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This paper reports experimental results of measurements of magnetic susceptjpildied y, and their
anisotropyAy, 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 PfVOhe magnetic anisotropy reversed its sign at 180
+2 K and two lines of thé’H,— D, transitions split by 5.1 and 4.7 ¢min the Zeeman field of 49 K G. The
lowest two levels were found to be singlets, separated hy 26m ! and followed by a doublet at 84
=2 cm % The observed magnetic results gn, x, , Ax, T; and crystal-fieldCP) levels of D;, 3Py ,, and
115 multiplets and the Zeeman splittings were fitted simultaneously considering intermediate-coupling states
mixed under a crystal field wittD,q symmetry present in PrvQ The best fitted parameters ake
=4425.0,E2=22.7, E3=455.0, {=800.0, &= 22.5, 8= —800.0, y=1520.0, B,o= — 130, B,,=1020, B,
=1525,B4o=1150,Bg,= — 200 (all in cm™%). Using theJ-mixed pattern ofH,, the different components of
the nuclear quadrupole splitting®4 were found to be B,=3.2, 4P,=12.0, and £;=0.2 (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 fited CF levelSHgf
[S0163-18298)07437-2

I. INTRODUCTION the molecular magnetic susceptibilitigg, x, , which are,
respectively, parallel and perpendicular to thexis, their

The trivalent rare-eartfiRE) ions in RE vanadates or in anisotropy* (x,— x.) =Ax between 300 and 70 K as well
yttrium vanadate have received considerable attention sincgs the polarized optical absorption and Zeeman spectra at 80
the last two decades as they find numerous applications iand 10 K were undertaken since there are few anomalies and
different fields and for their interesting magnetic, optical,uncertainties in the values of the CF parame(@sP’s and
and other thermophysical properties, exhibiting Jahn-Tellerlevel pattern of the lowest multiplet as reported from previ-
induced crystallographic and magnetic phase transitions &US magnetic/ optical, and NMR(Refs. 10, 11 studies as
low temperatures in some case$’ discussed below. . .

Nd®* and HG* in YVO, have been found to be efficient _ From NMFfO spectral study of*Pr (and °'v) in PrvO,, _
laser material$? PrvO, and HovQ, have been found to be Bleaneyet al.”™” found that the Iowes} two CF levels are sin-
suitable for enhanced nuclear magnetic cooling by isentropitgIEt !evels, separated by about 100 él:rhowe\{er from Iatzr
demagnetization and can be used as an efficient refrigerant udies of the fluore_scence_, Ra”_‘a”' and far-infrared spéctra
the millikelvin region!® EL®":YVO, in high-pressure mer- eylobserved the first excited smg_let level to be_ ".ﬂ about 35

. Recen cm - followed py a doublet :_it 84 cit. The remaining lev-
cury vapor lamps improves appearance and cently,  els of 3H 4 Manifold were estimated by an extrapolation pro-
extensive study on defect sites in Euyy spectral hole

. icall | | cedure, which were therefore not accurately determined.
burning and optically detected nuclear quadrupole resonance Bleaneyet al!! also measureg, of a single crystal of

techniques, usgogﬂs;?gdard crystal-flé(dl_:) _anaIyS|s, have PrVO, as well as the mean susceptibiliy=(x,+2x.)/3
been reported’:*>#-#*"These characteristics &VvO, and using the Faraday method. It was observed by them that
R:YVO, are strongly influenced by the environment of RE githough the calculated and observed valuesyof were
ions in the vanadate lattice, i.e., CF effect on the RE ionc|ose(within 2%) around 4 K, as the temperature increased,
Furthermore these substances are specially suitable for stughe experimental values of, fell off more steeply than the
ies of CF interactions since their CryStallographiC structure i%a|cu|ated resu]tsy becoming 10% less at 80 K. This discrep_
simple and the CF splitting of levels of the RE ions can beancy at the higher temperature region could not be attributed
described by few parameters. TRYO, crystals have the to the small changes in the energy values of the first and
tetragonal zircon structure at room temperature with spacgecond excited CE levels oiH 4 With temperature, which
group Dzp (14;/amd) and lattice parameters as given in they observed from the fluorescence study, but was supposed
Ref. 28. The & ions forming a tetrahedra around tR&"  to be due to the neglect of the excited multiplets in the the-
ion,?82% produce a CF at th&®®" ion site, which hadD,q  oretical expressions for the susceptibilitiésThey also
(42m) point-group symmetry, the tetragonal axis of which found that PrvQ retained tetragonal symmetry down to 1.6
coincides with the crystalline axis. K, unlike TbVQ,, DyVO,, and TmVQ which undergo crys-
The present study on Pr\jOnvolving measurements of tallographic or magnetic phase transition to a lower symme-
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try at low temperatures, so the said discrepancy was not dudsing a polarizing microscope single crystals were selected,

to any such phase changes. followed by identification of thec axis and mounted as re-
Guo, Aldred, and Chd studied the thermal variation of quired for both the optical and magnetic measurements.

x of PrvQ, between 300 and 3.5 K and reported the values

of CFP’s and suggested the first excited levePHif, to be at A. Polarized absorption spectral study

90 cmi . Now, it is well known that CF analysis of does

not often give a unique set of CFP’s, singds an average

property®® On the other hand, from fitting of the thermal

characteristics of; , x, , Ax, andy with the corresponding

theoretical expressions, deduced rigorously ugimixing of order. The absolute accuracy is within 2 ¢hiior most of the

: ; ot
the relevant intermediately couplét€) states of P¥" under lines and the relative accuracy for some is 1 ¢mand the

CF interaction, itis possible to determine very accurately thF‘Iresults obtained in this manner are reproducible to less than
free ion (FI) and the CFP’s as have been shown by*ds P

and others?3*Furthermore, the correct CF levels and stateso'5 A over the entire range. The crystal was mounted on a

3 ” . copper sheet which was bolted to the cold tip of an optical
of °H, were utllldzed LO ﬁalculatedother thfermophy5|r<]:al PIOP"shroud of a closed-cycle helium cryocool@isplex CS
erties associated with the ground term of Ppy@.g., hyper- . : .
fine interaction energies and paramagnetic Schottky specifzoz)' Spectra were taken for light propagating perpendicular

. % thec axis of the crystal, with polarization paraller) and
heat for the electronicGsy) and 25,‘55'?3%“ Csnr) level pat- perpendiculalo) to the axis and also the axial spectlight

terns, as was done by us earffer. propagating along the axis of the crystal were taken to
confirm the transitions to be electric dipole allowed. Zeeman
Il. THEORETICAL CONSIDERATIONS spectra were recorded under a high pulsed magnetic(#6ld

The first step in our calculation was to diagonalize a freeK G) applied parallel to the axis and was perpendicular to

ion Hamiltonian in a 13 Russell-SaundéRS) basis ofLsJ  the propagation of light, details of which are given

2 .
states consisting of Coulomb, spin-orbit, and configurationelse""heré' A xenon lamp was used as a light source for the
interactions to get the IC wave functions. The free-ion£€eman study. Suitable filters were used to remove un-

Hamiltonian Hy, used is as given below and describegWanted light and to avoid unnecessary heating of the crystal.
elsewherél The spectra in both the above cases were obtained on pho-
tographic films(ORWO NP77, which were then scanned by
Hp=E'el+ E%e?+ E%e? a sensitive solid-state microphotometric arrangement, con-
nected to arXY recorder(Rikadenki RW 20). Spectral lines
were calibrated by mercury lines. Figures 1-3 show the mi-
crophotometric traces of the different observed polarized ab-
_ sorption and Zeeman spectral lines'®,, 3P, P, s,
For D,q symmetry the CF perturbatiod ¢ has the form and 3P, multiplets of PrvQ. Zeeman splitting was ob-
served in the'D, multiplet only.

The polarized absorption spectra and Zeeman spectra of
PrvO, were obtained in the range of 6200—4300 A at 80 and
10 K using a Carl Zeiss SpectrografGS-2, having high
resolution with dispersions 3.38—3.55 A/mm in the second

+{> 1i-si+al(L+1)+ BG(Gy) + yG(Ry).

Her=BooU 20T BagU ot Bas(Uast Uy y)
+ Beou 60T 564( U 64t ) 6—4) , B. Magnetic susceptibility

Where the Symb0|s are described elsewﬁére_ In PrVO4 there are fOUr magnetica"y equivalent m0|—
Considering the total effective atomic Hamiltoniah;  €cules per unit cell, th®,4 axis of each being along the
=Hg+Hce, the combined FI and CF matrices were diago-2XiS- For such a reason, the axes of the molecular suscepti-
nalized in the 91SLJM,) basis for the 42 ground configu-  Pilities tensorsy; and x, are along thec and a axes,
ration of PF* to obtain all the CF levels and CF wave func- respect_wely‘,?‘ consequently experimental work was very
tions of PrvQ, considering fulld mixing under CF. The FI convenient _anq the. results are very accurate. We measured
and CF parameters were varied to fit the optical and magih€ susceptibilityy, in a Curie-type balance using the Fara-
netic results simultaneousl The FI parameters, chosen ini- day metlhlgal' and the anisotropgx using the static torque
tially for determining IC wave functions, are those appropri-method™* between 300 and 70 K. Experiments were done
ate for triply ionized P ions in LaCk.3 However the final ~ With three crystals of masses varying from 10 to 20 mg and
parameters were obtained by us from fitting our results. Théhe accuracy of the susceptibility results was within 1%.
same CF eigenvalues and wave functions are used to deduce While measuringAy at room temperaturéRT), we ob-
expressions for the susceptibilitiag and x, according to serve_d that Wher_1 the crystal_was freely_ suspended vertically
Van Vleck’s formulag® the splitting factorg, (g, =0) for (20 with a very fine quartz fibrédrawn in the laboratojy

each CF doublet levels, hyperfine energi@s, and Cqp,p. with its ac plane placed horizontallyxy) inside a very ho-
mogeneous magnetic fieltH(=3.5 KG), then thes axis set

was parallel to the applied field. This implied that>x,
and the value ofAy=y,—x, was found to be 231
PrvQ, single crystals (dimensions-10 mmx1 mm X 10~ emu/mole at 300 K which is only 4.6% of.2” The
x1 mm) of very good quality were grown in the Clarendon corresponding values for Pre#&,PrDG3! PrOH),,%" and
Laboratory, from lead vanadate flux and recovered by hoPrCk (Ref. 47 are, respectively, 171, 353, 1493, and 740, all
pouring?* The thick rodlike crystals are transparent, light expressed in 10° emu/mole unit. On cooling below RTyy
green in color and are elongated along the tetragomaiis.  decreased very slowly and approached zero at-IBB (T;)

lll. EXPERIMENTAL RESULTS
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FIG. 1. Polarized absorption and Zeeman spectra for the transi-
; 3 1 — — — = i
t.IOI’]S H4—"D; at 10 K ( ). .and 80 K.( . ). Absorption FIG. 2. Polarized absorption spectra at 10#—) and 80 K
lines 1-9 correspond to transitions mentioned in t&&.andZ4 (= — —) for the transitionga) H,— 3P, and(b) 3H,—3P,. See
are Zeeman transitions corresponding to the absorption lines 2 aqut for origin of absorption Iine54 12 ?C(H) and 1 tg 9 2
4, respectively. ' '

and the crystal sharply rotated by 90° so that ahaexis set
along the applied field, indicating that, became greater
than y, . On further cooling,x, — x; increased more rapidly
and was equal to 344010 ® emu/mole at 70 KFig. 4).

The thermal characteristics gf and y, showed the fol-
lowing Curie-Weiss behavior at higher temperatures due to
the average contributions from all the CF levels of the,

term: -
S
__ 184 300-10 2
X=Ti717g (3007100 s
e
151 2" i RGN
- 7 _ = 3 /
X.=T51.1 (300-70. e b /
c F’1
a 1 TN /lnl\//

The Curie constants along and perpendicular toRhg
symmetry axis are modified from the free-ion value of 1.63
emu K. Magnetic momentg, andu, are also found to ex-
hibit CF effects but the average valpgy of these magnetic
moments is 3.585, which is quite close to the free-ion

value of 3.584. Iy
It is relevant to mention here that generally for single
crystals of Pt compounds, it has been found that thg 35600 | 21600 ' 21["00

exhibits inversion characteristics at a low temperat{rg Energy (cm™)
say).>1374847Now T, , as well as the thermal characteristics

of xy, x. » andAy, depend sensitively on the CF parameters, FIG. 3. Polarized absorption spectra for the transitidhs,
since not all sets of CF parameters and their wave functions.?|, and *H,— 3P, at 10 K(—) and 80 K(— — —). Absorption
would simulate such an inversion characteristic. Since théines 1-19 are the transitions mentioned in text.
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lD2

- o—0—0 Figure 1 shows the 80 and 10 K absorption spectra for the

transitions®H,—'D,. At 10 K there is a very faint ling1)

at 16 278 cm? in the o polarization, which is more intensi-

loos  fied at 80 K and is assigned a&H,) —A,(!D,). The two

o-polarized lines at 16 575 cm (4) and 16 540 cm! (3) at

_30 10 K and onen-polarized hot electronic line at 16 490 cin

(20 at 80 and 10 K are assigned as transitions

[B;, 1A;, and E(®H,)]—E(*D,), respectively. The-

polarized line at 16 490 cnt (Z2) is split in the parallel

Zeeman field at 10 K. The total splitting observed is 5.1

cm !, and the corresponding transitions are due\td =0

in 7 polarization, for a magnetic field parallel to thexis of

the crystal, where/ is the magnetic quantum number of the

Zeeman levelé® The observed Zeeman splitting of the tran-

sition 1E(®H,)—E(*D,) arises due to the sum of splittings

of the 1E(®H,) and E('D,). The faint m-polarized line at

16 575 cm! (Z4) splits by 4.7 cm' in the Zeeman spectra

and gains in intensity, the cause of which may be that this

transition is a magnetic-field induced magnetic dipole transi-

tion. Using these experimental results we found the splitting

factors of FE(*H,) and E(*D,) to be 0.1735 and 2.0394,

respectively, and the calculated values are close to these val-
FIG. 4. Experimental thermal variations dfy (O), x, (A)  ues(Table ).

from this work, y, (®) andy, (M) are from Refs. 13 and 14, and  The m-polarized lines at 16 790 cm (7) and at 16 755

X (A) from Ref. 18. Solid and dashed lines correspond to ourcm™* (6), (the latter contained in the broadbarubserved at

best fitted theoretical curves,y; (- - - -)andy (—.—.—.—) are 10 K and theos-polarized hot line at 16 704 cm (5) at 80

theoretical curves corresponding to Refs. 11 and 17, respectiveland 10 K were assigned, respectively, as transitions

Inset shows the second-order components of the theoretical curvg®,, 1A;, and E(°H,)]—B,('D,). The m-polarized line

of x,@ (- - - ) andy,® (—) (see texx Schottky specific heat at 17 006 cm® (9) at 10 K ando-polarized line at 16 921
Cqsn/R shows a maximum at 40 K anti®Cg,,/R is constant be-  ¢m1 (8 at 80 and 10 K are[B; and E(*H,)]

tween 10 mk and 2 Kupper scalg —>B1(1D2)-
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value of T; can be determined very accurately using different
crystals,T; was considered as an important experimental pa-
rameter. Figure Za) shows the absorption spectra of transitions
%H,—3%P,. The transitions B;(®H;)—A;(°P,) and
IV. DISCUSSIONS 1A,(3H,)— A, ((P,) are forbidden inr and o polarizations.
However a faint line at 20 262 cm (2) was observed inr
polarization at 10 K, which was identified asAj(®H,)

The assignments of crystal-field levels observed for the—A;(3Pg), from which the position oA, (3P,) came out to
different multiplets were done considerifliy site symme- be 20 296 cm* matching the fluorescence spectral reStilt.
try of PP in PrvQ, and using the relevant selection rufes. It may be mentioned here that a very stromgpolarized
Comparing the axiala) spectra with the polarized spectra, it broadband around 20 200 ¢i(1) was observed at 10 and
was found that for all the transitions the axial and 80 K which contained the transitionEl®H ) — A;((Py).
polarized spectra are identical and thepolarized spectrum
is unique, indicating the electric dipole nature of the transi-
tions.

According to Bleaneyet all! the ground singlet i$2%), The spectral transitions froﬁ’H4—>3P2 are shown in Fig.
i.e., B, and the first excited singletA is |4%,0), lying 35  2(b). The o-polarized line at 80 K at 22 254 ¢ (1) was
cm * above it and the second excited state is a doulieatt  assigned  as  B(*H,)—A;(°P,). The transition
84 cmi L. Our spectral amd magnetic results are also consid-B1, 1A;(*H4)]—A{(°*P,) were not observed. The twe-
tent with this pattern ofH, (Tables I and II. Accordingly ~ Ppolarized lines at 22 360 cM (6), 22 326 cm* (4), and the

the observed CF levels were assigned as the following: ~ o-polarized line at 22 276 ciit (2) observed at 80 K were
assigned as transitiofi®;, 1A;, and E(3H,)]—B,(°P,),

3PO

A. Optical results

3P2

SH4(B1,1A,1E);  'D,(A;,E,By,B;)  3Po(Ay); respectively. The A;(®H,)—B,(°P,) (4) transition is very
broad. The transitiongB,, 1A;, and E(®H,)]—E(®P,)
3PL(E,Ay);  3P,(A;,B,,E,By); were identified with ther-polarized lines at 22 366 cm (7)

and 22 332 cm! (5) and to them-polarized line at 80 K at
(1B, 1E, 1A, ,A,,2A,,3E). 22282 cm* (3), respectively. Ther-polarized weak line at
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TABLE |. Energy eigenvalue&alculated and observedf the multiplets of Pt in PrvQ,. [The atomic
parentages are the contributiofexpressed in %of different major multiplets, afted mixing by the crystal
field. For all the multipletsg, values of doublets anB,, states are givefg, being 0 for all the doublejs
The values in the parenthesis are due to Bleaie. by an extrapolation metho@Ref. 11)]. The parameters
are E'=4425.0, E?=22.7, E3=455.0, £=800.0, =22.5, B=—800.0, y=1520.0, B,;=—130, B,
=1020,B4,=1525,Bg,=1150,Bg,= — 200 (all in cm™3).

; —1
Multi- Dy Energy leveldin cm™ ) g
plets states Atomic parentage Observed Calculated
°H, B, 96%°H,+0.2%°F,+3.5%'G, 0 0
1A; 95.9%H,+0.29%°F,+3.6%'G, 35 35.7
1E  95.4%H,+0.29%°F ,+ 3.6%'G,+ 0.7%H, 84 88.6 0.1096
A, 95.8%H,+3.6%'G,+0.4%°Hs+ 0.1%°F 4 (127 111
2A; 95.296H,+3.6%'G,+ 0.5%Hg+ 0.4%°F, (390 288
B, 96.1%H,+3.6%'G,+0.2%H; (276 422
2E  95.6%°H,+0.2%°Hs+ 3.8%'G, (600 486 3.0873
D, B, 86.1%'D,+ 10.4%P,+2.9%°F ,+ 0.6%| 16 362(A;) 16 372
E  87.2%'D,+9.9%°P,+2.8%°F, 16 575 16 562 2.0212
A;  88.29%'D,+9.1%°P,+ 2.5%°F, 16 7908,) 16 808
B, 88.7%'D,+8.5%P,+2.3%F,+ 0.5%l 17 006 17 022
3P, A, 97.8%Py+1.2%'Sy+0.8%'l 20296 20313
3P, E  99.9%P, 21 064 21011 2.9480
A, 99.99%°P, 21100 21045
Ue 1A, 98.6%14+0.4% Hg+0.79%°P, 20 730(1B,) 20721
1E  99.4%'1¢+0.4%°Hg 20 880 20 744 2.8864
1B, 99.19%'14+0.3%'D,+ 0.4% Hg 20 884(1A,) 20 835
A,  99.5%14+0.4%°Hg 20 909
2E  99.5%'14+0.4%°Hg 20917 3.1424
1B; 99.5%14+0.4%°Hg 21155
2B, 99.4%14+0.2%'D,+0.3%°Hg 21 236Q,) 21208
2A;  99.4% 4+ 0.4%Hg 21360 21416
3E  99.6%'4+0.4%Hg 21370 21424  0.0575
2B; 99.1%14+0.4%'D,+0.4%°Hg 21 468
p, A, 90.7%P,+9.1%'D, 22339 22336
B; 91.3%P,+8.6%'D, 22 3608,) 22 358
E  90.0%P,+9.7%'D,+0.2%°F, 22 366 22373 2.3697
B, 89.4%P,+10.2%'D,+0.3%°F, 22 458@B,) 22 425

22 458 cm! (9) and theo-polarized line at 22 373 cit (8)  1E(°H,)—B,(*lg). Two o-polarized lines at 20 880 cm
observed at 10 K were assigned as the transitionss) and 20 845 cri® (5) at 10 K and ther-polarized line at
[B1,1E(°H,)1—B1(°Py). 20796 cm?! (3) at 10 and 80 K areB,, 1A, and
1E(®H,4)—1E(*lg). The m-polarized line at 20 884 cnt

5P, (7) at 10 and 80 K and-polarized line at 20 800 cnit (4) at

Spectra ofH,—3P; at 80 and 10 K are shown in Fig. 3. 80 K (dlisappearing at 10 Kare assigned t@;, 1E(°H,)
There are twoo-polarized lines at 21 064 cm (11) and  _*1A1("le). The-polarized line at 21 236 cnt (14) at 10
21 030 cm! (10) and onem-polarized hot electronic line at K and theo—pole;rlzed line a2l 151 cnt (13) at 80 and 10
20977 cm® (8) at 80 and 10 K which are assigned asK ar€ Bi, 1E(*H,)—As(l¢). Similarly the 7-polarized
[B,, 1A,, and E(°H,)]—E(°P,) transitions, respectively. line at 21 360 cm* (18) ando-polarized line at 21 278 cnt
The m-polarized line at 21100 cit (12) and the o- (15) at 10 K (the latter unresolved at 80)Kare assigned as

3 1 . .
polarized hot line(increasing intensity at 80 Kat 21 014 B1s 1E( @f)_)ZAl( le). The two o-polarized lines at
cm ! (9) were assigned as the electronic transitigg 2% 370 ¢m ™ (19) and 21337 cm- (17) at 10 K and the
1E(PH,)—A,(3Py). m-polarized line at 21 285 cint (16) at 80 K areB;, 1A,
4 2t and IE(®H,)—3E(}lg). We could not assign the remaining
y levels of 1l from the spectra since some lines in this region
6 are not polarized and the 80 K spectra was not resolved as in

The transitions®H,— !l are shown in Fig. 3. Ther-  the case of the other multiplets.
polarized line at 20 696 cnt (2), appearing at 10 K, and the Often extra lines due to vibrational transitions have been
o-polarized line at 20635 cit (1) at 80 K, are A, observed in the different multiplets of rare-earth
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TABLE Il. Eigenvalues and eigenfunctions of the ground multiglet, of PrvQ,,

Magnetic
Eigenvalues quantum
incm™! No. (M)? Eigenfunctions

0 2 —0.693(%H,,+2)+|3H,,—2)) —0.133(*G,, + 2) +|1G,,— 2))

35.7 0 0.603CH,,+4)+|3H,,—4))+0.481%H,,0)+0.117(*G,, + 4) +|'G,,— 4)) + 0.096'G,,0)
88.6 +1 —0.844%H,,+1)—0.491°H,,73)—0.164'G,,+1)—0.097'G,,*3)

111.6 4 0.692BH,,+4)—|3H,4,—4)) +0.133(1G4, + 4)— |*G,, — 4))

288 0 0.338H,,+4)+|®H,,—4))—0.851%H,,0)+0.065( G4, + 4)+|'G,,— 4)) — 0.1661G,,0)
421.8 2 —0.693(%H,,+2)—|3H,,—2)) —0.135(1G,, + 2)— |1G4,—2))

486 +1 0.4933H,,+1)—0.844°H,,73)+0.098'G,,*1)—0.161'G,,+3)

8Reference 48.

crystal$®48-%0and vanadate:?! It may be remarked that  Again substituting the CF parameters of Guo, Aldred, and

we observed also bands and some sharp lines bet#egn Chart’ in our expression for the susceptibilities we found
and 1 and beyond!lg. that the corresponding values d&fy are widely different
from our observed results, showing no inversion and that
B. Magnetic susceptibilities results X1 > x) between 300 and 4 K. This is obvious due to the fact

Table Il shows thel-mixed CF energy levels and wave that y is an average property from which the CF parameters

functions of the ground terriH,. Due to want of space only car_}_r%oet Zi(;jveéegmtlii‘:ztlj Zﬁguzf?ﬁetic results were thus ex-
those states which have sufficient admixtural coefficients lained ver adepuatel b ourgCF levels and wave functions
with the 7 CF levels of the ground multiplet have been? y q y oy

shown. It was found that CF mixings 6Hs with the lowest fohr V\_/h|(|:h reason Wef used tkt:.ehszme fgr iﬁalculatmg other

two CF levels ofH, are only 0.15 and 0.05 % so that the physical properties of Prvpwhich depend on'H,.

effect of *Hg on the susceptibilities is negligible. Thus the

discrepancy observed by Bleaneyal! in the calculated C. NMR results

and observed values gf, above 80 K cannot be attributed  Nuclear quadrupole splitting P of the ground nuclear

to their neglect of the effect otH;. state (4= 5/2) occurs due to interaction between the nuclear
The inversion characteristics dfy is a consequence of quadrupole moment and the electric-field gradient at the

the different contributions of the directional susceptibilities 14'Pr nucleus, arising from the following three

x; andy, , in the first and second order, e.g{", x{* and  componentg®*

X2, x?. Figure 4 (insey shows the calculated thermal (1) The 4f contribution from the individual CF energy

characteristics of these components. It was found yfatis levels, weighted according to the Boltzmann function, is ex-

135x 10 emu/mole at RT which is only 2.6% of, and  Pressed as

decreases by two orders at 10(Kot shown in Fig. 4 On 1

the other handy(? shows a maximum at 56 K and is equal pl{@_ Z10+1)

to 3200< 10 © emu/mole at 1 K. The lowest CF level is 3

predominantly —0.693(+2)+|—2)) for which x{V=0.  where

However there is appreciable contributionsxtfx) from the

excited levels through second-order interaction. At 300 K the P1=—[3e’Q(1—Ro)(r *)4/41(21-1)]

contribution from the first doublet level is—6170 2

x 10" ¢ emu/mole which is comparable to that from the X (Il 9)(33; =33 +1)).

lower tW96smgIets which are 722010 ° emu/mole and (2) The temperature-independent component due to asym-

4718<10 ° emu/mole, _respectlvely. Thug on cooling, be- metry of lattice charges is defined as

cause of the depopulation effect of the third level, the value

of x, increases quite sharply. These characteristigg @nd

x. thus explain the observed inversion &f. P3
It may be remarked here that Bleargtyal 1! did not mea-

sure the thermal characteristics pf, so we calculated the where

same(dotted line in Fig. 4, using their wave functions and

energy-level pattern. It is obvious that the corresponding in- 3QA3 (1= vz)

, 1
12-310+1)

version of Ay occurred at 53 K and thAy values are very Ps=— 1(21=1)(r%) 4 (1—0p)

different from our results. This is expected since, the mag-

netic anisotropy property is very sensitive to small changes _ 3Q Bao  (1—7vx)
on the CF wave functions. For this reason, it has been ob- T 1(21-1)(r%), 2.7325202(1—05)

served by us earlid?3235-383nd other¥ that the latter can
be very accurately determined whaly is studied accurately (3) A second-order contribution to the nuclear electric
over a wide temperature region. guadrupole interaction is written as
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TABLE lll. Observed(a) (Refs. 10 and 1jland calculatedb)
resonance parameters and quadrupole splitéxgressed in MHz
of ™Pr in PrvQ, The constants use®=-0.0589b, R,
=0.1308, (r %,=5.369 in atomic units(a.u), (Jlalld)=
—0.021 010 1{r?),;=1.086 in a.u. and (% v..)/(1— o) =206.

Temperature

(K) 20.4 15.3 4.2 1.6
P a 31.9 28.2 245 24.6

nilem b 31 26 20 20
/2 a 76.6 77.4 77.7 77.6

Yolew b 80 81 82 82
a 7.1 9.5 10.3 10.3

4P /h b 9 10 12 12
4P, /h 25 2.9 3.2 3.2
4P5/h 0.2 0.2 0.2 0.2
4P/h a 11.1 12.3 13.4 135
b 11.7 13.1 15.4 15.4

1 1 0% 0%

2 1 11
—— 1+ == ——

Pyl I3 3 I(1+1)| for P, 2 (AJ/gJ/LB)ﬁ(Zﬂ_ o

Values of different constants and experimental re¥ltton
v, Y., and 4 are given in Table III.

Each of the components of4(Table Ill) were calculated
with the eigenvalues and eigenfunctions 1, (Table i),
taking theJ-mixed Lande splitting factog; of this IC state
and substitutingA;=1093 MHz, corresponding taS cou-
pling which may often give an error as large as Z9©ur
calculated values of the thermal variations gf27 and
v, 127 are close to the observed valiés!the small devia-
tions can be removed by adjusting tAg value slightly.

D. Specific heat
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position of the maximum depend sensitively on the lowest
CF levels. The expression f@g, is given as

n n 2
Z_Zl xizexp(—xi)—{_zl xiexp(—xi)J

X being then CF energy values divided iyT; Z andR are

the partition function and gas constant, respectively. The
thermal characteristic o, was calculated using the same
CF level pattern of®H, obtained from best fitting of the
optical and magnetic results, which has been shown in Fig. 4
(inse). Only one sharp peak at 40 K was expected. The
Schottky specific hedf,, corresponding to the nuclear lev-
els was similarly calculatet. We found thaCq,,has a peak

at 0.2 mK and in the zero field[? Cg,/R=21x10"8 K2
remains constant between 10 mk and 2(Kg. 4 insel
Measurement of total specific he@t, of PrvQ, crystal in

the low-temperature region is planned with the collaboration
of Prof. E. Gmelin, Max Planck Institute.

It is relevant to mention that Blean&y studied the
changes in the entropy and nuclear specific heat of RrvO
with and without high magnetic field and noted that the line-
width Av observed was ten times the value obtained from the
relation

CSW=Z§

T2C¢/R=[21(1+1)/9](h/K)2(Av?)

for which anisotropic exchange or Jahn-Teller instability was
proposed, since the Nktemperature was estimated to be
around 0.006 mK.

V. CONCLUSION

Magnetic, optical, and the NMR results of Pry@ere
reasonably well matched considering crystal-field mixing of
the intermediately coupled states of the ground and excited
states. However, there is further scope of closer fitting of the
optical levels, especially for théD, multiplet using spin-
correlated crystal-field theory which has been recently, ex-

Generally, the rare-earth paramagnetic compounds havensively used>°3

closely spaced low-lying CF levels for which reason the low-
temperature specific heaf, characteristics often show
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