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Low-temperature (T-1—4 'K) measurements of the resonance shift K, spin-lattice relaxa-
tion time T&, and inhomogeneous linewidth 8'of Rh in the two alloy systems Pd& „Rh„
(0.02 ~x~ 1) and Ni&~ Rh„(0.38 ~x~ 1) have been carried out using transient NMR techniques.
In Pd& „Rh„both T&T and &varymonotonicallywithKdecreasingfrom+0. 43 to —15%, and T~T
from 9.2 to 0.7 sec 'K. Similar results are found in Ni~ „Bh„, with E decreasing from +0.43
to —8.1%, and T~T from 9.2 to 1.2 sec 'K. The Bh NMR in both alloy systems is charac-
terized by severe inhomogeneous broadening, with 8'approaching K in magnitude in some
cases. This result demonstrates that the local susceptibility is very sensitive to statistical
variations in the near-neighbor alloy composition. The minimum E value in Pd-Bh agrees
with the infinite-dilution value K=- 14.7% obtained by Rao, Matthias, and Shirley using per-
turbed-angular-correlation techniques, and indicates that K is essentially independent of x for
Rh concentrations up to - 5 at. %. A comparison of this result with the Pd Knight shift in
palladium metal shows that the local susceptibility at the rhodium sites is approximately three
times greater than the palladium host susceptibility. This deviation from rigid-band behavior
develops gradually with decreasing rhodium concentration for x&0.4. In contrast, the Ni-Rh
NMR data suggest that the rhodium susceptibility is significantly smaller than the nickel sus-
ceptibility at all rhodium concentrations. An analysis of the Rh shift and relaxation data
for Pd-Rh and Ni-Rh demonstrates that both quantities are dominated by an exchange-enhanced
d-spin (core-po1arization) hyperfine mechanism for sufficiently low rhodium concentrations.
Moreover, the observed relationship between Ã and T&T is shown to be more characteristic of
a uniform-enhancement model than a localized spin-fluctuation model even in dilute PdRh
alloys. On the basis of this behavior, it is argued that a local-moment description of dilute
rhodium impurities in palladium is inappropriate.

I. INTRODUCTION

During recent years, extensive experimental in-
vestigations of the paramagnetic group-VIII transi-
tion metals and their alloys have provided consider-
able insight into the nature of exchange-enhance-
ment effects in nearly ferromagnetic metals. The
thermal and magnetic properties of the isoelectron-
ic alloys Pd-Hh' and Ni-Hh have been of particu-
lar imPortance in this connection. Palladium and

nickel, which have one more valence electron than
rhodium, produce a rapid increase in the electron-
ic-'specific-heat coefficient y and magnetic suscep-
tibility y in these alloys with increasing concentra-
tion. The Pd-Rh alloys remain paramagnetic over
the entire concentration range, with y and X reach-
ing maximum values near 5 at. % rhodium. '3 ' The
¹i-Rh alloys, on the other hand, are ferromagnetic
at sufficiently low temperatures for rhodium con-
centrations below - 37 at. 'k. ' The marked differ-
ence between the two alloy systems can be attributed
possibly to the larger Coulomb repulsion between
electrons on nickel sites than on palladium sites.
In fact, it seems likely that the concentration de-
pendences of the various bulk properties are strong-
ly influenced in these alloys by intra-atomic ef-
fects. To date, most discussions of the Pd-Rh and
¹i-fRalloy properties have been based on the rigid-
band approximation, although the validity of this

approach for strongly paramagnetic alloys has been
questioned. ' A serious breakdown of the rigid-band
approximation has recently been observed in ex-
tremely dilute I'dah alloys. Hyperfine-shift mea-
surements of the Hh nuclear magnetic resonance
(NMR) by means of y-r perturbed-angular-correla-
tion (PAC) techniques led to the conclusion that a
localized magnetic moment appears on the rhodium
solute atoms at sufficiently low concentrations.
Moreover, the Curie-Weiss form of the tempera-
ture-dependent rhodium susceptibility was taken as
evidence for Kondo spin compensation. Deviations
from rigid-band behavior in the corresponding 4d
alloy system PtIr had previously been inferred from

Pt Knight-shift measurements. The importance
of intra-atomic effects has also been established by
NMR studies of the related alloys Cu-Ni, Ag-Pd,
Cu-Pd, ' ' Cu-Pt, and Pt-Pd. ' Since the NMR
technique provides a microscopic probe of the local
magnetic response of an alloy, it is particularly
suited for such investigations.

In this paper we present the result of a ' 'Hh NMR
study of paramagnetic Pd, „Rh„and Ni, „Rh„alloys
in the composition ranges 0. 02 x&1 and 0. 38 x
& 1, respectively. The present study was moti-
vated in part by the unexpected success of the rigid-
band model in accounting for the bulk properties of
dilute I'dRh alloys, in striking contrast with the
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interpretation of the PAC experiments. The ab-
sence of electric quadrupole interactions for ' 'Rh
(I=-,') makes this isotope particularly suitable for
studies of magnetic hyperfine interactions. Our
experimental techniques are described briefly in
Sec. II. Results of low-temperature measurements
(T = 1-4 'K) of the 'O'Rh resonance shift K, linewidth
8', spin-lattice relaxation time T&, and echo phase-
memory time &2 are given in Sec. III. Our results
are related to the bulk properties in Sec. IV. In
particular, we estimate the magnitude of the ex-
change enhancements of K and T&T in the most para-
magnetic alloys. On the basis of these estimates
we are able to discuss the applicability of the rigid-
band model to these alloys. The principal conclu-
sions obtained from this work are summarized in
Sec. V.

II. EXPERIMENTAL TECHNIQUES

Alloys of Pd& „Rh, and Ni, „Rh„, with x'0. 02
and x &0.38, respectively, were prepared by mixing
appropriate quantities of the elemental metals (300
mesh), "pressing the mixtures into small (-5 g)
pellets, and melting them in an argon are furnace
which was equipped with a water-cooled copper
hearth and a 8-in. -diam thoriated tungsten elec-
trode. Sample homogeneity was assured by repeated
turning and remelting of the alloy ingots. The Rh
nuclear resonance was studied in 200-300 mesh
alloy chips which were mixed with an equal volume
of powdered NaCl for electrical isolation. Commi-
nution of the alloys was accomplished with a small
programmed milling machine using tungsten carbide
cutters. A few initial experiments on selected
Pd-Rh and ¹i-Hh compositions established that pro-
longed annealing of the alloy powders at tempera-
tures near the respective melting points had no ob-
servable effect on any of the nuclear-resonance
properties. For this reason, all subsequent ex-
periments involved samples which had not received
any heat treatment after arc melting.

Because of sensitivity considerations, the NMR
measurements were restricted to low temperatures
(T = 1-4 'K), which were achieved by immersing
the samples in liquid helium. The nuclear reso-
nances were detected with a phase-coherent
crossed-coil transient spectrometer. Spin echoes
were produced with two equal-width rf pulses using
a 15-kW gated amplifier. A Fabri-Tek 952/1062
high-speed multichannel analyzer provided adequate
signal-to-noise ratios by allowing standard signal-
averaging techniques to be employed.

Measurements of Knight shifts K, spin-relaxation
times Tj and T&, and resonance line shapes were
carried out in external fields near 60 kOe using a
Nb-Zr superconducting solenoid. The field-strength
calibration was based on the '~Ag NMR in metallic
silver whose frequency-to-field ratio at 4 K was

taken to be'

v" '(metal)/H = 0.199 150 kHz/Oe . (2 1)

The ' Rh Knight shifts were computed relative to
the reference ratio'

v" "(ref)/H= 0. 133 80 kHz/Oe . (2. 2)

Spin-lattice relaxation times were obtained from
the experimental recovery rates of the echo ampli-
tude following a comb of saturating rf pulses.
Phase-memory times were obtained from the echo
decay as a function of time separation between the
two rf yulses. The pulse amplitude for both T j and

T~ measurements corresponded to rotating fields
0,= 150-200 Oe. Line shapes were obtained from
the field dependence of the echo intensity using rf
pulse widths which were large compared to the
reciprocal linewidths.

III. EXPERIMENTAL RESULTS

The properties of the ' 'Rh NMR in elemental
rhodium metal have been described earlier. ' '
During the course of the present study we obtained
at 4'K

v" '(metal)/II = 0. 134374 (3) kHz/Oe, (3. 1)

where the number in parentheses indicates the es-
timated uncertainty in the preceding digit. The
addition of either palladium or nickel to rhodium
results in severe broadening of the ' Rh NMR as
well as a shift in the mean position of the resonance
toward higher magnetic fields. These effects are
illustrated for several Pd-Rh compositions by the
spin-echo spectra shown in Fig. 1. The concentra-
tion dependences of the linewidth and the position of
maximum echo intensity are summarized in Fig. 2
for Pd-Rh and in Fig. 3 for Ni-Rh. No resonances
were observed in a Nio 65Rho 36 alloy. This indicates
that the onset of ferromagnetic ordering in Ni-Rh
occurs at a nickel concentration near 63 at. %, in
agreement with earlier observations. ' The negative
resonance shifts can be attributed to d-spin (core-
polarization) hyperfine interactions which increase
rapidly in magnitude with decreasing rhodium con-
centration. This result supports the generally ac-
cepted view that the bulk susceptibility in these al-
loys is predominantly of d-spin origin. "

With decreasing rhodium concentration the ' Rh
phase-memory times increase. For example, Ta
=9, 14, 1V, and 27 msec in Pd&, Rh„ for x=1.0,
0.6, 0. 4, and 0. 2, respectively. The decay curves
were nearly Gaussian in every case. Similar re-
sults were obtained for ¹i-Rh. The extremely long
phase-memory times confirm that the observed
linewidths result from inhomogeneous broadening.
Most likely, the widths reflect a spatial variation
in the local susceptibility, suggesting that the local
magnetic properties are quite sensitive to the rela-
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FIG. l. Experimental spin-echo
spectra at 7.70 MHz for Rh in
Pd~ „Rh as a function of x (in at. %).
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tive number of palladium or nickel atoms in near—
neighbor shells. This behavior is quite similar to
the discontinuous magnetization behavior of magnet-
ic impurities in many alloys (e.g. , Co in Nb-Mo

and Rh-Pd~'; Fe in Nb-Mo2'"). The asymmetry
of the ' 'Rh line shapes observed in the present
study, particularly in the rhodium-rich alloys, fol-
lows directly from this explanation because of the
strongly nonlinear variation of K with alloy
composition.

The experimental ' Rh spin-lattice relaxation
rates are summarized in Fig. 4 for Pd-Hh and in
Fig. 5 for Ni-Rh. (The scatter in the Ni-Rh data
near the critical composition can probably be at-
tributed to slightly different thermal histories of
the samples, since even small changes in the de-
gree of short-range structural order are expected
to have a strong effect on the magnetic properties
of alloys in this composition range. ) The data
were, in all cases, obtained at —7-8 MHz and field
strengths corresponding to the positions of peak
echo amplitude. Pulse widths of 15 p, sec assured
that a, significant fraction of the ' 'Hh spins were
sampled even in the most dilute alloys. The general
trend of the relaxation data follows that of the reso-
nance shifts. One can conclude from this similarity
that the d-spin (core-polarization) interaction pro
vides the dominant relaxation mechanism at suffi-
ciently low rhodium concentrations. In view of the
spatial inhomogeneity of the local d-spin suscepti-
bility, as inferred from the NMR line broadening, it
was expected that the spin-lattice relaxation rates
would increase monotonically with increasing field
strengths in passing across the resonance profile.
This requires, of course, that the ' Rh spins are
sufficiently decoupled by the inhomogeneous broad-
ening that spectral spin diffusion is suppressed.
This was established experimentally in a Pdp GpHhp 4p

sample by frequency scanning the resonance profile
in the presence of a continuous saturating comb of
fixed-frequency (7. 7 MHz) pulses of width t = 50
p. sec centered on the position of peak resonance
intensity. No significant saturation effects were
detected outside a central region of frequency width
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FIG. 2. Composition dependence of 038h resonance
shifts in Pd-Rh alloys. The points refer to the positions
of maximum spin-echo amplitude; the dash verticle lines
indicate the inhomogeneous widths (measured between
half-amplitude points on the spin-echo spectra).

- 2/f . Having verified the ineffectiveness of spin-
diffusion processes, the spin-lattice relaxation
rates were then determined at three different posi-
tions on the resonance profile using identical
50-p, sec rf pulse widths as in the "hole-burning"
experiment. The results, which are summarized
in Table I, clearly demonstrate the expected trend.
Moreover, the data suggest that there exists a
rather definite relationship in Pd-Rh between the
static rhodium susceptibility (as measured by K)
and the low-frequency dynamic rhodium suscepti-
bility (as measured by &IT) which is independent of
alloy composition. This can be seen by referring
the —0. 2 and —1.6/o positions on the Pdo 60 Rho 40

resonance profile to compositions whose peak echo
amplitudes occur at these shift values (see Fig. 2).
The corresponding relaxation times of - 4. 0 and
2. 0 sec 'K, respectively, as estimated from the
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FIG. 3. Composition dependence of ' 3Rh resonance
shifts in ¹i-Rhalloys. The notationis the same as Fig. 2.
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data in Fig. 4, are in good agreement with the
Pdp 6p Rhp 4p data listed in Table I ~ Since the slope
d(T, T) /dlKl decreases markedly with decreasing
rhodium concentration, the sensitivity of TqT on
position is also expected to decrease. For example,
applying the above arguments to the Pdp. ep Rhp gp

composition leads to predicted relaxation times of- 1.6 and l. 1 sec 'K for the low- and high-field
half -amplitude positions, respectively. Experi-
mentally we observed 1.4(2) and 1.2(2) sec 'K,
respectively. Unfortunately, sensitivity problems
arising from the rapidly increasing linewidths pre-
cluded a more definitive examination of this point
in the low-rhodium-concentration regime. The
same difficulties made it impossible to obtain use-
ful information about the position dependence of T&T

FIG. G. Composition dependence of pBRh spin-lattice
relaxation rates in Ni-Rh alloys.

in Ni-Rh.
Because of the rapid variation of the bulk suscep-

tibility with rhodium concentration in dilute I'dRh
alloys, '~'4 the resonance data in the rhodium con-
centration range x= 0-10 at. /o are of particular in-
terest. Table II summarizes our results for these
alloys together with the PAC data of Rao et al. In
contrast to the bulk susceptibility, the resonance
shifts and relaxation rates are seen to be essentially
composition independent for x~ 5 at. k. Moreover,
the shifts are approximately three times larger than
the 'o'Pd shift (- -4.0/o) in pure palladium. '

IV. DISCUSSION

A. Resonance Shifts
1.5 I I I I I I I I I

Pdi-x Rhx

I
I.O-

0
CP

IA

I
I-
I-

0.5-

Ol
0 0.2 OA 0.6 0.8

(1-x)(at. V)
1.0

TABLE I. Position dependence of Rh spin-lattice
relaxation times in Pdp 6pRhp 4p, The notation (l), (P),
and (u) refers to the low-field half-amplitude, peak-
intensity, and high-field half-amplitude positions on the
resonance profiles, respectively.

Position T&T (sec 'K)

The experimental '
Hh resonance shifts in the

Pd-Rh alloy system support the earlier conclusion
of Rao et al. that the local susceptibility of dilute
rhodium impurities in palladium is significantly
larger than the host susceptibility. Moreover, the
present results demonstrate that the breakdown of
the rigid-band approximation in Pd-Rh is not re-

FIG. 4. Composition dependence of Rh spin-lattice
relaxation rates in Pd-Rh alloys. The vertical error
bars represent estimated experimental uncertainties.

(i)
)

(I)

—0.2
—0.8
-1.6

3.6(3)
2.5(2)
2.1(2)
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dK 340+ 30 kOe
hfs I B

P, B
(4 1)

This field may be identified with the rhodium d-spin
(core-polarization) hyperfine field (H„',.) since the
observed variations in K and X are most likely
dominated by d-spin inter actions. The magnitude
of the d-spin hyperfine field is in excellent agree-
ment with the rhodium hyperfine field (= —350
kOe/ps) in dilute PdRh and the palladium hyperfine

-IP"

-l4
p 4 8 8

X (IO + emu/mole)

lp 12 I4

FIG. 6. Variation of mean Rh resonance shifts in
Pd( „Rh„with bulk-alloy susceptibility. Composition
(x =5-100 at. %) is the implicit variable.

stricted to extremely low rhodium concentrations.
For example, the severe inhomogeneous broadening
of the resonance profiles over the entire concentra-
tion range provides a clear indication that the local
susceptibility is strongly influenced by the near-
neighbor environment. Information about the rela-
tive magnitudes of the rhodium and palladium sus-
ceptibilities is provided by the observed relationship
between the mean "'Hh resonance shift and the bulk
alloy susceptibility y as displayed in Fig. 6 for
x ~ 5 at. /g. The gradual increase in d IK I /dy with
increasing susceptibility can be attributed to an in-
crease in the ratio of the average susceptibilities
((&ah)/(gpd)) of the two atomic constituents. Thus,
the data suggest that the excess susceptibility at
the rhodium sites relative to that at the palladium
sites develops gradually as the rhodium concentra-
tion decreases. Because of the relatively small
magnitude of the pure rhodium susceptibility and
its initially weak dependence on palladium concen-
tration, it is probable that the rigid-band approxi-
mation is valid for sufficiently high rhodium con-
centrations (i.e. , (y»)/(y„„) = 1 in the limit of large
x). This view is supported by the experimental
slope d IKI/dZ in the rhodium-rich alloys which cor-
responds to an effective hyperfine field

TABLE II. Composition dependence of ' Rh NMR

data in dilute PdBh alloys for the temperature range
1—4 'K.

at. % Rh

10
5.0
3.0
2. 0

~0

~Reference 6.

E(%)

—9.4(5)
—13.9(7)
—14.4(7)
—15.1(5)
—14.7(3)'

TjT (sec K)

1.0(2)
0.S(2)

0.75(20)

field (-345+10 kOe/p, s) ' in the elemental metal,
as determined by PAC and NMR techniques, respec-
tively. Both hyperfine fields were inferred from
measured values of dK/dy with temperature as an
implicit variable. The PAC determination was
based on temperatures above 400'K where the rho-
dium-induced host polarization appears to be no
longer significant.

In view of the predicted weak dependence of B„„
on atomic number within a given transition-element
period, the similarity between the rhodium and
palladium hyperfine fieMs discussed above provides
some confidence that the as~umpti. (»is wtiich entcrecl
into their respective determinations were basically
sound. It should be noted in this connection that an
earlier estimate of H"„„for elemental rhodium
metal, ' based on the same NMR technique used pre-
viously for palladium metal, yielded an anomalously
small value (-160 kOe/ps). In this case, however,
the observed temperature dependence of the Knight
shift was exceedingly weak. For this reason, small
temperature-induced changes in either the s-contact
or d-orbital contributions to the shift might have had
a significant influence on dK/dy. One must, of
course, keep the possibility in mind that s-d admix-
ture and exchange-polarization effects can also have
a strong influence on H"„„. Despite these uncertain-
ties, the close agreement between the PAC and NMR
results suggests that rhodium and palladium experi-
ence essentially identical effective d-spin (core
polarization) hyperfine fields in Pd-Rh alloys.

A knowledge of the respective hyperfine fields
permits the bulk susceptibility of dilute I'dRh alloys
to be partitioned into rhodium and palladium con-
tributions. Adjusting the measured low-tempera-
ture (T ~4 'K) resonance shifts for an estimated"
+ 0.7% s -contact plus d-orbital contribution yields
K, = —15. 5 and —4. 7% for "'Rh in PdRh and 'O'Pd

in pure palladium metal, respectively. In this tem-
perature range, the local rhodium d-spin suscep-
tibility therefore exceeds the host susceptibility by
the factor 3.3. The measured bulk susceptibility,
on the other hand, gives d Iny/dx= 28. Thus, only

12/o of the impurity susceptibility is localized at
the rhodium sites, the other 88/0 presumably being
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d 1nK~(Rh~)
dc

(4. 2)

which is valid in the limit of small nickel concen-
trations c. Substituting the appropriate experimental
quantities, we find y„&„,&/X~&a»= 4. 4. Because
of the sensitivity of the result to the assumed rho-
dium hyperfine field, the magnitude of this ratio has
only qualitative significance. The accuracy of the
result is sufficient, however, to establish the exis-

d+4(Rh) +hf s 1+ (4&N&&/4&&&n& —1)
dx p~N

distributed over near-neighbor palladium sites. If
the host spin polarization is restricted to the 12
nearest neighbors, each would contribute - 7% of
the observed impurity susceptibility. It also fol-
lows that at a rhodium concentration of 5 at. %, the
average host susceptibility corresponds to 39/0 of
the local rhodium susceptibility. The PAC experi-
ments of Rao et al. have shown that the rhodium
andpalladium susceptibilities in Pd Rh have distinctly
different temperature dependences. Anomalously
small values of dK/d&& at temperatures below 400'K
indicate that the impurity susceptibility persists to
higher temperatures at the rhodium sites than at
the near-neighbor palladium sites.

Although the qualitative features of the ' 'Hh nu-
clear resonances in Ni-Rh are very similar to those
in Pd-Rh, there exist several essential differences.
For example, the inhomogeneous broadening is
more severe. Moreover, the composition depen-
dence of dK/d&&, as shown in Fig. 7, is in the op-
posite direction to that observed in Pd-Rh. We
must, therefore, conclude that the local nickel
susceptibility is greater than the rhodium suscepti-
bility. That nickel and palladium, despite their
isoelectronic structures, behave quite differently
as solutes in rhodium metal, is not unexpected. In
the case of Pd-Rh, the alloy properties are undoubt-

edly dominated by band-structure effects since the
4d elements palladium and rhodium occupy neigh-
boring positions in the periodic system, and the
charge contrast ~8=1, therefore, constitutes the
only major perturbation. Nickel, on the other hand,
introduces in addition to the same charge contrast,
a substantially larger repulsive electron-electron
potential which presumably leads to strong local
exchange-enhancement effects. (The weaker spin-
orbit coupling of nickel may also be of significance
in this regard. ') There is consequently no reason
to expect the rigid-band approximation to be ap-
propriate for ¹i-Rh even for small nickel concentra-
tions. This view is confirmed by the initial slope
dK/dX which yields the anomalously small hyperfine
field —190 kOe/p. ». Assuming that the rhodium
hyperfine field in Ni-Rh has the same magnitude as
in Pd-Rh, independent of composition, the ratio of
the nickel and rhodium d-spin susceptibilities may
be estimated from the expression

tence of local exchange-enhancement effects on
nickel sites in dilute Rh¹i alloys.

K 'T T = I F 'K(&&&)
'

where

(4. 3)

(4.4)

The inhibition factor I', is equal to the average-
reciprocal-orbital degeneracy at the Fermi level
and arises from the fact that the strength of the

Ni-Rh

-2-

-6-

-8-

-IO-

-l2
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20 50 40 50 60
(lO emu/mole)

FIG. 7. Variation of mean Bh resonance shifts in
Ni-Hh with bulk-alloy susceptibility.

B. Spin-Lattice Relaxation Rates

The large magnitude and negative sign of the
Rh resonance shifts in Pd-Rh and Ni-Rh are in-

dicative of the dominant role of the d-spin (core-
polarization) hyperfine mechanism in these alloys
for sufficiently low rhodium concentrations. This
behavior is a direct consequence of an exchange
enhancement of the d-spin susceptibility which can
become very important in transition metals (such
as palladium) having high-electronic-state densities
at the Fermi level. Since it is known that repulsive
electron-electron interactions in metals also en-
hance nuclear spin-lattice relaxation rates, it
is probable that the measured rates are determined
almost entirely by the exchange-enhanced d-spin
mechanism. Qualitative support for this contention
is provided by the observed composition dependences
of (T,T) ' which follow the same general trend as
do the resonance shifts in both Pd-Rh and Ni-Rh.

The importance of the relaxation data lies in the
fact that the magnitude of the product K T&T gives
some indication of the relative localization of the
one-electron impurity potential in cases where only
a single (spin-dependent) hyperfine mechanism is
important. ' Specifically, for the d-spin mechanism
considered here,
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d-spin (core-polarization) hyperfine coupling is, in
general, independent of the subband index. The nu-
clear spin therefore senses only the symmetric
fluctuation mode in which the spin polarization of
the subbands fluctuate in phase. ' The coupling to
the antisymmetric modes vanishes identically. The
factor K(o') corrects for differences in the exchange
enhancements of K and (T(T) '. ' These quanti-
ties are related to the local wavenumber- and fre-
quency-dependent spin susceptibility

x(q, ~)=& x(q, q', ~) (4. 5)

The resonance shift is proportional to the longitu-
dinal static susceptibility y(0, 0) whose enhance-
ment relative to a noninteracting electron gas is
given by the Stoner factor (1 —&) ', where 0 & (g & 1.
A pure transition metal may be described by the
uniform exchange-enhancement model for which the
random-phase approximation (RPA) yields"

o = [U+ (F,' —1)J]N(0)„F, , (4. 6)

TABLE III. Comparison of calculated and observed
Pd spin-lattice relaxation rates R = (p„T&T)" ( in

units of 10 sec 'K Oe2) in palladium metal. The
calculated values refer to a noninteracting electron-gas
model as discussed in the text.

8
~orb
B~
+total

Calculated

0.034
0.076
0.031
0, 14

Observed

0.95(10)'

~Reference 41.

where N(0)g is the bare density of d states at the
Fermi level, while U and J are the intra-atomic
Coulomb and (Hund's rule) exchange potentials. (In
addition, interatomic electron-electron interactions
may also contribute to the exchange enhance-
ment. ' '") For the case of the impurity suscepti-
bility in an alloy, local-enhancement effects must
be considered and the form of & depends on the de-
tails of the applicable model.

In contrast to the resonance shift, the nuclear
spin-lattice relaxation rate is proportional to a
wavenumber average of the imaginary part of the
transverse dynamic susceptibility y(q, (d(;) evaluated
at the nuclear Larmor frequency &~. In general,
the exchange enhancement of y(q, ~) is q dependent.
As a consequence, K(o.') depends not only on ((.' but
also on the detailed q dependence of the susceptibil-
ity enhancement. At q = 0, the enhancement of
X "(q, ~(,) is given by (1 —n) However. , in most
metals the enhancement factor decreases mono-
tonically with increasing wavenumber. This yields
K(o')- 0 in thelimit (g= 1. A particularly simple
situation occurs, however, in dilute alloys for which

the impurity potential is strongly localized. In that
case, the susceptibility enhancement at the impurity
site is essentially independent of wavenumber in the
range of interest q & 2kF. Hence, the impurity-site
NMR is characterized by K(o') = 1 even for large
values of &. ' ' "

The relative importance of uniform exchange-
enhancement effects on K and (T,T) ' in strongly
paramagnetic metals can be most easily established
by an examination of the avai)able data for pure
palladium. Estimates of the s-contact, d-spin
(core-polarization), and d-orbital contributions to
the relaxation rate evaluated in the noninteracting-
electron approximation are given in Table III, which
also lists the experimental rate for comparison.
The s-contact rate was obtained by scaling the ' 'Ag
relaxation rate in metallic silver ' according to
the free-electron model by the factor

2/3 =((gs(P d)~(gs( Ag) )

where n, (pd&= 0.36 and n«„, &
=1 are the respective

numbers of "s-like" electrons in palladium and

silver. The d-spin and d-orbital rates were cal-
culated using the tight-binding expression

R(= 2hkg[H„'„N(0)s] F(, (4. V)

where N(0)„ is defined for one direction of the spin.
The hyperfine fields were taken to be

H„(,= —0. 35&&10 Oe/p. g

Hh", , = + 0.66 && 10' Oejp, g .
The corresponding orbital-inhibition factors Ilg 3

and I'„b= 9 were based on the assumption that the
d states near the Fermi level arise principally from
the t2, orbitals. ' The density of states

N(0)g = 6. 5 && 10" (erg atom) '

was derived from the recent augmented-plane-wave
(APW) band-structure result of Mueller et al. ,

4O

N(0) = V. 1&& 10" (erg atom) ',

by subtracting an estimated "s-electron" contri-
bution

N(0), = 0.6&&10"(erg atom) '

corresponding to 0. 5 free electrons per atom. The
discrepancy between the calculated and observed '

rates in Table III is clearly outside the combined
uncertainties in the estimated parameters. It ap-
pears that a 27-fold exchange enhancement of the
d-spin (core-polarization) rate is needed to account
for the experimental rate. The enhancement of the
d-spin shift, on the other hand, is approximately
11 (i.e. , (s=O. S). This value follows from the
measured low-temperature susceptibility which
gives
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N(0)„= 72&&10" (erg atom) ~ .
We may infer, therefore, that K(n) = 0.22 in palla-
dium metal.

Before accepting the above K(o.) value it is im-
portant to consider the possible importance of other
contributions to (T&T) which are not shown in Ta-
ble III. The most obvious of these is the d-spin
(dipolar) rate. In cubic crystals such as palladium,
the static dipolar interaction vanishes because of
symmetry; its fluctuation amplitude, however, is
nonzero and can, therefore, provide a nuclear re-
laxation mechanism. In the noninteracting limit
and for our choice of orbital occupation numbers,
the resulting dipolar rate is related to the core-
polarization rate by

Re~ /Rz =
4s (H hca /H hts)

Using our hyperfine-field estimates, we obtain
R~~ = 0. 36R~. Since the dipolar relaxation process
is driven by d-spin fluctuations, one might expect
that its exchange enhancement is equal in magnitude
to that of the core-polarization process. However,
this is not the case. In contrast to the core-polari-
zation interaction, the dipolar interaction couples
only through the antisymmetric spin-fluctuation
modes, the symmetric coupling being zero by sym-
metry. The exchange enhancement of the antisym-
metric fluctuation amplitude, however, is greatly
reduced over that of the symmetric response since
it is opposed by Hund's-rule exchange. For ex-
ample, in the static limit the antisymmetric re-
sponse is enhanced by the factor [1 —(U —J).
&&X(0)~F~] rather than [1 —n] ' as defined earlier
for the uniform-enhancement model. Although the
ratio Z/U is not accurately known, it is certainly
of sufficient magnitude to make the exchange-en-
hanced dipolar relaxation rate unimportant. Another
contribution to (T,T) which has been neglected so
far in our discussion is the exchange enhancement
of the d-orbital relaxation rate. The appropriate
enhancement factor is related to (U-J) as in the
case of the dipolar rate and is therefore again
smaller than the d-spin (core-polarization) en-
hancement factor. Thus, our assertion that the
d-spin (core-polarization) hyperfine mechanism is
the dominant source of both the Knight shift and the
spin-lattice relaxation rate appears to be consistent
with the available facts. Finally, it should be re-
marked that we have tacitly assumed an electronic
g value equal to 2 in our discussion. Although it is
believed that the palladium g value is strongly
anisotropic, it appears unlikely that its average
value deviates sufficiently from the free-electron
value to effect our conclusions.

Having established the importance of exchange-
enhanced hyperfine interactions in palladium metal,
we turn to a consideration of the relationship be-

O. I 2

0.10- ~ Pd- Rh

Nl -Rh

~ Pg

0.08-
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(K) '
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FIG. 8. Experimental dependence of I/K T&T for
Pd in palladium metal, and 3Rh in strongly exchange-

enhanced Pd-Hh and Ni-Rh alloys.

tween K and T,T for 0 Rh in the most paramagnetic
Pd-Rh and Ni-Hh alloys. The observed variation
of S/K T&T as a function of K ' is shown in Fig. 8.
[The choice of K as an independent variable is
based on the fact that K ' ~ (1 —&) for small changes
in N(0)~. ] The similarity between the Pd-Rh and
Ni-Rh results is immediately apparent. It is also
noteworthy that the pure palladium result fits the
experimental trend. More importantly, Fig. 8
demonstrates quite clearly that K(n) tends toward
zero in both alloys as & approaches unity (i.e. , as
K ~). This behavior follows directly from the
uniform exchange-enhancement model and is incon-
sistent with any localized spin-fluctuation model. "
More specifically, if the rhodium susceptibility in
dilute PdRh alloys were locally exchange enhanced,
one would expect K(c.) to approximate the host
value. This is clearly not the case. Since the
electronic specific heat of PdRh is nearly composi-
tion independent for rhodium concentrations in the
range 0-20 at. /o, we may define a local o.'value in
these alloys by scaling (1 —o) ' according to the
experimental ratio of the rhodium resonance shifts
to that of pure palladium. Furthermore, by ad-
justing the experimental K T&T products for an
estimated shift of + 0.7/o and a relaxation rate of
0. 11x10 6 sec 'K Oe~ (both arising from the com-
bined effects of s-contact and d-orbital interac-
tions), as well as an orbital degeneracy factor
F~= —„it is possible to infer the corresponding K(o')
values as was done above for palladium metal. The
results of this analysis are plotted for rhodium
concentrations of 2, 5, 10, and 20 at. % in Fig. 9
together with the palladium K(u) value. Also shown
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0.35

030-

0.20-

O. l 5-

O.I 0—

0.05-

~ Pd-Rh

Pd

I'd Fe. The observation of different temperature
dependences of the rhodium and near-neighbor pal-
ladium susceptibilities must therefore be attributed
to differences in the respective local density-of-
states functions N(E) resulting entirely from poten-
tial scattering. Because of the large exchange en-
hancement even small differences in the structure
of N(E) can presumably cause large changes in y(T).
To ascribe the observed magnetic properties of
dilute rhodium impurities in palladium to local-
moment behavior would therefore seem to be un-
necessary. Finally, we note that the extended
nature of the impurity susceptibility in Pd Rh un-
doubtedly accounts for the qualitative success of the
rigid-band model in explaining the bulk properties
of these alloys.

0 I

0.88 0.90 0.92 0.94 0.96 0.98 I.OO
V. CONCLUSIONS

FIG. 9. Plot of E(n) vs & for Pd
and for 3Rh in Pdg „Rh„(x=2, 5, 10,
solid line is the prediction of the RPA
action model.

in palladium metal
and 20 at. %). The
4-function inter-

is the RPA prediction for a free-electron gas sub-
jected to a 5-function (i.e. , zero-range) electron-
electron interaction potential. The agreement is
fortuitously good. Since finite-range electron-
electron interactions and the nonspherical 'jungle-
gym" d-hole Fermi surface of palladium would
change the predicted slope dK(o')/do. ' in opposite di-
rections, it is likely that the effect of these pertur-
bations on the q dependence of the enhancement
factor largely cancels.

The present results contrast sharply with the
properties of the 3d impurities chromium and
manganese" in aluminum as well as chromium
and nickel'7 in platinum, for which S/F~K 'T,T & l.
The small K(n) values observed for 'O'Rh in PdRh
are evidently associated with a weak spatially
extended impurity potential. In other words, the

q dependence of the impurity-site susceptibility
y(q, ~z ) in PdRh in the wavenumber range of in-
terest for nuclear relaxation behaves qualitatively
like that of a uniformly exchange-enhanced metal.
Such behavior would not be expected if the impurity
potential were strongly localized and the host spin
polarization were due to a weak spin-dependent po-
tential localized at the impurity sites, as is com-
monly assumed for "giant-moment" alloys such as

The addition of either palladium or nickel to
rhodium metal causes large increases in the mag-
nitude of the 'O'Rh d-spin (core-polarization) reso-
nance shifts and spin-lattice relaxation rates. In

general, the results of our NMR experiments in
Pd-Rh and Ni-Rh demonstrate that the magnetic
properties of both alloy systems deviate markedly
from rigid-band behavior. Not only is the local
rhodium susceptibility extremely sensitive to sta-
tistical variations in the near-neighbor alloy com-
position, but on the average it exceeds that of the
palladium sites in Pd-Hh and is smaller than that
of the nickel sites in Ni-Rh.

The exchange enhancement of the ' 'Hh spin-lat-
tice relaxation rate, although very important, is
much smaller than that of the square of the reso-
nance shift. This implies that the exchange en-
hancement of y(q, &v~) decreases strongly with in-
creasing wavenumber. Since such behavior is more
characteristic of a uniform-enhancement model
than any localized spin-fluctuation model, we con-
clude that a local-moment description is inappro-
priate for rhodium impurities in palladium. The
Curie-Weiss temperature dependence of the rho-
dium susceptibility must therefore be attributed to
structure in the local density-of-states function
near the Fermi level rather than to Kondo spin
compensation.
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