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Effect of uniaxial stress on the fluorine-transferred hyperfine parameters
and lattice distortions in alkaline-earth fluorides

with Tm + impurities
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We have measured the effect of uniaxial stress on the fluorine-transferred hyperfine in-

teraction for Tm +:CaF2 and Tm +:SrFq using electron-nuclear double-resonance (EN-

DOR) techniques. We obtain for B{A,—A~)/BP the values 4.3{4)kHz kg ' mm and

4.2(3) kHz kg ' mm, respectively. These results, as well as those obtained for the same

hosts without applied stress, are discussed within the framework of an improved model

on the lattice distortions around the impurity and its change with uniaxial stress. The

positive conclusion of this work is the remarkable agreement between the local distortion

predicted by the model and that derived from ENDOR experiments. The same agree-

ment is also found for Eu + in the fluorides as compared with data derived from meas-

urements of the crystal field. Differences between the experimental data on the stressed

samples and the predictions of the model are attributed to stress-induced electric dipoles.

We suggest that present uncertainties in the estimate of this contribution can be partially

solved by further experiments on trivalent rare-earth metals in the fluorides.

I. INTRODUCTION

The interaction of dilute paramagnetic ions with
the crystal-field components induced by local
strains of the host lattice is described by the spin-
lattice Hamiltonian, a model Hamiltonian whose
coefficients are obtained experimentally in terms of
macroscopic strains of the host, by measuring the
effect of external uniaxial stress on the electron
paramagnetic resonance (EPR) spectra of the sys-
tem. ' These experiments allow a modification of
the crystal field acting on the impurity ion by
changing both its symmetry and magnitude. The
results thus obtained are of special interest because
microscopic theories on electrostatic and covalent
bonding can be tested.

Divalent thulium impurities in alkaline-earth
fluorides is one of the simplest systems available to
test the validity of these theories and for which
there is a fair amount of reliable experimental data.
Baker and co-workers ' have found an excellent
correlation between the spin-lattice relaxation rates
measured by Sabisky and Anderson, and those cal-
culated using the results of their EPR and uniaxial
stress experiments. Their attempt to interpret the
measured spin-lattice parameters in terms of elec-
trostatic and covalent contributions showed the im-
portance of determining the actual equilibrium po-
sitions of the impurity neighbors, and also the rela-

tion between the stress-induced displacements of
the ligands and the macroscopic strain of the host.
These "local distortions" are due to the different
(as compared with the host) force constants associ-
ated with the impurity-ligand interaction, and they
have been calculated by Malkin and co-workers '

for rare-earth impurities in fiuorite crystals by
minimizing the cohesion energy of the impure lat-

tice.
The local distortion is important not only in cal-

culating crystal-field parameters, but also in

evaluating the transferred hyperfine interaction of
the impurity with the nearest fluorine ions. A re-

markable correlation was found by Anderson
et al. between both sets of parameters for particu-
lar values of the Tm +~F distance in each of
the hosts CaF2, SrF2, and BaF2. These values were
obtained from ligand-ENDOR (electron-nuclear
double-resonance) data by assuming a direct pro-
portionality between the different covalent contri-
butions to the transferred hyperfine parameters.

The local distortions obtained in this way do not
entirely agree with the results of Malkin et al. , in
particular for CaF2, where they predict a contrac-
tion of the host around the impurity while EN-
DOR data show an expansion.

Ligand-ENDOR experiments under uniaxial
stress provide direct information on the change of
the impurity-ligand distance with stress. Baker
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and Fainstein attempted to determine the stress
dependence of the equilibrium position of the
nearest neighbors of Tm + ions in BaF~ by
measuring the frequency shift of the ligand-
ENDOR spectral lines. Their results, compared
with predictions based on available theoretical
models, showed the necessity of more experimental
evidence in order to achieve a better understanding
of the local distortion.

In this work we report the extension of those
measurements to Tm +:CaF2 and Tm +:SrF2 as
described in See. II, where we also analyze the re-
sults obtained for the three lattices (including

BaFz) in terms of the local distortion and the
changes induced by the applied stress.

In order to obtain a coherent description of the
effects described before, we found that it was

necessary to improve the model used to calculate
both the impurity-ligand distance and its change
with applied stress. This was accomplished within

the framework of a shdl model as described in Sec.
III.

II. ENDOR EXPERIMENT

A. Experimental techniques

Single crystals of CaF2 and SrFz nominally

doped with 0.05% TmF3 were purchased from Op-

tovac, Inc. The thulium impurities replace the me-

tal ion and were reduced to the divalent state by
electron bombardent (-1 MeV) in our LINAC fa-

cility which has adequate conversion efficiency for
our EPR-ENDOR experiments with a 10-min irra-

diation time. The samples for the stress experi-

ments were prepared by cutting the crystals in the

shape of rectangular prisms of about 2-mm length

and 1-mm cross section, with their bases being

cleavage planes (111). The samples were mounted

in the resonator with their axes perpendicular to
the plane of rotation of the external magnetic field.

All data were taken at liquid-helium tempera-
tures with an EPR-ENDOR spectrometer, operat-

ing at 35 GHz and tunable either to the absorption
or dispersion modes. A specially designed TEo~&

cylindrical cavity allows for the application of
uniaxial stress perpendicular to the magnetic field.
The EPR spectra were obtained using 100-kHz
modulation of the Inagnetic field and phase-
sensitive detection. The ENDOR signals were

detected through frequency modulation (240 Hz) of
the rf field, which was slowly swept through reso-

nance. The ENDOR frequency was accurately

measured by simultaneously displaying, in a two-

channel recorder, the spectral line and 10-kHz
marks obtained from the rf sweeper-oscillator.

ENDOR frequencies were measured, with and

without stress applied to the sample, as a function
of the magnetic field within the range of the EPR
linc%'ldth. As cxplaincd ln pfcvlous work, spcclal
care was taken to avoid or compensate unwanted

experimental effects arising from the shifts of the
EPR llncs with stress.

8. Ligand-ENDOR Hamiltonian

The lowest-energy multiplet of Tm + ions is
(4f ', F7&2) which is crystal field split in cubic
symmetry into two doublets I 6 and I 7, and a
quartet I 8. In CaF2, SrF2, and BaF2, the I 7 doub-
let is the ground state and the EPR spectrum con-
sists of two isotropic lines, described by the spin
Hamiltonian

H =—gpgH-S+3 S.I,
where S= —, is the effective electronic spin of the

I

doublet and I= —, is the nuclear spin of the 100%
abundant ' Tm isotope. The ENDOR Hamiltoni-
an for the interaction with the nuclear spin of the
neighboring ' F ions is usually written

HENDoR =Ay, H I +&~(3S,I, —S I~)

+A, S.I

The first term is the Zeeman nuclear interaction
between the external magnetic field H and the
fluorine nuclear spin I"=—,, and the remaining

two terms describe the transferred hypcrfine in-

teraction, with the z axis directed along the bond-

1ng axis.
In this experiment the uniaxial external stress

was applied parallel to the crystallographic direc-
t1011 [1lit, alld 0111y tile spect1'al ENDOR 1111es

corresponding to the two nearest fluorine iona

along this direction were measured. Their EN-
DOR frequencies, in the absence of external stress,
arc glvcn by

hv+ =gpss„H+M(A, —Aq ), (3

1

where M =+—, correspond to the quantum states

of the electronic effective spin S. The change with
stI'css of Ag —Ap was dctcITIllncd using this equa-
tion and the ENDOR frequency shifts measured
for the center of the EPR lines. The results ob-
tained for CaF2 and SrF2 are displayed in Table I,
together with previous data on BaF&.
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TABLE I. Change of the superhyperfine constants with uniaxial stress parallel to the

[111]direction, WA~ 3,—)/dP, in units of kHzkg 'mm'.

Tm~+:CaF~ Tm +:SrF2 Tm + BaF2

Expeflmental
Calculated for

undistorted lattice
Calculated from Ref. 5

Calculated this work

—4.3(4)
—1,5

—1.1
—2.1

—4.2(3)
—2.1

—3.0
—4.3

—12.9
—9.9

'Reference 3.

C. Analysis of data

An important contribution to the superhyperfine
parameter Az is the dipole-dipole magnetic interac-
t]on Ag ggFps——p„/R . The rema]n]ng part
Az —2&, as well as A„are of covalent origin and
arise mainly from admixture of the impurity 4f
wave function with the 2s and 2P wave functions
of the fluorine ligands. ' These parameters are
dependent, in a first approximation, on the Tm +

ion-fluorine ligand;, . distance R and also on the elec-
tronic g value, through the dipole-dipole contribu-
tion to A~. The stress derivative of the measured
quantity A, —A& is then given by

B(Aq —A, ) Ag i)g kg M=
g aa

B(A —Aq) M ])A, gR
M dP M BP

The first two terms are the partial derivatives of
A&, where Bg/BP is the stress-induced electronic g
shift which is associated with the admixture of the
I 7 ground-state wave functions with those of the
excited I s quartet. ' These shifts have been meas-
ured again in this experiment simultaneously with
the ENDOR measurements and the excellent
agreement found with previous results is taken as
an indication of the proper alignment of the sam-

ple and the applied stress with respect to the mag-
netic field. In the last two terms of Eq. (4),
BA,/M and B(A~ —A~)/M are estimated from the
dependence of the measured values "" of A, and

A~ —Aq(R) with the actual Tm +—+F distance R
for the three fluorites MFz (M= Ca, Sr, Ba).

For the change M/BP in a perfect lattice, the
classical theory of elasticity (homogeneous strain)
gives

M =R (s]]+2S]2+S44)/3,

where the S,J. are the elastic constants of the bulk.
For fluorite lattices there is an additional displace-
ment of the fluorine ions, that can be visualized as
a relative movement of the two fluorine sublattices
in the unit cell (see Fig. 1) whose origin is the elec-
tric field induced at the fluorine sites due to their
lack of inversion symmetry. ' '

For the region around the impurity the values of
R and BR/BP are not those of the perfect lattice,
due to the local distortions arising from the pres-
ence of the impurity. Values for R were calculated
for Tm + by Anderson et al. from ligand-
ENDOR data, assuming' that Az —A~(R) is pro-
portional to A„and are given in Table II. Ivanen-
ko and Malkin have made an independent estima-
tion for R (and M/BP) by minimizing the local
contributions to the cohesion energy and using
ab initio calculated force constants for the
thuhum-fluorine interaction. Their results for R,
see Table II, agree with Anderson's for SrFz and
BaFz, where both models predict a lattice contrac-
tion of about 2% and 7%, respectively. In the
case of CaFz, however, Anderson et al. give an
expansion of 2% while Ivanenko and Malkin have

FIG. 1. Displacements 8', of Auorine ions (solid cir-
cles) around a metal site (open circle) for a macroscopic
strain e,~.



C. PAINSTEIN, M. TOVAR, AND C. RAMOS

TABLE II .Impurity-ligand distance for Tm'+ in CaFq, SrF2, and BaF2 (in A. units).

Nearest neighbors

Host'
Malkin et al.
Anderson et al. '
This work

2.5031'
2,445
2.446
2.447

HaF

2.6755'
2.481
2.499
2.494

Next-nearest neighbors

Host'
Malkin et al.
From superhyperfine data~

This work

4.516'
4.515
4.522
4.521

4 793'
4.789
4.789
4.787

5.123'
5.111

5.106

'Calculated from lattice parameters given in Table III.
Reference 6.

'Calculated as in Ref. 7 with lattice parameters appropriate for 4.2 K.
References 11 and 12.

calculated a contraction of 1%.
We have calculated Eq. (4) with Ivanenko and

Malkin's values of R and t)R/t)P for the three
fluorite lattices with Tm + impurities and the re-
sults are given in Table I. The importance of the
local distortion can be appreciated by comparing
these results with the values obtained using data
corresponding to the host lattice. Comparing now
both sets of results with the experimental data, a
close agreement is found for SrF2 and BaF2 when

including the effects of the local distortions. In
the case of CaFz no improvement was obtained,
and we believe this fact is related to the discrepan-

cy already mentioned regarding the sign of the dis-

tortion for Tm2+ in CaF2. The above arguments
led us to develop an improved model for the local
distortions in order to obtain a more consistent
description of the results of ligand-ENDOR and

ligand —ENDOR-stress experiments for the three
fluorides studied. A detailed description of the
model is given in Sec. III.

A. Shell-model equations

The fluorite lattice MF2 consists of three inter-
penetrated fcc lattices, one of divalent positive ions
M + and two of nonequivalent negative fluorine
ions, each with a lattice spacing a. As shown in

Fig. I, in this structure the metal ions are sur-

rounded by eight fluorines at a distance

ro =V3a/4 with equivalent F iona of the same
sublattice occupying alternate corners of a regular
cube. Each Auorine is in turn surrounded by six
others in octahedral arrangement at a distance
ro ——0/2. In this lattice the cohesion energy per
formula unit E„,has three contributions':

E„,„=,'~ Z Z„(e'/r)+gy, (r')+6/, (r) .

The first term is the Coulomb energy, where

a~ ——S.8183, is the Madelung constant, and

Zsr
~

e ~, ZF
~

e
~

are the net charges of the M +

and F ions, respectively. The remaining two
terms represent the short-range interaction between
the metal ions and their nearest fluorines Pt(r'),
and between neighboring fluorines Pz(r).

When a metal ion is replaced by an impurity
there is a change in the local contribution to the
cohesion energy which is minimized through the
relaxation of the nearest ions to new equilibrium
positions and the induction of electrical dipoles on
them. We have calculated this effect within the
framework of the shell model, ' where ions are
described by a core which includes the nucleus and
the inner electrons, with total charge X

~

e ~, and
an electron cloud idealized as a massless rigid
spherical shell of charge F

~

e
~

as shown in Fig. 2.
The sum (X+Y)

~

e
~

is taken to be equal to the
net ionic charge Z

~
e

~

.
The energy change AE«, for the distorted lattice

is given by corresponding changes in the Coulomb
energy AE, and in the short-range interaction AE„,
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and there is also a contribution E, assoc1ated with
the formation of induced dipoles. In order to cal-
culate these contributions we have assumed that
the local cubic symmetry of the impurity site is
maintained as it is shown by the EPR spectra„ thus
allowing only radial displacements of the ligands.

The change in the short-range interaction was
calculated by expanding $1(r') and pl(r) about the
equilibrium positions in the perfect lattice. For
simplicity we have limited this expansion to second
order in the displacements of the shells on the first
four coordination spheres around the impurity (in
the shell model short-range forces are assumed to
act only between shells). We obtain

FIG. 2. Displaced equilibrium positions for the shelI
and core of ions in the vicinity of an impurity.

EE„/(e /a) = 4l 3(81 —81)(i+8(A 1
—2 1 )pi+ —,(31+281)(2gi+6gl+6gl+3$4, —v 6gigl)

+(8/1/11)(3a, +2@,)(V 1 lg', —2V 3g,g, )+(576/11)(~,+a, g,'—(384/v 22)a, gg,
—(16/v 11)(A ) +881)g'gg,

where g; is the displacement of the center of the shell for the iona belonging to the ith coordination sphere,
measured in units of the lattice constant a. The parameters 81, A 1 and Bl, Al are the first and second
derivatives of P,(r') and $2(r) evaluated at the equilibrium distances of the host lattice ro and ro

1 ~A«') 21 Ai«')
vP'- r'=ro e Qy' r'=ro

Bf1(&) 2u 1) pl(r)8 = 32=
p Bp r=l'o e Bp "=~02 2

with u =Zr,' being the unit-cell volume; 8', and A*,

have a siIDllar cxpI'css10Q RIld corrcspoQd to thc
first and second derivatives of the impurity-
fluorine short-range interaction, also evaluated at
P'0.

The electrostatic contribution hE, arises from
the interaction between the displaced charges
among themselves and with the induced electronic
dipoles, as well as the interaction among these di-
poles. This is given, in terms of the displacements

gi alld pi (scc Fig. 2)p by

b,E, /(e /a)= gh;J(Z;g';+X;p;)

x(Zg, +X,pj ),

11111101'crrol's wc foll11d oil tllc f1J.'.

hi1 =196.884, h tl ——73.786,

h )3
——45.819, h )g

——11.340,

h» =129.957, 623 =400.189,

h 24
——38.819, h 33 ——518.061,

h34 ——129.517, h4g ——7. 114 .
Finally, the energy associated with the formation

of thc clcctric dipolcs

D;s ———I'; Je fp;aR;s//R;s f

is g1ven by

where the charges Z; (ZJ) and X; (XJ) refer to the
iona and cores, respectively, on the ith (jth) coordi-
nation sphere.

The numerical coefficients h;,. are related to the
fJ defined in Ref. 5, Eq. (6), by h,j 4fJ/(Z;ZJ);-—
the values g1vcQ below 1Ilcludc corrcct1ons to so1Ilc

E, /(e2/a)= g&;p;a /(2a;/Y~~),

whclc c; Is thc COI'c-ccntcrcd polar1zabillty of thc
ions on the ith coordination sphere and the sub-
script g identifies the different iona in the same
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sphere, X; being their total aber.
The other related question of interest in this

problem is the determination of the impurity-
ligand displacement due to macroscopic strains. IQ

our experiment, isotropic (I I) and trigonal (I"5)

straIQS were 1nduced and these hvo cases are here
analyzed.

For an isotropic stress we ddlne, following
Malkin's notation, a local strain c;(I I) for the case
of the ions on the ith coordination sphere around
the impurity. Here I I indicates the hnear combi-
nation of components of the strain tensor that
'tl'RllsforfIls hkc tllc I t IrrcdllclMc lcpl'csclltRtloll of
the 01, point symmetry group. Values for e;(I I)
were calculated by mimmizing the total cohesion
energy of the stressed lattice assuming that for
i p 4 ihe strain is homogeneous and equal to that
of the perfect lattice.

The resulting equations were found to be formal-

ly equal to Eqs. (6), (g), and {9),if the following

substitutions are Made.

(i) g;a-+E; [e(I I); —e(11)],where 8;se(l"I) is

the radial displacement of the shell for the ions on
the ith coordination sphere for the perfect lattice,
and R; se(I I); is the corresponding value around

the impurity site.
(ii) JM;~II(l I);, where

d(l' ); =—7;.
/

]11(I,); R; /fR;

is an additional contribution to the electronic di-

pole moment of the iona on the ith coordination

sphere due to the external stress.
(iii) (81 —81)~(A I

—A 1)e(I I).

F«strains of trigonal symmetry, c,.(l 5,I2) corn
ponents are defined and calculated in a similar way
as for the isotropic case. The fluorine ions occupy
sites lacking inversion symmetry and for this rea-
son an electric field proportional to the applied
stress is induced, which polarizes the fluorine ions
and also produces a displacement 2W of one
fluorine sublattice with respect. to the other. ' In
particular, %hen only a 01acroscop1c e~y stra1Q 1s
induced in the crystal, both the induced dipole mo-
ment d (1 5), and the displacement 8; (for the
sllcll) RI'c pal'allcl to thc z Rxls, Rs scllcIIlat'ICRlly

sho~ in Fig. 1. These quantities are given by

%@=~ lE~QQPZ

—,(81—A I )—5.0288ZSIZp

—,(A 1+281)+{22+282)

d(I'5) =——,c„I'p
i
e

i rI(I 5)az,

where c,=+1 for v=1,2 labeling the two fluorine
sublattices.

The local stlMQS 1Q the dIstorted lattice %'ere cal-
culated by minimizing the following expression for
the energy:

where the different contributions are given by the
following.

(i) The change in short-range interaction hE„

hE„/{ella)= [—,32+382+ —,(21+281)+—,(& I
—&I)+—,(81 —81)]~,'

+ —,[32+482+ —,(A 1+281)](e,—e~) +(22+282)mm,

+—„[2(AI
—A I )+(81—81)]e,'——,(81-A I )~,c„~——,[(81—81)—(& I

—& I )]ro,c, , (1 j)

where e, and co, are the displacements (in units of a/4) of the shells for the fluorines at R I s(xs, ys, zs),
parallel to the mz and z directions, respectively, vnth

Xgg +ggX

( 2+ 2) I/2
Xg gg

(ii) The interaction between the dipole moments and the resultant electric field of the lattice BE&I,

AEVI /(e 2/a) =40.2304( Fprog +Xylo, )c~,
is the z shift of tllc core (111 llnlts of u/4) of tllc fluorin iona.

(iii) The dipole-dipole contribution,

(12)
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&&dd/(e /&)=
vZ v3

8 9
+ —2 [I's«s —e~)+Xz«c —e.y]

+ — [Fz(e, e—)+X+(e,—e )][ I'F(co, co)—+Xz[ro, —co —rl(I )] I, (13)
4v3 3v2

where co and ri(I q) are given by Eq. (10), and e, is the displacement of the core of the nearest fluorines, in

units of a/4 and in the direction of ns
(iv) Finally, the induced dipoles,

vZ
d(I g)) „=—I'F

~

e
~

a g(I 5)„ng+e„g(I 5)gz e„y,

where rt(I' s), = , (c0, —co,)e—~ and ri(I'z)„
—e, )e~, give rise to the change in E,:

hE, YF
3 [2(c0,—co, ) +(e, —e, )2] .

e /a Saz/a

(14)

of other difluorides known to have fluorite struc-
ture. ' ' This value of the TmF2 lattice parame-
ter was then used to interpolate a value for 8~, in

Fig. 3, which, together with the equilibrium condi-
tion

181+82 3 ZMZF+M

B. Parameter evaluations

The short-range parameters 8~, A], and 82, A2
have been evaluated by Axe' for CRF~, SrF~, and

BRFz from the elastic constants of these lattices.
Here we have recalculated them using more recent
and accurate low-temperature data for the elastic
constants and lattice parameters, shown in Table
III.

Figure 3 shows the dependence of 82 with the
fluorine-fluorine distance for different fluorites,
and the change of sign observed in going from
SrF2 to BRF~ indicates that the interaction changes
from repulsive to attractive in that range. Owing
to the simple power-law dependence assumed' for
Pq(r), the calculated second-derivative parameter

Az also changes sign for BaF2. However, the com-
petition between attractive and repulsive forces in
this region may lead to deviations from a single
power-law dependence for the resulting interac-
tions, as suggested by the ro dependence of Bz in

Fig. 3. For this reason we have considered a better
approach to estimate Az for BaFq from Fig. 3, and
this is the value we show in parentheses in Table
III.

In order to evaluate the parameters describing
the short-range interaction between the impurity
Tm~+ and the fluorine ligands A ~ and 8

~ we fol-
lowed a different procedure since TmFq does not
exist. ' %C have considered a hypothetical com-
pound "TmFz" with a lattice constant a=S.61 A,
interpolated (see Fig. 4) from crystallographic data

obtained by minimizing Eq. (5) with respect to r,
yielded a value for 8&. Here 8& is proportional to
the first derivative of the thulium-fluorine short-

range interaction evaluated at the equilibrium dis-

tance of TmF2. Values for the first and second
dcnvatlvcs 8 ) and A ) cvaluatcd Rt thc cqu111brlum

distance of the different host lattices were obtained

assuming P~ ~R ". The compound EuF2 is the
only rare-earth difiuoride whose elastic constants
are presently known, thus allowing a calculation of
the exponent n. %C have taken this value to be the
same for TmFz since n does not change much for
different fluorides, as seen in Table III. All the
short-range parameters as well as the charge of the
shells and cores and the electric polarizabilities we

used are also given in Table III.

C. Results

Our results for the equilibrium distance to the
first and second fluorine neighbors for Tm + in

CaF2, SrF2, and BaF2 are given in Table II and
show a remarkably good agreement with the values
derived from ligand-ENDOR measurements. '
As a further test to our model we have calculated
the local distortion for Eu + in the same lattices,
as shown in Table IV. Again good agreement was
found when comparing our results with the values
obtained from ENDOR data ' ' ' and also from
the correlations between the measured crystal-field
parameters in the three lattices and their depen-
dence on hydrostatic pressure. ' '

Finally, in Table V we give our calculated values
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TABLE III. Quantities used in the calculations of the lattice distortions, at 4 K.

a (A.)

c)) (10 dyn cm )

c~2 (10" dyncm )

c~ (10 dyn cm )
(e /2U) (10 dyncm ')

A(
8)
Pf ~

A2

82
772

aF (A')"
XF'
XF'

(/3)h

5.4465'
17.124'
4.675'
3 624'
0.2856

30.536
—3.632

7.41
2.469

—0.247
9
0.74
1.35

—2.35
1.01

10.7
—8.7

5 7808
12.87
4.748'
3 308
0.2388

34.213
—3.817

7.96
0.619

—0.062
9
0.77
1.35

—2.35
1.50

11.9
—9.9

6.1787'
9.810'
4,481'
2 544'
0,1956

38.069
—3.971

8.59
—0.645

(0.30)~

0.092
6
0.87
1.35

—2.35
2.18

13.3
—11.3

EuF2

5.778"
12.40'
5.08'
3.18'
0.2391

35.298
—3.907

8.035
—0.281

Tm +A) 40.97
—4.52

26.34
—2.92

16.80
—1.86

35.18
—3.89

I I I I I I l I I I I I I I

Eu2+A
~

53.49 22.02
—5.92 —2.44

'D. N. Batchelder and R. O. Simmons, J. Chem. Phys. 41, 2324 (1964). Value measured at
6.4 K,
"Reference 16.
'Extrapolated to 4 K from P. S. Ho and A. L. Ruoff, Phys. Rev. 161, 864 (1967).
dD. Gerlich, Phys. Rev. 136, A1366 (1964).
'D. Gerlich, Phys. Rev. 135, A1331 (1964).
~D. H. Kuhner, H. V. Lauer, and %'. E. Bron, Phys. Rev. B 5, 4112 (1972).
gValue obtained from Fig. 3, see Sec. III B.
"J. C. Sharma, H. P. Sharma, and Jai Shanker, J. Chem. Phys. 67, 3642 {1977).
'Reference 14.

0.1-
EuF2

-0.1

FIG, 3. First derivative coefficient for the F ~F
short-range interaction as a function of the interionic

distance.

a

C
~ 5.6-

56

a
L

I I l i I i I I i i i I

58 60 62 6t 66 68

rare-earth metal atomic number

FIG. 4. Interpolation of a lattice parameter for
TmF2.
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TABLE IV. Impurity-ligand distance for nearest and next-nearest fluorine ions for Eu~+

in CaF2, SrF2, and BaF2 (in A units).

BaF2

Nearest neighbors

Host'
Malkin et al."
9aberschke'
From crystal-field parameters
This work

2.3584
2.371
2.443
2.450
2.436

2.5031
2.471
2.502
2.512
2.507

2.6755
2.522
2.583
2.580
2.565

Next-nearest neighbors

Host'
Malkin et al.
From superhyperfine data'
This work

4.516
4.517
4.550
4.527

4.793
4.791
4.806
4.794

5.123
5.114
5.101
5.110

'Calculated from lattice parameters given in Table III.
Reference 6.

'Calculated as in Ref. 13 with lattice parameters appropriate for 4.2 K.
Reference 20.

'References 10 and 20.

for the total strains and sublattice displacement for
Tm + in the three lattices, where they can be com-
pared with those obtained from Ref. 5. Both sets
of values have been used in calculating the results
of Table I.

IV. DISCUSSIONS

%'e have used the values of the impurity-ligand

distance R and that of its change with stress

Mit)P calculated in Sec. III to evaluate the change

with stress of the transferred hyperfine parameters
from Eq. (4), and the results are given in Table I.

A detailed analysis of the contribution of each
term in Eq. (4) shows that the difference between

our results and those derived from Ivanenko and

Malkin's model for the local distortions arises
mainly from the R dependence of the covalent
parameters in the last two terms.

This dependence is shown in Figs. 5(a) and 5(b)
where we have also included for comparison the
values obtained using the lattice parameter of the
host. It is worth mentioning that when fitting the
covalent parameters A, and Az —Ad(R) to a power
law R " with our calculated values for R, quite
similar values for n are obtained in both cases:
n, =12.4 (0.7) and n&

——12.3 (1.3). This result sup-
ports the assumption of Anderson et al. on the
proportionality between the covalent parameters.

The consideration of local distortions around the
impurity clearly provides a closer agreement with
the experimental data than can be obtained from

TABLE V. Local strains for Tm + impurities in the Quorides.

ei(I i)/e(I i)

ei(l 5)/e(I 5)

a) t/e(l 5)

0.819
(O.893)'
0.841
(0.800)

—0.301
(—0.276)

1.197
(0.943)
1.166

(0.862)
—0.270

(—0.317)

1.690
(1.351)
1.648

(1.136)
—0.125

(—0.252)

'Values in parentheses are from Ref. 5,
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& host lattice

Q Qalkin et al.

Q this work

2.5 R(A)

host lattice

E3 pa[kin et al.

Q this work

the parameters of the host lattice. However, there
still remain appreciable differences that cannot be
further reduced within the framework of our
model. Other mechanisms that could explain these
differences arise from stress-induced changes in the
wave functions that we have neglected in writing

Eq. (4), when considering only an R dependence

for the covalent contributions. First, the admix-

ture of the 1 s wave functions into the I 7 ground

state of Tm +, leads to a change in the transferred

hyperfine parameters, whose order of magnitude
we have estimated from the Baker and Fainstein
expression

I)(Aq —Ad —A, ) A„Ad—A,—()g

BP g BP

Tllls contflbutlon RIIlollllts to less tllRn 1% 111 Rll

the cases we have considered in this work.
A second effect arises from the electrostatic po-

larization of the fluorine ions that is induced by
both the local distortions and the externally applied
stress. The mechanism of polarization is an ad-
mixture of 3s and 3p orbitals into the 2p Rnd 2s

wave functions of the fluorine ions that affects the
covalent contribution to the transferred hyperfine
interaction, ' and hence the contribution of the
last two terms to the evaluation of B(A~ —A, )/I)P.
Moreover, the stress-induced polarization will give
rise to an extra term in Eq. (4):

B(A~ —Ag) ()d

M BI

FIG. S. (a) Dependence of the covalent parameter A,
on the impurity-ligand distance R from different

models. Solid line indicates best fitting to 3, ~ R
vvith n, =12.4 (0.7), (b) Dependence of the covalent

parameter [A~ —Aq(R)] on the impurity-ligand distance

8 from different models. Solid line indicates best fitting

to [A~ Aq(R)] ccrc —I', with n~ =12.3 (1.3).

where d is the induced electric dipole for stress ap-

plied along the [111]direction. The value of d can
be derived from the parameters given in Table VI.

However, a numerical evaluation of these contri-
butlolls Is diff lcult dllc to tllc VRI'lolls Rsslllllptlolls

involved in theoretical models and the lack of
sllfflclc11t experimental dRtR. Work ls lll plogrcss
to measure separately the change of A, and A&

with a I, stress, and to obtain similar data from
the isoelectronic Yb + in CaF2. Comparison of

TABLE VI. Stress-induced dipole moments for the first fluorine sphere of coordination

around Tm + impurity.

10 q(l l)l
10'g(I 5)„g
10 g(I 5),

—3.02
0.721

—22A0

2.94
—0.663

—19.71

9.65
—2.37

—18.54
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Tm + and Yb + results in CaF2 will be of interest

due to the larger induced dipole by the trivalent

rare earth, and because it will provide a further

test to our model for the local distortions.
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