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Extensive X-band EPR measurements have been carried out on Gd3+-doped single crystals of
LiY& „Yb„F4(x =0.0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0), covering the temperature range 4.2—290 K.
The spin-Hamiltonian parameters (SHP) are evaluated by the use of a rigorous least-squares fitting
procedure. The systematics of the SHP are studied both as functions of x and of temperature.
Newman's superposition model has been applied to the calculation of SHP; it is found that the cal-
culated values agree quite well with the experimental values, provided that one considers minor dis-
tortions of the positions of the eight fluorine ions surrounding the Gd'+ ion. The temperature vari-
ation of SHP has been explained to be predominantly due to spin-phonon interaction and partially
due to thermal expansion of the crystal lattice. Finally, the average Gd'+-Yb'+ exchange interac-
tion, averaged over the nearest and next-nearest neighbors, has been estimated, in LiYO 9Ybo lF4, to
be 3.8+2.5 6Hz, as found by the application of the molecular-field model using the g shift from the
isostructural diamagnetic host, LiYF4, at liquid-helium temperature.

I. INTRODUCTION

LiYF4 and LiY& „Yb„F4crystals have been used, re-
spectively, as laser materials, ' and as materials to convert
infrared excitation to green emission. X-band EPR mea-
surements on single crystals of Gd +-doped LiYF4 and
LiYbF4 have been previously reported by Vaills et al.
and by Misra et al. Vaills et al. confined their mea-
surements to room temperature, and calculated the
values of the spin-Hamiltonian parameters within the
frameworks of the point-charge and superposition mod-
els. Misra et al. extended these measurements down to
liquid-helium temperatures, and evaluated the spin-
Hamiltonian parameters (SHP) using a rigorous least-
squares procedure. They estimated the Gd +-Yb + ex-
change interaction at room temperature using the Gd + g
shift in LiYbF4 from that in LiYF4.

Gd +-doped LiY& „Yb„F4crystals are interesting
hosts for the study of magnetic interaction of Gd + ion
with its environment. Paramagnetic surroundings of
Gd + ion can be varied, while preserving the tetragonal
symmetry, by replacing a certain fraction of Y + ions by
Yb + ions in the diamagnetic host lattice of LiYF4.
These crystals are expected to have tetragonal structure,
similar to that of LiYF4, or LiYbF4, crystals. Since the
Y + and Yb + ions are trivalent, no charge compensa-
tion occurs when the substituting trivalent Gd + ions are
introduced in these crystals.

It is the purpose of the present paper to extend the pre-
viously reported X-band EPR studies on Gd +-doped
LiYF4 and LiYbF4 single crystals to the mixed single
crystals of LiY& „Yb„F4,with x =0.0, 0.1, 0.2, 0.3, 0.4,
0.6, 0.8, and 1.0. The spin-Hamiltonian parameters are,

here, evaluated using a rigorous least-squares fitting pro-
cedure in which all resonant EPR line positions recorded
for several orientations of the external magnetic field are
simultaneously fitted. The systematics of these SHP are
studied as a function of x, representing the proportion of
Yb + ions present in these crystals. As well, the superpo-
sition model of Newman is applied to the calculation
of SHP; in particular, the dependences of the intrinsic pa-
rameters b2 and b4 upon temperature are studied. In ad-
dition, the systematics of b2 as a function of x is investi-
gated. The temperature dependence of the parameter bz
is accounted for to be due to spin-phonon interaction and
thermal expansion of the crystal lattice. Finally, for
L1Yp 9Ybp ]F4 the only mixed crystal for which well-
resolved EPR spectra can be recorded down to liquid-
helium temperature, exchange interaction constant be-
tween the impurity paramagnetic ion Gd + and the host
paramagnetic ion Yb + is estimated, using the shift of the
Gd + g value in this host lattice from that in the isostruc-
tural diamagnetic host lattice of LiYF4, taking into ac-
count the magnetization of the Yb + lattice at liquid-
heliuID temperature.

Section II deals with sample preparation and crystal
structure of LiY, „Yb„F4samples, while details of the
experimental arrangement are given in Sec. III. Evalua-
tion of SHP is described in Sec. IV. Details of the behav-
ior of the zero-field splitting as functions of x and of tern-
perature, and application of the superposition model to
the calculation of Gd + SHP in LiY, „Yb„F4hosts are
described in Secs. V and VI, respectively. Temperature
variation of SHP and evaluation of the Gd +-Yb + ex-
change interaction in LiYp9Ybp, F4 host crystals are
presented in Secs. VII and VIII, respectively. Conclud-
ing remarks are made in Sec. IX.
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II. SAMPLE PREPARATION
AND CRYSTAL STRUCTURE

Mixed single crystals of LiY1 Yb„F4,to which 0.3
mol. Jo GdF3 was added, were grown by the Bridgman-
Stockbarger method. LiYF4 and LiYbF4 crystals have
the Scheelite (tetragonal) structure with space-group
classification I4, /a. ' " The unit cell of LiYF4 has the
dimensions a =5.167+0.003 A, c =10.735+0.003 A,
while for LiYbF4 a =5. 1335+0.0002 A and
c =10.588+0.002 A. " Since the values of a and c and
the distances of the rare-earth metal in LiYF4 and
LiYbF4 are quite close to each other, it is assumed that
LiY, „Yb„F4crystals also have the Scheelite structure,
with the a and c dimensions scaled in the proportion of x
from those for LiYF4 and LiYbF4, using Vegard's
1

12—14

III. EXPERIMENTAL DETAILS

A. Apparatus

EPR spectra were recorded on an X-band spectrometer
model SE/X-28B, manufactured by Polytechnic School
of Wroclaw, Poland, equipped with 100-kHz modulation
and a maximum available microwave power of 100 mW.
The 100-kHz modulation was mounted inside a TE,p2 res-
onant cavity. The spectrometer could detect a minimum
of 5 X 10' spins, characterized by a linewidth of 1 G (half
width at half maximum of the absorption line), with a 1-s
time constant. The external magnetic-field intensity was
measured by a RADIOPAN NMR magnetometer (model
MJ 110R), with a precision of 0.1 G. The crystal sample
was placed inside a plexiglass holder, so that it could be
rotated in a vertical plane, while the magnetic field was
rotated in the horizontal plane. For measurements at low
temperatures, a liquid-helium cryostat, with a tempera-
ture stability of +0. 1 K below 77 K and of +0.2 between
77 and 300 K, was used. The microwave power was re-
duced appropriately at liquid-helium temperatures, in or-
der to prevent saturation of Gd + EPR lines.

clei was not visible in any LiY, Yb„F4crystal at any
temperature.

For the orientation of the external magnetic field in the
ZX plane, a m repetitive pattern, while in the XY plane a
m. /2 repetitive pattern, was found for all the host crystals;
these are exhibited in Figs. 1 and 2 for LiYp 6Ybp 4F4 and
LiYF4 hosts, respectively.

C. Line~idths

EPR linewidths for Gd + ions in the LiYF4 crystal
were found to be 30+2 G for all lines for the magnetic-
field orientation along the Z and X axes at room tempera-
ture. When the temperature was lowered to 4.2 K, the
linewidths increased slightly to 3322 G. In
LiYp 9Ybp1F4 crystal the linewidths were very tempera-
ture dependent: 40—60 G at room temperature, 50—70 G
at LNT, and 150—200 G at LHT. For the LiYp 6Ybp 4F4
host the linewidths were 1(X)-150G at room temperature
for the various transitions; these increased to 150—200 G
at 170 K. All the lines in the LiYp 6Ybp 4F4 crystal were
well resolved down to —170 K, while at 40 K, for HI~X,
only the two highest-field lines could be observed, having
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B. EPR spectra

The angular variations of spectra in any Gd +-doped
LiY1 Yb F4 single crystal were found to be similar to
those in the LiYF4 host crystal, described in Ref. 3. The
features of the angular variation of spectra did not
change with temperature, except that the EPR lines
broadened in the hosts with higher concentrations of
Yb +, due to the interaction of Gd + guest with the
Yb + host ions, as the temperature was lowered, such
that below certain temperatures, depending on x, well-
resolved spectra could not be recorded. Clearly resolved
EPR spectra could be recorded below room temperature
down to liquid-helium temperatures (LHT) for samples
with x =0.0 and x =0.1, down to 40 K for x =0.2,
down to 100 K for x =0.3, down to 175 K for x =0.4;
the remaining hosts did not yield clearly resolved EPR
spectra even at temperatures much higher than liquid-
nitrogen temperature (LNT). Resolved superhyperfine
structure (SHFS) due to the nearest-neighbor fiuorine nu-
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FIG. 1. Angular variation of X-band EPR line positions ob-
served at room temperature for the Gd +-doped LiY06Yb04F4
single crystal for the orientation of the external magnetic field in
the ZX plane. The various allowed transitions (hM =+1) have
been indicated as follows: A ( ——,

' —2), 8 ( —2
—2), C

phenylpicrylhydrazyl (DPPH)]. At low fields some forbidden
transitions (AM&+1) are also observed, not shown here. The
continuous lines connect data points belonging to the same tran-
sitions.
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FIG. 2. Angular variation of X-band EPR line positions ob-
served at room temperature for the Gd'+-doped LiYF4 single
crystal for the orientation of the external magnetic field in the
XY plane. The various allowed transitions (hM =+1) have
been indicated as follows: A ( —

2
—2), B ( ——,

' —2), C

(DPPH). At low fields some forbidden transitions (bM&+1)
are also observed. The continuous lines connect data points be-
longing to the same transitions.

In Eq. (4.2), H describes the external magnetic field inten-
sity. In Eqs. (4.2) and (4.3), the 0&

—
~ ~ are spin opera-

tors, as defined by Abragm and Bleaney in particular,
the matrix elements of 0I+ ~ ~ are real, while those of
0& ~ ~ are imaginary. As discussed by Vishwamittar
and Puri, ' the imaginary terms described by %' can be
ignored, thus approximating gf =%, which is appropri-
ate to D2d site symmetry. The ideal D2d symmetry corre-
sponds to the case 7& ——X2——0; where X& and Xz are the an-
gles characterizing the projections of I' ligands in the
ab plane' (see Fig. 3). For LiYF~, ' X, =l'30' and
Xz ———2'29', while for LiYbF4, 7,= 1'42' and
72 ———2'49', as calculated using the crystal structure data
for LiYF4 and LiYbF4. These angles are very small, thus
justifying neglect of &'. The magnetic Z, X, and F axes,
used in Eqs. (4.1)—(4.3), are defined to be those directions
of the external magnetic field for which the extrema of
overall splitting of EPR lines occur; the direction of the
largest extremum defines the Z axis, the direction of the
next-largest extremum defines the X axis, while the direc-
tion of the third-largest extremum defines the 7 axis.
The magnetic Z axis is found to be parallel to the crystal
axis e. The orientation of the external magnetic field in
the ab plane for which the maximum splitting of EPR
lines is observed, then, determines the magnetic X axis; it
is deduced to lie at 34'30'+30' from the a axis in the ab
plane.

widths of about 500 G. (No observation were made for
H~~Z at this temperature. ) Below 40 K no clearly
resolved lines could be observed in this crystal, even for
H~~X. (These linewidths are expressed in ranges, since
they depend on the orientation and magnitude of the
magnetic field. ) The different temperature behaviors of
Gd linewidths in LiYI „Yb,F4 hosts for different x,
are obviously strongly dependent upon x, the fraction of
Yb + host ions present. The Yb + ions afFect the
linewidths by dipole-dipole interaction with Gd + ion.
(Detailed interpretation of the linewidth behavior will be
presented in a forthcoming publication. )

IV. SPIN-HAMILTONIAN PARAMETERS

JV=& +VV', (4.1)

where

%"=p~H g.S+ ,'b202+ '(b4040+b4—0~)—

(b 606+b 606 ) (4.2)

A. Spin Hamiltonian

The spin Hamiltonian, characterizing Gd + ion in
LiY& „YbF4, substituting Y +, or the Yb + ion, occu-
pying the S4 site, can be expressed as

O V" ~b or Gd ion

o F ion

FIG. 3. Positions of F ligand ions around the rare-earth ion
in LiY, „Yb„F4hosts. X, Y, and Z denote the axes of the b,
tensor, whereas a, b, and c denote the crystal axes. The ligands
1—4 are at the same distance (R 1 ), while the ligands 5—8 are at
the same distance (R2), from the rare-earth ion. The F
ligands (1,3) and (5,7) have the polar angles 0, and 82, respec-
tively, whereas the F ligands (2,4) and (6,8) have the polar an-

gles m —6ti and ~—02, respectively. The azimuthal angles for
i =1—4 and 5—g ligands are P, +(i —1)m/2 and P2+(i —5)m/2,
respectively.
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B. Evaluation of spin-Hamiltonian parameters (SHP)

SHP were evaluated rigorously, using a least-squares-
fitting (LSF) procedure, fitting simultaneously all reso-
nant line positions observed for H in the ZX plane for all
the LiY& „Yb„F4host crystals. This meant evaluation
of seven SHP: g„,g„„,b2, b4, and b6 (m =0,4), from a
simultaneous fit of more than one-hundred line positions
in each case. The relative signs of the parameters are
correctly determined by the LFS procedure. The abso-
lute signs of a11 SHP can, then, be determined from the
knowledge of the absolute sign of b2. The intensity of the
highest-field lines relative to that of the lowest-field lines
for HIIZ was found to decrease at liquid-helium tempera-
ture from that at room temperature for the LiYp 9Ybp, F4
host. This indicates that the absolute sign of b2 is nega-
tive. ' (The negative sign for bz has, thus, been assumed
for all the other LiY, „Yb„F~hosts, as well. ) Figure 4
exhibits the temperature dependence of SHP for
LiYp 9Ybp &F4 while Tables I—IV list the values of SHP
for all the cases. It should be noted that the values of 66
and b6 were found to be practically zero, within experi-
mental errors, for all the hosts. The temperature depen-
dence of all the SHP has been found to be nonlinear in all
the hosts; the absolute values of the parameters are, gen-
erally, found to increase with decreasing temperature. As
for the dependences of the various SHP on the mole frac-
tion x, the following is noted. The magnitudes of the pa-
rameters do not change much with x; these changes being
0.2, 18, and 5% for b2, b4, and b4, respectively. They
are probably caused by lattice distortion, since the Y +

and Yb + ions have unequal radii. Figure 5 exhibits tem-
perature variation of g„andg, in the temperature range
4.2—296 K for LiYp9Ybp ]F4. In all the host crystals,
both the g„andg„values decrease monotonically as the
temperature is decreased from the room temperature, i.e.,
the g shifts are negative (antiferromagnetic). The same
result was found by Mehran et al. ' in Gd +-doped
EuAs04 and EuVO4 crystals.
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FIG. 4. Variation of the spin-Harniltonian parameters as
functions of temperature for LiYo 9Ybo &F4 crystal. The 0, )&,
and represent the values of

I
bz I, I b4 I, and b4, respectively.

Different parameters are characterized by different scales.

The values of the parameter a, which determines the
admixture of the excited state P7&2 into the ground state

S7/2 are also included in Tables I—IV for all the hosts, at
various temperatures. a is determined from the rela-
tion'

g =(1—~')g, +~'g, . (4.4)

In Eq. (4.4), g, (=2.0023) and g (=1.716) are, respec-
tively, Lande's factors for Gd + in the ground and first-
excited states, while g represents the average of g„and

TABLE I. Values of SHP for Gd'+-doped LiYF4 at various temperatures. The parameters bi are expressed in GHz, while g„and
g„„aredimensionless, n represents the total number of line positions simultaneously 6tted to evaluate the parameters.
X'= g, (

I
b,E, I

—h v, }', where bE, is the calculated difference in the energy levels participating in resonance for the jth line posi-
tion, v, is the corresponding klystron frequency, and h is Planck's constant. P is expressed in GHz . a is the coefficient that
represents the admixture of P7/2 state in the 'S7/2 state, as given by Eq. (4.4).

289 245 198 79 51 22 4.2

gzz

gxx
bo

b
b4

bo

b"

n

X2

1.9901+0.0025

1.9908+0.0025
—2.4863+0.0085
—0.0578+0.0015

0.3047+0.0046
—0.0008+0.0037

0.0017+0.0095
106

0.0391
0.20 +0.04

1.9903
1.9906

—2.5149
—0.0580

0.3073
—0.0004
—0.0024

106

0.0127
0.20

1.9929

1.9920
—2.5426
—0.0585

0.3107
—0.0003

0.0001

106

0.0268

0.19

1.9911
1.9904

—2.5711
—0.0590

0.3129
—0.0004

0.0012
106

0.0282

0.20

1.9913
1.9914

—2.5918
—0.0596

0.3143
—0.0004
—0.0002

106

0.0350
0.20

1.9915
1.9903

—2.5990
—0.0595

0.3135
—0.0009

0.0099
84

0.1362

0.20

1.9911
1.9920

—2.6010
—0.0594

0.3130
—0.0002

0.0069
105

0.1791

0.19

1.9900
1.9&97

—2.6002
—0.0600

0.3150
0.0000

—0.0046

113
0.0470
0.21
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TABLE II. Values of SHP for Gd'+-doped LiYo 9Ybp ]F4. For notations see the caption of Table I.

gzz

gxx
bo

bo

b44

bo

b4

n

1.9882+0.0030
1.9920%0.0030

—2.4830+0.0125
—0.0559+0.0020

0.3114+0.0055

0.0009+0.0055
—0.0057+0.0105

107

0.0622

0.21 +0.05

24S

1.9871

1.9924
—2.5108
—0.0583

0.3101
—0.0012
—0.0094

107

0.0749

0.21

198

1.9855

1.9933
—2.5348
—0.0586

0.3129
—0.0009
—0.0095

108

0.0943

0.21

1.9829

1.9904
—2.5591
—0.0590

0.3158
—0.0014
—0.0107

105

0.1068

0.23

1.9868

1.9927
—2.5856
—0.0591

0.3236
—0.0009
—0.0105

104

0.0893

0.21

51

1.9792+0.0040

1.9879+0.0040
—2.5753+0.0145
—0.0575+0.0030

0.3285+0.0075
—0.0010+0.0075
—0.0259%0.0145

104

0.1364

0.25 +0.05

1.9653

1.9747
—2.5647
—0.0599

0.3352
—0.0055
—0.0091

93
0.2021

0.33

1.9661

1.9757
—2.5644
—0.0596

0.3245
—0.0038
—0.0134

92

0.2624

0.33

g„.It is found that this admixture increases with de-
creasing temperature for LiY&,Yb„F4(x&1) crystals,
whereas for LiYF4 its value is practically independent of
temperature.

As for the temperature dependence of SHP, the param-
eters b z, b 4, and b4 are found to fit reasonably well, in the
temperature range 4.2 K(T (300 K, to the quadratic
function, a +bT+eT, for both the LiYF4 and
LiYp 9Ybp i F4 hosts, the only hosts for which well-
resolved EPR spectra can be observed down to liquid-
helium temperature. The values of the constants a, b, e,
and the corresponding 7 values for the various parame-
ters are listed in Table V. A quadratic temperature
dependence of bi was also observed by Low and Zus-
rnan' for Gd +-doped LaA103 in the temperature range
20 K& T &300 K. According to them, the temperature
dependence is due mainly to the changes in the crystal
field. One expresses b2 ——AV,„(1+BV,„),where V,

„

is
the axial crystal-field strength, and A and-8 are compli-
cated constants depending on a number of mechanisms;
in particular, the spin-orbit coupling, the spin-spin in-
teraction, and the energy separation of the Gd + excited
states from the ground state. The constants A and 8 do
not depend significantly upon the temperature. ' Thus,

the temperature dependence of bi is mainly caused by
the changes in V,„,the axial crystal field. In order to ex-
plain the quadratic temperature dependence of bi, V,

„

is,
then, expected to be predominantly linear in the tempera-
ture range 4.2—300 K.

V. ZERO-FIELD SPLITTING

It is interesting to study the dependence of Gd + zero-
field splitting in the LiY& „Yb„F4hosts on temperature
(T) and on the mole fraction (x). To this end, the eigen-
values of the spin-Hamiltonian matrix were calculated for
8=0 for the various host crystals. The overall zero-field
splittings were then separately least-squares fitted to poly-
nomials up to second power in x and in T. Satisfactory
fits were found to these quadratic polynomials. The re-
sults are as follows.

A. Dependence on temperature

The zero-field splitting hE of Gd + in LiYF& and

LiYp9Ybp IF4 hosts, the only crystals in which well-

resolved spectra could be observed down to liquid-helium
temperature, can be fitted, in the temperature range
4.2 K (T (300 K, to the following quadratic function:

TABLE III. Values of SHP for Gd'+-doped LiY& „Yb„F4(x =0.2, 0.3). For notations see the caption of Table I.

T (K) 296
LiYo.sYbo. 2F4

198 289
LiYp 7Ybo 3F4

198 140

Rxx

bo

bo

b44

bo

b4

n

X2

1.9810+0.0045

1.9897+0.004S
—2.4653+0.0145
—0.0599+0.0030

0.3148+0.0075
—0.0016+0.007S
—0.0144+0.0185

102

0.1711

0.24 +0.06

1.9788

1.9878
—2.5161
—0.0598

0.3185
—0.0017
—0.0345

104

0.1683

0.26

1.9729

1.9880
—2.5575
—0.0588

0.3337
—0.0001
—0.0208

103

0.2071

0.28

1.9597
1.9780

—2.5410
—0.0541

0.3470

0.0003
—0.0140

92

0.2632

0.34

1.9877

1.9913
—2.4805
—0.0582

0.3158
0.0010

—0.0111
104

0.0444

0.21

1.9857

1.9911
—2.5243
—0.0595

0.3185
—0.0005
—0.0150

106

0.0990
0.22

1.9802

1.9902
—2.5486
—0.0616

0.3341
—0.0007
—0.0268

106

1.9699
1.9863

—2.5463
—0.0608

0.3361
—0.0014
—0.0106

100

0.2352

0.29
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LiYbF4
290

LiYp 2Ybp 8F4
286

L&Yo 4Ybo. f,F4
290

LiYo..Ybo.4F4
240 175290

1.9717
1.9860

—2.4812
—0.0681

0.3209
—0.0033

1.9762

1.9916
—2.4937
—0.0645

0.3330
—0.0001
—0.0231

1.9852+0.0060

1.9964+0.0060
—2.4775+0.0165
—0.0601+0.0035

0.3512+0.0090
—0.0009+0.0090
—0.0177+0.0210

1.9680

1.9846
—2.4954
—0.0566

0.3402

0.0024
—0.0157

1.9790
1.9894

—2.4895
—0.0566

0.3268

0.0027
—0.0161

1.9782+0.0045

1.9867+0.0045
—2.4620+0.0145
—0.0601+0.0030

0.3252+0.0075

0.0016+0.0075
—0.0277+0.0185

gzz

gxx
bo

b

b44

bo

b 0.0108
102

0.6298

0.33

104

0.6561

0.30

107105

0.3031

0.30

103

0.1890

0.25

107n

X2 0.6297

0.25 +0.07
0.2215

0.26 +0.06

bE(T) =a'+b'T+c'. T The fit represented by Eq. (5.2) includes the values
x =0.0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, and 1.0, and is charac-
terized by a 7 value of 0.08 GHz .

(5.1)

The values of a', b', c', and the corresponding 1 values
are included in Table V. The temperature dependence
exhibited by Eq. (5.1) can be easily understood, if one
takes into account the temperature dependence of the
spin-Hamiltonian parameters bI, as discussed in Sec. IV.

VI. SUPERPOSITION MODEL
CALCULATION OF SHP (6! )

According to the superposition model of Newman
the SHP (bP ) can be expressed as linear combinations of
single-ligand contributions to the intrinsic parameters
b„(Ro),which depend on the ligand i, as follows:

B. Dependence on the mole fraction (x)

A reasonably good fit of AE values at room tempera-
ture can be made to the following quadratic function:

b E (x ) =29.6861 —0.5273x +0.6062x b, = g b„(R,}K„(8;,P;), (6.1)(5.2)

where

b„(R;) =b„(Ro)(Ro/R;)" . (6.2)

ln Eqs. (6.1) and (6.2), (R;,8;,p;) are the coordinates of
ligand i, and Ro is a particular bond length, used as a
reference. The K„ in Eq. (6.1) are angular functions.
For the present considerations, they are specifically
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~- ==—--e

!
/ 0

/

t
I

'X ~
/

/
/

I
('0

K2(8, $)=(3 cos 8—1)/2,

K4(8, P) =(35 cos 8—30cos 8+3)/8,

K4(8, $)=(35 sin 8cos4$}/8 .

1.99 t— (6.3)Vl

OJ

o
EA

4J
E

(6.4)

1.9S—
/

f rgg-, - --&- o ---o
/

/
/

I

(6.5}

iX For LiY, „YbF4 crystals, one considers the eight ligand
Auorines, which consist of four nearest and four next-
nearest neighbors to a Gd + ion, substituting a Y +, or
Yb + ion. This is shown in Fig. 3. The required values
of (R, , 8, , $, ) for LiYF4 and LiYbF4 are given in Refs. 11
and 16. In order to evaluate the intrinsic parameters,
b„(Ro),the required lattice constants of LiY& „YbF4
were estimated in accordance with Vegard's law, ' ' as
given in Sec. II ~ One can now express

1.97—

1.96 t-

300200100

bz(Ro)=b2/[a (Ro/R
&

) '+b(Ro/R2) '],
b4(Ro)=b4/[c(Ro/R, ) '+d(R /R~o) '],
b 4(Ro) =b4/[e (Ro/R

&
) '+f (Ro/R2) '] .

(6.6)
FIG. 5. Temperature variations of the g values for the vari-

ous hosts. The (g„,g ) values are represented by (0, )& ),
(~,~ ), (O, V), and (,6) for LiY, „Yb„F4;x =0.1, 0.2, 0.3,
and 0.4, respectively.

(6.7)

(6.8)

TABLE IV. Values of SHP for Gd +-doped LiYl Yb F4 (x =0.4, 0.6, 0.8, 1.0). For notations see the caption of Table I.
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TABLE V. Values of the constants required to fit the SHP: bi ——a+bT+cT' and the zero-field

splitting: hE(T) =a'+b'T+c'T . The g values characterizing these fits are also included.

LiYF4 a' (GHz)
b'(10 ' GHz/K ')
c'( 10 GHz/K )

1'(10 GHz )

bo

—2.6025
5.096
1.232
0.16

b

—0.0598
0.494
0.082
0.002

b44

0.3139
1.356

—0.158
0.03

31.1166
—51.36
—15.04

23.5

LiYO 9Ybo iF4 a' (GHz)
b'(10-4 GHz/K-')
c'(10 GHz/K ')
g (10 GHz )

—2.5654
—2.468

1.887
0.26

—0.0591
—0.054

0.048
0.005

0.3318
—1.244

0.167
0.1

30.7032
26.94

—21.95
31.4

In Eqs. (6.6)—(6.8), R, and Rz are the distances of the
nearest and next-nearest fluorine neighbors from the
Gd + ion, while Ro =(R, +Rz)/2. As for the numerical
values of the coefficients a, b, c, d, e, f, they are listed in
Table VI for the various hosts. In the superposition-
model calculation one needs to know the value of the
power t„in Eq. (6.2). For LiY, „Yb„F~crystals, which
have the same crystal structure as those of Scheelite crys-
tals, t2 has been assumed to be equal to 1, which is the
same as that used by Newman and Urban for Scheelite
hosts. A plot of b2 values as a function of x at room tem-
perature is displayed in Fig. 6. As for the value of t4, it is
determined from the condition b4 ——b 4, where these in-
trinsic parameters are determined from the values of the
parameters b4 and b4, using Eqs. (6.7) and (6.8), respec-
tively. For LiYF4 the values of t4 turn out to be —58.8,
—57.6, —57.3, and —57.1 at T =298, 198, 140, and 93
K, respectively. This yields an average value of
t4 ———57.8 over the range 93—298 K. This value is, how-
ever, much greater in magnitude than those determined
for Gd +-doped cubic-metal fluoride hosts MeF2
(Me=Cd, Ca, Sr, Pb, Ba), for which t4= —5.60, —6.14,
—4.86, —15.50, —7.43, respectively, and for Gd +-
doped hexagonal hosts RF3 (R =La, Ce, Pr, Nd), all of
which have the same value of t4 (=14). ' The above-
mentioned t4 values for LiY& Yb„F4were, however,
calculated without considering any distortions of the po-
sitions of F ions, caused by the substitution of a Gd +

ion for Y +, or Yb + ion; the latter ions do not have the
same ionic radii as that of Gd +. In the absence of any
knowledge of what these distortions are, some simple dis-

tortions were considered in order to see their effect on t4.
For example, reductions by the same value 60 of all the
eight vertical angles 8; for the fluorine ions (Fig. 3); yield
the t4 values to be —21.3, —12.5, and —3.3 for 68 equal
to 4', 5', and 6', respectively. This means that a reduc-
tion in the values of all 8, by 66I=5.5' yields a t4 value,
which is consistent with those for MeFz (Ref. 20) and
RF3 hosts. '

VII. TEMPERATURE DEPENDENCE
OF THE INTRINSIC PARAMETER b2

bz(T) =bz(RL)+Ez coth(trice/2kzt T) . (7.1)

In Eq. (7.1) ttl is Planck's constant divided by 2a, kzt is

The change in the value of b 2 with temperature can be
reflected into the change in the value of the intrinsic pa-
rameter b2 with temperature. It has been suggested' '

that the effect of thermal expansion (contraction) of the
lattice on b2 is rather small. Taking into account the
change in lattice constants over the temperature range
93—290 K for LiYFz, the change in the value of b 2 is es-
timated, using Eq. (6.6), to be about 22%, while the total
change in the value of bz as evaluated from experimental
data is about 100%, which is much larger than 22%.
The extra change in bz (about 78%), over and above that
due to thermal change of lattice constants, can be ex-
plained to be due to the modulation of the crystal field by
thermally excited phonons. The latter can be accounted
for by the application of the isotropic Einstein model of
lattice vibrations, according to which

TABLE VI. Values of the (dimensionless) coefficients a, b, c, d, e, f required in Eqs. (6.6)—(6.8) for the
various LiY

&
Yb„F4hosts.

0.0
0.1

0.2
0.3
0.4
0.6
0.8
1.0

—1.090
—1.090
—1.091
—1.091
—1.091
—1.092
—1.092
—1.093

1.731
1.729
1.727
1.725
1.723
1.720
1.716
1.712

—0.372
—0.372
—0.371
—0.371
—0.370
—0.370
—0.369
—0.368

—1.061
—1.063
—1.065
—1.067
—1.069
—1.073
—1.078
—1.082

12.526
12.526
12.526
12.524
12.524
12.522
12.521
12.519

2.466
2.469
2.472
2.475
2.478
2.484
2.489
2.495
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b2 (GHz j

-~.oe&

-e.10

I 1 I t I l I 1 I The various terms on the right-hand side of Eq. (8.1) are
described as follows. A is the spin-Hamiltonian of Gd +

ion in crystal field of tetragonal symmetry in
LiY0 9Ybo, F4., it is given by Eq. (4.2).

JV =pgS|'g) H, (8.2)

—4.22

0.0
I l I

0.2 0.0
I I I I I

0.6 o.e
x (dieensionless j

1.0

FIG. 6. Plot of the intrinsic parameter b2(RO) for t2 ——1 as a
function of x at room temperature for the various Gd'+-doped
LiY, „Yb,F4 hosts.

is the spin-Hamiltonian of the Yb + ion. In Eq. (8.2),
S, = —,

' is the effective spin of Yb + in the ground state at
liquid-helium temperature (see below), g, is the g tensor
for Yb +. [The hyperfine interaction energies of the two
isotopes ' 'Yb (nuclear spin I = —,

'
) and ' Yb (I = —,

'
) with

nonzero nuclear magnetic moments have been neglected. ]

& =JSS, (8.3)

represents the Gd +-Yb + pair-exchange interaction. In
Eq. (8.3) J is the exchange-interaction constant between a
Gd +-Yb + pair. The g shift in a paramagnetic host
from that in a diamagnetic isostructural host (in the
present case LiYF4) is expressed using the molecular-field
model as

bg =zJ(BE„/BH)l(g,p H) . (8.4)

Boltzmann's constant, and co is the average frequency of
phonons in the lattice of LiYF4. Assuming a typical
value of co=10' s ' for LiYF4, the values of K2 and
b2(RL) are estimated, from a fit of bz values to the tem-

perature, according to Eq. (7.1), to be K2 ——0.0354 GHz
and b2(RL)= —4. 332 GHz. The spin-phonon interac-
tion constant K2 can be calculated using the theory of
vibronic effects. Its magnitude is found to be propor-
tional to (u ) V o/LR, where (u ) is the mean-square
displacement of the atoms, VOL is the appropriate mean
orbit lattice interaction energy, and R is the rare-earth
metal to fluorine distance. The value of I( 2 as found
here, from the fit to Eq. (7.1), is found to be of the same
order of magnitude as that for Eu +-doped alkaline-
fluoride crystals, although R for LiYF4 is somewhat
smaller than those for the alkaline-fluoride crystals.

VIII. Gd +-Yb + EXCHANGE INTERACTION

In this section the Gd +-Yb + exchange-interaction
constant, considering only the nearest and next-nearest
neighbors, is estimated for the paramagnetic host
LiYp 9Ybp, F4. To this end Ag, the shift of Gd + g value
from that in the isostructural diamagnetic host LiYF4 at
liquid-helium temperature is used; bg =g -g, where g
and g" are the g values in the isostructural paramagnetic
(LiY09Ybo, F4) and diamagnetic (LiYF4) hosts. (It is
noted that the shape-dependent g shift due to the magne-
tization of the LiYp 9Ybp, F4 sample at liquid-helium tem-
perature ' is zero in the present case, since the sample
chosen for measurement was of spherical shape. As well,
LiYp 9Ybp ~F~ is the only mixed crystal for which EPR
spectra can be recorded down to liquid-helium tempera-
ture. )

The spin-Hamiltonian of a Gd +-Yb + pair can be ex-
pressed as follows:

In Eq. (8.4) z is the number of nearest and next-nearest
paramagnetic neighbor Yb + ions to the Gd + ion in

LiY09Ybo, F4, (BE„/BH) is the average of the deriva-
tives of the lowest-lying energy multiplet F7&2 of Yb +

at liquid-helium temperature in LiYp 9Ybp &F4, and g& is
the effective Yb + g factor. It should be noted that dis-
tant neighbors beyond the first nearest neighbors are not
taken into account as the exchange-interaction constant
falls off extremely rapidly with distance (for more details
see Ref. 30).

(BE„/BH) can be calculated as follows. The F7&2
level of Yb + splits, in the presence of tetragonal crystal-
line electric field, into four Kramer's doublets
'r, +2 I 8+ I 9',

' however, at liquid-helium temperature
only the ground-state doublet ( I, ) is expected to be pop-
ulated so that the effective spin of the Yb + ion is S, = —,'.
Finally,

2

(BE„/BH)= g (BE, /BH)P, , . (8.5)

E, = —(g „p~H)/2,
E2 =(g,zpsH)/2 .

(8.6)

Assuming Boltzmann distribution the probabilities are

2

P; =exp( E, /ksT) g—exp( E, /ksT), —(8.7)

where E, is given by Eqs. (8.6) and kz is Boltzmann's
constant. Thus,

( BE„/BH ) =g „p, ( P P, ) /2 . — (8.8)

where E, , E2 are the energies of the ground-state doublet
of Yb + ' P

& P2 are the corresponding probabilities of oc-
cupation. For H~~Z, E, and E2 can be expressed, using
Eq. (8.2), as follows:

&T——&+&'+JISM (8.1) Finally, the total exchange interaction between Gd + and
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its nearest and next-nearest paramagnetic Yb + neigh-
bors can be expressed, using Eq. (8.4), as

J'=zJ =2(g~~z —g„)@AH/(P, P—, ) . (8.9)

IX. CONCLUDING REMARKS

The present X-band EPR studies on Gd + -doped
LiY, Yb F4 single crystals have led to the following
conclusions.

(i) The various SHP in all LiY, „Yb„F4exhibit the
same, i.e., quadratic, dependence on temperature. This
dependence is similar to that for Gd +-doped LaA103
host. '

(ii) The Gd + zero-field splittings (ZFS) depend qua-
dratically on temperature, whereas in the PrF3 (Ref. 35)
and Sm(NO3)3 6H20 (Ref. 36) hosts the Gd + ZFS de-

pend linearly upon temperature. Further, the present
ZFS are about three times those in PrF3 and LaF3
hosts, and 1 —,

' times that in the Sm(NO3)3 6HzO host.
(iii) The values of the same SHP for the various

Using g&, ——1.331, g& ——3.917, H =3400 G as an aver-
age value for X-band EPR of Gd +, one finds P&

——0.518
and P2 ——0.482 for H~~Z, P& ——0.553 and P2 ——0.447 for
H~~X, as calculated by the use of Eq. (8.7) at T =4.2 K.
Finally, one computes J' =6.3 GHz using Ag„while
J'=1.3 GHz using hg„,in Gd +-doped LiYO9Ybo &F4

single crystal. This yields the average value of
Gd +-Yb + pair-exchange interaction J =3.8+2.5 GHz,
averaged over the nearest and next-nearest neighbors, as-
suming that, on the average, there is one (z =1) nearest
and/or next-nearest Yb + ion surrounding a Gd + ion in
the LiYo9Ybo iF4 crystal. (It is noted that z =8 for
LiYbF4. ' ) This value, estimated using the molecular-
field model, taking into account the magnetization of the
host Yb + lattice, is to be compared with J =8.60
GHz, that obtained for LiYbF4 at room temperature, us-

ing the model of Hutchings et al.

LiY& Yb F4 hosts are quite close to each other. This is
the same behavior as that observed in the Scheelite host
crystals. Newman and Urban suggested that small vari-
ation in the observed parameters for different Scheelite
crystals is caused by a rearrangement of the surrounding
ions about the substituted ion, making the local environ-
ments in the various host crystals quite similar. In the
present study, the substituting ions (Gd +) are larger
than the host ions (Y +, Yb +); Gd + ions, thus, push
aside the ligand F ions, forming local environments
which could be quite similar in the various LiY, Yb„F4
host crystals.

(iv) The variation of bz with temperature is predom-
inantly due to the modulation of the crystal field by
thermally excited phonons, i.e., due to spin-phonon in-
teraction. The thermal expansion (contraction) of the
crystal lattice plays a secondary role.

(v) The average Gd +-Yb + exchange interactions with
the nearest and next-nearest Yb + ions in the
LiYO9Ybo, F4 host is estimated to be 3.8+2.5 GHz at
liquid-helium temperature, using the g shift from that in
the isostructural diamagnetic host LiYF4.

(vi) The linewidth variation in LiY, „Yb„F~hosts
with larger x values is very strongly temperature depen-
dent, presumably due to Gd +-Yb + dipole-dipole and
exchange interactions. A detailed theoretical study of the
temperature variation of the linewidths is in progress and
will be published in due course.
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