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Gd®* EPR linewidths in diluted Van-Vleck paramagnets Mq_,VO, (x=0.0, 0.02, 0.05, 0.1, 0.15,
0.25,0.3, 0.5, 0.9, 1.0) and Tghu, ,PO, (x=0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0) were measurec dtand
(8.7-9.6 GHz in the temperature range 4.2—300 K as functions of temperature and concentxatimfntt{e
host paramagnetic ions, H6 and Tnt", respectively. It was found that the dipole-dipole and exchange
interactions significantly influenced the measured linewidths ip¥Ha ,VO, and Tm,Lu,_,PO, samples for
the concentrations>0.1 andx>0.6, respectively. Further, in H¥ ; _,VO, samples withx>0.3 the EPR
lines disappeared at temperatures above 10 K due to the formation of percolation clusterd bipio the
disorder was deduced to have a negligible effect in these hosts. Interaction of the lattice with the electronic
quadrupole moment of Hg ions created different structural sites of &din Ho,Y ;_,VO, samples with
x>0.1 depending on the number of Fioions in the immediate neighborhood of a &dion, resulting in the
observation of up to three different sets of BdEPR spectra. As for Tgiu;_,PO, samples with
0.1<x<0.8, it was the disorder, rather than a percolation cluster, that dominated the ERR linewidths
due to the rather large difference in the ionic radii of F'mand LT ions, as well as in the unit-cell
parameters of TmPPand LUPQ,. The temperature variation of the linewidths were found to be in accordance
with those of the average magnetic moments of Hand Tn?* ions in HoY ;_,VO, and TmLu,,PO,,
respectively. Gd" spin-Hamiltonian parameters were estimated at different temperatures for the two families
of hosts. EPR spectra of the £r ion, present as a chemical impurity, have also been observed in
Ho,Y ;_,VO, samples at liquid-helium temperatures.

[. INTRODUCTION paramagnetic host ions. Accordingly, a systematic study of
magnetically  diluted samples Hw¥,_,VO, and
TmPO,,LuPO, and HoVQO,,YVO, belong to the series Tm,Lu,_,PO,, with different concentrations can be used
of lanthanide phosphates and vanadates, respectively, pas-understand the behavior of EPR linewidths of the impurity
sessing the tetragonal zircon structure characterized by thien Gd®** in these compounds, influenced significantly by
space groupD}lﬁ. These compounds have been of interestexchange and dipole-dipole interactions with the host para-
recently, because d¢f) TmPO, exhibiting cooperative Jahn- magnetic ions H&" or Tm®", interactions with electric
Teller effect, leading to the softening of the elastic constantrystalline field, and electron-phonon interacti6nk’
at about 20 K thus lowering the symmetry under the action ~ An optical study of the mixed rare-earth crystals, such as
of a high magnetic fiefddue to magnetoelastic interactions; Y ,Lu;_F3, Yb,Y, ,F3, Yb,Gd,_,F3, revealed the im-
(i) ordering of Ho and Tm nuclear magnetic moments atportance of disorder as deduced from spectral linewidths of
very low temperature? (ii) suitability of HovO, for en-  the impurity ion EF*.** Theoretical studies on EPR line-
hanced nuclear coolimyand (iv) usefulnesge.g., LuPQ) width behavior in mixed magnetically dilute rare-earth crys-
for confinement of radioactive nuclear wasies. tals have been reported recently by Misiak, Misra, and
EPR investigations of GY in the pure diamagnetic lat- Mikolajczak®> and by Misiak, Misra, and Orhdh on
tices of LUPQ, and YVO, have been reported by Rappaz, LiYb Y ;_,F, single crystals, and by Misra and OrHtion
Boatner, and Abrahafrand by Rosenthdlrespectively. As Pr.La;_.F3 single crystals. Percolation-cluster model was
for the pure paramagnetic lattices, strong influence of dyapplied by Misra and Orhdfi to explain the behavior of
namical exchange and dipole interactions on EPR linewidttGd®* EPR linewidths in LiYbY,_,F,, according to
of Gd®" was reported by Mehran and co-worketsin  which, a percolation cluster extends across the sample broad-
TmPO;,. In addition, Mehran, Stevens, and Plaskett deduceé&ning the EPR lines sharply as a result of shortened spin-
inhomogeneous broadening of EPR lines by indirect supetattice relaxation times when the concentration of the para-
hyperfine interaction between &t ion and ®*Ho nucleiin  magnetic ions exceeds a certain critical value.
HoVO,,° and the influence of Jahn-Teller-induced random The purpose of this paper is to present detailed systematic
strains on the G#" EPR spectra in mixed crystals experimental data on Gd EPR spectra in diluted paramag-
Tm,Y ;_,VO,.! Dilution of Gd®*-doped paramagnetic lat- netic Ho,Y ; _,VO, and Tm,Lu,_,PO, crystals as function
tices of TMPQ and HoVO, by the diamagnetic ions i of concentration X) of the host paramagnetic ions at differ-
and Y®", respectively, reduces the number of paramagnetient temperatures in the range 4.2—300 K. The EPR linewidth
ions in the neighborhood of the impurity ioiGd3*), de-  data will be analyzed in order t6) understand the interac-
creasing the influence of interactions betweer’Gdnd the  tions between the impurity Gd ion and the host paramag-
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netic ions in HQY ; _,VO, and Tm,Lu,_,PO, crystals;(ii)
discern the mechanisms that influence®>GdEPR linewidth
in these two families of crystals; an(ii) estimate Gd*

0.8

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

spin-Hamiltonian parameters in these hosts. In addition, arm,Lu,_,PO, and HaY ;_,VO, samples to deduce tem-

effort will be made to assess the extent to whigh the
crystal structures become distorted as functions; @nd (ii)
the two rare-earth ions Hd and Tn?" are magnetically
similar. The presence of Er ions as a chemical impurity
has provided an opportunity to study ¥Er spectra in
Ho,Y ;_,VO,, as presented in Sec. VI.

Il. PREPARATION OF SAMPLES
Tm,Lu,_,PO, (x=0.0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0) sin-

gle crystals characterized by tetragonal structure were pr
pared in the form of parallelepipeds with well-developed

e_

perature dependences of &dEPR linewidths of the al-
lowed transitons M—M-—-1(M=7/2, 5/2,3/2, 1/2,
—1/2,—3/2, —5/2, —7/2, is the electronic magnetic quan-
tum number of the G&i" ion, characterized by the electronic
spinS=7/2) for the orientation of the external magnetic field
(B) parallel to the magnetig axis.(The magneti&, X, and

Y axes are defined to be those directionsBofor which
extrema of fine-structure splittings occur; these splittings are
in decreasing order, respectively, f&{z,X,Y and were
found to be coincident with the crystallographic axgsa,
andb, respectively. More details on Gd" EPR spectra in
TmPO, and HoVO, are described in Refs. 6—13.

In particular, typical Gd* spectra as recorded f@]Z

(100), (010), (001) faces by the flux-growth technique de- @Xxis in TmgLugPOy, TMoglloPOs, HOg 1Y gVO,,

scribed by Smith and Wankfd Ho,Y ;_,VO, (x=0.0,
0.02, 0.05, 0.1, 0.15, 0.25, 0.3, 0.5, 0.8, 0.9, 1.0)
crystals with well-defined 100, (010, (001) faces whose
largest dimension was along tleeaxis were grown using
Czochralsky’s techniqué. The impurity content of G&* in

Hog3Y VO, at 110 K are exhibited in Fig. 1. It is seen that

singlén TmgJLuogPO, sample, in addition to the seven intense

allowed fine-structure lines, there appeared another overlap-
ping set of GA* lines. This is due to creation of magneti-
cally inequivalent sites by disorder in the crystal as ex-

both these series of crystals was about 0.2%. They werplained in Sec. V. In Fig. 2 are exhibited &t spectra in
grown at the Institute of Silicate Chemistry, Russian Acad-Tmggluy.PO,4 and Hg, 3Y o VO 4 Samples as observed at 5

emy of Sciences, St. Petersburg.

lll. EPR DATA

EPR spectra were recorded on a BrukeR 200D spec-
trometer(100-kHz modulatiopin the temperature range 77—
300 K, and on a VariaiX band V-4502 spectrometer in the
temperature range 4.5-110 &K00-Hz modulation The

K. The three sets of observed &d EPR lines in
Hog3Y 0.7VO, at 5 K appear due the presence of three mag-
netically inequivalent G8" sites created by the interaction
of the electronic quadrupole moments of Hoions with the
lattice of HoVO,.2! (More details in Sec. V.The line at
g;=3.559 observed in the EPR spectra ofd4% o VO, at 5

K (Fig. 2 is identified as the EPR line due to the®Erions
present as an impurity, becausegtsalue (g = 3.544) is the
same as that for Bf in YVO , reported by Ranof? The
shape of all the EPR lines was found to be Lorentzian. The

temperature was varied using a heater resistor inside a cormtensity of the EPR lines decreased with increasing con-
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centration &) of the host paramagnetic ions for both concentrations within experimental error-0.015 GH2.
Ho,Y ,_,VO, and TmLu,_,PO, samples at any tempera- These values are in accordance with those reported for the
ture. pure lattices of TmPQ(Ref. 8 and YVO,.%® The remaining
parameters have much smaller values relativeb}o and
were estimated to have about the same values as those re-
IV. SPIN-HAMILTONIAN PARAMETERS ported in Refs. 6 and 7 for Gd in LuPO, and YVO,,

. . . W0
The EPR line positions of the Gd ion, substituting respect4|vely. Speuallyd for HoflfoOf- b,=—0.0045
for the rare-earth La", Y35, Tm3* or Ho>" ions in CGHZz b3=0.125 GHz,p3=0.0015 GHz)b¢=0.00015 GHz,

TmXLu 1_XPO4 and Hq(Y 1_XVO4’ characterized prd and fOI’ Tn’kLU l—XPO4: b2=—0015 GHZ,biZOOG GHZ,
point-group symmetry at their sité3were fitted to the fol- bg=0.003 GHz,bg=0.004 GHz. In the liquid-helium tem-
lowing spin-Hamiltonian, appropriate to tetragonal site sym-perature rangg4.5-10 K for Gd®" in Tmgglug PO,
metry: b= —1.960+0.005 GHz,g;=1.985+0.005, while the val-
ues of the parametebg corresponding to the three well-
resolved Gd™ EPR spectra in HgyY ,VO, were esti-
mated to be-1.387+0.005 GHz,— 1.280+ 0.005 GHz, and
—1.160+0.005 GHz, thgg values being the same for these
1 three setsg =1.980+0.002. A 5 K in HOg25Y ¢.75V0 4,
ﬁ(bgong bgOg). (1)  HOg1sY 0gsVOy4, HOo1Y0oVOy4, and HoyesY 0.9V04
samples the same values of the parameters were
found: b= —1.425-0.005 and gj=—1.982-0.002. In

In Eq. (1), the first term describes the Zeeman interaction 10025 0-(7)5\/04 and HOy15Y 0.83V0 4 the values. of the pa-
of the GA** ion with the external magnetic field, while the rameterb; corresponding to the second less intense’ Gd
remaining terms describe the interaction between thé'Gd EOP R spectrum were estimated to be the same:
ion and the crystalline electric fieCEP. The O™ are spin  P2=—1.285-0.005 GHz (At liquid-helium temperature the
operators, as defined by Abragam and Bleafesll the value of g, could not be determined as EPR spectra for
EPR line positions recorded for several orientationsBof BLlZ axis could not be observed for both Thu;_,PO,
were used in a simultaneous fitting to estimate spinand HgY,;_,VO, samples.
Hamiltonian parameters by the least-squares technique as de-Er3* ion. The g| values for the E¥" ion (S=1/2)
scribed by Misr&® In the 80—300 K temperature range, theat 5 K were estimated to be 3.559.005, 3.585
estimatedy values were found to be practically independent+0.005, 3.58%:0.005, 3.596:0.005, and 3.5820.005
of temperature:g, =g;=1.992-0.002 for all the investi- for Hog3Y ¢7VO,4, HOgsY 07V04, HOg15Y 0gaVO 4,
gated HqQY; VO, and TmLu,_,PO, samples. The zero- Ho,,Y (VO,, and HaygsY 09aVO,, respectively. The
field splitting parameter®) for both Tm,Lu;_,PO, and  broad EPR lines, with the linewidths 270 and 280 G charac-
Ho,Y ;_«VOy,, for all values ofx, were found to be linearly terized by the same values gf=3.700+ 0.005 observed in
dependent on temperaturg)(in the range 80—-300 K. For Ho,gY ,,VO, and HovO, samples, respectively, in the
Tm,Lu,_,PO, (GH2): b‘2)= —1.976+2.08<10 * T and for  temperature range 4—10 K, were also identified to be that due
Ho,Y ;_ VO ,(GH2): b3=—1.474+5.19<10"* T for all  to the EF" ion.

1
H= 5[0, (B(Sc+B,Sy) +g|BS,]+ 3b303

1
+ @(bﬁo% b30%) +
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In general, the linewidths depended on temperature ang
concentration X) of the host ions. The temperature

V. EPR LINEWIDTHS

dependences of the &8 EPR linewidths for B|Z
axis in Tmggduy,PO, and Ha Y, ,VO, (x=0.1, 0.15,

x=0.00, 0.02, and 0.05, respectively. They are thus listed

nly at 78 and 300 K in Tables | and Il, respectively. Gen-
rally, G EPR linewidths for the orientation & parallel
o the X andY axes were found to be the same as those

for the orientation of B parallel to the Z axis for

both Tm,Lu,_,PO, and HqY; ,VO,.

However, in

0.25, O..3) samples are shown in Figs_. 3 and 4, respe(;t_iveI)HOXYlfxvo4 samples, especially below 110 K, the lin-
The widths of the lines corresponding to the transitionsewidths forB||X, Y axes are larger than those observed for
M—M-1 and—M« —(M~—1) were found to be the same B|z axis. The linewidths as functions of the concen-

within experimental error for all samples.

Gd3+

EPR

linewidths

in

TmLu,_,PO,

and

tration (x) of the paramagnetic ions for the samples

Tm,Lu,_,PO,

at 77 K, and for the samples

Ho,Y ,_,VO, samples do not change significantly with tem- Ho,Y ; _,VO, at 110 and 5 K, are shown in Figs. 5, 6, and
perature for samples witk=0.0, 0.1, 0.2, 0.4, 0.6, and with 7, respectively.
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TABLE I. Gd®* EPR linewidths in TmgLu,_,PO, samples as
observed for the external magnetic-field orientation along the mag
netic Z axis at 78 and 290 K. HeraB,, AB,, AB3, AB, repre-
sent, respectively, the widths of the lines corresponding to the tran
sitions = 7/2— *=5/2, =5/2— *3/2, £3/2—~*+1/2, —1/2—+1/2.

The average experimental errors atel G for x=0.1 and 0.2,
+5 forx=0.4 and+=7 G forx=0.6. It is noted that for the sample
with x=0.6, the EPR lines are observed only below about 140 K.
Concentration Temperature AB; AB, AB3; AB,
(x) (K) G © © ©
0.0 78 4.5 4.0 3.7 35
290 4.5 4.0 3.7 35
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
Lifetime broadening
For a Tnmyglug,PO, sample (Fig. 3, and for

Ho,Y ;_,VO, samples witk=0.1, 0.15, 0.25, and 0(Fig.
4), it is found that the central line corresponding to the fine-
structure transition—1/2—1/2 is the broadest, while the
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FIG. 5. Dependence of Gd EPR linewidths (G=Gauss
=10"*T) in Tm,Lu,_,PO, on concentrationx) of the host para-
magnetic ions Tr" for B||Z axis at 77 K. The widths of the EPR
lines corresponding to the transitionsfM—M—-1 and
—M~ —(M—1) are the same.

AB(M)=AB, +AB_
=a[[(M+1|S [M)[>+[(M—1]S_[M)|]] (2)

The “lifetime broadening” for the energy level character-
ized by the quantum numb@i arises due to the transitions
to the levelsM = 1. Since the transition probabilities are pro-
portional to |[(M*1|S.|M)|?, the resulting width of the
EPR resonance line corresponding to the transition
M~—M—1 can be expressed as

outer lines corresponding to the fine-structure transitions

*+3/2—*1/2, +5/2— +3/2, £7/2—~ *5/2, become suc-

cessively narrower. One such behavior was explained satis-

factorily by Mehran and Stevetfsby invoking “lifetime

AB(M-=M—-1)=AB(M)+AB(M—1)

—b[2S(S+1)-2M(M—1)—1]. (3)

broadening,” which takes into account magnetic dipole and

exchange interactions between the impurity ion®Gdand
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 fieldsB] at the Gd&*' sites, which induce
AM= =1 transitions within the energy levels of the &d
ion. This results in “lifetime broadening” of the energy
level M of Gd3*, given by the following expressioft:

TABLE Il. Gd®" EPR linewidths in HgY ;_, VO, for the ex-
ternal magnetic-field orientation along the magne&tiaxis at 78
and 300 K. HerdB,, AB,, AB3, AB, represent, respectively, the
widths of the EPR
+7/2— *+5/2, +5/2—~ *+3/2, +3/2—~ *1/2, —1/2—+1/2. The av-
eraged experimental error is0.5 G.

Concentration Temperature AB; AB, AB3; AB,
() (K) G © © ©
0.0 78 45 4.2 3.8 35
300 45 4.2 3.8 35
0.02 78 7.1 55 4.7 35
300 7.1 55 4.7 35
0.05 78 105 105 105 105
300 145 135 125 105

lines corresponding to the transitions

200 y T T T
Ho,Y, VO,

1/2 <--> -1/2
3/2<->1/2
5/2 <-->3/2

7/2 <-->5/2

_—._.
_._+_
_O_
150 RV

110K
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50

0
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0.0 0.10 0.15 0.20 0.25
PARAMAGNETIC HOST ION CONCENTRATION (X)

0.30

FIG. 6. Dependence of Gd EPR linewidths (G=Gauss
=10"*T) in Ho,Y ;_,VO, on concentrationx) of the host para-
magnetic ions H&" for B||Z axis at 110 K. The widths of the EPR
lines corresponding to the transitionsM—M-—-1 and
—M«~ —(M—1) are the same.



11 636 SUSHIL K. MISRA AND SERGUEI |. ANDRONENKO 53

50— , i : i i were considered. The critical value &fwas found to be
0.27, above which a percolation cluster was formed extend-
ing throughout the entire sample. Since the critical value of
40+ * X in percolation-cluster calculations depends only on geo-
/ metrical configuration of the rare-earth ions surrounding the
. Gd*" ion, rather than on the absolute distance between the
rare-earth ions, the percolation-cluster consideration for
LiYb Y 1_,F, for zircon structure limited up to four nearest-
_— . neighbor ions is directly applicable to K¢ ,_,VO, crys-
} * ] tals. Thus, ignoring the small configurational difference be-
10_/ 1 tween the arrangement of the rare-earth ions in zircon and

\

LINEWIDTH (G)
w
o
]
[4)]
=
L

scheelite structures, the critical value=0.27 is also ex-
L] ] pected for HQY ;_,VO , samples.

Temperature dependenc&he G&* EPR linewidths in
Ho,Y ; VO, samples with 0.£x<0.3 were observed to
vary insignificantly in the 150-300 K range. It was only
below 150 K that the Géi" EPR linewidth for these samples
—Gauss-10-* T) for the central transiion (12 —1/2) in increaged gignificantly with decreasing temperatqre as seen
Ho,Y ;_,VO, on concentrationX) of the host paramagnetic ions from Fig. 4; very broad EPR lines were olbse_zrved_ln particu-
Ho®* for B||Z axis at 5 K. lar in Hog 3Y g 7VO 4 sqmplg. However, at liquid-helium tem-
peratures Gd" EPR linewidth decreased, and well-resolved

EPR G&* spectra were observed characterized by rather

Accor_dmg to Eq:(3), s ratios of the linewidths Qf narrow lines as the effective H6 magnetic moment be-
the various transitions relative to the outermost lines

PO 7 5 i 3 came negligible due to preferential population of the non-
ng $§(+f?_22)2/§|3(iZZEZZ;,Z'?'E’S /AABB(l;Zf iﬁZ/ magnetic singlet ground state, as seen from Fig. 2 for
(2 £3)=2.23, (£3023)/AB(*£50%3) HoosY VO, at 5 K. As for the more concentrated

:.1'77' Thus, the outer resonance I|r!es be_come IorOgreﬁoxY 1-xVO, samples withx>0.3, no EPR spectra could
sively narrower due to “lifetime broadening” with respect to 5e observed in the interval 77-300 K due to EPR lines being

the cgntral Ilng. As seen _from Figs. 3 an(_j 4, the qbserve ompletely broadened out, presumably due to formation of
linewidths are in fact not in accordance with the ratios pre-

. e . . i rcolation cl rs.
dicted by “lifetime broadening,” since, as discussed below,pe colation clusters
there exist other sources of the broadening such as disorder | jquid-helium temperatures (x=0.05, 0.1, 0.15, 0.25, 0)3
in Tm,Lu,_,PO, samples, and inhomogeneous broadening 3+ .
due to superhyperfiné€SHF interactions in HQY ; _,VO,. Gq EPR spectrum could only be observed fo'r thg ori-
The unique features of the behavior of BdEPR linewidths ~ €ntations of B near and parallel to theZ axis in

specific to the two families of crystals, are described as folH10xY 1-xVO4 samples with 0.05x<0.3; the linewidth in-
lows. creased with increasing deviation of the magnetic-field ori-

entation from the magnetig axis, disappearing completely
for B orientation at angles larger than about 30°-50° from
the Z axis in theZ X plane. This disappearance of EPR spec-
Dependence on concentratigr) and formation of per-  trum at low temperatures, when the angle between the orien-
colation clusters For the crystals with smaller concentra- tation of the external magnetic field addaxis increases, can
tions x=0.1-0.25, only a weak dependence of the EPRbe explained to be due to the large anisotropy of magnetic
linewidths onx was observed. For HpY o VO, sample, moment of the H3' ions in HoVO,, resulting in
there was observed a sharp increase of the EPR linewidths a#1 , )>(M,).%
compared to those for<0.25, in the range 77-300 K. This  In Ho,5Y , VO, sample, the presence of at least three
can be explained to be due to the formation of a percolationifferent sets of Gd* EPR spectra could be discerned at
cluster within the crystal fox>0.25, which shortens signifi- liquid-helium temperaturéFig. 2), characterized by different
cantly the relaxation times of the &d ions by spin diffu-  linewidth and temperature behaviors. This can be explained
sion as discussed in detail by Misra and OrHun context  to be due to the rather significant interaction of the electronic
with LiYb,Y,_,F, crystals. When the relaxation time is quadrupole moments of Ho ions with the neighbor atoms
shortened it manifests in an increase in EPR linewidth. Asn the lattice of HQY ;_, VO, samples at temperatures be-
for the formation of percolation clusters, the calculations oflow 100 K, which arises due to highly aspherical ground-
the LiYb,Y ,_.F, system can be adopted directly for the state 4 charge distribution as reported by Skanthakumar
Ho,Y ;-x\VO, samples, since the scheelite structure ofet al,?! observing large magnetic anisotropy at low tempera-
LiYbF, is similar to that of the zircon structure of tures. The asphericity is a consequence of electronic quadru-
HoVO,, in which there are situated four nearestpole moment to first order. Decrease in temperature from
(Ry=3.893 A), and four next-nearesR{=5.910 A and  room temperature increases the asphericity as the excited en-
eight next-next-nearesR{ = 5.938 A) neighbor rare-earth ergy levels become more and more depopulated in favor of
ions around any rare-earth ion. In the percolation-clustethe ground singlet state characterized by a highly anisotropic
computations for LiYbR only the nearestRy=5.13 A, four  configuration. Specifically, this means that although the unit-
ions) and next-nearestRyy=5.88 A, four iong neighbors  cell parameters of HoV@and YVO, are very close to each

d T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 025 0.30
CONCENTRATION (X)

FIG. 7. Dependence of Gd EPR linewidths (G

Ho,Y ;_,VO, samples
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other at room temperature, they become anomalously differspectrum being the same as that for the’G&EPR spectrum

ent from each other below 100 K as the parameters of thavith the second Iargesbg magnitude in H@3Y ¢ VO,
HoVO, lattice change significantly due to the interaction of (listed in Sec. IV. This weaker Gd™ EPR spectrum disap-
Ho®* electronic quadrupole moment with the neighbor at-peared at about 10 dn5 K in Hog Y g72VO, and
oms on the lattice. In addition to the effect of Bio ionic Hog 15Y 0gsVO 4, respectively, as the temperature was
quadrupole moment, the presence of3fidons in the vicin-  increased. In Hg,Y ¢oVO,4 only oneGd" EPR spectrum

ity of a Gd®" ion, characterized by different relative direc- was observed, which disappeared at about 25 K. In
tions of the external magnetic field with respect to the vecH0025Y 0.73V04, HOo15Y 083VO4, and Hay 1Y 00VO, the

tors joining different H3* ions with the Gd* ion resultin  Predominant GA* EPR spectra are those due to theGd

a large variety of magnetically different configurations thation surrounded only by ¥* ions, since the magnitudes of
increase the linewidths and modify line positions. It is diffi- the parameteb$ characterizing these spectra are practically
cult to predict uniquely which specific configurations resultthe same as that for YV@ For all Ho,Y; ,VO, samples
around Gd* ions for different concentrationsc) of Ho3" at liquid-helium temperatures the linewidths are the same for
ions. The particular features of the values of the spinall transitions within experimental error(1 G).

Hamiltonian parameters corresponding to distinct observed Temperature dependence of the magnetic moment of
sets of Gd* spectra can be described as followEhe val- Ho3" ions and its effect on the linewidtA calculation was
ues of the parameters have been listed in Sec. IV apdhe. made of the temperature dependence ofZh@mponent of
maximum magnitude ob3 characterizing the various ob- the average magnetic mome(i,), of the host H3* ion,
served spectra is very close to that of the 3Gdion in  using the expression

YVO ,. On the other hand, the magnitude of the parameter

b3 for HOVO, [= —1.083 GHz(Ref. 10] is much less than

this. This implies that of the three observed spectra those <MZ>:Ei ((Pi|Jz|qoi>eXri—Ei/kT)/Z exp(— E; /kT).
characterized by the maximum, next maximum, and mini- (4)
mum magnitudes df5 correspond to the Gt environment
with zero, one, and two HY" ions, respectively, as the near-
est neighbors. For the spectrum characterized by the maxi-
mum magnitude ob?, the linewidths of all the transitions
are the same, being 39 G &K and 42 G at 10 K. For the
spectrum with the second largest valuebgf at 5 K, the
central line(40 G) is narrower than the outer [iné52 and 90 Hcer= 1893B,J,+ a,B309+ ary(B3OS + B307)
G for the transitions*=3/2— *+1/2 and =5/2— +3/2, re- 00 | b

spectively indicating the presence of disorder created by the *+ a6(BgOg+B4Os)- ®)

four different possible configurations of the presence of one

Ho®* ion nearest to a Gt ion. There exist six different In Eq. (5), g;=1.2417%* J(=8) is the angular momen-
possible configurations for the case of two Hoions being  tum of the H&" ion, the spin operator®™ for J=8 are
nearest neighbors to a &d ion, causing more disorder than defined and listed by Abragam and Bleaﬁ&r.he following

that expected for the case of one Hoion as the nearest CEF parameters were used in E§) in the calculations:
neighbor. However, it was difficult to discern the linewidths BJ=—87.6 cm !, B%=38.2 cm !, B}=-768 cm !,

from the observed spectra for this configuration as the cong: —43.1cmd, Bg‘=77.8 cm 1, as estimated by Morin,
responding EPR lines were rather weak and superimposed iyouchy, and Kazei’ The resulting temperature variation of
other lines. As for the temperature dependence of the EPR\,) is plotted in Fig. 8, which shows th&M,) increases
Iinewidth, it is noted that the more ﬁé ions are next neigh— with decreasing temperature and decreases very sharp|y at
bors to a Gd™ ion, the stronger the temperature dependenc@quid-helium temperatures. It can be explained to be due to
is expected to be due to dipole-dipole and exchange interaghe profound effect of the first-excited doublet, with the en-
tions between G#" and Ho>* ions, consequently the spec- ergy 21 cm!, whose eigenvectors are predominantly
trum is expected to disappear faster with increasing temperanm ;= + 1), whereM is the magnetic quantum number cor-
ture as the H3" magnetic moment increases with responding tod, of the Ho®" ion, as well as that of the
temperature. Accordingly, in the HaY o VO, sample, the  second excited doublet of the Fib ion with the energy 47
EPR spectra of GH' ion possessing the largest, second larg-cm—1! whose eigenvectors are predominar{tiy,= +7),%’

est, and minimum magnitudes bf disappeared at about 10, possessing a rather large value (8,). This temperature

7, and 5 K, respectively, as the temperature was increasedpehavior is similar to that of the observed EdEPR line-

In HOg 25Y 78V04 and Hay 15Y 8sVO4 samples, only  width in Ho,Y ;_,VO, (0.1=x=<0.3) crystals. Thus, it can
two distinct sets of overlapping Gd EPR spectra were ob- be concluded that the temperature variation of the>Gd
served, the value of the paramets} (Sec. IV) of the more  EPR linewidth in HqY ;_ VO, crystals in the temperature
intense Gd® EPR spectrum being the same as that forrange 4—300 K is significantly determined by the tempera-
Gd®* in YVO,.” The main EPR spectrum disappeared atture variation of the magnetic moments of the surrounding
about 22-25 K as the temperature increased. The linewidthsost Ho** ions situated in close proximity with the Gd
did not practically change in this temperature range. One sébns, because of their interaction with the latter.
of Gd®* EPR spectrum was much weaker than the other Disorder. Unlike that for TmLu,_,PO, crystals (dis-
spectrum, the value of the parameté@r characterizing this cussed beloyy disorder is practically absent in

In Eq. (4), |¢;), E; are the eigenvectors and eigenvalues
the crystal-field Hamiltonian for H®" ions:
Heed i) =Ei| ¢i), whereH g is expressed as follows:
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———T——— T T widths of different transition lines are far from those pre-
[ dicted by Mehran and Stevéridor “lifetime broadening.”
T in TmPO (B”Cam) The observed broadgnin_g of the cen;ral line over and gbove
4 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 Gd" ion and %*Ho nuclei (magnetic moment
=0.466 nm,*° which is temperature independent and is the
same for all transitions. The linewidth due to SHF interaction
in Ho,Y,_,VO, 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 H9 ions are in the singlet nonmagnetic
ground state. As the concentratior) (increases, there is
o 50 100 150 200 250 300 expected an increase in the linewidth due to SHF interaction
TEMPERATURE (K) because of increasing number ¥PHo nuclei in the neigh-
borhood of a Gd* ion. This is clearly seen from Fig. 7,
FIG. 8. Calculated temperature dependences of the averag@hiCh exhibits the dependence of the EPR linewidth on con-
magnetic momentM,), of host paramagnetic ions Ti (dotted ~ centration k) at 5 K.
line) and HA* (continuous ling in Tm,Lu,_,PO, and Lifetime  broadening In  Hogg)Y g0vO, and
Ho,Y ;_,VO, compounds, respectively, f@j|c axis. Hog 0sY 995VO 4 samples, there is not expected any signifi-
cant “background” EPR linewidth due to SHF interactions,
Ho,Y; VO, samples at all temperatures becadigethe  because of the negligible number of Boions present in
ionic radii of the HG** and Y** ions are almost about the these samples. However, for samples with higher concentra-
same, being 0.894 and 0.893 A, respectilgnd (i) the  tions x (0.1, 0.15, 0.25, 0)3there do exist some residual
unit-cell parameters of the two constituting lattices:EPR linewidths, estimated to be 15 G for the samples
a=b=7.1237 A, ¢c=6.2800 A for HoVQ, and Hoy,Y (4VO,, HOgeY 08VO 4, and Hay .Y o7VO 4 at 78
a=b=7.1193 A,c=6.2892 A for YVO, (Ref. 23 are al- K and 40 G for Hg sY VO, at 110 K, so that after sub-
most the same. tracting these from the observed linewidths the ratios con-
Broadening due to superhyperfine (SHF) interactidns. form to those expected for “lifetime broadeningsee Table
Ho,Y ;_,VO, samples witrx=0.1, 0.15, 0.25, and 0.3, the ||).
central G&" line was broader than the outer lines in the
temperature range 77-300 K, similar to that expected when Tm,Lu,_,PO, samples
“lifetime broadening” is effective. However, this is not en-  Temperature and concentration dependeritee Gdf*
tirely due to lifetime broadening, since the ratios of theEPR spectra could be observed at all temperatures for all

Average Magnetic Moment (arb. units)

Ho3+ in HoVO,-(B il C-axis)

TABLE lIl. Estimated ratios of the GH#' EPR linewidths due to magnetic interactions with the host
paramagnetic iondB{ =(AB;— ABy); i=1,2,3,4, of the various transitions at liquid-nitrogen temperature
due to exchange and dipole interactions for,Me_,VO, (x=0.1, 0.15, 0.25, 0.3) and TgaLu, PO,,

B||Z axis.(HereAB,, AB,, AB3, AB, represent, respectively, the observed widths of the lines correspond-
ing to the transitionst 7/2— £ 5/2, £5/2— *+3/2, = 3/2—*+1/2, +1/2— —1/2, while AB, represents the
“background” EPR linewidth, namely, the part which is not due to the exchange and dipolar interactions as
discussed in Sec. YFor Ho,Y ;_,VO,, AB, is considered to be due to the SHF interaction of Gavith

the nearest- and next-neare¢f®™Ho nuclei; it has the same value for all the transitions. For
Tmggdluy-,PO,, ABy is considered to be due mainly to disord&B; are assumed to be equal to the
respective widths of the various transitions observed at the lowest tempefatue: AB,=25 G,
AB3;=37 G, AB,=44 G, AB;=68 G. For both families of host crystals, no influence of exchange and
dipolar interactions of the Gt ion with the host paramagnetic ions is expectedl K asboth the HG* and

Tm3* jons are in their respective nonmagnetic singlet ground states.

AB, (G) T (K) ABL/AB! ABL/AB] AB}/AB;
Lifetime 2.38 2.23 1.77
Broadening
(Ref. 12
HOg1Y VO, 15 78 2.3 2.0 1.6
HOg.15Y 0.85V0 4 15 78 2.3 2.1 1.8
HOg 25Y 0.75V0 4 16 78 2.4 2.1 1.8
HOg3Y 0.7VO4 40 110 a 2.1 1.7
TmggY 0. PO, b 78 2.34 2.1 1.74

&Corresponding EPR line is not resolved.
bListed in the caption.
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concentrationsX) of Tm3* ions in this family of crystals. (x<0.8). However, even in this sample disorder is signifi-
No temperature dependence of the EPR linewidth of samplesant, becauset® K the central line is observed to be nar-
with x=0.1, 0.2, 0.4, 0.6 was observed in the interval 77—rower than the outer lines as expected from disorder, while
300 K. The outer EPR lines for these samples were observefie host Tni* ions are in the nonmagnetic singlet ground
to be significantly wider relative to the central line. The be-State not to have any magnetic interaction with the'Gbn.
havior of Gd* EPR linewidths for the samples with Influence of SHF interaction with TAT ions was also ob-
x=0.4 and 0.6, more concentrated in Tiions was differ- Served on the GY" linewidth in this sample, because the
ent from this, in that the outer lines here are only slightlyWidth (25 G of the central line is the same as that in the pure
broader than the central one. This is due to lifetimeMPOs samplel® and much larger than that observed in the
purely diamagnetic LuP® sample (3.5 G. For the
Tmggluy PO, sample, when the observed widths of the
EPR lines &5 K are subtracted off from the widths of the
respective EPR lines at liquid-nitrogen temperatures, the re-
o . ) lations between the EPR linewidth of different transitions are
CEF Ham|I'Fon|an given bgl Eq5) W'Ehl theovalues Otihe found to be the same as those expected for lifetime
parameters.gJ=161638, 52:13% cmt, By=4.1 cm%, proadening? as seen from Table IIl. There appears some
B;=642 cm !, Bg=44 cm ', Bg=—10.9 cm ' as deter- temperature dependence of the EPR linewidth in
mined by H0dge§0 The resulting values are plotted in Flg Tm0.6|_u O.4PO4 Samp|e in the temperature range 4.2-110 K,
8, which shows that as the temperature is decreased from 3@flesumably due to the temperature variation of the magnetic
K, (M,) remains almost constant down to 150 K, below moment of the Tm* ion.
which it decreases with decreasing temperature, in the same Percolation clustersThe formation of percolation clus-
fashion as the G#" EPR linewidth forB|Z axis, shown in  ters for Tm,Lu,_,PO, samples withx>0.3 is not well de-
Fig. 3. Thus, in TmLu,_,PO, samples, similar to that in fined, unlike that in the case of ¥ ,_,VO, crystals, for
Ho,Y ,_,VO, samples, the average magnetic moment of thehe following reasons(i) Dipole-dipole and exchange inter-
host Tn?* ions determines predominantly the temperatureactions of the GAd* ion with the host paramagnetic ions are
variation of the Gd* EPR linewidth. not as strong in TrgLu,_,PO, as those in HeY ;_,VO, as
Effect of disorder The broadening of EPR lines for revealed by the EPR linewidth behavior; specifically in
TmgLug PO, and Tmy,Luy PO, samples, and appear- TmPQ,, EPR lines can be observed over the entire 4.2—-300
ance of additional sets of Gd EPR spectra with different K range® while in HovO, the EPR lines are observed
linewidths observed at liquid-nitrogen temperatuieig. only below 10 K° (i) The disorder that occurs in
1(a)] which overlap the main set of lines can be ascribed torm,Lu,_,PO, samples prevents formation of percolation
the disorder in the atomic arrangement in these mixed cryselusters by disrupting percolation paths, unlike that in
tals. Disorder broadens outer-lying EPR transition lines relaHovVO, samples.
tive to the central line, the width increasing almost linearly =~ SHF interactions Although the nuclear magnetic mo-
with the separation of an outer line position from that of thements of °Tm (1.192 nm is much larger than that of
central line?* The disorder in TmLu,_,PO, compounds is  16%Ho (0.466 nn), the effect of SHF interaction between
caused by both the difference in the ionic radii of theGd3* ions and*®°Tm nuclei is not expected to be signifi-
Tm3* and Lu*" ions, being 0.85 and 0.87 R respectively, cant, because the nuclear spir=(1/2) of the 1¥°Tm nucleus
and the differences in the unit-cell parameters of the purgs much smaller than that of th&**Ho nucleus (=7/2).
paramagnetic latticesi=b=6.8424 A andc=5.9895 A for  Thus, unresolved G EPR lines for TmPQ consist of
TmPO, and for the pure diamagnetic lattice Lup@t room  only five components due to the four-nearest 3f'mions,
temperaturea=b=6.7937 A andc=5.9582 AZ Disorder much fewer than the 29 SHF components expected due to
causes increase in the splitting of EPR lines with increasinghe four nearest Hb" ions in HoVO,.
concentration X). For example, in the Tg,luygPO,
sample there are clt_aarly observed two sets oFGh’h_es at VI. SPECTRUM OF Er3* IN Ho,Y,_ VO,
77 K due to the existence of at least two magnetically in- (x=0.1, 0.15, 0.25, 0)3
equivalent Gd* sites characterized by different linewidths, T
resulting in two overlapping lines for the highest-field tran- The samples contained £f ions as chemical impurity.
sition, one with the width 37 G, and other with the width 70 The EPR line of the E¥" ion in Hog 5Y VO, sample was
G. This is because of the various theoretically possible conebserved in the temperature range 4.2—-10 K. At tempera-
figurations, one Gd" site has all the nearest ions to f#a-  tures below 5 K, it was an overlap of at least two single
magnetid Lu®" ions, while the other site has at least oneEr®* EPR lines with different linewidth$43 and 134 G
(paramagneticTm®" ion as the nearest neighbors. The ef-possessing the same value ofgy (=3.559).
fect of the electronic quadrupole moment of the ¥mion In HOg 25Y 075VO0 4, HOg 15Y 0.g5VO4, HOg 1Y g oVO,, and
on the local structure of Tgiu,_,PO, appears to be neg- Hog =Y ¢9VO, samples, E¥" EPR spectra were also ob-
ligible, unlike that in Hg Y ;_,VO, samples. served in the same temperature rafg—-25 K, the same
Lifetime broadeningOnly for the Tm, gLu o ,PO, sample  over which the main G8#" EPR spectra could be observed.
was there observed a significant influence of dipole-dipoleThis implies that the main source of broadening of EPR lines
and exchange interactions, as here the outer lines were ofr both EF* and G&* ions is the interactions with the host
served to be narrower relative to the central line, unlike thaHo®" ions. The width of the Et" EPR line in these samples
for the samples with smaller concentrations of Imions  were about 17, 20, 25, and 33 G for K@Y VO,

broadening.

Effect of magnetic moment of Piions A calculation of
the average magnetic momemd ;) of the Tm** (J=6) ion
was made as a function of temperature using(Byg.and the
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HO0o.1Y 09VO 4, HOg15Y V04, and Hay e o 7V0,, re-  Tm3" jon.
spectively.
IX. CONCLUDING REMARKS

VII. DISTORTION OF CRYSTAL STRUCTURE . .
WITH CONCENTRATION  (X) The salient features of the present EPR studies are as

follows.

Because of the difference in the unit-cell parameters of (i) Detailed experimental data on &t EPR linewidths in
HoVO, and YVO,, and those of LuP@and TmPQ, the  Ho,Y, ,VO, and TmLu, ,PO, lattices measured over
distortion of the crystal structures of K¥,_,VO, and the extended temperature interval 4.2—295 K have been pre-
Tm,Lu,_,PO, samples is expected to be maximum for thesented. Although a thorough quantitative interpretation is
value of x near 0.5, while no distortion is expected for difficult to provide at present, it is hoped that these data will
x=0.0 and 1.0. At liquid-helium temperature-@ K), due to  prove valuable towards further theoretical attempts to under-
magnetic moment of the host ions being almost zero, all ionstand the interactions of the H6 and Tnt* ions with the
being in the nonmagnetic singlet ground state, the effect o&sd®* ion in Ho,Y ;_,VO, and TmLu,_,PO, lattices, re-
the magnetic moment of the host ions on linewidth is ex-spectively.
pected to be negligible, and the variation of the linewidth (i) The specific mechanisms governing the influence of
with x is determined solely by distortion, e.g., in concentration X) of paramagnetic host ions on EPR
TmyLu,_,PO, hosts &4 K the linewidths are the same for linewidths in the TmlLu,_,PO, and HaY,_,VO,
the samples witlx=0.2 andx=0.8. This effect is similar to samples are quite different from each other. In
the broadening of optical spectra of ¥rin Yb,Y, ,F3  Tm,Lu,_,PO,, disorder as caused by the difference in the
samples where a symmetric bell-like dependenceowas  ionic radii of the paramagnetic Tfi and diamagnetic
observed for linewidths, which in that case depended only ou3* ions, as well as by the difference in lattice parameters
distortion. The situation is somewhat different at higher tem-of TmPO, and LUPQ,, is predominant, impeding formation
peratures. Figures 5 and 6 exhibit the 3dEPR linewidths  of paramagnetic percolation clusters for samples with the
in TmyLu,_,PO, and HgY ;_,VO, samples as functions concentratiorx=0.3, unlike that in HQY ;_,VO,. On the
of x at 77 and 110 K, respectively. It is noted that for other hand, the formation of percolation clusters in
Tm,Lu,_,PO, hosts the change in the observed linewidthHo,Y ;_,VO, crystals forx=0.3 is predominant as con-
behavior is not a monotonic function of which can be firmed by the EPR linewidth behavior, the effect of disorder
explained to be due to the interaction of the Tirmagnetic  being practically negligible in these samples due to the ionic
moment with that of the G ion. As the number of radii of the Ho*™ and Y3* ions, as well as the unit-cell
Tm3* ions increases there is an additional effect on the lineparameters of HoVQ and YVO,, being about the same.

width over and above that due to disorder. (iii) At liquid-helium temperatures, the effect of the elec-
tronic quadrupole moment of Ho ions on the local struc-

VIIl. COMPARISON OF MAGNETIC PROPERTIES ture of Ho, Y ;_,VO, results in the creation of several mag-
OF Ho3* AND Tm3* IONS IN Ho,Y,_,VO, netically inequivalent sites for Gd corresponding to

AND Tm,Lu,_,PO, LATTICES different numbers of H®" ions as next neighbors, which are

characterized by different @d EPR spectra associated with

The host Van-Vleck paramagnetic ions interact with thedifferent values of the respective spin-Hamiltonian param-
Gd** ion via dipolar and exchange interactions. These mageters and their temperature behaviors.
netic moments depend on temperature and their energy lev- (iv) Temperature dependences of BGdEPR linewidths
els which are sensitive to distortion, whose effect is maxiin Tm,Lu,_,PO, and HqY, ,VO, are quite different
mum for x being about 0.5 as discussed in the previousrom each other in the interval 77-300 K. In
section. The effect is much more pronounced forHo,Y ,_,VO, the EPR linewidth increases with decreasing
Tm,Lu,_,PO, crystals because of the rather marked differ-temperature for the samples with>0.1. On the other hand,
ence in the unit-cell parameters of the constituting pure latin Tm,Lu;_,PO,, EPR linewidths do not change signifi-
tices TmPQ and LUPQ,. For this reason, formation of per- cantly with temperature; only fox=0.8 does the EPR line-
colations clusters does not take place in ,[m;_,PO, width decrease with decreasing temperature in the range
crystals, unlike that in HgY ; _,VO, crystals as discussed in 4.2—-300 K. The observed temperature dependences of the
Sec. V. The similarity of the magnetic properties of the twoGd** EPR linewidths forB||Z axis in the two families of
paramagnetic ions is confirmed by the similarity of the tem-hosts are similar to those of the calculated average magnetic
perature variation of the linewidth in the purely paramag-moments,(M,), of the respective host paramagnetic ions,
netic host lattices HoV@ and TmPQ. Temperature varia- implying that the host paramagnetic ions have predominant
tion of the calculated average magnetic moments ofnfluence on Gd* EPR linewidths.
Ho®** and Tn?* ions in HoY,; ,VO, and
T™m,Lu,;_,PO, Iattic:las,. respectively, for th_e orientat?on of ACKNOWLEDGMENTS
the external magnetic field parallel to theaxis are depicted
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