That is
E=E + NE +NE, +
where’E0=etheeenergy of the unperturbedksystem>
- Eq = the first‘ordef correction to the energy
Es = the second‘ordef eorrection to the energy
and E o’ El, E2 are all dlagonal matrlces.
The following procedure 1is the standard first order
degenerate perturbation theory.l9 lWe now arrange the eigen-

values of E so as to bring all the degenerate values

 together., Thus Ej has the form

We'nOW’set up a matrix for Hl with the same basis as that
definlng the matrix E, mark off Hl into the same box form

(Hl need not be zero outside these boxes), and proceed to
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diagonalize these boxes. By diagonalizing the sub matrix

H (n) where

we find its eigenvalues., Thus if thn)wes a 53{3 matrix
there will be 3 eigenvalues (there may still be degeneraries)
and hence the level with say E;=c may be split into 3
1evels.

‘The second non-vanishing term of the electrostatic
intéraction of a nucléus with its surrounding electronic
oharge distribution is ‘the quadrupole oouplingt(resultingxin
a splitting of thellevels) which is ‘the interaction between
the nuclear quadrupole moment and the electric field
gradlent. This eleotric‘fleld gradlent is a 3x3 tensor,

In anvappropriate"co»ordinate system'this fensor nay be
reduced to its diagonal form. That is a co-ordinate system
13 chosen in which there is sufficient symmetry so that

‘¢

cross terms such as ;. are zero where ¢ is the scalar

potential of the surrounding charge dlstrlbution. In such

a co-ordinate system the electric field gradient may be
26 A% : g"cb

specified by 3 components &4}) ég and ‘95

These 3 components are not unrelated since they must satisfy

Laplace's equation in a region of zero charge density.
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That is
dTep TP
L T T ¥ — =0
S4 =y 3
Thus there are only 2 independent'components of the electric

field gradient which are chosenzo to be

7_ k™
AR éfb A} ¢
3 > and N where N = _;&SFETEL— and the components
3 - :
DF
2" .
o |
2 éd}{ \ and hence 04‘"}\%\ _______
ég _

are chosen so that\

In this'sﬁudy»the‘z—axis is chosen to>be perpendicular
to the crystal surface and the x and y axes are chosen to be
perpendicﬁlar to each other and to lie in the surface along
the directions to the nearestVneighboufs}' In such a co-
’6rdinate_systém all thefdbmponents of the electric field
gradient diéappea# except the diagbnal ferms because of
the symmetry in ﬁhé x and y directions. Also since we

assume that there is distortlon of the crystal only in the

I _ O
z direction. — = =L ‘and consequently N= O. Thus the
Sdu* Sy T

only component which need be computed to specify the electric
‘ ey | . .

field gradient is 931
The expression for the interaction energy Eg between
the-qﬁadrupole moment of the nucleus and the electric

field gradlent is given by

0= P2 [5m> I(H,)] @

oL (21-1)
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where Q= the nuclear quadrupole moment
= the total spin quantum number of the nucleus
my = the quantum number of the projection of ﬁhe total
spin in the z direction ‘
ahdﬁéq_= the zz com@oﬂent of the electric field gradient at
the nucleus =(1-¥eo) —33% where VY= the Sternheimer
antishielding féctor‘ihich-will be discussed in the next
. _

section and 2;<,=:the’zz component of the electric field

gréd{ent‘at'atomic sites,

' In appendix II we have derived an'expression for S0
to first order in the small quantities A37\ L

M - —/+3m> , ‘ . g
537 E%-B{ -?}+M - 3+ 52’-”:2

a

+ 3P(A3) 3- 30m _,_35,,,
R:iz4 R™

The tﬁo-parameterS'iﬁvolved in this expfession p and Ag
are the parameterS’introduéed‘by BFD22 to describe the
distortion of the surface atoms’ electronie Qonfiguratibn
and théir displacement respectively. ‘The indﬁced dipole
moment (p)‘is not taken to be a firstjdrder sméll quantity
since its value in.the‘sodium-halideé is of theASame order
of ﬁagnitude as the dipole momentS'encéﬁntereq in free
atoms., Howevef, for the other crystals WhichVWere con-

sidered the induced dipole moments may be taken to be first

g ;




(28)

order small quantities since their values are about an dpder'
of magnitude smaller than the moments induced in the sodium

" halides. For other than the sodium halides succeséive

terms of the series (equation 9) will be as small as or
smaller than the terms which involve both p and (az).
However, for the sodium halides, the terms involving both

p and (Az) may be significant but the calculations for the

sodium halides are not quoted here because it is felt that
the data from BFD for these crystals may be inaccurate (see
the discussion in section 2.3).

3.2 STERNHEIMER ANTISHIELDING-FACTORS

A complication arises in the caiculétidn of the electric
field gradient since there are two contributions to it at
the nucleus of the atom under consideration. These two
contfibutions-arise from the charges on distanﬁ ions and
from electrqns'in incompletely filled shells of ﬁhe atom
itself., | |

Given a model of point dipoie jons as in BFD it 1is
possible to calculate the eléctric field gradiént at the
atomic.sites provided ﬁhe‘crystél‘structure ié known, This
is however, not the electric fileld gradient which acts on

the nucleus, The electric field produced by the ions of

the crystal distort the electronic charge distributioh of
the atom under consideration resultihg in an additional

contribution to the electric field gradient at the nucleus,
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Usually the distortion of the electronic configuration serves
to amplify the electric field gradient due to the distant
charges, As a result a factor (1-Yoo) known as the

Sternheimer antishielding factor is introduced, where Yoo

is usually negative., These antishielding factors were

25-26 .14 hence bear his

first calculated by Sternheimer
name, It can be considered that the quadrupole field of

the nucleus induces & quadrupole moment in the electronic

distribution and the combination of this quadrupole moment
and the nuclear'quadrupole moment interacts with the
electric field gradient. An equivalent way of viewing this
'is to consider that the external electric field distorts the
electronic distribution resulting in an added contribution
to the electric field gradient and it is the combination of
these two contributions to the electric field gradient which
interacts with the quadfupole momeﬁt of the nucleus, Das
and Bersohn®’! have shown that these two ways of iooking at
the interaction are'equivalent,

- The antishielding factors were calculated by Sternheimer

in the following manner., First the perturbed wave functions
of the core electrons were calculated. This was done by

solving Schroedinger'!s equation with an atomic potential and

a perturbation due to the gquadrupole moment of the nucleus,
These perturbed wave functions were calculated for the IS,

IP; 28... ete., closed shells and the quadrupole moment which
is induced in these shells was calculated. Thus by knowing
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the total induced quadrupole moment ih the electronic
distribution it is possible to calculate the antishielding
factors, *he details of such a calculation are given in
reference 24. This procedure corresponds to the first .
method described in the preceding paragraph.

A word of caution should be added here. If we consider
an ion inside a crystal, the éntishielding factors.may not
be those of the free ion. That this could be a large source
of inaccuracy is seen from fhe fact that the antishielding
factors are.critically dependent on the electron distribution
which is liable to chéngé'considerably from the free ion te
the erystalline state.

' -In a r‘éviewarticle,‘Raoz8 suggests that the empiridally
‘calculated antishielding factors for positive ions in alkali
halide crystals are close to the values calculaﬁed for free
ions. However, the two values for the negative ions differ
by factérs.éf 2 or 3. Rao also suggests some empirical
values for‘ﬁhe antishielding factors‘for Ci'; Br~, and I,
which we shall adopt in our estimate of,the'MQSSbauer'

quadrupole splitting.
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CHAPTER FOUR

CALCULATIONS AND RESULTS
4.1 CALCULATION OF THE ELECTRIC FIELD GRADIENT

The energy of lnteraction, EQ,vbetween_the nuclear

quadrupole moment and the electric field gradient is

given by equation 8, with the introduction of the

Sternheimer antlshielding factor

(1 oo) (g;) Q [30»\1_- - I(I+l;> . (10) |

4I(ar-r)

In order to compute the energy of interaction it is
necessary. to compute the electric field gradient at the
surface of the crystal. Because of the particular choice
of axes, which were defined earlier, it is necessary to -
calculate only the zz component of the electric field
gradient, This computation was performed with the'aid_of
the. IBM 1620 computer at the UnlverSity of Manitoba at
four. lattice sites for each of six different crystals.

These. four sites in the crystal correspond to the position

ofiaﬁppsitive or negative ion iniand‘on‘the>surfacé:layef
of ‘atoms. These lattice sites (A, B, C, and D) are
illustrated in figure 5.  These sites are offset from the
positions the ions would occupy in an infinite crystil

since we are considering the surface ions as being diéplace&-

by the amounts calculated by BFD.'?9
‘7.
In order to achieve rapid convergence for érgi the
3 .

summation was carried out by adding the contributions from



FIGURE 5 SITES OF CALCULATION OF ELECTRIC FIELD

GRADIENT
_ __-_:D " first layer out of crystal
FC |

+ A surface layer
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boxes (cubical regions) about the ion in question. This
calculation was taken ouﬁ to five boxes and it was found

that this wés sufficient to give an answer which was accurate
to four significant‘figures. In fact the main contribution
(88% to 98%) to the electric field gradient was due to the
first box of ions over which the summation was performed,
Avprogram for the evaluation of the electric field'gradignt
at a negative ion site in the first layer.of the crystal

and in the firsﬁ layer out of the crystal is given in
appendix III.

The contributions to the electric fleld gradient from
terms depending only on the actual displacement of the ions
and from those dependlng only on the induced dipole
moments in the ions were calculated separatély. The .
displacement parameter contribution was given by

3 (A=) (_ S,,*
__;:*_:—_33—{ 3+ ,_.}
R R

and the induced dipole moment parameter contribution was

given by

Sp (_3+ Sm"}
R0 | R"
The remaining terms of equation 9, except for :;ézfg
357 | R e
,Rfibs

electric field gradient at the surface of an undistorted

+ which gives the contribution to the

-érystal, contain both the displacement parameter Az and

the induced dipole parameter'P. But for the six crystals
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considered these three terms
' o
3plag) {3_ 3om, 35m }
(¥4
R%a R* R
contribute an amount which only affects the third significant

figure.

Table I gives a list of the electric fleld gradient at
the various sites for the six alkali halide crystals, KC1,
KBr, KI, RbCl, RbBr, and RbI. This table also includes

the contribution to the electric field gradient’exclusively
ffﬁm.the displacements of the ions and the induced dipole
moments. The contribution from terms which depend on both
bz and p are not tabulated, but are included in the final
result given in the 1asf column.'

4.2 MOSSBAUER QUADRUPOLE SPLITTING.

Ih'brder to-give_a"measure of>theAquadrupole splitting
it is assumed that,the‘Moésbauer.atom 1129 is placéd on
the surface of the six crystals cbpsidered in this calculation.
The reason for choosing 1129 i3 that it is the only atom ..

from the group K, Rb, Cl1, Br and I which is known to exhibit

a sizeable Mossbauer effeét. It is reasonable to speculate
that the Mossbauer effect may be observed with 1129 since

the fraction of recoilless"gamma rays emitted by it is .23

to ,29°0 compared to abvalﬁesl'of .91 for F957, which exhibits
the most pronounced Mossbauer effect. Consequently existing
detection techniques should suffice in carrying out such

an experiment although there would be severe'problems
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connected with doping the alkali halide surfaces with I'=°,

1129 exhibits the Mossbauer effect with the emission of a

26.8 kev., gamma f*ay.52 In this transition the total spin

' 5 z
quantum number changes from 2 to z . To get an order of
magnitude of the splitting of the Mossbauer line the energy
difference between the two levels with total spin quantum
3 : ' '
m;mb’er % and mp = % and o .is_ calculated. From equation 10

we obtain ‘

' 2P (3
Eq<§>“5@(%>=:0'x”)Q g;‘(ﬁl>

The value of 45 is chosen for(l-&m)ggnd @ is taken to be

2 -24\/ = . .
(—_43 x1c>v<>CL) cm® 34 where e is the electronic charge.

g = Eal§)-Eq(2) = (4922 (L4ax5™) (—L/.sx,o"ﬁ(;_
. 2 - O
3 oree

= 1139 x10 T ﬁff) 2
\oz™

since 'l erg = ,6.245(('0 “,qu-'v

But since the Mossbauer spectrum is formed by.the Doppler

sweep of the emission line over the absorption line the

splitting.is (appendix I)

ar= e 0F | e BE
£ E

where E = the energy of the gamma ray

< =the veloclity of light

and AE =the energy splitting inside the nucleus,
( IO) (l 3 —Lq) . 2
Thus A= \3X%to 7.39 X110 S
26.8 )(lz)a

S
35 Lt
v

_ 19y x0T o
- 33" e : i
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- TABIE I ELECTRIC FIELD GRADIENT

IN UNITS OF 10%3 ESU CHARGE/CM3

cx('zitz% undistorted |displacement| dipole total
in or on contribution| parameter parameter field |
surface contribution| contribution| gradient
RbCl (=) in 1,66 _-.0L -.08 1,52
(<) out -1.92 .13 .29 -1,51
(+) in -1.45 .09 .07 ~1.27
(+) out 2.12 ~.22 -.26 1.67
RbBr (=) in 1.54 -.0L -.10 1.40
(=) out -1.59 .09 .29 -1.22
(#) in -1.17 1 .08 -0,92
(+) out 1.96 -2k ~-.25 1.50
(oL (=) in | 1,80 =.06 o1 | 163
(=) out |  =1.93 A2 31 al.ﬁiAqvwww
(+) in -1,36 .17 .08 ~1.08
(+) out 2.36 -.32 =26 1.82
KBr (=) in 1.80 -.06 -.16 1.59
(=) out =1,75 A1 .36 -1.27
(+) in -1.07 .30 12 -0,61
(+) out 2,47 - 47 -.30 1.74
KI (=) in 1.66 -,12 . -.20 1.4
(=) out ~1,23 .07 .33 -C.21
(+) in ~0,58 6l .18 0.32
(+) out 2.29 -.62 .33 1.3
RbI (=) in 1.37 -0k =13 1.2/,
(=) out =120 .05 W27 -2.87
(+) in -0.79 .24 .10 -0.41
(+) out 1.78 =31 -.2l, 1.25




" PARLE II

MOSSEAUER _QUADRUPOLE SPLITTING

crystal .e%ggfgic quad?UPole\
{location gradient splitting
. on - in units +in
surfape) 1613 esu ch/ciﬂ:sw © mm/sec
RbCl (=) in 1.52 30
(=) oﬁt -1.51' .30'
RoBr (-) in 110 .27
(=) bout ~1.23 o2k
KCL (=) in 1,63 T
(-) out .51 .29
gBr (-) in 1.59 31
(=) out -1.27 .25
KI (=) in 1.b4 .28
(=) out -0,81 | 16
RbI (=) in '.1.'2;,' 21,
(-:) out -O¢é;7 .17
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On this basis tablé II gives the estimated splittings of

the Mossbauer spectrum of I129kwhen it is at negative ion

sites in the first layer of the crystal and in the first

layer out of the crystal. %;E; is known at these sites from S

table I. s
In the future in referring to the different ion sites

at which the electric field gradient is cglculatea the

following notation shall be used. The location referring 5

to a positive ion site in'the'first‘layer of thé crjstal “““

shall be denoted by ®(+) in" and the location of a positive

jon site in the first layer out of the crystal shall be

denoted by "(+) out." A similar notation holds for the

negative ions. | | '

4,3 RESULTS _

| vwFrom table I it ié seen that the‘contributidn tovthe

elect?ic field gradient from the dipole parametersAahd from

the displacement-parametérs have the same sign, but it is’

.opposite to the sign of the undistorted~contribution. :

| Consequently, by takihg the distortion df ﬁhe cfystal

surface into account the absolute value of the electric

field gradient is decreased from the value calculated

assuming that the surface ions are in bulk cqnfigurations.

The correction of the electric field gradient which results

when the distortion associated with the crystal surface is

considered 15'8% to 46%. Purthermore, the electric field

gradient at (~) ion sites is positivé in the surface.
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and negetive out of the surface. In all except one case, KI,
the reverse is true at the (+) ion sites where the electric
field grddlent is negative in the surface and positive out

of the surface. For KI the electric field gradlent at both

sifes is positive, This results from the fact that the
andistorted contribution to the electric field gradient is
negative and small and as a.result the positive contributions

from the displacement and dipole paremeters are large enough

‘to change the sign,of the electric field gradient.

Also it is found thaﬁlfor (-) in and (-)”out sites the
»absolute value of the dipole moment pafemeter contribution
is greater than the.absolute value of the displacement para-
meter contribution by 43% to 80%. Howeﬁer, at the (+)in sites
the dlsplacement contributlon is greater than the dipole con- .
‘tribution by 20% to 72% while at the (+) out sites the dis-
placement parameter contribution is greater in four cases:

.and less in two cases (RbCl and RbBr).
4, 4 DISGUSSION OF RESULTS

A. MOSSBAUER QUADRUPOLE SPLITTING

. The quadrupole spllttings of the ‘Mos sbauer line ‘(+16 to

.32 mm/sec), quoted in table II, are small but still
measureable. However,‘an ‘experiment to measure the

 quadrupcle splitting holds little promise of givingtin-'

formation about the BFD model of the surface®® because of

the indeterminacy of the Sternheimer antishielding factors.

The value used in this calculation was 45.36 This estimatsd

value for bulk atoms is considerably smaller than the
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value of 138 claculated by Sternheimer®7 for the free iodide
ion;v In an actual experimenf:it is not known to what extent
the surface Mossbauer atoms may be considered free for the .
purpose  of estimating thé.S£ernheimer factors, COnsequenﬁly
the Sternheimer factor may bé anyﬁhere'between_45 and 138.
Because of this large indeterminaéy'in the Sternheimer i
factor the distoftioﬁ gorrection to the electric field
gradient is of minor importance'because‘this correction
changes the“electfic field gradient by~8% to 46% while
thebstérhheimer factor is not knoﬁn tbvanywhere_near this
accuracy. | |

Such problems involved with thevindeterminacy of the.
_‘Sternheimér factors_afe nétﬂunique to_MoéSbauef:étudies,
vAny interaction beﬁween an external.diétufbancé;andvthe‘
nucleus of an atom must_Coﬁsider the perthrbation of the
electronic charge»disﬁributibn-of the:atom; Nﬁqlear
quadrupole reanﬁanéé studies must also consider the
’Sternhéimer factors'of,the atbms involvedlin the
investigaﬁign; | | o |

Alsd it may'be specﬁlated that a poéitive~Mosébauer

57 may be substituted into one of the

ion such as F§
élkalivhalide crystais considered in this study., Even if
this were‘possibie'tha splitting wouid probébly notvbé
détectable since the splitﬁihgs‘qudted.in table Ii:would be
reduced by a. factor of 6 or 7.since the Sternheimer factor

of Fed7 1s 7.18.%8
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B. ELECTRIC FIELD GRADIENTS (WITHOUT ANTISHIELDING)

It»wés hoped that a éystematic comparison of the electric
field,gradient'taking into account the distortion of the
crystal and ignoring the distortion would provide a test
of the BFD’model59 of alkali halide surfades..-Consequently
plots of G and G, versus a were made, where G is the electric
field gradient taking into account the distortion of the
crystal, G, 1s the electric fie6ld gradient ignoring the

distortion, and a is the lattice spacing. Values of a were

‘obtained from reference 34. Since Gccé variesifrom.B% to
46% an experimentalltést of the BfD model must be able to
distinguish between differences in trends which arise from
differences in the electric field gradient of less than
oy equal to 46%, The p1ots_6f G vs a and Gg vs a at the (=)
in sites have the same form.' The same is true at the (=) »
oﬁt sites. Howéver, these same two plots for the ion sites
. (+) in and (+) out do show some'differences.

When graphs are drawn of G and Go versus a for the
(=) in, (+) in, and C+) duf sites of the_fubidium halides
it isvfoﬁnd thétvthé electric field gradiént variés linearly
'With’a and both lines havé abprokimatély'the same slope.
For the (-) out sites, the electric field gradient of the
rubidium halides is close but not quite linear in a, On
‘the other hahd for the potassium halides the electric

field gradient does not vary linearly with a except for the

Ligrari”




(42)

with a but the slope in the two cases is differenﬁ (graph I).
Also at the (+) out sites, although G and Go are not linear
with a, least squares 1inés-of G versus a and Go versus a
would show a distinct change in slope (graph II). Such a
change in slope of these least squares lines‘does not show
up when the (=) in ahd (=) out sites are cbnsidered. Thus
it may be possible to tést the distortion correction
calculated on the basis of the BFD model bj measuring the
-electric field gradiént.at positive ion sites in or on the
surface of'rubidium‘halides, plottingAthe result against 
&, 4nd comparing the slbpe'of the line through these points

to the slopes of the iinés in graph I or ITI.
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CHAPTER V
CONCLUSIONS

The effect of lattice distortion, displacements and
induced dipole moments in the surface ions as calculated = =7
by EFD, on the Mossbauer quadrupole splitting at the surface
is probably not as large as the effect the surface has on

1329 4re known

the Stefnheimer factors which for
tdkrange from approxiﬁatély 45 for ions in the'bﬁlkidf
the{erystél_to 138 for free ions. .Thﬁs probably no
effective tést.of the BFb mode140 of alkali halide surfaces
éan'be expected from Moésbauer quadrupole splitting
xnéasurements, although the splitting for spectra from I12°9
at (=) in and (-) out sites ~would be of a measursable
magnitude. What would be . required would be that the
Sternheimer factors for the various 31tes in the surface

be known accurately w1th1n limits less than the distortion

correction to the electric field gradient so that this

distortion~correction would be clearly distlnguishablevin

electric field gradient measurements. The same remarks
apply to nuclear quadrupole reasonance investigétions
and to Mossbauér nuclides other than 1129 which might be

used as subétitutional probes of the alkali halide surface.

* In principle, given éccufatanternheimer factors, it
would be possible to tést the BFD model of the ¢rystal
surface by consideringzthe electric field gradient'(éfg)

at "(+) in"™ and "(+) out" sites in KCl, KBr, and KI.
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Since there is a distinct change in slope of the best fit
straight line plots of G (efg with distortion) versus a
(lattice spacing) and G, (efg without‘distortion) versus

a for these three crystals in both of the above cases,

it may be possible to determine whether the distortion
correction to the electric field gradient is valid by a
comparison of the slope of these theoretical plots with

the slopes of éimiiar»experimental plots. Since the

electric field gradient changes sign between in and out
sites we can'identify the sites by determining the sign
of the electric field'gradient.41-

The simplest test of the BFD model of alkéli haiide
surfaces may be given by KI. The distortion contributions
to the electric field gradient due to displacements and
due to iﬁduced dipole moméhté of the ions both have the
same sign, and both tendzto’reduce the absolute magnitude
of the electric field gradient by amounts varﬁing from
8% to 46%. For the "(+) in" sites of KT this distortion

correction is large enough to change the éigniof'the‘electric

field gradient (see table I). This could act as a test of
the BFD model independent of the knowledge of the Sternheimer

factors if a positive ion could be found which when sub-

stituted into the surface of KI produced a measureable
splitting., For if all or most of the Mossbauer probe
nuclei go (or can be placed) into "(+) in" sites in KI,

so that only one split pair of lines is observed, determination
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of the direction of the electric field gradient42 would

give a test of the BFD model of surface distortion.




1.
2.

3.
4.

an
5.
6.
(e

8.

9,

10:

11.
12,

13.
14.

15.

16.

M. L. Huggins and J. E. Mayer, J. Chem, Phys. 1, 643

(48)

REFERENCES

R. P. Godwin, phD thesis, University of Illiois (1966)
G. C. Benson, P, I. Freeman, and E, Dempsey, J. Chem,

Phys. 39, 302 (1963)

H. J. Lipkin, Ann. Phys., 9, 332 (1960)

H., J. Lipkin, loc. cit.

G. K. Wertheim, Mossbauer Effect, Academic Press, New
York and London (1965), Chapter IV |
¢. K. Wertheim, op. cit. Chapter III

B. D. Josephson, Phys. Rev. Letters 4, 341 (1960)

R. P. Godwin, loc, cit.

H., Frauenfelder, Tﬁe‘Mossbauer Effect, Benjamin, New
York (1962) |

R. P. Godwin, loc. cit.

G. Constabaris, R. H. Lihdquist, and W, Kundig, Applied
Phys. Let. 2,5911§65)' |

G. C. Benson, P. I. Freeman, and E. Dempsey, loc. cit.
E. G. MCRae and C. W. Caldwell Jr, Surface Science 2,

{

500 (1964)

J. E. Mayer, J. Chem. Phys. 1, 270 (1933)
G, ¢. Benson, P. Balk, and P. White, J. Chem. Phys. 31,
109 (1959) a

(1933)

G. C. Benson, P. I, Freeman, and E. Dempsey, loc. cit,



18.
19.

20.
21.

22,
24.
25.
26.
28 ;

29,
30.

31.
32.
53,
34,

36.

37,
38,

(49)

G. K. Wertheim, op. cit. chapter V
L. I. Schiff, Quantum_Meéhanics,'MCGréw-Hill, New

York (1955) p. 151,

G. K. Wertheim, op. cit. chapter VI

L. D. Landau andvE.dM. Lipshitz, Quantum Mechanics,

Addison~Wesley,'MQ&Sachusétté (1958) p. 258,

G. C. BenSén, P;ﬁi; Freeman, and E. Dempsey, 160. cit.
R, Sternheimer, PhYSQ Rev. 80, 102>(i950)

R, Sternhéimer, Phjs; Rev. 845 244 (1951)_1 

R. Sternhelmer, Phys. Rev.'86,-516 (1953) 

R. Sternhelmer, Phys. Rev, 95, 736»(195&);

T. P. Das and R.Bérsohn, Phys. Rev. 102, 733 (1956)

D. V. G. L. Narasiﬁhé Rao, J. Sgi. Industr. Res. 24,

_220 (1965)
G. C. Benson, P. I Freeman, and E, Dempsey, loc. eit,

vHafemelster, De Pasquall and H. de Waard; Phys. ﬂev.

135, BLO8Y (1964;’

G. K. Werthelm, op. cit p. 43,

Hafemeister, De PaSquali and- H, de Waard loc. cit
D. v. G. L. Naras1mha Rao, loc, cit. -

¢. D. Hodgeman, Handbook of Chemlstry and Physics,
Cheiical Rubber Publishing Co. (1960) |

G. C. Beﬁson,»P.'i}"Ereeman, and E, Dempsey, 106; cit.

D, V. G. L., Narasimha Rao, loc. cit.
'R, Sternheimer, Phys, Rev. 146, 140 (1966)

¢. Burns, Phys. Rev. 124, 524 (1961)




39.
40.
41.

42,

(50)

G. C. Benson, P. I. Freeman, and E, Dempsey, loc; cit.
A. J. F. Boyle and H. E, Hall,,Reporté bn’Progress in
Physics, 25, 441 (1962), p. 496.

ibid.




(52)

APPENDIX TI1

ZZ COMPONENT OF,ELECTRIC FIELD GRADIENT

The electric field gradient is to be_calculated;at (a)
a positive andunegétive sité in the first-layer ofvthe crystal
lattice and (b)‘at a site outside the cfyétal whi&h corres~
ponds to the position a positive or negatiye ion would take
if 1t were placed on the crystal surface., |

The potential g at these points is given by the sum
of two scalar potentlals #, and @y where fiis the potential
due to p01nt charges and ¢2 is the potential due to the
dipoles 1nduced_in the atoms.
P, = ﬁﬁ—f where q = the charge at distance
lﬁ-ﬁ')from the point at which the calculation is‘being maée.
¢,= li—l%fﬁg where P = the dipole moment of the ion and

is chosen %o be positive in a dlrectlon out of the crystal.

1
since cos § = _3 3

AR
(this.expression for cos 6 has the correct sign for all

1, either inside or outside the crystal).

points =z

b= HF— * P(3-3"

[R‘,‘)_\Jall = _11/3
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igs____ "9(3'3) + P -~ 3E<3‘§_')L

3 1?1'3-}{’,']3 IT‘\"RlIB -
IR -R']
¢ 3.( )T 3
Ry Sl AT EA o 9p(3-3") +15p(3-3')
4 neRT AR IR 517 Rl
We will now choose our origin so that T =0 .. R-F'—> -5

Also the z-axis is chosen in such a way as to be positive
out of the erystal .. 3’= -na+A3)a Where a = the lattice
—3/ =MW'(A3)QI spa_cing

(A3 is chosen positive out of the crystal)

St _ 3? (W-Agjaj-_ 2 - q/D(/h/ Aa)a« + /5—P(w—A5>

, = —F 2 3 S -

Thus 33} R.,s j /N/_/7 l ’ ,l'z
. T B t )

The quantities|z!| ? Im) and In, can now be expanded in a

power series in (A z)

' —
N"‘_',é,a/ a +mua,§;_ -+ (‘/A/'?"‘Az)a.;é_s

- — —_— Sy
= Ra +(A3)a,€3 where R=/é,+m§i "”'/Za
and (é , € ) form an orthogonal set of basis vectors,
7 s B . - .
Thus 2173= [Re+ 0z)a?,|

- 3/"

= /R’ZLL"" Qaf’(As)lT{J . 23 +(A3)L0u1,

-3 -3 -3
- R ou / | +--2(A3)("m) - ~
RL

--——R&_»[/ﬂ";?_”_"_ﬂ ]
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Thus to first order in (A z)
[Ell—'?___._ ;__3 -+ SM(Aa)
Ro  R%7
Similarly to first order in (Az)
-5
In = ls + S (AS)

3
R7a°

2 7 - 4+ _Tm(s3)
and R7%.° R g

Thus to first order in (Az)

§105=__22__{—7/+3m"}+3m,(.6 ) (34 5n™
ég:.' 3@3 R~ %ﬁ* -_é”—ui

3p. x |

# 20 [C3e 5] o 3p0g) (3-30m" 4 35t
a R sau‘f R"' R‘-ﬁ
The units of p are esu units which are reléted to debye

ﬁnits) which are guoted in B-FD} by 1 debye vunit=10-18 esu

units.
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APPENDIX III

ELECTRIC FIELD GRADIENT AT NEGATIVE ION SITES

2240B 5

1600098 G. RONALD BROWN
ZZFORX52 :
< CALCULATION OF ELECTRIC FIELD GRADIENT

DISPLACEMENT OF
DISPLACEMZNT OF
MAGNETIC MOMENT
= MAGNETIC MOMENT
CONTRIBUTION
CONTRIBUTION
CONTRIBUTION

[

SuUM8

C

. ! 'C
C
oC
i
C
:C

POSITIVE IONS (+ IS DISPLACEMENT OUT. OF CRYSTAL)
NEGATIVE IONS (+ IS DISPLACEMENT QUT OF CRYSTAL)
OF + IONS (P=+ IF QUT OF CRYSTAL)

OF - IONS (P= + IF OUT OF CRYSTAL)

DUE 7O DISTORTICN '

WITH NO DISTORTION

DUE TO POLARIZATION

DIMENSION Z1(11)9oP1(11)sSUM&{11y922(11)5P2(11)sSUM7{11}s5UMBI{11)
DIMENSION SUM1I1(11)
DIMENSION SUM20{11)

62 READ 505J
50 FORMAT (I1)

IF {(J=7) 60561561

60 CONTINUE

‘READ 303N29AsZ1s22sP1sP2
30 FORMAT (129E10.4/(10F8651})

DO 115 K1=1s2
SUM =0,0
TOTAL1=0,0
TOTAL2=0.0
TOTAL3=0,0

102 DO 105 KT=256
N3=8=KT
Z1(N3y=Z1(N3-1)
Z2(N3)=22{N3-1)
P1(N3)=P1(N3-1)

105 P2(N3)=P2(N3-1)
21{1)=040
22(11=0.0
P1(1)=0e0

| P2(11=060

101 CONTINUE
DO 31 N1=2sN2
SUM&(N1)=060
SUM7EN1)=00
SUMB(N1)=0e0

IF{K1=-2% 10151025101




19
20
22
107
108

10

11

- 120

12
122
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SUMLIIINLI=0.0
SUM20({N1)=0C,0
DO 21 N=1oN1

DO 21 L=1-N1

DO 21 M=1sN1

AL=L

AM=M '
AN=N ' '
IF{N=N1) 19922522
IF{L=NI) 20522422
IF(M=N1) 21922522
TF(K1=-2) 10651075107
FIN-1) 10651085106

GO TO 12
CONTINUE

"SUMI=AL+AM+AN

SUM2=5UM1/72.0

- K=8UM2

AK=K
IF(AK=SUM2)10511911

G= 4,8022/10,0%%10

Z=Z1(N)

P=P1{N)

GO TO 12

G==4c8022/10,0%%10

Z2=22 (N}

P=P2 (N}

IF (K1~2) 120s121s121

R2=(AL~160) %% 2+ (AM—1 o0} #%24 { {AN=1,0)+Z2(1) ) %%2
GO TO 122 ’

R2=(AL=1c0) %% 2+ (AM=160)%%#24{ (AN=1,0)+22(2) %%
CONTINUE ’ ‘ :

R= SQRTF(R2)

AN1= AN=160

PSl= 3.0%Q¥ANL*%2/ (R¥¥5%A%HT)

PS2= 15.0%Q*ANI*%3%Z /7 (REXTHA®X%ES)

PS3= —9,0%AN1*Z#*Q/ (R¥%¥5%A%¥3 )

PSt= —Q/(R*#3%A%%3) ‘

PS5= 15, 0%ANL#3%3%P/ (R¥#T#10,0%%18%A%%L )
PSE= ~9o0%ANL®P / (R¥¥5%10 ¢ Q%31 8*ARRL )
PS7==~9000%PXANI*%¥2%Z / (R¥¥ 7510, 0%%18%¥A%%4 )
PS8= 105 0%P*ANI#*%¥4%Z/ (R¥#9% 1 00 0%%] GRAR%L )




1

3

14
16

1

=
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0S9= 9,0%P*Z/(R*¥%5%10,0%%18*¥A%%4)
SUM3= PS2 + PS3

SUM6 = PS1 + PS4

SUMS= PS5 + PSé

SUM12 = PS7 + PS8 + PS9
IF(L-1) 13513514

IF(M=1) 15515516

IF{M=1) 16916517 i
SUM3=2,0%SUM3

SUM&= 2, 0%SUM6

SUM12 = 2,0%SUM12

SUMS5= 2, 0%SUM5

GO TO 15

SUM3=4.0%SUM3
SUME=4.0%SUME

SUMB =4, 0% SUMS

SUM12 = &4o,0%SUM12
SUM&{N1Y= SUM& (N1} + SUM3
SUM7(N1)=SUMT7(N1} +SUMé
SUMB{N1)=SUMB(N1) +SUMS5
SUMLIL(NL) = SUMI1(N1) + SUM12
CONT INUE

,SUMZO(NI)"SUMZO(NI)TSUVG\Nl)*SUM7(N1)+SUM8(N1)+SUM11(N1)

SUM= SUM + SUM&4(NT)

TOTALI=TOTALl +SUMT7I(NI}

TOTAL2=TOTALZ2 + SUMBINL} -

TOTAL3 = TOTAL3 + SUMLI(N1: )
N1l= N1-1

PUNCH 40sN11sSUM&(INLYsSUMTINLI) s SUM8B(N1)sSUMLI1I(NL)»SUMZ20(NL}
FORMAT (23H CONTRIBUTION FROM BOX(sI1293H)= sE126/{28XE12:61}
CONTINUE

GRANDT=SUM+TOTAL1+TOTAL2+TOTAL3

PUNCH 41sSUMeTOTALI»TOTALZ2sTOTAL3sGRANDT

FORMAT (22H TOTAL CONTRIBUTION = 3sE1266/(22XE12661))
CONTINUE

GO TO 62

CONTINUE

CALL EXIT -

END




