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SV (I = 7/2) NMR investigation in the whole set of rare-earth vanadates (R VO,) in the polycrystalline
form at 300 K has revealed transferred hyperfine effects. It has been observed that the 'V NMR line shape
strongly depends on the relative strength of the magnetic and quadrupolar parts of the transferred hyperfine
interaction. On the basis of the powder pattern the R VO, system may be divided into. two halves. The first-
half members always exhibit a quadrupolar split central transition in the frequency range 2-12 MHz,
whereas the members of the second half exhibit at higher frequencies an asymmetric line which, however,
splits as the frequency is lowered. The hyperfine-interaction parameters, viz., the isotropic shift K, the
anisotropic shift K,,, and the quadrupolar coupling constant e gQ/h have been estimated from the central
transition. The linear plot of K, against calculated S, ) values of rare-earth ions is indicative of the
contact nature of K, Though K,  is dominated by the dipolar part, a small amount of anisotropic hyperfine
part K could be separated from the experimental shift. Thus the results of both K, and K" seem to
uphold the presence of a small amount of covalent contribution (f, ~0.01% and f, ~0.0001%) in these
basically ionic compounds. A comparison of the ligand NMR shifts in 3d and 4f systems (oxysalts) suggests
that the mechanism of spin transfer within the oxyanion is not the same in these two series. Finally, the
e ’gQ/h values (0.400-0.300 MHz) exhibit a gradual decrease along the isostructural series of R VO,. The
value of the coupling constant and its variation across the rare-earth series in different compounds have been
qualitatively interpreted by taking into account the bonding effects.

I. INTRODUCTION

In recent times there has been a great deal of
experimental and theoretical interest!3 in the
RXO, system, where R is a trivalent rare-earth.
ion and X is P, V, or As. Of these, the rare-
earth vanadates, particularly of Tb, Dy, and Tm,
have provided a set of ideal transparent coopera-
tive Jahn Teller (CJT) compounds, and different
aspects of their behavior, including magnetic or-
dering, have been investigated. Though GdVO,
does not show CJT effect down to 0.5 K, the mixed
crystal? Tb.Gd,..VO, is a CJT system. Apart from
the CJT and low-temperature magnetic-ordering
transitions, the anisotropic magnetic properties
in the undistorted high-temperature tetragonal
‘phase of the vanadates of Nd, Th, Dy, and Tm
have been studied.” Results of magnetic-field-in-
duced changes in the elastic-wave propagation in
these vanadates are compared to predictions of a
theory based on finite deformation (considering the
paramagnetic ions as pseudospins). Magnetic sys-
tems with singlet ground state at low temperature
showing Van Vleck paramagnetism have also at-
tracted attention.® The field-induced large elec-
tronic magnetic moment through the strong mag-
netic hyperfine interaction produces a nuclear Zee-
man interaction of an order of magnitude greater
than the true Zeeman interaction. Enhanced nu-
clear magnetism in the case of ®*Ho in HoVO, and
41pr in PrVO, has actually been observed”? very
recently.

The RXO, compounds are predominantly ionic,
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but possibly with a small admixture of covalency.
NMR study of transferred hyperfine effects in
these compounds would throw light on the bonding
situation, which, in turn, is related to the chemi-
cal and magnetic properties. However, NMR of
rare-earth nuclei (if not in the singlet ground
state) is not observable. As such, the hyperfine
interaction in the RXO, system has to be studied
from ligand NMR effects. This has been done in
the case of RPO, from 3'P (/=3%) NMR studies®
and information on the nature of magnetic hyper-
fine interaction has been obtained. The present
paper is concerned with **V (I=Z%) transferred
hyperfine studies'®!! of the whole set of rare-earth
vahadates, wherein magnetic interaction arising
from the 4f rare-earth spin is interwoven with
quadrupolar-interaction effects. The variation of
the magnetic interaction across the series and the
effect of the slowly varying lattice parameters on
the quadrupolar coupling constant is revealed. Al-
though data on the transferred hyperfine effect on
the ligand nuclei directly attached to R%* are avail-
able,!?-1¢ work on the next-nearest-neighbor (NNN)
ligand nuclei is really meager.!” NMR study of X
nuclei in the oxysalts like RXO, would reveal the
transferred hyperfine effect across the intervening’
oxygen atom on the second-nearest neighbor.

II. TRANSFERRED HYPERFINE EFFECTS

In predominantly ionic paramagnetic complexes,
the ligand hyperfine interaction with the magnetic
ion is in essence the interaction of the net electron
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spin on the ligand atom with its nuclear spin.
The Hamiltonian for the ligand nucleus having
spin I >} in a magnetic field H, becomes

-’K:—'ZJCO +JCM +JCQ ° (1)

ngg, Gcﬂz—'yh'leo is the Zeeman term and 3¢y
=1-A% (§%) presents the magnetic hyperfine inter-
action between the nuclear spin I and the electron
spin S, respectively; A’ is the coupling tensor of
the nucleus with the jth magnetic neighbor. Last-
ly, :

3o =[e’qQ/4I(2 - V][3I~ I + (I} + 1]

gives the electrostatic hyperfine interaction be-
tween the electric quadrupole moment e® of the
nucleus and eq, the gradient of the electric field ;
produced by the electronic charges both on the
atom in question and on the neighbors.

In the high-field case, the sum 3, +3Cy <3¢, and
is treated as the perturbation on J¢,. Where the
only perturbation on ¥, is 3y, the hyperfine coupl-

- form

ing tensor A’ of 3¢, can be split up into a scalar A
and a traceless tensor A,. Further, if one as-
sumes the equivalence of all the bonds and the ax-

ial symmetry of the hyperfine tensor, 3¢, takes the
18-20

3, =N'[A, +A,(3cos?0-1)]1(S, . (2)

Here N’ represents the number of nearest magnetic
neighbors. From Eqs. (1) and (2) it is evident that
the experimental resonance frequency is

Vpeom1 = Vr(1 +K). (3)

The total fractional resonance shift K may be writ-
ten as the sum of isotropic shift K5, and aniso-
tropic shift K,, given by

K =K5o+Kn(3cos?-1). (4)

Further, if in the other limit 3¢,~ 0, 34 is the
only perturbing term that splits the magnetic res-
onance line into 2 components. The m ~—=m -1
transition frequencies obtained from second-order
perturbation treatment?! are given by

2
Vs mey =Vr + 300812 = 1) (m - §) + -3—;—%; (1= p?{[102m(m - 1) = 18I +1) +39]u® = [6m(m - 1) = 2I( +1) + 3]},

where

p=cosé and vg=3e2qQ/20(2I- 1)k .

(5)

When both 3¢, and 3¢, are present, and if it is assumed that the principal axes of the electric-field-grad-
ient tensor and the magnetic-shift tensor are coincident, the resonance condition is obtained from Eqs.

(3)-(5), and is given by

Vgpeomet = Vo + 300 (312 = 1)(m = ) + (v3/32v0)(1 = u2){[102m (m — 1) - 18I +1) + 39]p2

where
vy=vp(1 +Ky,) and a=Kg/(1 +Ki,) .

In a paramagnetic specimen one has to consider
shifts resulting from the local field. This local
field produces an isotropic shift and anisotropic
broadening in powders. Thus when dealing with
experimental shift, one has to estimate the local-
field contribution!®?%23 to obtain the shifts due to
hyperfine effects alone. Further, the electric
field at the nuclear site may arise from the follow-
ing two sources.” The formation of metal-ligand
covalent bond is due to transfer of electrons from
_ the ligand valence shell to metal orbitals. This
charge transfer from the ligand valence shell gives
rise to quadrupolar interaction. In addition to this
contribution from the valence electrons, there is -
also a contribution (to the field gradient) arising

— [6mm~-1) =2 +1) + 3]} +a(3u?-1), (6)

from all the point charges surrounding the nucleus.
This contribution is a characteristic of the lattice
symmetry. The experimental value of the field
gradient is thus composed of contributions arising
from the above two sources.

III. EXPERIMENTAL

Rare-earth vanadates melt at very high tempera-
tures. As such, it is not very easy to produce sin-
gle crystals large enough for NMR work. There-
fore, the work reported here is on polycrystalline
samples. The usefulness of investigations in pow-
ders in the absence of good single crystals has
been discussed elsewhere.” Rare-earth vanadates
have been prepared in the polycrystalline form fol-
lowing the method of Schwartz.?® The crystal
structure?’ of LavO, prepared in this method i$
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monoclinic, while the structure for the rest of the this portion of the dial for a few times ensures the
vanadates is tetragonal with space group Cg,,(Pz,1 /") magnetic field to track a single hysteresis loop.
and Di?,(m/amd), respectively. This procedure keeps the reference signal always
Varian’s variable frequency (2—-16 MHz) V-4200B at the same position for the entire duration of the
wide line spectrometer and a V-2100B magnet pow- work.
er supply unit are used for all NMR measurements. The signal-to-noise ratio of *'V NMR in RVO,
Shifts are measured with respect to 3!V resonance was not very satisfactory with polycrystalline sam-
in NH,VO; solution. . ples. To overcome this difficulty, pressed pellets
In the present work, 300 Oe or more is scanned have been used. Spectra in powdered and pellet
and a calibration over the entire region is needed, form are almost identical, as in the case of the
taking into account the nonlinearity of the large RPO, system.®

scanning field. This has been done by observing
the resonance of a number of nuclei, viz., ?*Na,

IV. RESULTS
2Al, 8Br, and '°C, as the resonance frequency of LT ,
these nuclei are close to that of 51V at a fixed Zee- This paper will present the results of 'V NMR
man field. Before recording the spectrum a por- of 13 members in the RVO, series, where all the
tion of the dial attached to the scanning unit is 2] transitions (central and all satellites) have been
selected such that it corresponds to a known region detected for paramagnetic members. It may be
of the magnetic field to be scanned. The cycling of pointed out that in addition to our work,'!! only
4 Ce
3 | 5
2 6
| .
L 7
1 1 | ‘
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FIG. 1. 51V NMR powder pattern (dispersion derivative) in. CeVO, and TbVO, at 12 MHz. Transitions m <~+m—1 are
labeled by positive integers: 1 (m=§); 2 m= 3); 3 m=32); 4 m=%); 5 m=—3); 6 (m=-2); 7 (m=—%). The signal
of 2Al from the probe material is indicated by P. The increasing direction of the magnetic field H is shown by an
arrow. The field scale being slightly nonlinear is not shown. However, the field values (kOe) at the satellite peak
positions are given as follows: ’

Transitions labeled by
1 2 3 5 6 7
Ce 11.281 11.070 10.909 10.551 10.413 10.248
Tb 11.162 11.027 10.888 10.586 10.448 10.319
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two incomplete NMR work?®® 2 on this series have

been reported so far in the literature. Saji ef al.?
failed to detect the 'V NMR except the central
component of NdVO,. Pletnev et al.?’ reported
NMR results on the whole series of vanadates.
However, they also could not observe all the sat-
ellites, particularly for the second-half members.
Their results on ¢%gQ are more or less'in agree-
ment with ours, whereas the results on the mag-
netic shifts are quite different. It is to be noted
that they followed a different method®® of analysis
for the powder pattern. The complete spectra of
a typical member of the first- and the second-half
rare earths are presented in Fig. 1. Though we
have investigated both the central and satellite
transitions, the results of the central transition
will be presented here for the sake of brevity.

A. Analysis

In the 5'V NMR in the RVO, system, the electric
quadrupole interaction is present in combination
with the anisotropic magnetic-shift effects. In the
RVO, system, considering the geometry of the VO,
tetrahedra, one may reasonably expect an axial
field gradient at the vanadium site. Moreover,
the experimental 5!V line shape (as a function of
resonance frequency) does not correspond to the
case of asymmetric field gradient.’® Thus the
method of Jones et al.’! which has been satisfac-
torily applied to a number of cases?!'® to estimate
the relevant interaction parameters, has been fol-
lowed here.

Jones et al. have proposed that the line shape of
the central transition is determined by the relative
strength of the magnetic and quadrupolar interac-
tion at a particular resonance frequency and pre-
dicted that it changes smoothly from that charac-
teristic of quadrupolar effect to that characteristic
of anisotropic-shift effect as the magnetic field
strength is increased. The magnetic-shift para-
meters and the quadrupolar coupling constant could
be obtained by measuring the shifts of the charac-
teristic points (two singularities v4 and v; and a
stgp vg) of the split central transition, as given
by?!

ve=v(L=0)=v,+b/v,- av,, (7
vy =v(u =p') =v, - 16b/9v, + tav, — a’v}/4b,

(8)

V8=V(“, =1)=V0 +2av0. (9)

Here, a =K,/(1 +K,) and b=H£v3[II +1) - §]. The
behavior of the singularities (v, and v;) and of the
step (vg) in Egs. (7)-(9) as a function of resonance
frequency depends on the sign of K,, as well as on
the relative magnitudes of K, and v3/v, as shown
in Fig. 2. The relative strength is represented by

r:(a/b)ug. vy and v; may be easily located (but
not vg). Then Egs. (7) and (8) may be combined in
a number of ways to obtain the parameters. In the
present case the expressions

Ky=(vy- &)/ Ve =Klso"a+b/vi’. , (10)
Ky=(Wr=v1)/vg== (K,+3a)+16b/9v}
+avk/4b - (11)

have been utilized. The third term in K, in Eq.
(11) is small and may be neglected. A plot of Ky
and K; vs vy will then yield the individual values
of the parameters K,,,, K,,, and vq.

The actual procedure followed for the analysis
of the *'V powder pattern is illustrated in Fig. 3.
The line shape of the recorded spectrum (absorp-
tion derivatives) in PrvQ, compares very well with
the derivative of a calculated absorption line shape
of Jones et al. with » =¥. For shift measurement
it is important to locate the actual position in the
derivative of a powder spectrum, because the
broadening effect shifts the peak of the absorption
pattern from the point of singularity. The actual
positions of vy and v; are shown by arrows on the
experimental spectra. Figure 3 again shows °v
pattern for TbVO,, a member of the second half
at 12 MHz. It has to be noted that at 12 MHz the
line shape approaches the shape characteristic of
an axially symmetric magnetic interaction. The
structure on the low-field side indicates that K, is
positive. However, at lower resonance frequen-
cies, the line is split, and thus it enabled us to
measure the separate shifts of the positions v,
and vz, similar to the case of PrvOQ,.

B. Powder pattern as a function of resonance frequency

It is clear that the value of 7 increases with the
Zeeman frequency and it is also proportional to
K,,, which is determined by the unpaired electron
magnetic moment of the rare-earth ion, the bond-
ing situation, and crystal structure. From the
similarities in the chemical properties of the rare-
earth compounds in general, and also from the
isostructural character of RVO, system (R =La—
Yb), it may be expected that the bonding situation,
which in turn influences the quadrupolar effect,
will not show a drastic variation across the ser-

- ies. On the contrary, as the number of f electrons

changes, the magnetic-shift interaction K, which
depends on the magnetic moment, should change
significantly across the rare-earth series. This
change will be reflected in the » values, provided
the frequency remains fixed, and will be respon-
sible for the change in line shape across the rare-
earth series. Moreover, the magnetic-shift inter-
action being frequency dependent, the line shape
for a particular rare earth is expected to change
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FIG. 3. NMR powder pattern for the central transitions
with two widely different » values: (a) calculated ab-
sorption (--- in absence of dipolar broadening), (b) cal-
culated absorption derivative, (c) experimental 'V NMR
spectra in PrvO, and TbVO,
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with frequency.

Frequency variation of 'V NMR across the rare-
earth series in RVO, exhibited various kinds of line
shapes depending on . It may be pointed out that
for the same value of 7, different rare earths often
exhibited differences in the line shape. This has
been attributed to the differences in the intrinsic
broadening of the line. The departure of the line
shape from calculated frequency distribution be-
comes greater when the intrinsic width is larger.
This will be discussed later, particularly for 5V -
spectra of GAVO,.

On the basis of the 5!V line shape, the RVO, sys-
tem may be divided into two classes: (i) the first-
half members (f",n <T), which always exhibit a
split central transition in the frequency range
2-12 MHz and (ii) the second-half members (f",n .
= 1T), which exhibit a single asymmetric line at
high frequencies, which, however, splits at low
frequencies.

The first-half members exhibit a second-order
quadrupolar split pattern even at the highest avail-
able frequency value. The calculated line shape (Pr)
(Figs. 2 and 3) of Jones et al.” for =% almost
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simulate the spectra at 12 MHz. This indicates
that magnetic-shift interaction is smaller than the
quadrupolar one for the first half even at 12 MHz.
A typical frequency-variation spectrum is shown
in Fig. 4. As the frequency is lowered, the line
shape remains basically the same as is expected
for a second-order quadrupolar split line. How-
ever, the splitting between the two peaks increas-
es. Thus the splitting varies inversely as vy for
the first-half members of the series throughout the
frequency range studied.

Spectra for the second-half members at 12 MHz
exhibit a single asymmetric line, indicating the
predominance of magnetic-shift interaction over
the quadrupolar coupling at this particular reso-
nance frequency. However, there are some subtle
differences in the powder pattern among the indi-
vidual members. Thus from Tb to Er a weak hump
appears on the low-field side in the-absorption de-
rivatives. It may be pointed out that a similar line
shape with a rather prominent hump has been ob-
tained for the RPO, system in which an axially
symmetric magnetic interaction alone is present.
Thus it may appear that in the RVO, system, mag-

FIG. 4. 5'V NMR powder pattern (central transition)
in EuVO, and HoVO, at different frequencies. --- indi-
cates the mean 5!V line shape in absence of the probe
signal (P). Calibrations (horizontal error bars) are
equal to 20 kHz. The arrow gives the reference position
and the increasing direction of the magnetic field # is
shown.

netic-shift interaction for Tb to Er is strong in
comparison to that in Gd, Tm, and Yb, where the
hump in the derivative spectra did not appear. As
the frequency is lowered, the magnetic-shift in-
teraction decreases and the hump that appeared

in the spectra at 12 MHz could not be detected
though the low-field wing is always wider. In case
of Yb, however, the pattern is no longer a single
line at 8 MHz. It gives a split central transition
characteristic of second-order quadrupolar inter-
action, indicating that the ratio of the magnetic to
quadrupolar interaction is least for Yb in this
group. This is in conformity with the magnitude of
the magnetic moment of Yb, which is smallest
among the second-half members. As the frequency
is further lowered (~6 MHz), the line splits for
all members except Gd. Finally the splitting of the
central transition for the second half varies ap-
proximately as the inverse of the resonance fre-
quency (Fig. 4) in the frequency range 2—6 MHz
only.

The spectra of the Gd compound are rather ano-
malous at first sight. It has already been pointed
out that there was no line splitting for Gd at 6 MHz,
from which one may conclude that the magnetic
interaction is strongest for Gd among the second-
half members. However, a close examination
reveals that this is not so. It is well known that
among the rare earths, the half-filled shell ion
Gd?* is unique in having a rather long relaxation
time and consequently a very large broadening of
'V NMR line. This feature has complicated the
NMR powder pattern of GdVO, (Fig. 5). Thus at
12 MHz, the line broadening has masked the hump
observed in Tb, Dy, Ho, and Er. At 6 MHz also
the line broadening possibly has affected the line
splitting. Below this frequency range, however,
there are definite indications of line splitting. Thus
though the spectra at 4 and 2 MHz do not exhibit a
sharp peak on the low-field side, the high-field
peak is very prominent and satisfies the criterion
of second-order quadrupolar splitting, viz., the
shift of v; increases as l/vR. The low-field peak
is obviously smoothed out by the broadening. Thus
the frequency-variation study of the central trans-
ition indicates that the magnetic interaction for
the second half of the members of the RVO, sys-
tem is in the following order:

Agq ~Arp,Dy,Ho, Er ~ BTm > Aype

The line-shape results uphold the analytical div-
ision of the rare earths into two groups. Thus the
line shape in the first half is determined by sec-
ond-order quadrupolar effect throughout the fre-
quency range studied, whereas in the second half
it is dominated by the magnetic interaction in the
high-frequency range and the quadrupolar inter-
action is revealed only in the low-frequency range.
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C. Estimation of K, , K, , and Vo values

It has been shown that the rare-earth vanadates
exhibit second-order quadrupolar splitting. Ex-
perimentally, the shifts of the v, and v; peaks of
the split central transition were measured from
the diamagnetic reference vz and were fitted to the
expression given by Egs. (10) and (11). The results
are presented in Table I. As pointed out before,
the broadening did not allow a well-defined split
pattern for Gd, and therefore shifts could not be
measured. Interestingly, Table I shows that though
the sign of the anisotropic-shift interaction K,, is
positive throughout the RVO, series, the sign of
the isotropic shift K5, changes. Further, the
shifts for the second-half members are always
an order of magnitude greater than those of the
first half. Again, it may be pointed out that K, is
greater than K, throughout the series. All of
these features are similar to 3P in RPO,.? Fin-
ally, the strengths of the quadrupolar interaction
Vg as obtained both from the Ky and K plots agree
fairly well with each other and are in the range
300-400 kHz. Table I contains the estimated »
values for the different members at 12 MHz. Thus
it falls into two different ranges, viz., v~ 0.50
for the first-half members and »~ 2.0 for the sec-
ond-half members of the rare-earth series. Thus
the second-order quadrupolar split spectra (Fig.

4) for the first-half members are consistent with
the small 7 values, whereas the asymmetric sin-

FIC. 5. 51V NMR powder pattern (central transition) gle line for the second half is a reflection of the
in GAVO, at different frequencies. All symbols are the strong magnetic interaction as evidenced from the
same as in Fig. 4. large 7 values.

TABLE I. Quadrupolar and magnetic-interaction parameters ? of 51V in the RVO,

system.

vq (MHz)® from $-—-% shift© from Ky (%), Kz (%) vs vi2 plot 7 at

R+ Kyvsvg Kpvsvy K., (%) a (%) 12 MHz
Ce 0.381 0.371 —0.020 0.030 0.3
Pr 0.381 0.378 —0.030 0.048 0.5
Nd 0.369 0.366 —0.025 0.075 0.8
Sm 0.370 0.363 —0.010 0.010 0.1
Eu 0.346 0.356 +0.020 0.045 0.6
Th 0.336 0.327 +0.130 0.180 2.4
Dy . 0.334 0.325 +0.100 0.200 2.7
Ho 0.330 0.330 +0,090 0.150 2.1
Er 0.324 0.318 +0.050 0.150 2.1
Tm 0.306 0,311 +0.045 0.110 1.8
Yb 0.300 0.307 +0.040 0.090 1.5

2)Maximum uncertainties as estimated from the locations of the spectral features over the
frequency range are :+0,005 MHz in yg values and +0.025% inK; and a values. Though
K i, values for some members of the first-half rare earths are within experimental uncer-
tainty, repeated measurements indicated that the most probable Kj;, values of the members
from Ce to Sm are of negative sign, whereas that for Eu is of opposite sign.

bThese vg values agree with those obtained from single crystals in the case of some of the
members (Ref. 8 and private communication by Prof. B. Bleaney).

CHigh- and low-field shifts are designated as negative and positive shifts, respectively.
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V. DISCUSSION

A. Isotropic shift

It is well known that the shift of the ligand nuclei
in rare-earth intermetallics and insulators changes

Sign”” 33

once across the series, upholding the

A;I’-'S> form!? of the hyperfine interaction (contact
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the contact nature of the shift, as observed in
other systems. The sign reversal, though origin-
ally observed® and expected to occur always at
Gd, in many systems,*!%% jpcluding the present
one, actually occurs at Eu because of the appre-
ciable contribution of the excited state to the
ground state of the Eu®* ion. To have an idea about
the quantitative aspect of the contact interaction
across the series, one can utilize the relation®
for the contact shift

K=As(S)/gnln,

where gy and py are the nuclear gyromagnetic
ratio and the nuclear magneton, respectively, (S.)
is the average z component of the rare-earth spin,
and A, is the coupling constant. (S,) values cal-
culated by Golding and Halton explain the sign re-
versal at Eu. The plot (Fig. 7) of the experimen-
tal 3V shift against the calculated ¢S,) values of
the rare earth ions is basically linear. However,
the small departure indicated by arrows from lin-
earity may be attributed to the small dipolar (pseu-
docontact) and local-field interaction. The linear
plot indicates that the contact interaction is the
dominant one in spite of 3!V being not directly
bonded to the rare earth.

As stated earlier, the shift for the Gd compound
could not be estimated from the frequency varia-
tion of the powder pattern. This linear plot facil-
itates getting the value for Gd (obtained by extra-
polation). Thus the shift in GdVO, is found to be
~0.12%. Further, the slope of this line furnishes
the average value (0.68 kOe) of the hyperfine field
H"(=A,/y") for the isostructural series. The hy-
perfine field per unit spin for individual members
may also be obtained from the contact shift by us-
ing the relation'?

- (12)
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H“=[Ng.rﬂ-s/(g.r- l)XM]Kiso ’ (13)

where g is the Landé g factor for the rare-earth
ion in question, N is the Avogadro number, and
xu the molar susceptibility. Equation (13) has
been utilized to estimate H" from K, , and x, at
a particular temperature. The susceptibility of
these compounds has been found to be very close to
ionic values. As yy data for the whole set of RVO,
are not available, the ionic susceptibilities have
been used in Eq. (13). It may be mentioned that
Eq. (13) is not valid!? for Sm®" and Eu®* compounds,
since (S) # (g, = 1){J) at room temperature for
these two ions. These hyperfine-field values agree
in order of magnitude with those calculated from
Fig. (7).

Further, to obtain an idea of the covalent admix-
ture, the fractional unpairing f; of the vanadium
4s electron has been calculated from the relation®’

fo=(2S/N")A/Ays).

The f, values presented in Table II are rather
small in comparison to the value obtained®? in the
case of LiCuVOQy, corroborating the predominant-
ly ionic nature of the rare-earth-vanadate bond.
As 4f electrons in rare-earth ions are well
shielded by outer electrons (5s, 5p), participation
of the 4f electrons in the bond is of less import-
ance. The observed!® magnitude and sign of the
170 shifts point to the fact that a weak bond is
formed between oxygen 2s and rare-earth 6s elec-
trons. Examination of the consequence of direct
4f participation in the bond rules out any signifi-
cant 4f contribution.®® Direct 4f participation in
GdF; has also been shown® to be very small. Re-
cently, however, Mustafa et al.? interpreted !°F
shifts in ErF; in terms of f-electron participation

(14)

FIG. 7. Plot of —A(S,)
values (Ref. 36)
(A =3kT/ugH) of rare-earth
ions against the isotropic
shifts in RVO, systems.

| i
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TABLE II. 5V Hyperfine field, the hyperfine
constant, and the fractional unpairing in rare-earth
vanadates.? ‘

J2cH A b S ©
R3* (kOe) (107% em™Y) (%)
Ce 2.58 9.62 0.0098
Pr 1.26 4.70 0.0092
Nd 0.69 2.57 0.0075
Sm ee e see K}
Ell ces aese K
Gd 0.50 1.86 0.0128
Tb 0.60 2.26 0.0133
Dy 0.52 1.96 0.0096
Ho 0.55 2.05 0.0080
Er 0.44 1.66 0.0049
Tm 0.72 2.70 0.0052
Yb 2.13 7.94 0.0077

3The uncertainties in H™ | A_, and f, values are deter-
mined primarily by the uncertainties inK;, values given
in Table I.

%4, 61V)=0.170 cm™! [Saji (Ref. 33)].

°fs was calculated using Eq. (14) with N’ =6.

and exchange polarization simultaneously. Results
on vanadates, as also on phosphates,’however,
suggest the charge transfer or exchange-polariza-
tion mechanism to be of importance. .
As has been mentioned earlier, though data on
the transferred hyperfine effect of the ligand nu-
clei directly attached to the rare-earth ion are
available, work on the second-nearest neighbor is
really meager. The result on the oxysalts present-
ed here fills the gap partially and upholds a dis-
tinct feature of the spin transfer from the first
to the second neighbor. In the 3d transition series,
shifts exhibited by nuclei attached to the 3d ion
either directly?’ or through an intervening oxy-
gen®”4! atom are of the same sign. Thus in the
3d system a parallel spin is transferred both to
the first- and the second-nearest neighbors,
whereas in the 4f system the spin transferred to
the first neighbor is antiparallel and that at the
next-nearest neighbor is parallel to the 4f spin.
As such, the mechanism of spin transfer within
the XO, group seems to be different in 3d and 4f
systems.

B. Anisotropic shift

The experimental *'V anisotropic shifts are pos-
itive for all the members of the series, unlike the
isotropic shifts that exhibit a sign reversal across
the series. The anisotropic shift primarily con-
sists of two (the hyperfine and the dipolar) parts.
They may be represented®14:18-20 py

K3 —a (3 cos?0 - 1)y, (15)

Ki=A,(3cos’0-1){S,), (16)

where a is a constant characteristic of the crystal
lattice.

The variation of the observed anisotropic shift
and the susceptibility of the rare-earth ions along
the rare-earth series are plotted in Fig. 8. The
figure shows that the anisotropic shift has a trend
similar to that of the susceptibility. It is interest-
ing to note that for the given units of the shifts and
the susceptibilities, a situation is obtained where
the shift curve lies above the susceptibility curve
for the first-half members, whereas it falls below
the same curve for most of the second-half mem-
bers. This may be explained as follows. For the
first-half members, both the dipole and the hyper-
fine contribution act in the same direction and the
total shift exceeds the dipolar part, whereas for
the second half the hyperfine shift changes sign
[according to Eq. (16)] and acts in opposition to
the dipolar part, causing the resultant shift to fall

~ below the level of the dipolar shift. This indicates

the predominance of the dipolar effect in relation
to the hyperfine one. An attempt has been made to
separate the KB,

If one assumes that the structural parameters as
well as the hyperfine-interaction constant remain
more or less the same across the series, it is
possible to estimate the K% and K3!* contributions.
Using the values of the ionic susceptibilities and
the calculated (S, of the rare earths, the experi-
mental anisotropic shifts for any two members of
the RVO, series may be fitted to the equation

Ko =A(Sa)+AsXu, v (17

and the constants .A; and A, can be estimated. A;
{S,) values obtained from such a calculation are
roughly five times less than those for A,xy. Mul-
tiplying A,, which is positive in sign, with the cor-
responding (S, one may obtain K. An order-of-
magnitude calculation®®37 of the fractional unpair-
ing f, of the vanadium 4p orbital suggests f,
~0.0001% in the raresearth vanadates. The sep-
arated Ko exhibited a sign reversal across the
series like K,,,. However, unlike the isotropic
shift, Kh: for the first-half members is positive,
while it is negative for the second-half members.
This implies that the sign of the isotropic hyper-
fine constant A is opposite to that of the aniso-
tropic hyperfine constant A, in the vanadates. In
the case of transition-metal complexes, viz.
LiCuVOQ,, it has also been found®? that the 'V iso-
tropie-shift constant K4, is of opposite sign to that
of K,,. It may be mentioned that the NMR aniso-
tropic shift (hyperfine) is sensitive to the differ-
ence in occupancy of the p, and p, orbitals.’* The
small value of the hyperfine constant may be ex-
plained in terms of the cancellation of the p, bond-
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0.25 x= Xm -150
¢- Kax
0.20f- ¢ 440
. FIG. 8. 5V anisotropic
0.15}F ’ 430 E shifts K,, (obtained from
~ < a values in Table I) in the
.‘\E ; RVOy system as a function
. < of f* configuration. The
0.10} —420 ¢ variation of the ionic sus-
’ o] ceptibility x, across the
+ series is also shown.
0.05} ¢ ¢ Ho
Py 1 J_‘ 1 L A 1 1 1 1 1 1 1 J Jo
fyan=0 | 2 3 4 5 © 7 8 9 10 Il 12 13 |4

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho

ing by a comparatively large amount of p, bond-
ing. The assumption that the anisotropic interac-
tion is more or less constant may be justified by
the similar outer-electron configuration of the
rare-earth ions. This may be contrasted with the
results on transition-metal compounds, where

the d-electron configuration does not remain the
same?? for all the members. Thus, a large amount
of p, bonding is observed in KNiF;, whereas p,
bonding is large in K,;NaCrF,.

C. Quadrupolar interaction

The electric field gradient at the site of a nu-
cleus is known to depend?‘4 on the extent of covalent
interaction and on the lattice parameters. In pure-
ly ionic crystals it is sufficient to treat all the ions
as point charges for the calculation of the field
gradient, whereas in covalent compounds a signif-
icant contribution to the field gradient from the
bonding electrons of the non-s orbitals, must be
taken into account.

The ®'V NMR in RVO, revealed the presence of
quadrupolar interaction throughout the rare-earth
series (Table I). It has also been found that the
strength of the interaction significantly differs!! in
the two types of crystal structure of diamagnetic
LavO,. In monoclinic LavVO,, the quadrupolar in-
teraction is of first order, while it is of second
order in tetragonal LavO,. Thus the quadrupolar
interaction in the more symmetric zircon form is
greater than in the monoclinic structure with low-
er symmetry. The °'V quadrupolar coupling in
RVO, may now be compared (Table III) with other
rare-earth systems, as there are some interest-
ing features in the quadrupolar coupling constant

Tm Yb Lu

of these systems. First, crystals having low lat-
tice symmetry exhibit a smaller value of the quad-
rupolar coupling. Thus in RCl, the ¥*Cl nuclear
quadrupole resonance (NQR) frequency in the hex-
agonal structure is greater than in the monoclinic
form. Second, the quadrupolar coupling of nuclei
in these systems shows a slow variation along the
series. However, it has been shown that the coupl
ing constant in RVO,, RAl,;, and RAl; decreases
along the series, whereas it shows a systematic
increase across the series in RCl; and RAlO;.

It has been mentioned that the lattice constants
and the extent of covalent interaction both deter-
mine the field gradient. In intermetallics of the
type RAl,, RCo, one finds a discrepancy®? between
the measured values of 2Al and **Co coupling con-
stants and those estimated from the ionic model.
It has been commented by the authors that since
the calculated ion-lattice contribution to the coupl-
ing constant exceeds the measured value in magni-
tude, the net contribution from other sources,

e.g., conduction electrons and bonding electrons,
must be opposite in sign to the ion-lattice contri-
bution. In the case of proper rare-earth compounds,
viz., RCl,, the 3Cl NQR frequencies increase
smoothly in the series from LaCl; to GACl, (hex-
agonal) by 27%, while the calculated electric-field
gradient based on the ‘point-charge summation mod-
el of de Wette and Schacher® increases only by
11% (Fig. 9). Similarly, the increase in the ob-
served frequency versus atomic number for the
monoclinic rare-earth chlorides (R =Tb-Yb) is
less steep in calculations than in experiments.
Again, the *'Al quadrupolar coupling in RA1Q,,!"

an oxysalt, could not be accounted for by point-
charge calculations. The failure of the point-
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TABLE III. Quadrupolar-interaction parameters in various rare-earth systems.?
[e2qQ/nr] (MHz) vq (MHz) Crystal parameters c /a in
R3* 5y in RVO, YAl in RAl, %Al in RAl, 71Al in RA1O %¢l in RCl, RVO, RCl,
1 2 3 4 5 6 7

La 0.91+0.07 (M)

La 5.92+0.07 (T') 3.97 e e 4.167 (H) 0.8655 0.5845
Ce 5.33+0.07 (T) 4.72 oo e 4.387 (H) 0.8779 0.5789
Pr 5.23+0.07 (T) 4.60 eoe see 4.566 (H) 0.8779 0.5759

Nd 5.18+0.07 (T) 4.56 e e 4.729 (H) 0.8780 0.5731
Sm 5.08+0.07 (T) cee see cee 5.030 (H) 0.8799 0.5653

Eu 4.97+0.07 (T) 0.8798 0.5608
Gd 4.75+0.07 (T') e oo - 5.8533 5.315 (H) 0.8805 0.5573

Th 4.68+0.07 (T) s cee 5.9333 .0.8809

Dy 4.57+0.07 (T) cee oo 8.6660 4.203 (M) 0.8837

Ho 4.63+0.07 (T) 3.56 oo oo 4.334 (M) 0.8835

Er 4.48+0.07 (T) 3.45 8.3 4,420 (M) 0.8842

Tm 4.34£0.07 (T) 3.45 7.6 see IR 0.8857

Yb 4.21+0.07 (T) 2.30 7.2 4.730 (M) 0.8871

2References: column 1, present work; column 2, Ref. 43; column 3, Ref. 31; column 4, Ref. 17; column 5, Ref. 44;
column 6, Ref. 26; column 7, Ref. 45. H—hexagonal; M—monoclinic; T —tetragonal.
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charge model to predict correctly the frequency
shifts in these series of isomorphic salts probably
indicates the presence of a covalent interaction in
these systems. The results on the magnetic hyper-
fine interaction in the vanadates indicated the pres-
ence of unpairing in the p orbital of the ligand nuc-
lei. Thus the bonding electrons of non-s orbitals
contribute to the field gradient at the vanadium site
in vanadates. Further, the NMR in the oxysalts
suggested that the magnetic interaction is greater®
in the monoclinic form than in the zircon form.

Against this background, two observed features
of the 'V quadrupolar coupling in rare-earth van-
adates will be discussed. One of the features is
that the value of e?qQ/% is less!! in the monoclinic
form, which seems to show stronger bonding ef-
fects as revealed in the studies of magnetic shifts?
The total field gradient may be represented as

qtot=qB(1—R)+qL(1_'yue)’ (18)

where (1 -R) and (1 - ¥.,) are the Sternheimer fac-
tors which correct for the polarization of the core
by the electric field gradient of the valence and the
lattice charge distribution, respectively, and the
subscripts B and L indicate bonding and lattice con-
tributions. In the case of predominantly ionic com-
pounds, it is the gz part that is expected to domin-
ate over gz If ¢p is assumed to act in opposition
to gz, gt Will be less for a system where the
bonding is comparatively large. Thus, the fact

that e?¢qQ/h for monoclinic LavOQ, is less than

that for the zircon variety is understandable qual-
itatively. By a similar argument, one can explain
the smaller values of the *Cl quadrupolar coupling
in the less symmetric monoclinic rare-earth chlor-
ides as compared to the values obtained for the
hexagonal structure.

The other feature that has been observed in the
51y quadrupolar coupling is that e%qQ/% decreases
across the rare-earth series. This behavior
seems to be anomalous because in the isostructur-
al RVO, system the distance between the ligand and
the metal ion decreases due to lanthanide contrac-
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tion of the series. This, in turn, would cause an
increase of both g5 and ¢g;. Though g opposes q,
it is expected that the dominant g, part will ulti-
mately determine e’¢Q/k. As such, an increasing
trend in the value of equ/ h along the series is ex-
pected. However, the experimentally observed de-
creasing trend can be qualitatively understood
from the following considerations. As one moves
along the rare-earth series, two distinct effects
are observed; they are the lanthanide contraction
and the changes in the ¢/a ratio of the lattice. Due
to the lanthanide contraction, g, always increases
along the series, but the c/a ratio may increase
or decrease along the series. In the former situa-
tion, q; decreases, whereas it increases in the
latter case. If it is accepted that the change in
¢/a ratio controls the variation of equ/h, the de-
creasing values of °'V coupling constants in RVO,
can be easily understood. The plot of ¢/a and
€2qQ/h along the series is shown in Fig. 9. The
trends of the two curves are quite similar. The
value of e%¢qQ/% changes by 25% after 13 members.
With similar arguments, the 30% change in equ/ h
of ¥Cl1 in RCl, (hexagonal), for seven members,
can be qualitatively understood. In rare-earth
chlorides, the c/ a ratio decreases. Here the lan-
thanide contraction and the c/ a ratio act in the
same direction to enhance the change in equ/ h,

in comparison to the vanadate system where these
two effects are in opposition. Though the qualita-
tive understanding of the change in €%qQ/h along
the series could be understood from the lattice in-
teraction alone, a quantitative estimation of these
values incorporating bonding effects is necessary
to produce satisfactory results.
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