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We report on the observation of resolved fine structure in the ESR of Gd in PrSb, TmSb, and PrBi single
crystals. The fourth-order crystalline-field parameter b4 was found to increase with the lattice constant upon

going from the antimonides to the bismuthides, consistent with the variation of b4 in the analogous
nonmagnetic pnictides. A cor'relation between b4 and the Korringa rate in the analogous nonmagnetic

compounds suggests that the variation of b4 is associated with conduction-electron effects. Also the variation
of the Gd-Pr exchange parameter, J«.p, across the pnictides is attributed to variation of the conduction-
electron d-d overlap. The data enable us to estimate the pressure derivative of b4 and J«p, .

We report an electron-spin-resonance (ESR)
study of Gd in the Van Vleck metallic compounds
PrSb, PrBi, and TmSb single crystals. The ESR
spectra could be interpreted assuming isotropic
exchange interaction, Jod RE, between the Gd and
the host rare-earth ions as well as crystalline
field appropriate to Gds' ion in cubic environment.
We found the fourth-order crystalline-field para-
meter b4 to increase upon going from the antimon-
ides to the bismuthides, i.e., to increase with the
increase of the lattice constant. This is consist-
ent with previous observations in the analogous
diamagnetic pnictides. '2 Using our data as well
as those of others '3 we were able to demonstrate
the existence of a correlation between b4 and the
Korringa relaxation rate as measured in the same
hosts. 3 Such a correlation suggests that the vari-
ation of b4 is probably due to conduction-electron
effects. Also the variation of

~
Jo„„s

~

(increases
with the increase of the lattice constant) could be
correlated with the Korringa relaxation rate in the
analogous nonmagnetic hosts. We argue that this
indicates that Jod RE is mediated via conduction
electrons (probably of d character). Thus our
study clarifies to some extent the origin of the Gd
exchange parameter and the crystalline field in
metallic Van Vleck pnictides. We believe that it
also shed some light on the hard to understand
problem of the crystalline field of the host rare-

earth ions in the pnictides. The host crystalline
field in the Van Vleck pnictides has been a subject
of controversy in the past several years.

The measurements on PrBi:Gd (1000 ppm),
PrSb:Gd (1000 ppm, 800 ppm) and TmSb:Gd (800
ppm) single crystals were carried out at X-band
frequency in the helium temperature range. The
ESR spectra are characterized by several lines
which exhibit angular variation but are largely
shifted with respect to the Gd ' free ionic g value
(g =2). The angular variation of these. lines for
crystals rotating in the (110) plane are shown in
Figs. 1 and 2 for PrBi:Gd and PrSb:Gd, respec-
tively. Similar angular variation have been ob-
served for Tmsb:Gd (not shown'here). A typical
ESR spectrum is shown in Fig. 3. The data were
analyzed using the following spin Hamiltonian:

&=8'P,sH So~+2 Jo~ aESRE So~
RE

1
+ —b4(04 + 504),

where the first term is the Zeeman interaction, the
second term is the exchange interaction between
the Gd impurity and the host rare-earth ion, and
the last term is the cubic-crystalline-field Hamil-
tonian with 04 and 04 as spin operators of the
fourth degree. We have assumed in our analysis
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FIG. 1. Angular dependence of the various fine-struc-
ture lines of Gd (1200 ppm) in PrBi. The solid lines
represent the best fit of the theory [Eqs. (2) and (3)] to
the experimental data. This fit yields b4=47 G, for Gd
in PrBi. As seen the transitions ——' —— ——and2 2 2

2 always appear as overlapping lines in our
spectra. The measurements were performed at fre-
quency of 9.063 GHz.
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FIG. 3. ESR spectra of PrBi:Gd at T=1.6 K (a)
represents the [001] direction (b) represents 30' from
the [001] direction in the (110) plane.

that J« „E is isotropic. This is consistent with
the isotropic exchange previously found for Er3'
in the same hosts. We have neglected also the
conduction electron-localized moment exchange
interaction as previous studies in the analogous
non magnetic pnictide have shown that the effect
of this interaction on the line position (field for
resonance} can be neglected. 3 Also the sixth-or-

3.5

der terms in the cubic-crystalline-field Hamilton-
ian are small and can be ignored. It is easy to
demonstrate that under the above assumptions the
field for resonance of the seven transitions with
4m =+ 1 can be derived from (1) to be

H(+ 2
-++)=H'+20(1 —5$)b4,

H(+-', -+-,') = 'H~10(1- 5$)b„

H(+ 3 s 2) =H' +12(1—5$)b4,
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where

H' =Ho(l + g[(gg —1)lgzl(Xvvlg psN'O) Jad az j,,

$2m2 + m2s2 ~~2)2
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FIG. 2. Angular dependence of the various fine-struc-
ture lines of Gd (1000ppm) in PrSb. The solid lines
represent the-best fit of the theory [Eqs. (2) and (3)] to
the experimental data. This fityields b4 -—31 6 for Gd in
PrSb. As seen the transitions ——' --'. ——and

2 appear as overlapping lines in our spectra.
The measurements were performed at frequency of
9.065 GHz.

Here IIO is the external field, g& is the Landk g
factor of the host rare-earth ions, p. & is the Bohr
magnetan, and X» is the host Van Vleck suscep-
tibility. /, m, and n are the direction cosines be-
tween the external magnetic field and the cubic
axis of the crystal, and Nz the Avogadro's number.

We identify the observed lines in our spectra
(Fig. 3)as the —,

' - ~, —', —,
'

~,and --,'
& transitions. The latter transitions always

appear as overlapping lines in Figs. 1 and 2 are
theoretical fits of (2) to the experimental data.
This fit yields the fourth-order crystalline-field
parameters b4(PrBi:Gd} =47a4 G, b4(PrSb:Gd)
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=31+3 G, and b4(TmSb:Gd) =32 a2 G. The value
of b4 for PrSb:Gd is consistent with that found
previously. 8 The error bar, however, is much
smaller because of the much better resolution of
our ESR spectra. . The values of JG~ ~E are consis-
tent with those reported by Rettori et al. and Sug-
awara et al. using mostly powdered samples. In
Fig. 4 we have plotted the values of 54 as a func-
tion of the lattice constant for the Van Vleck pnic-
tides as well as for the analogous non-magnetic
pnictides measured previously. ' As is clearly
seen the values of b4 for the latter compounds tend
to accumulate around two curves corresponding to
La compounds and Y compounds respectively. Our
data for the Van Vleck compounds are consistent
with this behavior: The Pr compounds have lat-
tice constant closer to the La compounds while
the Tm compounds have lattice constant closer to
those of the Y compounds. Indeed, as is seen in
Fig. 4 the values of b4 for PrSb:Gd and PrBi:Gd
are almost sitting on the I,a curve while b4 for
TmSb:Gd is almost sitting on the Y curve. The
main feature of Fig. 4, however, is the increase
of b4 (for each of the series of compounds men-
tioned above} with the increase of the lattice con-
stant.

The fourth-order crystalline-field parameter
b4 is believed to be associated with the admixture
of the excited crystalline field splitted configura-
tion state into the ground S state via the spin-or-
bit coupling. As such b4 contains terms propor-
tional to the fourth order crystalline field para-
meter B4 originating with the ligands. In the frame
of the point-charge model (PCM) B4 is expected
to be inversely proportional to the fifth power of
the lattice constant. 4 Thus, the increase of b4 with
lattice constant in Fig. 4 indicates the failure of
the point charge model. This is in agreement with
Knight shift under pressure by Weaver and Schir-
ber and a very recent neutron scattering under
pressure by Vettier et a/. ' These studies have
shown that the PCM fails to predict the pressure
dependence of the crystalline field levels of the
host rare earth ions in the Van Vleck pnictides.
The Knight shift study also supports the idea that
the pressure dependence of the host-host exchange
interaction is unimportant. This failure of the
PCM is not understood, however, in terms of ear-
ly neutron scattering at atmospheric pressure
studies which have shown that the host fourth-
order crystalline-field parameter B4 in the Van-'

Vleck pnictides is inversely proportional to some
power n (n =5):of the lattice constant. 4 Also pre-
vious Er3' ESR studies in various pnictides' have
shown that the ratio B4/B6 can be understood by
the PCM. This, however, should be regarded with
caution because ESR measurements are incapable
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FIG. 4. Plot of the values of b4 of Gd in various
pnictides vs the host lattice constant. The values of
b4 for the nonmagnetic pnictides were taken from Befs.
I and 2. The solid lines are guide to the eye.

of separating between the fourth order parameter
84and the sixth-order parameter 86.

Using our data in Fig. 4, we have estimated the
"average" derivative of b4 with respect to the lat-
tice constant, d(lnb4)/d(lna). For LaAs:Gd, we
have estimated this value to be approximately 12.
In the case of the antimonides (PrSb:Gd, YSb:Gd,
and LaSb:Gd} the estimation is difficult because the
antimonides are sitting in Fig. 4 on the intersec-
tion of two different slopes. For PrSb we have
estimated d(lnb4)/d(lna) to be =12 from the lower
slope and =60 from the higher slope. It is not
clear to what extend the pressure derivative of b4
is related to the pressure derivative of B4 of the
host. It is interesting, however, to compare our
value with the pressure derivative of the F&-r4
splitting of the host Pr in PrSb as found by Vettier
et al. ' These authors have observed a d[lnE(I',
—I'4)]/d(lna}=13 for j=0. Thus, if the lattice
constant dependence of b4 reflects that of B4, then
the value of Vettier et a/. is consistent with the
lower slope for PrSb and also with the value of
d(lnb4)/d(lna) found for LaAs.

The Gd fourth-order crystalline-field parame-
ter, b4, and the Gd Korringa relaxation rates,
EHr/T, have been studied systematically recently
in the analogue nonmagnetic pnictides I,aX:Gd,
YX:Gd, and LuX:Gd (X=P, As, Sb, Bi) and were
found to vary significantly with the host lattice
constant. 3 We have summarized the data and have
plotted in Fig. 5 the value of b4 vs AHA/T as mea-
sured in the same host. A remarkable correlation
is observed: the value of b4 was found to increase.
almost linearly with the increase of 6Hz/T (Fig.
5}. Unfortunately the Korringa thermal broaden-
ing in the Van Vleck pnictides could not be mea-
sured because of complete dominance of relaxa-
tion processes associated with fluctuations of the
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FIG. 5. Plot of b4 of Gd in the Van Vleck pnictides and
in the analogous notmagnetic pnictides versus the Kor-
ringa relaxation rates are measured for the same hosts.
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host rare-earth ions. s In the absence of this in-
formation we have plotted in Fig. 5 the values of
b4 for PrSb:Gd (TmSb:Gd} and PrBi:Gd against the
Korringa relaxation rates found for LuSb:Gd and

LuBi:Gd, respectively. The functional depend-
ence of b4 vs AHr/T is consistent with that found
in the analogous nonmagnetic pnictides (Fig. 5).
The correlation between b4 and EH+/T is amazing
and the first of its kind in the ESR-of any metal.
The Korringa relaxation rate depends on the square
of the density of states and the local moment-con-
duction electrons exchange parameter. 3 The latter
parameter have been shown to depend on overlap
of wave function of d character originating from
neighboring sites in the pnietides. Thus the cor-
relation observed strongly supports the idea that
b4 is associated with conduction-electron effects
and that the variation of b4 upon changing the lat-
tice constant a is a consequence of the dramatic
change of the d-d overlap or even the local density
of states at the impurity site. I

We turn now to discuss the exchange interaction,
Jod &,. Similar to our plot in Fig. 5, we have
plotted in Fig. 6 the values of J«p, as extracted
from our study (and those of others ) versus the
Korringa relaxation rate of LuX:Gd (X =P, As,
Sb, Bi).3 Again, a remarkable linear increase of
Pod z,, vs AH+/T is observed. This indicated that
Jo.d p is mediated via conduction electrons. Simi-
lar to the case of b4 we believe that the change of
J«p, upon changing the lattice constant is associ-
ated with the strong variation in the d-d overlap.

FEG. 6. Correlation between the Gd-Pr exchange in-
teraction, Jod. p, measured in the Van Vleck pnictides
and the Gd Korringa thermal broadening, ~z/7. ', as
measured in analogue nonmagnetic LuX (X= P, As, Sb,
Bi) pnictides.

We have estimated also the value of d(lnZo„v, )/
d(lna} using the plot of Sod v, versus the lattice
constant in Refs. 11 and 12. We found for PrAs:Gd
that d(lnJo~ v, )/d(lna) is equal to 10+3. Thus the
pressure derivative of Jod p, (from ESR data) have
the same order of magnitude as the pressure de-
rivative of b4. This indicate that if our measured
values reflects the pressure dependence of B4 and

J„E» then it is not obvious that the pressure de-
pendence of J„E ~E is not important.

In conclusion, we have demonstrated that both
the fourth-order crystalline-field parameter b4

and the Gd-host exchange interaction can not be
described by the point charge model in agreement
with previous observations. %e suggest that con-
duction- electron effect are probably responsible
for the anomalous variation of b4 and J«p, with
lattice constant. We have shown that d(luego~ &,)/
d(lna) and d(lnb4)/d(lna) have roughly the same
order of magnitude and are large enough to justify
ESR study under pressure. Such measurement
are conducted currently in our laboratory.
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