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Optical absorption spectra and magnetic susceptibilities of PrVO4
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This paper reports experimental results of measurements of magnetic susceptibilitiesx i and x' and their
anisotropyDx, in the temperature range of 300–70 K and the polarized optical-absorption and Zeeman spectra
at temperatures 10 and 80 K of single crystal of PrVO4. The magnetic anisotropy reversed its sign at 180
62 K and two lines of the3H4→1D2 transitions split by 5.1 and 4.7 cm21 in the Zeeman field of 49 K G. The
lowest two levels were found to be singlets, separated by 3562 cm21 and followed by a doublet at 84
62 cm21. The observed magnetic results onx i , x' , Dx, Ti and crystal-field~CF! levels of 1D2 , 3P0,1,2, and
1I 6 multiplets and the Zeeman splittings were fitted simultaneously considering intermediate-coupling states
mixed under a crystal field withD2d symmetry present in PrVO4. The best fitted parameters areE1

54425.0,E2522.7, E35455.0, z5800.0, a522.5, b52800.0, g51520.0,B2052130, B4051020, B44

51525,B6051150,B6452200 ~all in cm21!. Using theJ-mixed pattern of3H4 , the different components of
the nuclear quadrupole splitting 4P, were found to be 4P153.2, 4P2512.0, and 4P350.2 ~all in MHz! at 1.6
K. These results are close to the values reported from NMR studies by others. Schottky component of elec-
tronic and nuclear specific heat are also calculated with the best fitted CF levels of3H4 .
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I. INTRODUCTION

The trivalent rare-earth~RE! ions in RE vanadates or in
yttrium vanadate have received considerable attention s
the last two decades as they find numerous application
different fields and for their interesting magnetic, optic
and other thermophysical properties, exhibiting Jahn-Tel
induced crystallographic and magnetic phase transition
low temperatures in some cases.1–27

Nd31 and Ho31 in YVO4 have been found to be efficien
laser materials.12,5 PrVO4 and HoVO4 have been found to be
suitable for enhanced nuclear magnetic cooling by isentro
demagnetization and can be used as an efficient refrigera
the millikelvin region.18 Eu31:YVO4 in high-pressure mer
cury vapor lamps improves appearance and color.2 Recently,
extensive study on defect sites in EuVO4, by spectral hole
burning and optically detected nuclear quadrupole resona
techniques, using standard crystal-field~CF! analysis, have
been reported.14,20,21,24,27These characteristics ofRVO4 and
R:YVO4 are strongly influenced by the environment of R
ions in the vanadate lattice, i.e., CF effect on the RE i
Furthermore these substances are specially suitable for
ies of CF interactions since their crystallographic structur
simple and the CF splitting of levels of the RE ions can
described by few parameters. TheRVO4 crystals have the
tetragonal zircon structure at room temperature with sp
group D4h

19 (I41 /amd) and lattice parameters as given
Ref. 28. The O22 ions forming a tetrahedra around theR31

ion,28,29 produce a CF at theR31 ion site, which hasD2d

(4̄2m) point-group symmetry, the tetragonal axis of whi
coincides with the crystallinec axis.

The present study on PrVO4 involving measurements o
PRB 580163-1829/98/58~14!/9335~8!/$15.00
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the molecular magnetic susceptibilitiesx i , x' , which are,
respectively, parallel and perpendicular to thec axis, their
anisotropy6(x i2x')5Dx between 300 and 70 K as we
as the polarized optical absorption and Zeeman spectra a
and 10 K were undertaken since there are few anomalies
uncertainties in the values of the CF parameters~CFP’s! and
level pattern of the lowest multiplet as reported from pre
ous magnetic,17 optical, and NMR~Refs. 10, 11! studies as
discussed below.

From NMR spectral study of141Pr ~and 51V! in PrVO4,
Bleaneyet al.10 found that the lowest two CF levels are si
glet levels, separated by about 100 cm21, however from later
studies of the fluorescence, Raman, and far-infrared spec11

they observed the first excited singlet level to be at about
cm21 followed by a doublet at 84 cm21. The remaining lev-
els of 3H4 manifold were estimated by an extrapolation pr
cedure, which were therefore not accurately determined.

Bleaneyet al.11 also measuredx' of a single crystal of
PrVO4 as well as the mean susceptibilityx̄5(x i12x')/3
using the Faraday method. It was observed by them
although the calculated and observed values ofx' were
close~within 2%! around 4 K, as the temperature increas
the experimental values ofx' fell off more steeply than the
calculated results, becoming 10% less at 80 K. This discr
ancy at the higher temperature region could not be attribu
to the small changes in the energy values of the first
second excited CF levels of3H4 with temperature, which
they observed from the fluorescence study, but was supp
to be due to the neglect of the excited multiplets in the t
oretical expressions for the susceptibilities.11 They also
found that PrVO4 retained tetragonal symmetry down to 1
K, unlike TbVO4, DyVO4, and TmVO4 which undergo crys-
tallographic or magnetic phase transition to a lower symm
9335 © 1998 The American Physical Society
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9336 PRB 58DAS, JANA, SENGUPTA, GHOSH, AND WANKLYN
try at low temperatures, so the said discrepancy was not
to any such phase changes.

Guo, Aldred, and Chan17 studied the thermal variation o
x̄ of PrVO4 between 300 and 3.5 K and reported the valu
of CFP’s and suggested the first excited level of3H4 to be at
90 cm21. Now, it is well known that CF analysis ofx̄ does
not often give a unique set of CFP’s, sincex̄ is an average
property.30 On the other hand, from fitting of the therm
characteristics ofx i , x' , Dx, andx̄ with the corresponding
theoretical expressions, deduced rigorously usingj mixing of
the relevant intermediately coupled~IC! states of Pr31 under
CF interaction, it is possible to determine very accurately
free ion ~FI! and the CFP’s as have been shown by us31,32

and others.33,34 Furthermore, the correct CF levels and sta
of 3H4 were utilized to calculate other thermophysical pro
erties associated with the ground term of PrVO4, e.g., hyper-
fine interaction energies and paramagnetic Schottky spe
heat for the electronic (Csh) and nuclear (Cshn) level pat-
terns, as was done by us earlier.30–32,35–38

II. THEORETICAL CONSIDERATIONS

The first step in our calculation was to diagonalize a fr
ion Hamiltonian in a 13 Russell-Saunders~RS! basis ofLSJ
states consisting of Coulomb, spin-orbit, and configurat
interactions to get the IC wave functions. The free-i
Hamiltonian HFI used is as given below and describ
elsewhere:31

HFI5E1e11E2e21E3e3

1z(
i

1i•si1aL~L11!1bG~G2!1gG~R7!.

For D2d symmetry the CF perturbationHCF has the form

HCF5B20U201B40U401B44~U441U424!

1B60U601B64~U641U624!,

where the symbols are described elsewhere.31

Considering the total effective atomic HamiltonianHeff
5HFI1HCF, the combined FI and CF matrices were diag
nalized in the 91uSLJMJ& basis for the 4f 2 ground configu-
ration of Pr31 to obtain all the CF levels and CF wave fun
tions of PrVO4 considering fullJ mixing under CF. The FI
and CF parameters were varied to fit the optical and m
netic results simultaneously.31 The FI parameters, chosen in
tially for determining IC wave functions, are those approp
ate for triply ionized Pr31 ions in LaCl3.

39 However the final
parameters were obtained by us from fitting our results. T
same CF eigenvalues and wave functions are used to de
expressions for the susceptibilitiesx i and x' according to
Van Vleck’s formulas,40 the splitting factorgi (g'50) for
each CF doublet levels, hyperfine energies,Csh andCshn.

III. EXPERIMENTAL RESULTS

PrVO4 single crystals ~dimensions;10 mm31 mm
31 mm! of very good quality were grown in the Clarendo
Laboratory, from lead vanadate flux and recovered by
pouring.41 The thick rodlike crystals are transparent, lig
green in color and are elongated along the tetragonalc axis.
ue

s

e

s
-

fic

-

n

-

g-

-

e
uce

t

Using a polarizing microscope single crystals were selec
followed by identification of thec axis and mounted as re
quired for both the optical and magnetic measurements.

A. Polarized absorption spectral study

The polarized absorption spectra and Zeeman spectr
PrVO4 were obtained in the range of 6200–4300 Å at 80 a
10 K using a Carl Zeiss Spectrograph~PGS-2!, having high
resolution with dispersions 3.38–3.55 Å/mm in the seco
order. The absolute accuracy is within 2 cm21 for most of the
lines and the relative accuracy for some is 1 cm21 and the
results obtained in this manner are reproducible to less t
0.5 Å over the entire range. The crystal was mounted o
copper sheet which was bolted to the cold tip of an opti
shroud of a closed-cycle helium cryocooler~Displex CS
202!. Spectra were taken for light propagating perpendicu
to thec axis of the crystal, with polarization parallel~p! and
perpendicular~s! to the axis and also the axial spectra~light
propagating along thec axis of the crystal! were taken to
confirm the transitions to be electric dipole allowed. Zeem
spectra were recorded under a high pulsed magnetic field~49
K G! applied parallel to thec axis and was perpendicular t
the propagation of light, details of which are give
elsewhere.42 A xenon lamp was used as a light source for t
Zeeman study. Suitable filters were used to remove
wanted light and to avoid unnecessary heating of the crys
The spectra in both the above cases were obtained on
tographic films~ORWO NP77!, which were then scanned b
a sensitive solid-state microphotometric arrangement, c
nected to anXY recorder~Rikadenki RW 201!. Spectral lines
were calibrated by mercury lines. Figures 1–3 show the
crophotometric traces of the different observed polarized
sorption and Zeeman spectral lines of1D2 , 3P0 , 3P1 , 1I 6 ,
and 3P2 multiplets of PrVO4. Zeeman splitting was ob
served in the1D2 multiplet only.

B. Magnetic susceptibility

In PrVO4 there are four magnetically equivalent mo
ecules per unit cell, theD2d axis of each being along thec
axis. For such a reason, the axes of the molecular susc
bilities tensorsx i and x' are along thec and a axes,
respectively,43 consequently experimental work was ve
convenient and the results are very accurate. We meas
the susceptibilityx' in a Curie-type balance using the Far
day method31,44and the anisotropyDx using the static torque
method31,45 between 300 and 70 K. Experiments were do
with three crystals of masses varying from 10 to 20 mg a
the accuracy of the susceptibility results was within 1%.

While measuringDx at room temperature~RT!, we ob-
served that when the crystal was freely suspended vertic
~z! with a very fine quartz fibre~drawn in the laboratory!
with its ac plane placed horizontally~xy! inside a very ho-
mogeneous magnetic field (Hx53.5 KG), then thec axis set
was parallel to the applied field. This implied thatx i.x'

and the value ofDx5x i2x' was found to be 231
31026 emu/mole at 300 K which is only 4.6% ofx̄.17 The
corresponding values for PrES,46 PrDG,31 Pr~OH!3,

37 and
PrCl3 ~Ref. 47! are, respectively, 171, 353, 1493, and 740,
expressed in 1026 emu/mole unit. On cooling below RT,Dx
decreased very slowly and approached zero at 18062 K (Ti)
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PRB 58 9337OPTICAL ABSORPTION SPECTRA AND MAGNETIC . . .
and the crystal sharply rotated by 90° so that thea axis set
along the applied field, indicating thatx' became greate
thanx i . On further cooling,x'2x i increased more rapidly
and was equal to 344031026 emu/mole at 70 K~Fig. 4!.

The thermal characteristics ofx i andx' showed the fol-
lowing Curie-Weiss behavior at higher temperatures due
the average contributions from all the CF levels of the3H4
term:

x i5
1.84

T171.78
~300– 100!,

x'5
1.51

T121.21
~300– 70!.

The Curie constants along and perpendicular to theD2d
symmetry axis are modified from the free-ion value of 1.
emu K. Magnetic momentsm i andm' are also found to ex-
hibit CF effects but the average valuem̄eff of these magnetic
moments is 3.53mb , which is quite close to the free-io
value of 3.58mb .

It is relevant to mention here that generally for sing
crystals of Pr31 compounds, it has been found that theDx
exhibits inversion characteristics at a low temperature~Ti ,
say!.31,37,46,47Now Ti , as well as the thermal characteristi
of x i , x' , andDx, depend sensitively on the CF paramete
since not all sets of CF parameters and their wave funct
would simulate such an inversion characteristic. Since

FIG. 1. Polarized absorption and Zeeman spectra for the tra
tions 3H4→1D2 at 10 K ~ ! and 80 K ~ !. Absorption
lines 1–9 correspond to transitions mentioned in text.Z2 andZ4
are Zeeman transitions corresponding to the absorption lines 2
4, respectively.
to

,
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si-

nd

FIG. 2. Polarized absorption spectra at 10 K~ ! and 80 K
~ ! for the transitions~a! 3H4→3P0 and ~b! 3H4→3P2 . See
text for origin of absorption lines 1, 2 for~a! and 1 to 9.

FIG. 3. Polarized absorption spectra for the transitions3H4

→1I 6 and 3H4→3P1 at 10 K~ ! and 80 K~ !. Absorption
lines 1–19 are the transitions mentioned in text.
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9338 PRB 58DAS, JANA, SENGUPTA, GHOSH, AND WANKLYN
value ofTi can be determined very accurately using differe
crystals,Ti was considered as an important experimental
rameter.

IV. DISCUSSIONS

A. Optical results

The assignments of crystal-field levels observed for
different multiplets were done consideringD2d site symme-
try of Pr31 in PrVO4 and using the relevant selection rules1

Comparing the axial~a! spectra with the polarized spectra,
was found that for all the transitions the axial ands-
polarized spectra are identical and thep-polarized spectrum
is unique, indicating the electric dipole nature of the tran
tions.

According to Bleaneyet al.11 the ground singlet isu2s&,
i.e., B1 and the first excited singlet 1A1 is u4s,0&, lying 35
cm21 above it and the second excited state is a doublet 1E at
84 cm21. Our spectral amd magnetic results are also con
tent with this pattern of3H4 ~Tables I and II!. Accordingly
the observed CF levels were assigned as the following:

3H4~B1,1A1,1E!; 1D2~A1 ,E,B2 ,B1! 3P0~A1!;

3P1~E,A2!; 3P2~A1 ,B2 ,E,B1!;

1I 6~1B2,1E,1A1 ,A2,2A1,3E!.

FIG. 4. Experimental thermal variations ofDx ~s!, x' ~n!
from this work,x' ~d! andx i ~j! are from Refs. 13 and 14, an
x̄ ~m! from Ref. 18. Solid and dashed lines correspond to
best fitted theoretical curves.x i ~• • • •! and x̄ ~

• • • ! are
theoretical curves corresponding to Refs. 11 and 17, respecti
Inset shows the second-order components of the theoretical cu
of x i

(2) ~• • • •! andx'
(2) ~ ! ~see text!. Schottky specific hea

Csh/R shows a maximum at 40 K andT2Cshn/R is constant be-
tween 10 mk and 2 K~upper scale!.
t
-

e

i-

s-

1D2

Figure 1 shows the 80 and 10 K absorption spectra for
transitions3H4→1D2 . At 10 K there is a very faint line~1!
at 16 278 cm21 in the s polarization, which is more intensi
fied at 80 K and is assigned as 1E(3H4)→A1(1D2). The two
s-polarized lines at 16 575 cm21 ~4! and 16 540 cm21 ~3! at
10 K and onep-polarized hot electronic line at 16 490 cm21

~2! at 80 and 10 K are assigned as transitio
@B1 , 1A1 , and 1E(3H4)#→E(1D2), respectively. Thep-
polarized line at 16 490 cm21 (Z2) is split in the parallel
Zeeman field at 10 K. The total splitting observed is 5
cm21, and the corresponding transitions are due toDM50
in p polarization, for a magnetic field parallel to thec axis of
the crystal, whereM is the magnetic quantum number of th
Zeeman levels.48 The observed Zeeman splitting of the tra
sition 1E(3H4)→E(1D2) arises due to the sum of splitting
of the 1E(3H4) and E(1D2). The faint p-polarized line at
16 575 cm21 (Z4) splits by 4.7 cm21 in the Zeeman spectra
and gains in intensity, the cause of which may be that t
transition is a magnetic-field induced magnetic dipole tran
tion. Using these experimental results we found the splitt
factors of 1E(3H4) and E(1D2) to be 0.1735 and 2.0394
respectively, and the calculated values are close to these
ues~Table I!.

The p-polarized lines at 16 790 cm21 ~7! and at 16 755
cm21 ~6!, ~the latter contained in the broadband! observed at
10 K and thes-polarized hot line at 16 704 cm21 ~5! at 80
and 10 K were assigned, respectively, as transiti
@B1 , 1A1 , and 1E(3H4)#→B2(1D2). The p-polarized line
at 17 006 cm21 ~9! at 10 K ands-polarized line at 16 921
cm21 ~8! at 80 and 10 K are @B1 and 1E(3H4)#
→B1(1D2).

3P0

Figure 2~a! shows the absorption spectra of transitio
3H4→3P0 . The transitions B1(3H4)→A1(3P0) and
1A1(3H4)→A1(3P0) are forbidden inp ands polarizations.
However a faint line at 20 262 cm21 ~2! was observed inp
polarization at 10 K, which was identified as 1A1(3H4)
→A1(3P0), from which the position ofA1(3P0) came out to
be 20 296 cm21 matching the fluorescence spectral resul11

It may be mentioned here that a very strongs-polarized
broadband around 20 200 cm21 ~1! was observed at 10 an
80 K which contained the transition 1E(3H4)→A1(3P0).

3P2

The spectral transitions from3H4→3P2 are shown in Fig.
2~b!. The s-polarized line at 80 K at 22 254 cm21 ~1! was
assigned as 1E(3H4)→A1(3P2). The transition
@B1 , 1A1(3H4)#→A1(3P2) were not observed. The twop-
polarized lines at 22 360 cm21 ~6!, 22 326 cm21 ~4!, and the
s-polarized line at 22 276 cm21 ~2! observed at 80 K were
assigned as transitions@B1 , 1A1 , and 1E(3H4)#→B2(3P2),
respectively. The 1A1(3H4)→B2(3P2) ~4! transition is very
broad. The transitions@B1 , 1A1 , and 1E(3H4)#→E(3P2)
were identified with thes-polarized lines at 22 366 cm21 ~7!
and 22 332 cm21 ~5! and to thep-polarized line at 80 K at
22 282 cm21 ~3!, respectively. Thep-polarized weak line at

r

ly.
es
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TABLE I. Energy eigenvalues~calculated and observed! of the multiplets of Pr31 in PrVO4. @The atomic
parentages are the contributions~expressed in %! of different major multiplets, afterJ mixing by the crystal
field. For all the multiplets,gi values of doublets andD2d states are given~g' being 0 for all the doublets!.
The values in the parenthesis are due to Bleaneyet al.by an extrapolation method~Ref. 11!#. The parameters
are E154425.0, E2522.7, E35455.0, j5800.0, a522.5, b52800.0, g51520.0, B2052130, B40

51020,B4451525,B6051150,B6452200 ~all in cm21!.

Multi-
plets

D2d

states Atomic parentage

Energy levels~in cm21! gi

Observed Calculated

3H4 B1 96%3H410.2%3F213.5%1G4 0 0
1A1 95.9%3H410.2%3F413.6%1G4 35 35.7
1E 95.4%3H410.2%3F413.6%1G410.7%3H5 84 88.6 0.1096
A2 95.8%3H413.6%1G410.4%3H510.1%3F3 ~127! 111

2A1 95.2%3H413.6%1G410.5%3H510.4%3F2 ~390! 288
B2 96.1%3H413.6%1G410.2%3H5 ~276! 422
2E 95.6%3H410.2%3H513.8%1G4 ~600! 486 3.0873

1D2 B2 86.1%1D2110.4%3P212.9%3F210.6%1I 6 16 362(A1) 16 372
E 87.2%1D219.9%3P212.8%3F2 16 575 16 562 2.0212
A1 88.2%1D219.1%3P212.5%3F2 16 790(B2) 16 808
B1 88.7%1D218.5%3P212.3%3F210.5%1I 6 17 006 17 022

3P0 A1 97.8%3P011.2%1S010.8%1I 6 20 296 20 313
3P1 E 99.9%3P1 21 064 21 011 2.9480

A2 99.9%3P1 21 100 21 045
1I 6 1A1 98.6%1I 610.4%3H610.7%3P0 20 730(1B2) 20 721

1E 99.4%1I 610.4%3H6 20 880 20 744 2.8864
1B2 99.1%1I 610.3%1D210.4%3H6 20 884(1A1) 20 835
A2 99.5%1I 610.4%3H6 20 909
2E 99.5%1I 610.4%3H6 20 917 3.1424
1B1 99.5%1I 610.4%3H6 21 155
2B2 99.4%1I 610.2%1D210.3%3H6 21 236(A2) 21 208
2A1 99.4%1I 610.4%3H6 21 360 21 416
3E 99.6%1I 610.4%H6 21 370 21 424 0.0575
2B1 99.1%1I 610.4%1D210.4%3H6 21 468

3P2 A1 90.7%3P219.1%1D2 22 339 22 336
B1 91.3%3P218.6%1D2 22 360(B2) 22 358
E 90.0%3P219.7%1D210.2%3F2 22 366 22 373 2.3697
B2 89.4%3P2110.2%1D210.3%3F2 22 458(B1) 22 425
on

.
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.

e
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22 458 cm21 ~9! and thes-polarized line at 22 373 cm21 ~8!
observed at 10 K were assigned as the transiti
@B1,1E(3H4)#→B1(3P2).

3P1

Spectra of3H4→3P1 at 80 and 10 K are shown in Fig. 3
There are twos-polarized lines at 21 064 cm21 ~11! and
21 030 cm21 ~10! and onep-polarized hot electronic line a
20 977 cm21 ~8! at 80 and 10 K which are assigned
@B1 , 1A1 , and 1E(3H4)#→E(3P1) transitions, respectively
The p-polarized line at 21 100 cm21 ~12! and the s-
polarized hot line~increasing intensity at 80 K! at 21 014
cm21 ~9! were assigned as the electronic transitionsB1 ,
1E(3H4)→A2(3P1).

1I 6

The transitions3H4→1I 6 are shown in Fig. 3. Thep-
polarized line at 20 696 cm21 ~2!, appearing at 10 K, and th
s-polarized line at 20 635 cm21 ~1! at 80 K, are 1A1 ,
s
1E(3H4)→B2(1I 6). Two s-polarized lines at 20 880 cm21

~6! and 20 845 cm21 ~5! at 10 K and thep-polarized line at
20 796 cm21 ~3! at 10 and 80 K areB1 , 1A1 , and
1E(3H4)→1E(1I 6). The p-polarized line at 20 884 cm21

~7! at 10 and 80 K ands-polarized line at 20 800 cm21 ~4! at
80 K ~disappearing at 10 K! are assigned toB1 , 1E(3H4)
→1A1(1I 6). Thep-polarized line at 21 236 cm21 ~14! at 10
K and thes-polarized line at 21 151 cm21 ~13! at 80 and 10
K are B1 , 1E(3H4)→A2(1I 6). Similarly the p-polarized
line at 21 360 cm21 ~18! ands-polarized line at 21 278 cm21

~15! at 10 K ~the latter unresolved at 80 K! are assigned as
B1 , 1E(3H4)→2A1(1I 6). The two s-polarized lines at
21 370 cm21 ~19! and 21 337 cm21 ~17! at 10 K and the
p-polarized line at 21 285 cm21 ~16! at 80 K areB1 , 1A1 ,
and 1E(3H4)→3E(1I 6). We could not assign the remainin
levels of 1I 6 from the spectra since some lines in this regi
are not polarized and the 80 K spectra was not resolved a
the case of the other multiplets.

Often extra lines due to vibrational transitions have be
observed in the different multiplets of rare-ear
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TABLE II. Eigenvalues and eigenfunctions of the ground multiplet3H4 of PrVO4.

Eigenvalues
in cm21

Magnetic
quantum
No. ~M!a Eigenfunctions

0 2 20.693(u3H4 ,12&1u3H4 ,22&)20.133(u1G4 ,12&1u1G4 ,22&)
35.7 0 0.603(u3H4 ,14&1u3H4 ,24&)10.481u3H4,0&10.117(u1G4 ,14&1u1G4 ,24&)10.096u1G4,0&
88.6 61 20.844u3H4 ,61&20.491u3H4 ,73&20.164u1G4 ,61&20.097u1G4 ,73&

111.6 4 0.692(u3H4 ,14&2u3H4 ,24&)10.133(u1G4 ,14&2u1G4 ,24&)
288 0 0.338(u3H4 ,14&1u3H4 ,24&)20.851u3H4,0&10.065(u1G4 ,14&1u1G4 ,24&)20.166u1G4,0&
421.8 2 20.693(u3H4 ,12&2u3H4 ,22&)20.135(u1G4 ,12&2u1G4 ,22&)
486 61 0.493u3H4 ,61&20.844u3H4 ,73&10.098u1G4 ,61&20.167u1G4 ,73&

aReference 48.
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crystals39,48–50 and vanadates.11,21 It may be remarked tha
we observed also bands and some sharp lines between3P0
and 1I 6 and beyond1I 6 .

B. Magnetic susceptibilities results

Table II shows theJ-mixed CF energy levels and wav
functions of the ground term3H4 . Due to want of space only
those states which have sufficient admixtural coefficie
with the 7 CF levels of the ground multiplet have be
shown. It was found that CF mixings of3H5 with the lowest
two CF levels of3H4 are only 0.15 and 0.05 % so that th
effect of 3H5 on the susceptibilities is negligible. Thus th
discrepancy observed by Bleaneyet al.11 in the calculated
and observed values ofx' above 80 K cannot be attribute
to their neglect of the effect of3H5 .

The inversion characteristics ofDx is a consequence o
the different contributions of the directional susceptibiliti
x i andx' , in the first and second order, e.g.,x i

(1) , x'
(1) and

x i
(2) , x'

(2) . Figure 4 ~inset! shows the calculated therma
characteristics of these components. It was found thatx i

(1) is
13531026 emu/mole at RT which is only 2.6% ofx i and
decreases by two orders at 10 K~not shown in Fig. 4!. On
the other hand,x i

(2) shows a maximum at 56 K and is equ
to 320031026 emu/mole at 1 K. The lowest CF level i
predominantly20.693(u12&1u22&) for which x'

(1)50.
However there is appreciable contributions tox'

(2) from the
excited levels through second-order interaction. At 300 K
contribution from the first doublet level is26170
31026 emu/mole which is comparable to that from th
lower two singlets which are 722031026 emu/mole and
471831026 emu/mole, respectively. Thus on cooling, b
cause of the depopulation effect of the third level, the va
of x' increases quite sharply. These characteristics ofx i and
x' thus explain the observed inversion ofDx.

It may be remarked here that Bleaneyet al.11 did not mea-
sure the thermal characteristics ofx i , so we calculated the
same~dotted line in Fig. 4!, using their wave functions an
energy-level pattern. It is obvious that the corresponding
version ofDx occurred at 53 K and theDx values are very
different from our results. This is expected since, the m
netic anisotropy property is very sensitive to small chan
on the CF wave functions. For this reason, it has been
served by us earlier30–32,35–38and others34 that the latter can
be very accurately determined whenDx is studied accurately
over a wide temperature region.
s

e

e

-

-
s

b-

Again substituting the CF parameters of Guo, Aldred, a
Chan17 in our expression for the susceptibilities we foun
that the corresponding values ofDx are widely different
from our observed results, showing no inversion and t
x'.x i between 300 and 4 K. This is obvious due to the fa
that x̄ is an average property from which the CF paramet
cannot be determined accurately.30

The above optical and magnetic results were thus
plained very adequately by our CF levels and wave functi
for which reason we used the same for calculating ot
physical properties of PrVO4 which depend on3H4 .

C. NMR results

Nuclear quadrupole splitting 4P of the ground nuclear
state (I g55/2) occurs due to interaction between the nucl
quadrupole moment and the electric-field gradient at
141Pr nucleus, arising from the following thre
components:10,11

~1! The 4f contribution from the individual CF energ
levels, weighted according to the Boltzmann function, is e
pressed as

P1F I z
22

1

3
I ~ I 11!G

where

P152@3e2Q~12RQ!^r 23&4 f /4I ~2I 21!#

3^JiaiJ&^3Jz
22J~J11!&.

~2! The temperature-independent component due to as
metry of lattice charges is defined as

P3F I z
22

1

3
I ~ I 11!G ,

where

P352
3QA2

0

I ~2I 21!^r 2&4 f

~12g`!

~12s2!

52
3Q

I ~2I 21!^r 2&4 f

B20

2.7325202

~12g`!

~12s2!
.

~3! A second-order contribution to the nuclear elect
quadrupole interaction is written as
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P2F I z
22

1

3
I ~ I 11!G for P25

1

2
~AJ /gJmB!\S g'

2p
2

gC

2p D .

Values of different constants and experimental results10,11on
g i , g' , and 4P are given in Table III.

Each of the components of 4P ~Table III! were calculated
with the eigenvalues and eigenfunctions of3H4 ~Table II!,
taking theJ-mixed Lande splitting factorgJ of this IC state
and substitutingAJ51093 MHz, corresponding toLS cou-
pling which may often give an error as large as 4%.51 Our
calculated values of the thermal variations ofg i/2p and
g'/2p are close to the observed values,10,11 the small devia-
tions can be removed by adjusting theAJ value slightly.

D. Specific heat

Generally, the rare-earth paramagnetic compounds h
closely spaced low-lying CF levels for which reason the lo
temperature specific heatCp characteristics often show
anomalous behavior due to paramagnetic Schottky spec
heat componentCsh.31,37,52 One ~and sometimes 2! maxi-
mum is observed in theCsh vs T curves and the value and th

TABLE III. Observed~a! ~Refs. 10 and 11! and calculated~b!
resonance parameters and quadrupole splitting~expressed in MHz!
of 141Pr in PrVO4. The constants usedQ520.0589 b, RQ

50.1308, ^r 23&4 f55.369 in atomic units ~a.u.!, ^JiaiJ&5
20.021 010 1,̂ r 2&4 f51.086 in a.u. and (12g`)/(12s2)5206.

Temperature
~K! 20.4 15.3 4.2 1.6

g i/2p
a 31.9 28.2 24.5 24.6
b 31 26 20 20

g'/2p
a 76.6 77.4 77.7 77.6
b 80 81 82 82

4P2 /h
a 7.1 9.5 10.3 10.3
b 9 10 12 12

4P1 /h 2.5 2.9 3.2 3.2

4P3 /h 0.2 0.2 0.2 0.2

4P/h a 11.1 12.3 13.4 13.5
b 11.7 13.1 15.4 15.4
rs

m

J

ve
-

c-

position of the maximum depend sensitively on the low
CF levels. The expression forCsh is given as

Csh5
R

Z2 FZ(
i 51

n

xi
2exp~2xi !2H (

i 51

n

xiexp~2xi !J 2G ,

x being then CF energy values divided bykT; Z andR are
the partition function and gas constant, respectively. T
thermal characteristic ofCsh was calculated using the sam
CF level pattern of3H4 obtained from best fitting of the
optical and magnetic results, which has been shown in Fi
~inset!. Only one sharp peak at 40 K was expected. T
Schottky specific heatCshn corresponding to the nuclear lev
els was similarly calculated.30 We found thatCshn has a peak
at 0.2 mK and in the zero field,T2 Cshn/R52131028 K2

remains constant between 10 mk and 2 K~Fig. 4 inset!.
Measurement of total specific heatCp of PrVO4 crystal in
the low-temperature region is planned with the collaborat
of Prof. E. Gmelin, Max Planck Institute.

It is relevant to mention that Bleaney18 studied the
changes in the entropy and nuclear specific heat of PrV4
with and without high magnetic field and noted that the lin
width Dn observed was ten times the value obtained from
relation

T2Chf /R5@2I ~ I 11!/9#~h/k!2~Dn2!

for which anisotropic exchange or Jahn-Teller instability w
proposed, since the Ne´el temperature was estimated to b
around 0.006 mK.

V. CONCLUSION

Magnetic, optical, and the NMR results of PrVO4 were
reasonably well matched considering crystal-field mixing
the intermediately coupled states of the ground and exc
states. However, there is further scope of closer fitting of
optical levels, especially for the1D2 multiplet using spin-
correlated crystal-field theory which has been recently,
tensively used.33,53
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