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Gd31 EPR linewidths in diluted Van-Vleck paramagnets HoxY 12xVO4 (x50.0, 0.02, 0.05, 0.1, 0.15,
0.25,0.3, 0.5, 0.9, 1.0) and TmxLu12xPO4 (x50.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0) were measured atX band
~8.7–9.6 GHz! in the temperature range 4.2–300 K as functions of temperature and concentration (x) of the
host paramagnetic ions, Ho31 and Tm31, respectively. It was found that the dipole-dipole and exchange
interactions significantly influenced the measured linewidths in HoxY 12xVO4 and TmxLu12xPO4 samples for
the concentrationsx.0.1 andx.0.6, respectively. Further, in HoxY 12xVO4 samples withx.0.3 the EPR
lines disappeared at temperatures above 10 K due to the formation of percolation clusters by Ho31 ions; the
disorder was deduced to have a negligible effect in these hosts. Interaction of the lattice with the electronic
quadrupole moment of Ho31 ions created different structural sites of Gd31 in HoxY 12xVO4 samples with
x.0.1 depending on the number of Ho31 ions in the immediate neighborhood of a Gd31 ion, resulting in the
observation of up to three different sets of Gd31 EPR spectra. As for TmxLu12xPO4 samples with
0.1,x,0.8, it was the disorder, rather than a percolation cluster, that dominated the Gd31 EPR linewidths
due to the rather large difference in the ionic radii of Tm31 and Lu31 ions, as well as in the unit-cell
parameters of TmPO4 and LuPO4. The temperature variation of the linewidths were found to be in accordance
with those of the average magnetic moments of Ho31 and Tm31 ions in HoxY 12xVO4 and TmxLu1xPO4 ,
respectively. Gd31 spin-Hamiltonian parameters were estimated at different temperatures for the two families
of hosts. EPR spectra of the Er31 ion, present as a chemical impurity, have also been observed in
HoxY 12xVO4 samples at liquid-helium temperatures.

I. INTRODUCTION

TmPO4,LuPO4 and HoVO4,YVO4 belong to the series
of lanthanide phosphates and vanadates, respectively, pos-
sessing the tetragonal zircon structure characterized by the
space groupD4h

19 . These compounds have been of interest
recently, because of~i! TmPO4 exhibiting cooperative Jahn-
Teller effect, leading to the softening of the elastic constant
at about 20 K,1 thus lowering the symmetry under the action
of a high magnetic field2 due to magnetoelastic interactions;
~ii ! ordering of Ho and Tm nuclear magnetic moments at
very low temperatures,3,4 ~iii ! suitability of HoVO4 for en-
hanced nuclear cooling,5 and ~iv! usefulness~e.g., LuPO4)
for confinement of radioactive nuclear wastes.6

EPR investigations of Gd31 in the pure diamagnetic lat-
tices of LuPO4 and YVO4 have been reported by Rappaz,
Boatner, and Abraham6 and by Rosenthal,7 respectively. As
for the pure paramagnetic lattices, strong influence of dy-
namical exchange and dipole interactions on EPR linewidth
of Gd31 was reported by Mehran and co-workers8,9 in
TmPO4. In addition, Mehran, Stevens, and Plaskett deduced
inhomogeneous broadening of EPR lines by indirect super-
hyperfine interaction between Gd31 ion and 165Ho nuclei in
HoVO4,

10 and the influence of Jahn-Teller-induced random
strains on the Gd31 EPR spectra in mixed crystals
TmxY 12xVO4.

11 Dilution of Gd31-doped paramagnetic lat-
tices of TmPO4 and HoVO4 by the diamagnetic ions Lu31

and Y31, respectively, reduces the number of paramagnetic
ions in the neighborhood of the impurity ion~Gd31), de-
creasing the influence of interactions between Gd31 and the

paramagnetic host ions. Accordingly, a systematic study of
magnetically diluted samples HoxY 12xVO4 and
TmxLu12xPO4, with different concentrationsx can be used
to understand the behavior of EPR linewidths of the impurity
ion Gd31 in these compounds, influenced significantly by
exchange and dipole-dipole interactions with the host para-
magnetic ions Ho31 or Tm31, interactions with electric
crystalline field, and electron-phonon interactions.8–13

An optical study of the mixed rare-earth crystals, such as
Y xLu12xF3, YbxY 12xF3, YbxGd12xF3, revealed the im-
portance of disorder as deduced from spectral linewidths of
the impurity ion Er31.14 Theoretical studies on EPR line-
width behavior in mixed magnetically dilute rare-earth crys-
tals have been reported recently by Misiak, Misra, and
Mikolajczak,15 and by Misiak, Misra, and Orhun16 on
LiYb xY 12xFx single crystals, and by Misra and Orhun

17 on
PrxLa12xF3 single crystals. Percolation-cluster model was
applied by Misra and Orhun18 to explain the behavior of
Gd31 EPR linewidths in LiYbxY 12xF4, according to
which, a percolation cluster extends across the sample broad-
ening the EPR lines sharply as a result of shortened spin-
lattice relaxation times when the concentration of the para-
magnetic ions exceeds a certain critical value.

The purpose of this paper is to present detailed systematic
experimental data on Gd31 EPR spectra in diluted paramag-
netic HoxY 12xVO4 and TmxLu12xPO4 crystals as function
of concentration (x) of the host paramagnetic ions at differ-
ent temperatures in the range 4.2–300 K. The EPR linewidth
data will be analyzed in order to~i! understand the interac-
tions between the impurity Gd31 ion and the host paramag-
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netic ions in HoxY 12xVO4 and TmxLu12xPO4 crystals;~ii !
discern the mechanisms that influence Gd31 EPR linewidth
in these two families of crystals; and~iii ! estimate Gd31

spin-Hamiltonian parameters in these hosts. In addition, an
effort will be made to assess the extent to which~i! the
crystal structures become distorted as functions ofx; and~ii !
the two rare-earth ions Ho31 and Tm31 are magnetically
similar. The presence of Er31 ions as a chemical impurity
has provided an opportunity to study Er31 spectra in
HoxY 12xVO4, as presented in Sec. VI.

II. PREPARATION OF SAMPLES

TmxLu12xPO4 (x50.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0) sin-
gle crystals characterized by tetragonal structure were pre-
pared in the form of parallelepipeds with well-developed
~100!, ~010!, ~001! faces by the flux-growth technique de-
scribed by Smith and Wanklin19 HoxY 12xVO4 (x50.0,
0.02, 0.05, 0.1, 0.15, 0.25, 0.3, 0.5, 0.8, 0.9, 1.0) single
crystals with well-defined~100!, ~010!, ~001! faces whose
largest dimension was along thec axis were grown using
Czochralsky’s technique.20 The impurity content of Gd31 in
both these series of crystals was about 0.2%. They were
grown at the Institute of Silicate Chemistry, Russian Acad-
emy of Sciences, St. Petersburg.

III. EPR DATA

EPR spectra were recorded on a Bruker~ER 200D! spec-
trometer~100-kHz modulation! in the temperature range 77–
300 K, and on a VarianX band V-4502 spectrometer in the
temperature range 4.5–110 K~400-Hz modulation!. The
temperature was varied using a heater resistor inside a com-

mercial liquid-helium cryostat by the use of a homemade
cavity for measurements at temperatures below 110 K.

EPR spectra were recorded at different temperatures in
TmxLu12xPO4 and HoxY 12xVO4 samples to deduce tem-
perature dependences of Gd31 EPR linewidths of the al-
lowed transitions M↔M21(M57/2, 5/2, 3/2, 1/2,
21/2,23/2, 25/2, 27/2, is the electronic magnetic quan-
tum number of the Gd31 ion, characterized by the electronic
spinS57/2) for the orientation of the external magnetic field
(B) parallel to the magneticZ axis.~The magneticZ, X, and
Y axes are defined to be those directions ofB for which
extrema of fine-structure splittings occur; these splittings are
in decreasing order, respectively, forBiZ,X,Y and were
found to be coincident with the crystallographic axesc, a,
andb, respectively.! More details on Gd31 EPR spectra in
TmPO4 and HoVO4 are described in Refs. 6–13.

In particular, typical Gd31 spectra as recorded forBiZ
axis in Tm0.2Lu0.8PO4, Tm0.8Lu0.2PO4, Ho0.1Y 0.9VO4,
Ho0.3Y 0.7VO4 at 110 K are exhibited in Fig. 1. It is seen that
in Tm0.2Lu0.8PO4 sample, in addition to the seven intense
allowed fine-structure lines, there appeared another overlap-
ping set of Gd31 lines. This is due to creation of magneti-
cally inequivalent sites by disorder in the crystal as ex-
plained in Sec. V. In Fig. 2 are exhibited Gd31 spectra in
Tm0.8Lu0.2PO4 and Ho0.3Y 0.7VO4 samples as observed at 5
K. The three sets of observed Gd31 EPR lines in
Ho0.3Y 0.7VO4 at 5 K appear due the presence of three mag-
netically inequivalent Gd31 sites created by the interaction
of the electronic quadrupole moments of Ho31 ions with the
lattice of HoVO4.

21 ~More details in Sec. V.! The line at
gi53.559 observed in the EPR spectra of Ho0.3Y 0.7VO4 at 5
K ~Fig. 2! is identified as the EPR line due to the Er31 ions
present as an impurity, because itsg value (gi53.544) is the
same as that for Er31 in YVO 4 reported by Ranon.22 The
shape of all the EPR lines was found to be Lorentzian. The
intensity of the EPR lines decreased with increasing con-

FIG. 1. Typical X-band ~9.6 GHz!
Gd31 EPR spectra in TmxLu12xPO4

and HoxY 12xVO4 for BiZ axis at 100 K:
~a! Tm0.2Lu0.8PO4 , ~b! Tm0.8Lu0.2PO4 ,
~c! Ho0.1Y 0.9VO4 , ~d!Ho0.3Y 0.7VO4 .
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centration (x) of the host paramagnetic ions for both
HoxY 12xVO4 and TmxLu12xPO4 samples at any tempera-
ture.

IV. SPIN-HAMILTONIAN PARAMETERS

The EPR line positions of the Gd31 ion, substituting
for the rare-earth Lu31, Y 31, Tm31 or Ho31 ions in
TmxLu12xPO4 and HoxY 12xVO4, characterized byD2d
point-group symmetry at their sites,23 were fitted to the fol-
lowing spin-Hamiltonian, appropriate to tetragonal site sym-
metry:

H5mB@g'~BxSx1BySy!1giBSz#1
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In Eq. ~1!, the first term describes the Zeeman interaction
of the Gd31 ion with the external magnetic field, while the
remaining terms describe the interaction between the Gd31

ion and the crystalline electric field~CEF!. TheOn
m are spin

operators, as defined by Abragam and Bleaney.24 All the
EPR line positions recorded for several orientations ofB
were used in a simultaneous fitting to estimate spin-
Hamiltonian parameters by the least-squares technique as de-
scribed by Misra.25 In the 80–300 K temperature range, the
estimatedg values were found to be practically independent
of temperature:g'5gi51.99260.002 for all the investi-
gated HoxY 12xVO4 and TmxLu12xPO4 samples. The zero-
field splitting parametersb2

0 for both TmxLu12xPO4 and
HoxY 12xVO4, for all values ofx, were found to be linearly
dependent on temperature (T) in the range 80–300 K. For
TmxLu12xPO4 ~GHz!: b2

0521.97612.0831024 T and for
HoxY 12xVO4~GHz!: b2

0521.47415.1931024 T for all

concentrations within experimental error (60.015 GHz!.
These values are in accordance with those reported for the
pure lattices of TmPO4 ~Ref. 8! and YVO4.

26 The remaining
parameters have much smaller values relative tob2

0 , and
were estimated to have about the same values as those re-
ported in Refs. 6 and 7 for Gd31 in LuPO4 and YVO4,
respectively. Specially, for HoxY 12xVO4: b4

0520.0045
GHz, b4

450.125 GHz,b6
050.0015 GHz,b6

450.00015 GHz,
and for TmxLu12xPO4: b4

0520.015 GHz,b4
450.06 GHz,

b6
050.003 GHz,b6

450.004 GHz. In the liquid-helium tem-
perature range~4.5–10 K! for Gd31 in Tm0.8Lu0.2PO4:
b2
0521.96060.005 GHz,gi51.98560.005, while the val-
ues of the parameterb2

0 corresponding to the three well-
resolved Gd31 EPR spectra in Ho0.3Y 0.7VO4 were esti-
mated to be21.38760.005 GHz,21.28060.005 GHz, and
21.16060.005 GHz, theg values being the same for these
three sets:gi51.98060.002. At 5 K in Ho0.25Y 0.75VO4,
Ho0.15Y 0.85VO4, Ho0.1Y 0.9VO4, and Ho0.05Y 0.95VO4

samples the same values of the parameters were
found: b2

0521.42560.005 and gi521.98260.002. In
Ho0.25Y 0.75VO4 and Ho0.15Y 0.85VO4 the values of the pa-
rameterb2

0 corresponding to the second less intense Gd31

EPR spectrum were estimated to be the same:
b2
0521.28560.005 GHz.~At liquid-helium temperature the
value of g' could not be determined as EPR spectra for
B'Z axis could not be observed for both TmxLu12xPO4

and HoxY 12xVO4 samples.!
Er 31 ion. The gi values for the Er31 ion (S51/2)

at 5 K were estimated to be 3.55960.005, 3.585
60.005, 3.58560.005, 3.59060.005, and 3.58260.005
for Ho0.3Y 0.7VO4, Ho0.25Y 0.75VO4, Ho0.15Y 0.85VO4,
Ho0.1Y 0.9VO4, and Ho0.05Y 0.95VO4, respectively. The
broad EPR lines, with the linewidths 270 and 280 G charac-
terized by the same values ofgi53.70060.005 observed in
Ho0.9Y 0.1VO4 and HoVO4 samples, respectively, in the
temperature range 4–10 K, were also identified to be that due
to the Er31 ion.

FIG. 2. Typical X-band ~8.7–8.9 GHz!
Gd31 EPR spectra in TmxLu12xPO4 and
HoxY 12xVO4 for BiZ axis at 5 K: ~a!
Tm0.8Lu0.2PO4 , ~b! Ho0.3Y 0.7VO4 . ~The Er31

EPR line has also been indicated.!
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V. EPR LINEWIDTHS

In general, the linewidths depended on temperature and
concentration (x) of the host ions. The temperature
dependences of the Gd31 EPR linewidths for BiZ
axis in Tm0.8Lu0.2PO4 and HoxY 12xVO4 (x50.1, 0.15,
0.25, 0.3) samples are shown in Figs. 3 and 4, respectively.
The widths of the lines corresponding to the transitions
M↔M21 and2M↔2(M21) were found to be the same
within experimental error for all samples.

Gd31 EPR linewidths in TmxLu12xPO4 and
HoxY 12xVO4 samples do not change significantly with tem-
perature for samples withx50.0, 0.1, 0.2, 0.4, 0.6, and with

x50.00, 0.02, and 0.05, respectively. They are thus listed
only at 78 and 300 K in Tables I and II, respectively. Gen-
erally, Gd31 EPR linewidths for the orientation ofB parallel
to the X and Y axes were found to be the same as those
for the orientation of B parallel to the Z axis for
both TmxLu12xPO4 and HoxY 12xVO4. However, in
HoxY 12xVO4 samples, especially below 110 K, the lin-
ewidths forBiX, Y axes are larger than those observed for
BiZ axis. The linewidths as functions of the concen-
tration (x) of the paramagnetic ions for the samples
TmxLu12xPO4 at 77 K, and for the samples
HoxY 12xVO4 at 110 and 5 K, are shown in Figs. 5, 6, and
7, respectively.

FIG. 4. Temperature depen-
dence of Gd31 EPR line-
widths ~G5Gauss51024 T! in
HoxY 12xVO4 for BiZ axis.
Widths of unresolved lines~at
some temperatures! are not in-
dicated: ~a! x50.1, ~b!
x50.15, ~c! x50.25, ~d!
x50.3. The widths of the EPR
lines for the transitions
M↔M21 and 2M↔
2(M21) are the same. For
Ho0.3Y 0.7VO4 Gd

31 EPR lin-
ewidths at 4–10 K are not
shown, as they have already
been mentioned in Sec. V.

FIG. 3. Temperature dependence of Gd31

EPR linewidths ~G5Gauss51024 T! in
Tm0.8Lu0.2PO4 for BiZ axis. Widths of unre-
solved lines~at some temperatures! are not indi-
cated. It is noted that the widths of the EPR lines
for the transitions M↔M21 and
2M↔2(M21) are the same.
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Lifetime broadening

For a Tm0.8Lu0.2PO4 sample ~Fig. 3!, and for
HoxY 12xVO4 samples withx50.1, 0.15, 0.25, and 0.3~Fig.
4!, it is found that the central line corresponding to the fine-
structure transition21/2↔1/2 is the broadest, while the
outer lines corresponding to the fine-structure transitions
63/2↔61/2, 65/2↔63/2, 67/2↔65/2, become suc-
cessively narrower. One such behavior was explained satis-
factorily by Mehran and Stevens12 by invoking ‘‘lifetime
broadening,’’ which takes into account magnetic dipole and
exchange interactions between the impurity ion Gd31 and
the host paramagnetic ions, explained as follows.

The magnetic moments of the host paramagnetic ions sub-
jected to lattice vibrations produce fluctuating dipolar and
exchange fieldsB1

1 at the Gd31 sites, which induce
DM561 transitions within the energy levels of the Gd31

ion. This results in ‘‘lifetime broadening’’ of the energy
levelM of Gd31, given by the following expression:12

DB~M !5DB11DB2

5a@ u^M11uS1uM &u21u^M21uS2uM &u2# ~2!

The ‘‘lifetime broadening’’ for the energy level character-
ized by the quantum numberM arises due to the transitions
to the levelsM61. Since the transition probabilities are pro-
portional to u^M61uS6uM &u2, the resulting width of the
EPR resonance line corresponding to the transition
M↔M21 can be expressed as

DB~M↔M21!5DB~M !1DB~M21!

5b@2S~S11!22M ~M21!21#. ~3!

TABLE I. Gd31 EPR linewidths in TmxLu12xPO4 samples as
observed for the external magnetic-field orientation along the mag-
neticZ axis at 78 and 290 K. HereDB1 , DB2 , DB3 , DB4 repre-
sent, respectively, the widths of the lines corresponding to the tran-
sitions67/2↔65/2, 65/2↔63/2, 63/2↔61/2, 21/2↔11/2.
The average experimental errors are61 G for x50.1 and 0.2,
65 for x50.4 and67 G for x50.6. It is noted that for the sample
with x50.6, the EPR lines are observed only below about 140 K.

Concentration Temperature DB1 DB2 DB3 DB4

(x) ~K! ~G! ~G! ~G! ~G!

0.0 78 4.5 4.0 3.7 3.5
290 4.5 4.0 3.7 3.5

0.1 78 32 24 16 8
290 36 22 16 8

0.2 78 41 30 20 16
290 42 34 24 16

0.4 78 133 87 76 72
290 139 90 81 76

0.6 5 70 55 40
78 156 125 114 87
140 183 147 122 91

TABLE II. Gd31 EPR linewidths in HoxY 12xVO4 for the ex-
ternal magnetic-field orientation along the magneticZ axis at 78
and 300 K. HereDB1 , DB2 , DB3 , DB4 represent, respectively, the
widths of the EPR lines corresponding to the transitions
67/2↔65/2,65/2↔63/2,63/2↔61/2,21/2↔11/2. The av-
eraged experimental error is60.5 G.

Concentration Temperature DB1 DB2 DB3 DB4

(x) ~K! ~G! ~G! ~G! ~G!

0.0 78 4.5 4.2 3.8 3.5
300 4.5 4.2 3.8 3.5

0.02 78 7.1 5.5 4.7 3.5
300 7.1 5.5 4.7 3.5

0.05 78 10.5 10.5 10.5 10.5
300 14.5 13.5 12.5 10.5

FIG. 5. Dependence of Gd31 EPR linewidths ~G5Gauss
51024 T! in TmxLu12xPO4 on concentration (x) of the host para-
magnetic ions Tm31 for BiZ axis at 77 K. The widths of the EPR
lines corresponding to the transitionsM↔M21 and
2M↔2(M21) are the same.

FIG. 6. Dependence of Gd31 EPR linewidths ~G5Gauss
51024 T! in HoxY 12xVO4 on concentration (x) of the host para-
magnetic ions Ho31 for BiZ axis at 110 K. The widths of the EPR
lines corresponding to the transitionsM↔M21 and
2M↔2(M21) are the same.
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According to Eq. ~3!, the ratios of the linewidths of
the various transitions relative to the outermost lines
are DB(1 1

2↔2 1
2)/DB(6

7
2↔6 5

2)52.38, DB(6 1
2↔6 3

2)/
DB(6 7

2↔6 5
2)52.23, DB(6 3

2↔6 5
2)/DB(6

7
2↔6 5

2)
51.77. Thus, the outer resonance lines become progres-
sively narrower due to ‘‘lifetime broadening’’ with respect to
the central line. As seen from Figs. 3 and 4, the observed
linewidths are in fact not in accordance with the ratios pre-
dicted by ‘‘lifetime broadening,’’ since, as discussed below,
there exist other sources of the broadening such as disorder
in TmxLu12xPO4 samples, and inhomogeneous broadening
due to superhyperfine~SHF! interactions in HoxY 12xVO4.
The unique features of the behavior of Gd31 EPR linewidths
specific to the two families of crystals, are described as fol-
lows.

Ho xY 12xVO4 samples

Dependence on concentration(x) and formation of per-
colation clusters. For the crystals with smaller concentra-
tions x50.1–0.25, only a weak dependence of the EPR
linewidths onx was observed. For Ho0.3Y 0.7VO4 sample,
there was observed a sharp increase of the EPR linewidths as
compared to those forx<0.25, in the range 77–300 K. This
can be explained to be due to the formation of a percolation
cluster within the crystal forx.0.25, which shortens signifi-
cantly the relaxation times of the Gd31 ions by spin diffu-
sion as discussed in detail by Misra and Orhun17 in context
with LiYb xY 12xF4 crystals. When the relaxation time is
shortened it manifests in an increase in EPR linewidth. As
for the formation of percolation clusters, the calculations of
the LiYbxY 12xF4 system can be adopted directly for the
HoxY 12xVO4 samples, since the scheelite structure of
LiYbF 4 is similar to that of the zircon structure of
HoVO4, in which there are situated four nearest
(RN53.893 Å!, and four next-nearest (RNN55.910 Å! and
eight next-next-nearest (RNNN55.938 Å! neighbor rare-earth
ions around any rare-earth ion. In the percolation-cluster
computations for LiYbF4 only the nearest (RN55.13 Å, four
ions! and next-nearest (RNN55.88 Å, four ions! neighbors

were considered. The critical value ofx was found to be
0.27, above which a percolation cluster was formed extend-
ing throughout the entire sample. Since the critical value of
x in percolation-cluster calculations depends only on geo-
metrical configuration of the rare-earth ions surrounding the
Gd31 ion, rather than on the absolute distance between the
rare-earth ions, the percolation-cluster consideration for
LiYb xY 12xF4 for zircon structure limited up to four nearest-
neighbor ions is directly applicable to HoxY 12xVO4 crys-
tals. Thus, ignoring the small configurational difference be-
tween the arrangement of the rare-earth ions in zircon and
scheelite structures, the critical valuex'0.27 is also ex-
pected for HoxY 12xVO4 samples.

Temperature dependence. The Gd31 EPR linewidths in
HoxY 12xVO4 samples with 0.1,x,0.3 were observed to
vary insignificantly in the 150–300 K range. It was only
below 150 K that the Gd31 EPR linewidth for these samples
increased significantly with decreasing temperature as seen
from Fig. 4; very broad EPR lines were observed in particu-
lar in Ho0.3Y 0.7VO4 sample. However, at liquid-helium tem-
peratures Gd31 EPR linewidth decreased, and well-resolved
EPR Gd31 spectra were observed characterized by rather
narrow lines as the effective Ho31 magnetic moment be-
came negligible due to preferential population of the non-
magnetic singlet ground state, as seen from Fig. 2 for
Ho0.3Y 0.7VO4 at 5 K. As for the more concentrated
HoxY 12xVO4 samples withx.0.3, no EPR spectra could
be observed in the interval 77–300 K due to EPR lines being
completely broadened out, presumably due to formation of
percolation clusters.

Liquid-helium temperatures „x50.05, 0.1, 0.15, 0.25, 0.3…

Gd31 EPR spectrum could only be observed for the ori-
entations of B near and parallel to theZ axis in
HoxY 12xVO4 samples with 0.05<x<0.3; the linewidth in-
creased with increasing deviation of the magnetic-field ori-
entation from the magneticZ axis, disappearing completely
for B orientation at angles larger than about 30°–50° from
theZ axis in theZX plane. This disappearance of EPR spec-
trum at low temperatures, when the angle between the orien-
tation of the external magnetic field andZ axis increases, can
be explained to be due to the large anisotropy of magnetic
moment of the Ho31 ions in HoVO4, resulting in
^M'&@^Mz&.

28

In Ho0.3Y 0.7VO4 sample, the presence of at least three
different sets of Gd31 EPR spectra could be discerned at
liquid-helium temperature~Fig. 2!, characterized by different
linewidth and temperature behaviors. This can be explained
to be due to the rather significant interaction of the electronic
quadrupole moments of Ho31 ions with the neighbor atoms
on the lattice of HoxY 12xVO4 samples at temperatures be-
low 100 K, which arises due to highly aspherical ground-
state 4f charge distribution as reported by Skanthakumar
et al.,21 observing large magnetic anisotropy at low tempera-
tures. The asphericity is a consequence of electronic quadru-
pole moment to first order. Decrease in temperature from
room temperature increases the asphericity as the excited en-
ergy levels become more and more depopulated in favor of
the ground singlet state characterized by a highly anisotropic
configuration. Specifically, this means that although the unit-
cell parameters of HoVO4 and YVO4 are very close to each

FIG. 7. Dependence of Gd31 EPR linewidths ~G
5Gauss51024 T! for the central transition (1/2↔21/2) in
HoxY 12xVO4 on concentration (x) of the host paramagnetic ions
Ho31 for BiZ axis at 5 K.
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other at room temperature, they become anomalously differ-
ent from each other below 100 K as the parameters of the
HoVO4 lattice change significantly due to the interaction of
Ho31 electronic quadrupole moment with the neighbor at-
oms on the lattice. In addition to the effect of Ho31 ionic
quadrupole moment, the presence of Ho31 ions in the vicin-
ity of a Gd31 ion, characterized by different relative direc-
tions of the external magnetic field with respect to the vec-
tors joining different Ho31 ions with the Gd31 ion result in
a large variety of magnetically different configurations that
increase the linewidths and modify line positions. It is diffi-
cult to predict uniquely which specific configurations result
around Gd31 ions for different concentrations (x) of Ho31

ions. The particular features of the values of the spin-
Hamiltonian parameters corresponding to distinct observed
sets of Gd31 spectra can be described as follows.~The val-
ues of the parameters have been listed in Sec. IV above.! The
maximum magnitude ofb2

0 characterizing the various ob-
served spectra is very close to that of the Gd31 ion in
YVO 4. On the other hand, the magnitude of the parameter
b2
0 for HoVO4 @521.083 GHz~Ref. 10!# is much less than
this. This implies that of the three observed spectra those
characterized by the maximum, next maximum, and mini-
mum magnitudes ofb2

0 correspond to the Gd31 environment
with zero, one, and two Ho31 ions, respectively, as the near-
est neighbors. For the spectrum characterized by the maxi-
mum magnitude ofb2

0 , the linewidths of all the transitions
are the same, being 39 G at 5 K and 42 G at 10 K. For the
spectrum with the second largest value ofb2

0 at 5 K, the
central line~40 G! is narrower than the outer lines~52 and 90
G for the transitions63/2↔61/2 and65/2↔63/2, re-
spectively! indicating the presence of disorder created by the
four different possible configurations of the presence of one
Ho31 ion nearest to a Gd31 ion. There exist six different
possible configurations for the case of two Ho31 ions being
nearest neighbors to a Gd31 ion, causing more disorder than
that expected for the case of one Ho31 ion as the nearest
neighbor. However, it was difficult to discern the linewidths
from the observed spectra for this configuration as the cor-
responding EPR lines were rather weak and superimposed by
other lines. As for the temperature dependence of the EPR
linewidth, it is noted that the more Ho31 ions are next neigh-
bors to a Gd31 ion, the stronger the temperature dependence
is expected to be due to dipole-dipole and exchange interac-
tions between Gd31 and Ho31 ions, consequently the spec-
trum is expected to disappear faster with increasing tempera-
ture as the Ho31 magnetic moment increases with
temperature. Accordingly, in the Ho0.3Y 0.7VO4 sample, the
EPR spectra of Gd31 ion possessing the largest, second larg-
est, and minimum magnitudes ofb2

0 disappeared at about 10,
7, and 5 K, respectively, as the temperature was increased.

In Ho0.25Y 0.75VO4 and Ho0.15Y 0.85VO4 samples, only
two distinct sets of overlapping Gd31 EPR spectra were ob-
served, the value of the parameterb2

0 ~Sec. IV! of the more
intense Gd31 EPR spectrum being the same as that for
Gd31 in YVO 4.

7 The main EPR spectrum disappeared at
about 22–25 K as the temperature increased. The linewidths
did not practically change in this temperature range. One set
of Gd31 EPR spectrum was much weaker than the other
spectrum, the value of the parameterb2

0 characterizing this

spectrum being the same as that for the Gd31 EPR spectrum
with the second largestb2

0 magnitude in Ho0.3Y 0.7VO4

~listed in Sec. IV!. This weaker Gd31 EPR spectrum disap-
peared at about 10 and 5 K in Ho0.25Y 0.75VO4 and
Ho0.15Y 0.85VO4, respectively, as the temperature was
increased. In Ho0.1Y 0.9VO4 only oneGd31 EPR spectrum
was observed, which disappeared at about 25 K. In
Ho0.25Y 0.75VO4, Ho0.15Y 0.85VO4, and Ho0.1Y 0.9VO4 the
predominant Gd31 EPR spectra are those due to the Gd31

ion surrounded only by Y31 ions, since the magnitudes of
the parameterb2

0 characterizing these spectra are practically
the same as that for YVO4. For all HoxY 12xVO4 samples
at liquid-helium temperatures the linewidths are the same for
all transitions within experimental error (61 G!.

Temperature dependence of the magnetic moment of
Ho31 ions and its effect on the linewidth. A calculation was
made of the temperature dependence of theZ component of
the average magnetic moment,^Mz&, of the host Ho31 ion,
using the expression

^Mz&5(
i

^w i uJzuw i&exp~2Ei /kT!/(
i
exp~2Ei /kT!.

~4!

In Eq. ~4!, uw i&, Ei are the eigenvectors and eigenvalues
of the crystal-field Hamiltonian for Ho31 ions:
HCEFuw i&5Ei uw i&, whereHCEF is expressed as follows:

HCEF5mBgJBzJz1a2B2
0O2

01a4~B4
0O4

01B4
4O4

4!

1a6~B6
0O6

01B6
4O6

4!. ~5!

In Eq. ~5!, gJ51.2417,24 J(58) is the angular momen-
tum of the Ho31 ion, the spin operatorsOn

m for J58 are
defined and listed by Abragam and Bleaney.24 The following
CEF parameters were used in Eq.~5! in the calculations:
B2
05287.6 cm21, B4

0538.2 cm21, B4
452768 cm21,

B6
05243.1 cm21, B6

4577.8 cm21, as estimated by Morin,
Rouchy, and Kazei.27 The resulting temperature variation of
^Mz& is plotted in Fig. 8, which shows that^Mz& increases
with decreasing temperature and decreases very sharply at
liquid-helium temperatures. It can be explained to be due to
the profound effect of the first-excited doublet, with the en-
ergy 21 cm21, whose eigenvectors are predominantly
uMJ561&, whereMJ is the magnetic quantum number cor-
responding toJz of the Ho31 ion, as well as that of the
second excited doublet of the Ho31 ion with the energy 47
cm21 whose eigenvectors are predominantlyuMJ567&,27

possessing a rather large value of^Mz&. This temperature
behavior is similar to that of the observed Gd31 EPR line-
width in HoxY 12xVO4 (0.1<x<0.3) crystals. Thus, it can
be concluded that the temperature variation of the Gd31

EPR linewidth in HoxY 12xVO4 crystals in the temperature
range 4–300 K is significantly determined by the tempera-
ture variation of the magnetic moments of the surrounding
host Ho31 ions situated in close proximity with the Gd31

ions, because of their interaction with the latter.
Disorder. Unlike that for TmxLu12xPO4 crystals ~dis-

cussed below!, disorder is practically absent in
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HoxY 12xVO4 samples at all temperatures because~i! the
ionic radii of the Ho31 and Y31 ions are almost about the
same, being 0.894 and 0.893 Å, respectively,29 and ~ii ! the
unit-cell parameters of the two constituting lattices:
a5b57.1237 Å, c56.2890 Å for HoVO4 and
a5b57.1193 Å,c56.2892 Å for YVO4 ~Ref. 23! are al-
most the same.

Broadening due to superhyperfine (SHF) interactions.In
HoxY 12xVO4 samples withx50.1, 0.15, 0.25, and 0.3, the
central Gd31 line was broader than the outer lines in the
temperature range 77–300 K, similar to that expected when
‘‘lifetime broadening’’ is effective. However, this is not en-
tirely due to lifetime broadening, since the ratios of the

widths of different transition lines are far from those pre-
dicted by Mehran and Stevens12 for ‘‘lifetime broadening.’’
The observed broadening of the central line over and above
that expected from ‘‘lifetime broadening’’ can be explained
to be due to the presence of a rather large background EPR
linewidth, ascribed mainly to indirect SHF interaction be-
tween the Gd31 ion and 165Ho nuclei ~magnetic moment
50.466 nm!,10 which is temperature independent and is the
same for all transitions. The linewidth due to SHF interaction
in HoxY 12xVO4 crystals can be considered to be mainly
that observed at liquid-helium temperatures, where the effect
of ‘‘lifetime broadening’’ is expected to be negligible be-
cause the host Ho31 ions are in the singlet nonmagnetic
ground state. As the concentration (x) increases, there is
expected an increase in the linewidth due to SHF interaction
because of increasing number of165Ho nuclei in the neigh-
borhood of a Gd31 ion. This is clearly seen from Fig. 7,
which exhibits the dependence of the EPR linewidth on con-
centration (x) at 5 K.

Lifetime broadening. In Ho0.02Y 0.98VO4 and
Ho0.05Y 0.95VO4 samples, there is not expected any signifi-
cant ‘‘background’’ EPR linewidth due to SHF interactions,
because of the negligible number of Ho31 ions present in
these samples. However, for samples with higher concentra-
tions x ~0.1, 0.15, 0.25, 0.3! there do exist some residual
EPR linewidths, estimated to be 15 G for the samples
Ho0.1Y 0.9VO4, Ho0.15Y 0.85VO4, and Ho0.25Y 0.75VO4 at 78
K and 40 G for Ho0.3Y 0.7VO4 at 110 K, so that after sub-
tracting these from the observed linewidths the ratios con-
form to those expected for ‘‘lifetime broadening’’~see Table
III !.

Tm xLu 12xPO4 samples
Temperature and concentration dependence. The Gd31

EPR spectra could be observed at all temperatures for all

FIG. 8. Calculated temperature dependences of the average
magnetic moment,̂Mz&, of host paramagnetic ions Tm

31 ~dotted
line! and Ho31 ~continuous line! in TmxLu12xPO4 and
HoxY 12xVO4 compounds, respectively, forBic axis.

TABLE III. Estimated ratios of the Gd31 EPR linewidths due to magnetic interactions with the host
paramagnetic ionsDBi85(DBi2DB0); i51,2,3,4, of the various transitions at liquid-nitrogen temperature
due to exchange and dipole interactions for HoxY 12xVO4 (x50.1, 0.15, 0.25, 0.3) and Tm0.8Lu2.0PO4 ,
BiZ axis.~HereDB1 , DB2 , DB3 , DB4 represent, respectively, the observed widths of the lines correspond-
ing to the transitions67/2↔65/2, 65/2↔63/2, 63/2↔61/2, 11/2↔21/2, whileDB0 represents the
‘‘background’’ EPR linewidth, namely, the part which is not due to the exchange and dipolar interactions as
discussed in Sec. V.! For HoxY 12xVO4 , DB0 is considered to be due to the SHF interaction of Gd31 with
the nearest- and next-nearest165Ho nuclei; it has the same value for all the transitions. For
Tm0.8Lu0.2PO4 , DB0 is considered to be due mainly to disorder,DBi are assumed to be equal to the
respective widths of the various transitions observed at the lowest temperature~5 K!: DB4525 G,
DB3537 G, DB2544 G, DB1568 G. For both families of host crystals, no influence of exchange and
dipolar interactions of the Gd31 ion with the host paramagnetic ions is expected at 5 K asboth the Ho31 and
Tm31 ions are in their respective nonmagnetic singlet ground states.

DB0 ~G! T ~K! DB48/DB18 DB38/DB18 DB28/DB18

Lifetime 2.38 2.23 1.77
Broadening
~Ref. 12!
Ho0.1Y 0.9VO4 15 78 2.3 2.0 1.6
Ho0.15Y 0.85VO4 15 78 2.3 2.1 1.8
Ho0.25Y 0.75VO4 16 78 2.4 2.1 1.8
Ho0.3Y 0.7VO4 40 110 a 2.1 1.7
Tm0.8Y 0.2PO4

b 78 2.34 2.1 1.74

aCorresponding EPR line is not resolved.
bListed in the caption.

11 638 53SUSHIL K. MISRA AND SERGUEI I. ANDRONENKO



concentrations (x) of Tm31 ions in this family of crystals.
No temperature dependence of the EPR linewidth of samples
with x50.1, 0.2, 0.4, 0.6 was observed in the interval 77–
300 K. The outer EPR lines for these samples were observed
to be significantly wider relative to the central line. The be-
havior of Gd31 EPR linewidths for the samples with
x50.4 and 0.6, more concentrated in Tm31 ions was differ-
ent from this, in that the outer lines here are only slightly
broader than the central one. This is due to lifetime
broadening.9

Effect of magnetic moment of Tm31 ions. A calculation of
the average magnetic moment^Mz& of the Tm

31 (J56) ion
was made as a function of temperature using Eq.~4!, and the
CEF Hamiltonian given by Eq.~5! with the values of the
parameters:gJ51.1638, B2

05132 cm21, B4
054.1 cm21,

B4
45642 cm21, B6

0544 cm21, B6
45210.9 cm21 as deter-

mined by Hodges.30 The resulting values are plotted in Fig.
8, which shows that as the temperature is decreased from 300
K, ^Mz& remains almost constant down to 150 K, below
which it decreases with decreasing temperature, in the same
fashion as the Gd31 EPR linewidth forBiZ axis, shown in
Fig. 3. Thus, in TmxLu12xPO4 samples, similar to that in
HoxY 12xVO4 samples, the average magnetic moment of the
host Tm31 ions determines predominantly the temperature
variation of the Gd31 EPR linewidth.

Effect of disorder. The broadening of EPR lines for
Tm0.1Lu0.9PO4 and Tm0.2Lu0.8PO4 samples, and appear-
ance of additional sets of Gd31 EPR spectra with different
linewidths observed at liquid-nitrogen temperature@Fig.
1~a!# which overlap the main set of lines can be ascribed to
the disorder in the atomic arrangement in these mixed crys-
tals. Disorder broadens outer-lying EPR transition lines rela-
tive to the central line, the width increasing almost linearly
with the separation of an outer line position from that of the
central line.24 The disorder in TmxLu12xPO4 compounds is
caused by both the difference in the ionic radii of the
Tm31 and Lu31 ions, being 0.85 and 0.87 Å,29 respectively,
and the differences in the unit-cell parameters of the pure
paramagnetic lattices:a5b56.8424 Å andc55.9895 Å for
TmPO4 and for the pure diamagnetic lattice LuPO4 at room
temperature:a5b56.7937 Å andc55.9582 Å.23 Disorder
causes increase in the splitting of EPR lines with increasing
concentration (x). For example, in the Tm0.2Lu0.8PO4
sample there are clearly observed two sets of Gd31 lines at
77 K due to the existence of at least two magnetically in-
equivalent Gd31 sites characterized by different linewidths,
resulting in two overlapping lines for the highest-field tran-
sition, one with the width 37 G, and other with the width 70
G. This is because of the various theoretically possible con-
figurations, one Gd31 site has all the nearest ions to be~dia-
magnetic! Lu31 ions, while the other site has at least one
~paramagnetic! Tm31 ion as the nearest neighbors. The ef-
fect of the electronic quadrupole moment of the Tm31 ion
on the local structure of TmxLu12xPO4 appears to be neg-
ligible, unlike that in HoxY 12xVO4 samples.

Lifetime broadening. Only for the Tm0.8Lu0.2PO4 sample
was there observed a significant influence of dipole-dipole
and exchange interactions, as here the outer lines were ob-
served to be narrower relative to the central line, unlike that
for the samples with smaller concentrations of Tm31 ions

(x,0.8). However, even in this sample disorder is signifi-
cant, because at 5 K the central line is observed to be nar-
rower than the outer lines as expected from disorder, while
the host Tm31 ions are in the nonmagnetic singlet ground
state not to have any magnetic interaction with the Gd31 ion.
Influence of SHF interaction with Tm31 ions was also ob-
served on the Gd31 linewidth in this sample, because the
width ~25 G! of the central line is the same as that in the pure
TmPO4 sample,

13 and much larger than that observed in the
purely diamagnetic LuPO4 sample ~3.5 G!. For the
Tm0.8Lu0.2PO4 sample, when the observed widths of the
EPR lines at 5 K are subtracted off from the widths of the
respective EPR lines at liquid-nitrogen temperatures, the re-
lations between the EPR linewidth of different transitions are
found to be the same as those expected for lifetime
broadening12 as seen from Table III. There appears some
temperature dependence of the EPR linewidth in
Tm0.6Lu0.4PO4 sample in the temperature range 4.2–110 K,
presumably due to the temperature variation of the magnetic
moment of the Tm31 ion.

Percolation clusters. The formation of percolation clus-
ters for TmxLu12xPO4 samples withx.0.3 is not well de-
fined, unlike that in the case of HoxY 12xVO4 crystals, for
the following reasons:~i! Dipole-dipole and exchange inter-
actions of the Gd31 ion with the host paramagnetic ions are
not as strong in TmxLu12xPO4 as those in HoxY 12xVO4 as
revealed by the EPR linewidth behavior; specifically in
TmPO4, EPR lines can be observed over the entire 4.2–300
K range,8 while in HoVO4 the EPR lines are observed
only below 10 K.10 ~ii ! The disorder that occurs in
TmxLu12xPO4 samples prevents formation of percolation
clusters by disrupting percolation paths, unlike that in
HoVO4 samples.

SHF interactions. Although the nuclear magnetic mo-
ments of 169Tm ~1.192 nm! is much larger than that of
165Ho ~0.466 nm!, the effect of SHF interaction between
Gd31 ions and169Tm nuclei is not expected to be signifi-
cant, because the nuclear spin (I51/2) of the 169Tm nucleus
is much smaller than that of the165Ho nucleus (I57/2).
Thus, unresolved Gd31 EPR lines for TmPO4 consist of
only five components due to the four-nearest Tm31 ions,
much fewer than the 29 SHF components expected due to
the four nearest Ho31 ions in HoVO4.

VI. SPECTRUM OF Er 31 IN Ho xY 12xVO4

„x50.1, 0.15, 0.25, 0.3…

The samples contained Er31 ions as chemical impurity.
The EPR line of the Er31 ion in Ho0.3Y 0.7VO4 sample was
observed in the temperature range 4.2–10 K. At tempera-
tures below 5 K, it was an overlap of at least two single
Er31 EPR lines with different linewidths~43 and 134 G!,
possessing the same value ofgi (53.559).
In Ho0.25Y 0.75VO4, Ho0.15Y 0.85VO4, Ho0.1Y 0.9VO4, and
Ho0.05Y 0.95VO4 samples, Er

31 EPR spectra were also ob-
served in the same temperature range~4.2–25 K!, the same
over which the main Gd31 EPR spectra could be observed.
This implies that the main source of broadening of EPR lines
for both Er31 and Gd31 ions is the interactions with the host
Ho31 ions. The width of the Er31 EPR line in these samples
were about 17, 20, 25, and 33 G for Ho0.05Y 0.95VO4,
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Ho0.1Y 0.9VO4, Ho0.15Y 0.85VO4, and Ho0.25Y 0.75VO4, re-
spectively.

VII. DISTORTION OF CRYSTAL STRUCTURE
WITH CONCENTRATION „x…

Because of the difference in the unit-cell parameters of
HoVO4 and YVO4, and those of LuPO4 and TmPO4, the
distortion of the crystal structures of HoxY 12xVO4 and
TmxLu12xPO4 samples is expected to be maximum for the
value of x near 0.5, while no distortion is expected for
x50.0 and 1.0. At liquid-helium temperature (;4 K!, due to
magnetic moment of the host ions being almost zero, all ions
being in the nonmagnetic singlet ground state, the effect of
the magnetic moment of the host ions on linewidth is ex-
pected to be negligible, and the variation of the linewidth
with x is determined solely by distortion, e.g., in
TmxLu12xPO4 hosts at 4 K the linewidths are the same for
the samples withx50.2 andx50.8. This effect is similar to
the broadening of optical spectra of Er31 in Yb xY 12xF3
samples,14 where a symmetric bell-like dependence onx was
observed for linewidths, which in that case depended only on
distortion. The situation is somewhat different at higher tem-
peratures. Figures 5 and 6 exhibit the Gd31 EPR linewidths
in TmxLu12xPO4 and HoxY 12xVO4 samples as functions
of x at 77 and 110 K, respectively. It is noted that for
TmxLu12xPO4 hosts the change in the observed linewidth
behavior is not a monotonic function ofx, which can be
explained to be due to the interaction of the Tm31 magnetic
moment with that of the Gd31 ion. As the number of
Tm31 ions increases there is an additional effect on the line-
width over and above that due to disorder.

VIII. COMPARISON OF MAGNETIC PROPERTIES
OF Ho31 AND Tm 31 IONS IN Ho xY 12xVO4

AND Tm xLu 12xPO4 LATTICES

The host Van-Vleck paramagnetic ions interact with the
Gd31 ion via dipolar and exchange interactions. These mag-
netic moments depend on temperature and their energy lev-
els which are sensitive to distortion, whose effect is maxi-
mum for x being about 0.5 as discussed in the previous
section. The effect is much more pronounced for
TmxLu12xPO4 crystals because of the rather marked differ-
ence in the unit-cell parameters of the constituting pure lat-
tices TmPO4 and LuPO4. For this reason, formation of per-
colations clusters does not take place in TmxLu12xPO4
crystals, unlike that in HoxY 12xVO4 crystals as discussed in
Sec. V. The similarity of the magnetic properties of the two
paramagnetic ions is confirmed by the similarity of the tem-
perature variation of the linewidth in the purely paramag-
netic host lattices HoVO4 and TmPO4. Temperature varia-
tion of the calculated average magnetic moments of
Ho31 and Tm31 ions in HoxY 12xVO4 and
TmxLu12xPO4 lattices, respectively, for the orientation of
the external magnetic field parallel to thec axis are depicted
in Fig. 8. It is seen that both exhibit an increase as the tem-
perature is decreased from room temperature, passing
through a peak and finally decreasing to zero as the tempera-
ture approaches zero. The peak is, however, much sharper in
the case of the Ho31 ion as compared to that for the

Tm31 ion.

IX. CONCLUDING REMARKS

The salient features of the present EPR studies are as
follows.

~i! Detailed experimental data on Gd31 EPR linewidths in
HoxY 12xVO4 and TmxLu12xPO4 lattices measured over
the extended temperature interval 4.2–295 K have been pre-
sented. Although a thorough quantitative interpretation is
difficult to provide at present, it is hoped that these data will
prove valuable towards further theoretical attempts to under-
stand the interactions of the Ho31 and Tm31 ions with the
Gd31 ion in HoxY 12xVO4 and TmxLu12xPO4 lattices, re-
spectively.

~ii ! The specific mechanisms governing the influence of
concentration (x) of paramagnetic host ions on EPR
linewidths in the TmxLu12xPO4 and HoxY 12xVO4
samples are quite different from each other. In
TmxLu12xPO4, disorder as caused by the difference in the
ionic radii of the paramagnetic Tm31 and diamagnetic
Lu31 ions, as well as by the difference in lattice parameters
of TmPO4 and LuPO4, is predominant, impeding formation
of paramagnetic percolation clusters for samples with the
concentrationx>0.3, unlike that in HoxY 12xVO4. On the
other hand, the formation of percolation clusters in
HoxY 12xVO4 crystals forx>0.3 is predominant as con-
firmed by the EPR linewidth behavior, the effect of disorder
being practically negligible in these samples due to the ionic
radii of the Ho31 and Y31 ions, as well as the unit-cell
parameters of HoVO4 and YVO4, being about the same.

~iii ! At liquid-helium temperatures, the effect of the elec-
tronic quadrupole moment of Ho31 ions on the local struc-
ture of HoxY 12xVO4 results in the creation of several mag-
netically inequivalent sites for Gd31 corresponding to
different numbers of Ho31 ions as next neighbors, which are
characterized by different Gd31 EPR spectra associated with
different values of the respective spin-Hamiltonian param-
eters and their temperature behaviors.

~iv! Temperature dependences of Gd31 EPR linewidths
in TmxLu12xPO4 and HoxY 12xVO4 are quite different
from each other in the interval 77–300 K. In
HoxY 12xVO4 the EPR linewidth increases with decreasing
temperature for the samples withx.0.1. On the other hand,
in TmxLu12xPO4, EPR linewidths do not change signifi-
cantly with temperature; only forx50.8 does the EPR line-
width decrease with decreasing temperature in the range
4.2–300 K. The observed temperature dependences of the
Gd31 EPR linewidths forBiZ axis in the two families of
hosts are similar to those of the calculated average magnetic
moments,^Mz&, of the respective host paramagnetic ions,
implying that the host paramagnetic ions have predominant
influence on Gd31 EPR linewidths.
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