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Pressure efkcts on Knight shifts of rare-earth and pnictide nuclei, contained in intermetallic compounds, have

been measured to 4 kbar as a function of temperature from 4 K to as high as 300 K. An attempt to separate
the effects of crystal field and exchange was made. Even with the inclusion of exchange (via simple

parameterization), the often used point-charge model is unable to account in a straightforward manner for the
results. %'e attribute the behavior to conduction-electron effects.

Becently, independent experiments"' have in-
dicated a remarkable failure for the point-charge
model (PCM) in describing crystal-field effects.
Specifically, the magnitude of the crystal-field
splitting (n) is observed (indirectly) to increase
with increasing atomic volume (0), i.e. , d&/dA & 0.
This is in contradiction to qualitative PCM argu-
ments in which d&/dQ & 0. Unforhmately, the in-
terpretation of the experiments, involving pres-
sure effects on Knight shifts and susceptibilities,
is complicated by the yresence and unknown be-
havior of exchange.

In order to determine whether simple models
for exchange can account for the ayparent failure
of PCM, we have extended our earlier studies of
singlet ground- state systems, ' in which only low-
temperature rare-earth (HE) Knight shifts (K)
were measured, to include the temperature de-
pendence of the pressure derivatives (dlnK/dP).
From the temperature dependence, one can, in
yrinciyle, distinguish between crystal- field and
exchange effects.

Our work now includes measurements of d 1nX/
dP at 4 K for Pr, P, and As contained in PrP and
PrAs and for Tm in TmP. The pressuxe deriva-
tives for P and As in PrP and PrAs were also de-
termined for temperatures uy to 300 K and for
Tm in TmP at 27 K. Our experimental techniques
have been described previously. "

Previous experimental wox'k has demonstrated
that the Knight shifts exhibited by nuclei in the
rare-earth intermetallics of interest here are
proyortional to the susceytibility of the compound. 4

Since the susceptibility essentially reflects the net
electron spin of the BE, Knight shifts provide a
measure of the f-electron-nuclear coupling. This
interaction is particularly strong for the HE nu-
cleus. Here the orbital hyperfine interaction pxo-
vides direct coupling and vex'y large Knight shifts
are observed. ' In contrast, hyperfine interactions
with the nonmagnetic nuclei are relatively weak
and the interaction mechanism is not well under-
stood. Evidence exists which indicates the con-

where X is the susceptibility and A„b is the cou-
pling constant which, ayart from numerical con-
stants, is given by (r&'), where r& is the f-electron
radius. Since the f electrons are confined to radii
much smaller than the atomic radius, small
changes in atomic volume have no effect on A„b.
Thus, the observed pressure effects on HE NMB
are due to changes in y.

The susceptibility is given by

where C~ is the Curie constant, & the crystal-
field splitting of the lowest spin-orbit state de-
fined by total angular momentum 4, and 8 is pro-
portional to the Curie temperature for &= 0. The
function fz, defined in Hef. 4, contains the crystal-
field effects and exhibits the property

Due to the existence of a ground-state singlet for
all three compounds under consideration, ' the low-
temperature limit gives f~ ~ T/& and, for both Tm
and Pr compounds, we find

y (T = 4 K) ~ 1/& . (4)

The sign of the pressure derivative for X or
E„b, as predicted by PCM, is evident from Eq.
(4). Coulomb interactions give rise' ' to A~R ",

duction electrons are the medium through which
coupling is established. For present purposes,
we simply assume the Knight shifts for both HE
and ynictide nuclei are proyortional to the sus-
ceptibility and thereby expect to have a reasonable
approximation to the analytical form of the hyper-
fine interaction.

The most straightforward NMH evidence for dif-
ficulty with PCM is provided by the HE resonance
in PrP and TmP. As noted, the BE Knight shift
is mainly produced by the orbital hyperfine inter-
action, and is given by"

&orb =~o.P ~
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I I dlny/dP& 0, as was found from the BE data.
The effect of exchange can be parametrized in

the following manner. Differentiating Eg. (5)
yields

dlnK din K, d in' d 1nf'
dP dP ' dP dP
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FIG. 1. Pressure dependence at 4 K of Knight shifts
for ~ P () and ~ Pr () contained in PrP.

where R is the atomic radius and n is of order 5.
Thus, decreasing R (raising the pressure) de-
creases X or E. Figure 1 shows our results for
PrP and is typical of the low-temperature data, .
Table I summarizes the derivatives taken at 4 K.
This experiment shows dlnK/dP & 0, in contra-
diction to the PCM argument. Direct measure-
ment of d iny/dP by Guertin et af. ' is in agree-
ment with this conclusion.

A similar result is found from low-temperature
NMH of P and As in PrP and PrAs. In general,
the pnictide Knight shift can be written

with

G(T, 8) = C~f~I'/[T+ f~(C~l —8)],
and using Eg. (2) we find"

ding T& dlnf~ din& f~ d8
dP T —8fz dn dP T —8' dP'

The unknown parameters are the yressure deriv-
atives for 0, E„ I', and &, where remaining
quantities are taken from Hefs. 4 and 9. However,
the function G(T, 8) in Eq. (6) is within 10/o of unity
for 4 —T —300 K. In essence, this reduces the
number of parameters to three. If we assume
PCM, S'9 d inn/dP = -Sz, where x is the compressi-
bility. %e further assume the pressure deriva-
tives of 8, E„ 1", and & are independent of T.
Thus, the experimental, low-temperature HE
pressure derivative, when substituted into Eq.
(8), determines" d8/dP. [Note that from the dis-

PrP

K=K0(1+~), (5)
1.0 q

where Kp is the shift due to Pauli yaramagnetism
and Ep I' is the coupling constant. For convenience
we write Eq. (5) in a form which is directly com-
parable to the uniform polarization model, "but
we use none of the constraints of the model in our
analysis. Determination of pressure effects on
crystal-field parameters from Eg. (5) is less
straightforward than with the BE shift [Eq. (1)j,
since both Kp and I' are pressure sensitive. How-

ever, we usually find such quantities to exhibit
pressure derivatives comparable in magnitude to
the compressibility. 'P Should that be the case
here, our measurements shown in Table I imply
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TABLE I. Summary of low-temperature (T=4.02 K)
pressure derivatives (din~/dI') measured in units of
%/kbar. The numbers in parentheses represent the
error in the last quoted digit.
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FIG. 2. Temperature dependence of Knight-shift pres-
sure derivative of P contained in PrP. The two curves
represent resu1ts of a point-charge mode1 (PCM) and a
mode1 using HE data as exp1ained in the text.
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FIG. 3. Temperature dependence of Knight-shift pres-
sure derivative of 75As contained in PrAs. The bvo
curves represent results of a point-charge model. (PCM)
and a modeI using BE data as explained in the text.

cussion of Eq. (1) dinÃ(RE)/dP= ding/dP. ] Aside
from scale factors, the temperature dependence
of din%/dP is then determined by Eq. (6). The re-
sults of this model are plotted for PrP and PrAs
in Figs. 2 and 3 and labeled PCM.

Our NMH data are also shown in Figs. 2 and 3.
It is clear that this straightforward effort to yatch
uy PCM with exchange is not sufficient to inter-
pret the experiment. Also shown in each of these
figures is a plot generated by setting d8/dP= 0 in
Eq. (8). As noted earlier, this requires din&/dP
&0. The fact that xough agreement is obtained in-
dicates internal consistency between low- and
high-temperature measurements if d lnb, /dP & 0.

Evidence for failure of PCM is also provided
by the temyeratux e dependence of the yressure
derivative of the BE Knight shift in TmP. In this
case only Eq. (8) is needed. The low-temperature
experimental dinÃ/dP (=ding/dP} is used to de-
termine (i) d8/dP with d ln&/dP = -,'«or (ii} d inn/
dP with d8/dP= 0. The first condition is agalI1 de-
noted as PCM and the resulting curves are shown
in Fig. 4. Although earlier work has shown~ 8= 0,
we illustrate the effect of allowing 8 values in the
range 2 —8~10 K. Figure 4 shows PCM inade-
quate to account for the temperature dependence

FIG. 4. Temperature dependence of Knight-shift pres-
sure derivatives of ~69Tm contained in TmP. The curves
are obtained from model. s expl, ained in the text.

of the pressure derivative of the HE Knight shift,
as was the case with the nonmagnetic nuclei in
PrP and PrAs.

This result fox TmP can be described somewhat
differently using the 4- and 27-K yressure deriv-
atives to determine d ln&/dP and d8/dP from Eq.
(8). The error in this calculation is large due to
the inaccuracy of the 2V-K data. However, we
find din&/dP = (-0.48+ 0.43) %/kbar and -O.OV —d8/
dP O. O~V K/kbar. These numbers simply illustrate
the conclusion drawn from Fig. 4; that is, din&/
dP &0.

Estimates of d8/dP derived from recent EpB
work"'3 on Pr and Tm pnictides also support our
conclusion that d in&/dP & 0. Exchange constants,
measured in various RE-ynictide compounds, are
used to determine 8(a,), where a, is the lattice
constant of a given comyound. Subsequent specifi-
cation of the comyressibility' of the material of
interest yields'~ d8/dP. For Tmp this yieMs d8/
dP = 0.034 K/kbar, which is consistent with our
estimated range of values. "

An alternative approach, supported now by the
qualitative agreement between the NMH end EPH
work, is to use the values of d8/dP derived from
EPR measurements" and the RE-NMR low-tem-
perature values of din%/dP (= ding/dP} to deter-
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mine din&/dP from Eq. (8). For Tmp, Prp, and
PrAs we find din&/dP is -0.26, -0.40, and -0.19
%/kbar, respectively. Significantly, all values
are negative as we concluded earlier. In fact, the
values of dB/dP would have to be several factors
larger than estimated to yield positive d 1n&/dP.

As further support we note that thermal expan-
sion measurements" for TmSb also suggest
d inn. /dP & 0 in that particular compound. Again,
this involves a parameter determination, but the
results are in good agreement with the pressure
dependence of the TmSb susceptibility. ' This work
is particularly significant in that the RE-RE ex-
change is not directly involved in determination
of d ln&/dP. Thus, the difficulty of sorting out
the effect of exchange, which is something of a
problem with NMR, is avoided.

Although our data are not adequate to supply de-
tailed comments on the EPR work, it is clear that
the higher temperature P and As results are con-
sistent with the EPR and low-temperature RE-
NMR work in suggesting qualitative disagreement
with PCM in these particular compounds. As noted
earlier, this conclusion contrasts with neutron
scattering results' for series of RE pnictides,
where PCM was found quite adequate.

One plausible explanation, which can account
for the failure of PCM in the pressure experi-
ments and for the success of PCM in neutron scat-
tering, is that variations of atomic volume pro-
duce changes in the conduction-electron charac-
ter. Specifically, the relative p- or d-electron
character could be altered. This has been dem-
onstrated dramatically" in previous pressure ex-
periments. Such an effect can significantly affect
the magnitude of the crystal field. " In fact, under
proper conditions the conduction electrons can
change the sign of the crystal field, i.e. , invert
the splitting pattern. " In contrast to pressure ex-

periments where variations in the conduction-elec
tron character are produced, experiments con-
ducted on a series of RE compounds, particularly
where rigid-band-type behavior is expected, are
likely to reflect a constant electron character.
For such a situation PCM will work with an ef-
fective charge value. Deviations from rigid-band
behavior within a series of compounds, however,
quite possibly could change electronic character
in a manner which would be reflected in the crys-
tal-field splitting. Here, PCM would fail. In this
regard, it is interesting that not all the RE-pnic-
tide neutron scattering data' can be fit by PCM.
In particular, roughly the first half of the RE
series is in agreement with PCM. These devia-
tions from PCM are quite possibly a conduction-
electron effect.

In summary, we have carried out pressure mea-
surements of Knight shifts as functions of tempera-
ture for both RE and nonmagnetic nuclei in the
singlet ground- state intermetallic compounds
PrP, PrAs, and TmP. A simple, straightforward
analysis using the point-charge model, including
the effect of exchange, is unable to accoUnt for
these data. From this and corroborating analyses
of work on related systems, we have concluded a
qualitative point- charge model failure. Although
this conclusion is in part based upon our estimates
for exchange effects, the weight of current evi-
dence clearly does not support the model. A plau-
sible explanation for such a failure is presented
which suggests atomic-volume changes affect the
conduction- electron character. This, in turn,
alters the crystal field in the observed manner.
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