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Localized, Moments on Rhodium in Pd-Rh Alloys*
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The Knight shifts of '00Rh in very dilute Pd-Rh alloys were measured over a temperature range between
4.2 and 1053'K by y-p perturbed angular-correlation techniques. The Knight shifts were negative, very
large (up to —15jo}, and strongly temperature-dependent. The Curie-Weiss behavior of the Knight shift
and the difterence between its temperature dependence in a dilute Pd-Rh alloy and in pure palladium, es-
tablish the existence of a local moment on the rhodium atom. From existing susceptibility data, the impurity
susceptibility p; was calculated. Its temperature dependence is conspicuously different from that of the
Knight shift. The partial derivative BE;(T)/Bg;(T) was used to obtain the apparent core-d hyperhne Geld,
Hhf&d&. The result is Hhf&d&~ —700kG for T&400OK and Hhf&d~ = —43~1 kG for T (400'K. The drastic
change in the Geld at about 400'K indicates that above this temperature the localized moment is concen-
trated on the Rh atom, while at lower temperatures the polarization of the lattice by the impurity atom
seems to be rather long ranged, suggesting the formation of a quasibound state. Knight shifts for '~Rh in
Ag and Pt hosts are also reported.

I. INTRODUCTION

HE formation of localized moments on impurity
atoms in various metal alloys is well known for

solute atoms of the 3d transition group. ' Much less
experimental evidence is presently available about
localized states on 4d atoms in dilute alloy systems. We
have studied this question in the I'd-Rh alloy system.

The macroscopic properties of this system —suscepti-
bility, resistivity, and specific heat —have been studied
previously. The anomalous variation of the suscepti-
bility of I'd-Rh alloys with temperature, as well as
with rhodium concentration, has been of particular
interest. ' ' The susceptibility maximum in palladium
around 85 K led I.idiard' to assume that an antiferro-
magnetic state occurs below 85'K, but other experi-
ments do not support this contention. The anomalous
peak in susceptibility around 85'K can also be obtained
by assuming a special distribution for the density of
states near the Fermi level. ' No evidence for the
existence of a second-order transition was obtained
from specihc-heat measurements. Neutron diffraction

~ A preliminary report of this work was reported at the Solid
State Physics section of the American Physical Society Meeting
at Berkeley. t Bull. Am. Phys. Soc. 13, 409 (1968)j.This work was
done under the auspices of the U. S. Atomic Energy Commission.' For a recent comprehensive review see M. D. Daybell and
W. A. Steyert, Rev. Mod. Phys. 40, 380 (1968).' F. E. Hoare and J. C. Matthews, Proc. Roy. Soc. (London)
A212, 137 (1952); D. Budworth, F. E. Hoare, and J. Preston,
ibid. A257, 250 (1960);R. Doclo, S. Foner, and A. Narath, Bull.
Am. Phys. Soc. 13, 363 (1968).' A. B.Lidiard, Proc. Roy. Soc. (London) A227, 161 (1954}.

4 J. A. Seitchik, V. Jaccarino, and J. H. Wernick, Phys. Rev.
138, A148 (1965).
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(London) A221, 53 (1954).
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ProceeAngs of the Ninth Intensational Conference on Iom-Tempera-
ture Physics, Columbus, 1&4 (Plenum Press, Inc., New York,
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experiments9 have established that at low temperatures
the spontaneous moment per Pd atom must be less
than 0.03p,~. NMR experiments sho~ed that the mag-
netic moment should be several orders of magnitude
smaller than the upper limit given from the neutron dif-
fraction experiments. ' Additional experimental studies
on resistivity and thermoelectric power" as a function
of temperature with small impurities of rhodium ~ould
be helpful in interpreting the susceptibility data for
I'd-Rh alloys.

The present Knight-shift studies were undertaken to
see whether or not a localized moment is formed on the
rhodium atom in a palladium matrix. Usually, a
localized moment is detected through magnetic moment
measurements, as well as through the temperature
dependence of incremental changes in susceptibility,
resistivity, specihc heat, and thermoelectric power re-
sulting from the addition of small concentrations of the
impurity to the host metal. In the work reported here,
we tried to establish the existence of a local moment by
studying the temperature dependence of the Knight
shift of the impurity nucleus. We used the method of
perturbed y-y angular correlations, since the decay of
'0 Rh is a favorable case" for this type of measurement.
Besides the advantage of an extremely high sensitivity,
this method is sufficiently accurate to measure the
change of the Knight shift of "'Rh in very dilute
I'd-Rh alloys.

The angular correlation method is described in Sec. II.
Data analysis is treated in Sec. III. Results are given
in Sec. IV. In Sec. V, the Knight-shift data are com-
pared with the impurity susceptibility and conclusions
are dragon about the localized state.

Naturforsch. 11A, 955 (1956};D. Clusius and L. Schachinger,
ibid. 2A, 90 (1947).
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Phys. Rev. 140, B264 (1965).
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II. EXPERIMENTAL METHOD

Let us consider a y-y cascade, where the nucleus in
an excited state A decays to the intermediate state 8
by the emission of p&, and then to the final state C by
the emission of p2. If the nuclei are initially oriented at
random, i,e., if all the magnetic substates have equal
population, the y radiation emitted from the nuclei will

have an isotropic intensity distribution. In a p-p coin-
cidence experiment, a system of oriented nuclei is
prepared by choosing those nuclei in the intermediate
state that have emitted y radiation in a 6xed direction
k~. Because of the multipole character of the y radiation,
y~ quanta emitted in the direction k2 will have a non-
isotropic intensity distribution with respect to k~. If
there are no extranuclear perturbations acting on the
intermediate state 8, this intensity distribution can be
expressed in terms of the Legendre polynomials"

W(8) = g Aq(1)Ai(2)Pi(cosa),
) even

COz= —gH (pN/tt) . (3)

In this case, the perturbed angular correlation (PAC)
can again be expressed in terms of Legendre polynomials

W, (e,t) =P Aq(1)Aq(2)PqLcos(e —cert) j. (4)

Time t and angle 8 are now equivalent, and by keeping
the detectors at a fixed angle 8O, one can observe
periodic intensity modulations in the time spectrum of
the coincidences (a typical example is shown in Fig. 1).
From the periodicity of those modulations, the product
gH' can be extracted.

The PAC technique provides an excellent tool to
sense microscopically the magnetism associated with an
impurity atom in a metallic host lattice. The rotation

"R. M. StdFen and H. Frauenfelder, in I'+Agreed ANgllar
Correl etiorIs, edited by E. Karlsson, E. Matthias, and K. Siegbahn
{North-Holland Publishing Co., Amsterdam, 1964), Chap. l;
H. Frauenfelder and R. M. SteBen, in Alpha-, J3eta-, end Gemma-
Eey Spectroscopy, edited by K. Siegbahn (North-Holland Publish-
ing Co., Amsterdam, 1965), Vol. 2, Chap. 19A."M. Ferentz and N. Rosenzvreig, Argonne National Laboratory
Report No. ANL-5324, 1954 (unpublished).

where 8= g(k~, kp). The coeKcients A&, (1) and Aq(2)
depend on the spins and multipolarities of the transi-
tions y~ and y~, and are tabulated in Ref. 14.

A magnetic 6eld H' at the nucleus interacts with the
static magnetic dipole moment p of the intermediate
state 8, during the time interval between the formation
of this state (t=0) and the emission of yp at time t. The
interaction Hamiltonian has the form

(2)

If the magnetic 6eld H' is perpendicular to the plane
containing k~ and k2, the angular correlation pattern
W(kr, kp) simply rotates around the H' axis with the
Larmor precession frequency

of the angular correlation pattern yields the effective
magnetic Geld

H'= Hp(1 &K,),

~here Ho is the applied field and E; the impurity Knight
shift

(6)

This method is many orders of magnitude more sensitive
than conventional NMR. Unlike the Mossbauer effect,
the PAC technique can be used at any temperature, and

is, therefore, well suited for studying the temperature
dependence of Knight shifts.

To study very dilute I'd-Rh alloys, we used the
angular correlation of the 84-75-keV cascade in "'Rh,
populated in the decay of 4-day "'Pd (Fig. 2)."The
anisotropy of this correlation is about +30%." The
intermediate state of this cascade has a half-life of
T~~2=235 nsec, and a g factor of g=+2.151.

"'Pd was produced by (p,4n) reaction on a target of
pure rhodium metal (100% "Rh) foil, with an incident
proton energy of 45 MeV, at the Berkeley 88-in.
cyclotron. Chemically-separated" carrier-free '"Pd
was electroplated on pure (99.5—99.997%) palladium
foil, which was then melted in an induction furnace, in
vacuum, after Gushing several times with argon. The
molten alloys were kept in the liquid state for at least
10 min, so that the radioactive palladium dissolved
uniformly into the host metal, and thereafter they were
gradually cooled down to room temperature over about
12 h. The resulting shiny alloys were rolled and annealed
in the induction furnace from 12 to 20 h at 950'C and
cooled gradually. The source dimensions were approxi-
mately 0.25 mm' with a thickness of about 20 000 A.

Two thin-window Ge(Li) diodes specially made for
fast-timing work were used for detecting the 84- and
75-keV y rays. Fast and slow pulses from the germanium
detectors were fed into the time- and energy-selecting
channels, respectively (Fig. 3). Each fast-timing circuit
consisted of three 1-nsec ampli6ers followed by a 100-
Mc/sec interface discriminator. Outputs from the inter-
face discriminators served as the start and stop pulses
for an "Eldorado" time-interval counter, model 793,
which measures the delay between the two p rays to
1-nsec accuracy. This digitized time information was
dumped through an interface onto IBM-compatible
magnetic tape via a Kennedy 1500/5 incremental tape
unit. The start and stop pulses were energy gated in the
conventional way. In parallel to the digital counter
computer, data were also taken with an analog time-to-
height converter (adjusted for a range of 1.6 @sec) and
a multichannel analyzer in the coincidence mode (see
Fig. 3). The multichannel analyzer was calibrated with
the help of an "Eldorado" digital delay pulse generator,

'~ J. S. Evans and R. Naumann, Phys. Rev. 138, 81017 (1965)."J.S. Evans, E. Kashy, R. A. Naumann, and R. F. Petry,
Phys. Rev. 138, B9 (1965).
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Fzc. 1. Multichannel time spectrum of ~Rh in silver, at room temperature, in an external magnetic field
of 6250 G. The data have not been corrected for background.

model 610, which puts out pulses with an adjustable described by a six-parameter equation that takes into
delay of 1—999 999 nsec between start and stop pulses. account exponential decay, background and phase of

the rotation:
III. DATA ANALYSIS

In the case of the 84-75-keV cascade of 'O'Rh with

spin sequence 1+—& 2+ ~ j.—,the summation index
X is limited to X=O, 2, and the time dependence of
ll (Hs, f) appears as a sinusoidal modulation. The total
time spectrum of the coincidences (see Fig. 1) can be

Ioo
46Pd 54 4-day

I(l) =a+be '~'$1+c sin(2cel+p)]. (7)

The amplitude of the modulation is related to the
conventional angular correlation coefficients in Eq. (4):

c=-'~s(1)~s(2)/(1+4~s(1)~s(2)j (g)

Both Fourier analysis and autocorrelation techniques
were used to extract the frequency of the Larmor pre-
cession from the data. " The sin, cos, and absolute
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Fourier transforms were calculated from the equations Typical autocorrelation spectra are shown in the lower
parts of Figs. 5 and 6.

A((a) = I(t) sincotdt, IV. RESULTS

B(co)= I(t) coscotdt,

Z(~) = [am(~) ia~(~)]«s.

It should be noted that only the absolute transform F(~)
can be used for frequency determination. To evaluate
~L from the data, the typical procedure is: The number
of coincidences in 1—1000 nsec are picked up from the
magnetic tape and the data are fitted with Eq. (7).The
best values for background, exponential, and phase
are then used for calculating the Fourier transforms
[Eq. (9)].A typical plot of the sin, cos, and absolute
transforms for Ag-Rh at room temperature are shown
in Fig. 4. Multichannel data can be analyzed in the
same way, and the upper parts of Figs. 5 and 6 represent
examples.

By using the autocorrelation function, it is possible
to improve the signal-to-noise ratio by more than an
order of magnitude compared to the simple Fourier
transform. '~ In this technique, the Fourier integral

The results of our Knight-shift measurements of"Rh in paOadium, silver, and platinum hosts are given
in Tables I and II. For the evaluation of the Knight
shifts, the g factor of the 75-keV state in "'Rh was taken
as +2.15j.~ This value contains a correction for the
Knight shift, K=+0.43%, of rhodium nuclei in
rhodium metal as reported by Seitchick et al.3

x 10

2.18

1.09

-1.090

-2.18.r
4.78-

G((») = C(T)

C(0)
coRo TdT (10)

-0.57 ——

contains the autocorrelation function

C(T) ([W(t) —W][W(t+T) —W]),
C(0) ([W(t) —W][W(t) —W]),

where T is the ™ I~g at which the data are correlated.
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Fra. 4. Sine, cosine, and absolute transforms of the time spec-
trum for Mph in silver, at room temperature, in a magnetic Geld
of 6122 Q. The data were recorded mth the digital THC.
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FIG. 5. Fourier transforms (upper part) and autocorrelation
function (lower part) of the time spectrum for '~Rh in silver, at
4.2'K, in a magnetic 6eld of 5603 G. Data taken with a multi-
channel analyzer were used for the analysis.

The quoted error represents mainly the standard
deviation of the frequency obtained from fitting Eq. (7)
to the data. The magnetic 6eld was measured by proton
resonance. To control drifts the proton resonance was
checked before, during, and after a measurement. In
all cases, the error in the magnetic 6eld was found to
be negligible compared to the statistical uncertainty in
the frequency. For the digital THC, the time calibration
is intrinsically determined by the counting frequency
of the time-interval counter, and is accurate to better
than 1 nsec over the total range of the counter. When
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multichannel data were used for the Fourier analysis,

the analog THC was calibrated by a digital delay pulse

generator (Eldorado 610) which provided the same

accuracy as obtained with the digital THC. This un-

certainty in the time calibration was small compared to
the standard deviation of the frequency fit. Table III
shows the reproducibility and typical errors of three

runs made with "Rh in silver at 300'K.
For all results presented here, impurity-impurity

interactions can safely be neglected. All sources were

made by electroplating the carrier-free palladium

activity on the host metal. After most of the 4-day

x 10

I I.58

5.74

- 5.74

TABLE I. Knight-shift data for dilute Pd-Rh alloys obtained at
various temperatures. The values given represent weighted
averages over several individual runs.

T('K)

4.2
77

195
295
373
503
803

1053

g(1+a)
1.835 (7)
1.914 (7)
2.006 (6)
2.014 (2)
2.033 (4)
2.070 (4)
2.132 (5)
2.121 (7)

0.147 (3)
0.120 (4)
0.067 (3)
0.064 (2)
0.055 (3)
0.038 (3)
0.009 (3)
0.014 (4)

to impurities, especially to paramagnetic impurities at
low temperatures.

AftereGects due to electron-capture decay of the
"'Pd activity are not expected to affect the results,
since the measurements were performed with metallic
sources. In a metal, a hole in the E shell formed after
the electron capture should move out to the conduction
band and disuse away in less than 10 " sec, or fast
compared to the decay of the 159-keV state from which
the 84-keV p ray emanates, let alone that of the
235-nsec state.

—0.I 8—
TABLE II. Knight-shift measurements in '~Rh

in silver and platinum host metals.

-7 57-

c —I4.95—

Alloy

Ag-Rh
Ag-Rh
Ag-Rh
Pt-Rh

Temp.
('K)

300
77
4.2

300

g factor
g(1+@)
2.171 (2)
2177 (3)
2.165 (3)
2.070 (2)

Knight shift
(z)

+0.009 (2)
+0.012 (3)
+0.007 (3)—0.038 (2)

0 —22.33—
L

—2 9.7I—

PcI- Rh

295 'K

5555 G

3.09 7. I 0 I I. 12

I7. lg MH~

I5.I3 l9. I4 23. I6

Frequency (MHz)

Frc. 6. Fourier transforms (upper part) and autocorrelation
function (lower part) of the time spectrum for '~Rh in palladium,
at room temperature, in a magnetic field of 5555 G. Multichannel
data were used for the analysis.

palladium activity had decayed to rhodium, a spectro-
scopic analysis of the metallic sources was done in a dc
arc: No detectable traces of rhodium lines were observed
in the emission spectra. Activation analysis showed that
the rhodium concentration is less than 1 part in 10~ of
the host metal. Most of these measurements were
repeated with ditierent palladium host purities (99.5,
99.95, and 99.997%), but no detectable changes in the
results were observed. This is quite expected, because
the effective magnetic field He«seen by the rhodium
nucleus is a microscopic property specific to the rhodium
atom. By contrast, a macroscopic property such as the
total mass susceptibility would be extremely sensitive

TABLE III. Typical errors involved in three runs for '~Rh
in silver at room temperature.

Run
No.

Magnetic
field
(G)

6122 (3)
6250 (3)
6250 (3)

Frequency
(MHz)

20.27 (3}
20.67 (5)
20.70 (5)

g(2+@)
2.172 (3)
2.169 (5)
2.172 (5)

Knight
shift
(~)

+0.010 (2)
+0.008 (3)
+0.020 {3)

Weighted average 2.171 (2) +0.009 (1)

The angular correlation could, in principle, be per-
turbed by quadrupole interactions. In all measurements
presented here, this is unlikely since the host metals used
have cubic structure and form solid solutions with the
radioactive palladium. The decaying nucleus sees the
cubic symmetry of the host metal, and impurity-
impurity interactions must be small because of their
great dilution. This is verified by the present (see
Fig. 1) and previous' experiments where no attenuation
of the anisotropy was observed within the experi-
mentally measured time range of about 1.2 @sec. The
autocorrelation in Figs. 5 and 6 yields a line width very
close to the natural width (26m=1/mr=0 94 MHz). .
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This evidence also permits the conclusion that any
nuclear relaxation time is much larger than 1 @sec.

V. DISCUSSION

The Knight shift defined in Eq. (6) is the ratio of
the additional magnetic field experienced by the nucleus
in a metallic medium compared to the diamagnetic
base for a pure metal. ' It depends on the Fermi
electron density at the nucleus, (~iP(0) ~')~p and the
total electronic susceptibility X. Ke shall not be con-
cerned here with the absolute magnitude of the impurity
Knight shift, which in itself is a highly interesting
problem. '9 The goal of the present work was to use the
temperature dependence of the Knight shift to identify
the localized moment formed by a rhodium atom in a
palladium matrix.

In the rigid-band model, one assumes that the s and
d bands are distinguishable at the Fermi energy (Ep).
The density of states at Ep is then just the sum of the
s and the d band contributions,

N(Ep)=N(Ep), +N(Ep)a. (12)

Assuming that the spin-orbit contribution to the
susceptibility is small, the total electronic susceptibility
in a pure metal may be written as20

x(T) =xp'+xpa(T)+xvv+xa, (13)

where &p' and Xp" are the Pauli-spin susceptibilities due
to the s- and d-spin electrons, X~~ is the analog of the
temperature-independent Van Vleck susceptibility, and
xd;, is the diamagnetic susceptibility of the core.

If the spin-orbit interactions may be neglected, the
total hyperfine field Hzf, experienced by the nucleus in
a pure metal, arises from the contact interaction of the
conduction-band s electrons, core polarization by the
d electrons, and the orbital hyperfine field contribution.
In close analogy to the susceptibility, the Knight shift
as a function of temperature can be expressed as"

K(T)=K +Ka(T)+Kvv+ bKa (14)
or

K(T)=u,Xp'+aaXpa(T)+Kvv+bK»;. , (15)

with coefficients

a,=0.895X10 Hgf '

Here, H&f('~ and H&f'") are the hyperfine fields per spin
arising from the s-band and the d-band electrons,
respectively. Contributions to the Knight shift from
the Van Vleck type susceptibility, the diamagnetic
susceptibility of the core, and the Landau diamagnetic
susceptibility are temperature independent. Only the
d band contributes significantly to the temperature-
dependent part of the Knight shift, because the tem-
perature variation in the density of states at the Fermi
energy is smaller in the more or less Bat s band compared
to the peaked, narrow d band. There will also be some
contribution to the temperature-dependent part of the
susceptibility from the s-d exchange interaction. This
contribution is usually neglected in first approximation.
If the temperature variations of E and X are large, and
if E varies linearly with X then the partial derivative
[Eq. (16)j can be used to obtain the average core-
polarization hyperfine field per d spin, Hb f("'.

The temperature dependence of the Knight shift
expressed by Eq. (15) for a pure metal may be adapted
to very dilute alloys of transition metals also. The Pauli-
spin susceptibility from the conduction band d electrons
is again the main source of the temperature-dependent
part of the susceptibility. The susceptibility of the
impurity is a function of the density of states at the
Fermi energy (Ep). When a solute is introduced into a
host metal, the density of states at the Fermi energy
of the solute will be changed because of the conduction-
electron scattering at the solute. The Knight shift on
the solute nucleus in the host matrix is dependent on
unpaired spin density at the solute nucleus. The
temperature-dependent part of this spin density arises
through core polarization by the d-band conduction
electrons as in the pure metal. In the dilute-alloy case,
however, there is an important qualification: Ka(T)'
rejects the local d-spin density at the impurity atom.
In Fig. 7, the Knight shift E;, when plotted against
(T+C) ', shows a typical Curie-Weiss behavior with
C= 321&24'K. This suggests that a large contribution
to the Knight shift arises (indirectly) from the d elec-

t5-

and

aa=BK(T)/Bxp (T)=0.895X10 Hgg& &.

(16) lo-

"C. H. Townes, C. Herring, and W. D. Knight, Phys. Rev. 77,
852 (1950)."J.Friedel, Phil. Mag. 43, 153 (1952); A. Blandin, E. Daniel,
and J. Friedel, ibid. 4, 180 (1959); A. Blandin and E. Daniel,
J. Phys. Chem. Solids 10, 126 (1959);F.J. Blatt, Phys. Rev. 108,
285 (1957); A. M. Clogston, ibid. 125, 439 (1961);J. Callaway,
J. Math. Phys. 5, 783 (1964);J. Kanamori, J.Appl. Phys. Suppl.
36, 929 (1965);F. Gautier and P. Lenglart, Phys. Rev. 139, A705
(1965).

'o A. M. Clogston, V. Jaccarino, and Y. Yafet, Phys. Rev. 134,
A650 (1964).
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Rh

r s I0
I

I

T+32I'

2
(4K )

xlO' 4

Fzo. '7. Curie-Weiss behavior of the impurity Knight shift, E;.The
line represents the least-squares Gt which gives C=321~24'K.
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trons, which behave like an effective local moment with

spin (5,).
To obtain the core-d hyperfine field, Bl,f("&, the

impurity susceptibility was calculated from suscepti-
bility data of Manuel and St. Quintons and of Vogt
et al. ' The susceptibility of an alloy may be written as

I 0.0
x IO

8.0

7.0

Xalloy =Ci+i+ Ch+h (17) 6.0

and the "limiting impurity susceptibility" X; is given by
l~ 60

X alloy CAXh)
x;= limo~ C.

(18)
4.0

3.0

where C; and CI, are the number of impurity and host
atoms per gram, and x;= BX,»,r/BC; and xz ——BX,»py/BC(,

are the impurity and the host partial. susceptibilities per
atom, respectively. In Fig. 8, the inverse of the calcu-
lated impurity susceptibility is plotted versus tem-
perature. For large concentrations (curve a), the
inQuence of impurity-impurity interactions is apparent.
With decreasing concentration, the curves approach a
"limiting" impurity susceptibility for zero concentra-
tion (curve g). Taking into consideration the un-

certainty of the original data, curve g is compatible with

a Curie-Weiss behavior with a large constant C (see
Fig. 7).

In order to compare our experimental results on
Knight shifts for rhodium nuclei in diferent host metals
with theory, one would like to know the susceptibilities
of the rhodium atoms alone in the host metal: These
cannot be obtained with existing experimental tech-
niques. The limiting impurity susceptibility X; obtained
from Eq. (18) is the susceptibility contributed by the
impurity to the matrix. Here, in extrapolating to C,=O
the impurity-impurity interactions are eliminated and
the impurity atoms are assumed to contribute linearly
to the bulk susceptibility X; calculated from the experi-
mental bulk susceptibility data which contain the
polarization of the Pd lattice by the rhodium atom. The
Knight shifts provide, by contrast, a microscopic
measurement of the electron polarization experienced
by the rhodium nuclei alone.

The variations of the impurity susceptibility I, and
the impurity Knight shift E; with temperature are
shown in Fig. 9. For comparison, the susceptibility and
the Knight shift for pure palladium according to Ref. 10
are shown in the insert. Two facts should be noticed:
(a) There is a striking difference, between host and
impurity, of the low-temperature behavior of the
Knight shift and the susceptibility, and (b) the pro-
portionality between K and &, observed in the host,
does not hold for the impurity. The Knight shift for
pure rhodium metal was found to vary almost linearly
with temperature, decreasing by about 0.008'%%uo for an
increase in temperature by about 100'K. The Knight
shifts on palladium nuclei in palladium metal follow
the familiar susceptibility curve, with a broad maximum

2.0

1.0

20 60 IQO I40 180 220 240 300
T(K)

FIG. 8. Inverse of the impurity susceptibility, 1t/p;, plotted as
a function of temperature for diBerent concentrations of rhodium.
The impurity susceptibility values were calculated from the
experimental data of Manuel and Quinton (see Ref. 5). Curve (g)
was obtained by extrapolation to zero concentration.

around 85'K. The decrease in the Knight shift im-
mediately above 85'K is roughly 0.7'%%uo for an increase
of 100'K."The impurity Knight shift (E~) for rhodium
in palladium, plotted in Fig. 9, has a much stronger
temperature dependence. The impurity Knight shift
of rhodium in palladium does not follow the host lattice.
We interpret this fact together with the Curie-Weiss
behavior of the Knight shift as arising from the forma
tion of localized moments on the impurity rhodium atom
in the host matrix of palladilm It was .suggested by
Jaccarino, Walker, and Wertheim" that localized mag-
netic moments of impurities in ferromagnetic transition
series hosts may sometimes be recognized by a departure
of the temperature dependence of H&f for the impurity
from that of the host. Experimental NMR data for Mn
in Fe" and PAC data for 'Ru in Ni" support this
result. The present work is an example of the analogous
situation in a nonferromagnetic host. There are several
such examples, although all, to our knowledge, involve
"magnetic" solutes.

The experimental values of the impurity Knight
shifts (—E',%) plotted against the limiting impurity
susceptibility X;, with temperature as the implicit
parameter, are given in Fig. 10.The data show a striking
break about the X;value corresponding to a temperature
of about 400'K. The break indicates the occurrence of
two very diferent core-d hyperfine fields below and

Ij V. Jaccarino, J. R. Walker, and G. K. Wertheim, Phys. Rev.
Letters 13, 752 (1964).~ Y. Koi, A. Tsujimura, and T. Hihara, J. Phys. Soc. Japan 19,
1493 (1964).

'3 D. A. Shirley, S. S. Rosenblum, and E. Matthias, Phys. Rev.
1?0, 363 (1968).
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FIG. 9. The impurity Knight shift (IC;) and the impurity susceptibility g; for zero concentration of rhodium plotted against tempera-
ture. The impurity susceptibility values were calculated by extrapolating the data of Manuel and Quinton (see Ref. 5) and Vogt ef al.
(see Ref. 6). For comparison, the Knight shift and susceptibility versus temperature for pure palladium (see Ref. 20) is shown in the
insert.

bove this temperature. A fit of all points with
—E';)5% corresponding to temperatures T&400'C
yields a value of Hhf&"'= —43&I kG. There are not
enough high-temperature data available to permit a
reliable Gt to a straight line. The dashed line corresponds
to a core-d hyperfine Geld of Phf = 700 ko: It
approximates the high-temperature slope fairly well.

A summary of core-d hyperfine Gelds for rhodium and
palladium is given in Table IV. Seitchik et ul. measured

l5-

g
lO-

hC

I

I I ~ I 4 I

4 xlO" 5

+ FIG. 20. impurity Knight shifts plotted versus zero-concentra-
tion impurity susceptibility, with temperature as an implicit
parameter. The solid line represents the fit to all points with
T~&400'K. The dashed line indicates the slope that would corre-
spond to a core-d hyperfine Geld of Hhf&+ = —700 ko/spin.

the temperature dependence of the Knight shift for
pure rhodium metal using conventional NMR. From
BIC(T)/8X(T), they obtain the average core-polariza-
tion hy~ 'ine field Hhc' = —323 kG/spin for rho-
dium nuclei in pure rhodium metal. Similar studies"
by the same group gave the average core-polariza-
tion hyperfine field Hhcc+= —689&20 kG/spin for pal-
ladium nuclei in palladium metal. Using the exchange-
polarized Hartree-Fock method, Freeman" calculated
the core-polarization hyperfine fields in 4d ions. His
values for Pd'+(4d)s and Pd'+(4d)' are —749 and
—726 kG/spin, respectively. Freeman's calculations
also show that in 4d ions there is no conspicuous varia-
tion in the average core-polarization hyperfine fields
with atomic number. The core-polarization hyperfine
field experimentally obtained for pal1adium nuclei in
palladium metal' is in good agreement with the theo-
retical calculations of Freeman. The large variation in
the core-polarization hyperfine fields from rhodium to
palladium obtained by the Bell Laboratories group is
rather unexpected. However, there are no exhaustive
experimental studies of the average core-polarization
hyperfine fields in 4d transition metals as a function of
the atomic number. 3-d shell paramagnetic ions in non-
metallic crystals do not show abrupt variations in the

~ A. J. Freeman, in Hyperfirle Strucrure and XNdear Radiatioes,
edited by E.Matthias and D. A. Shirley (North-Holland Publish-
ing Co., Amsterdam, 2968), p. 427.
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ALE IV. Comparison of the core-polarization hyperfine fields.

Reference

Freeman (Ref. 24)

Seitchik et aL. (Ref. 4)

Seitchik eI, al. (Ref. 10)

Present measurements

Method Details

c
Pd'+(4d) s

Pds+(4d)'

Rhin Rh

Pdin Pd

dilute Rh in Pd

Core-polarization hyperfine field
per d spin

H),p&+ ~ —726 kG/spin
Hht~+ ~ —749 kG/spin

Bhf&+ ~ -323 kG/spin

Hhr~+ = -689(20) kG/spin

T&400'K: Z~ -43 kG/spin
T&400'K: H, I

~—700 kG/spin

a Exchange-polarised Hartree-Fock calculations.
b Temperature dependence of the Knight shift using NMR.
e Temperature dependence of the Knight shift using DAPAC.

measured core-polarization hyperfine fields as a function
of atomic number.

From Fig. 10, we must conclude that the localized
moment at the rhodium atom changes its character at
about 400'K.. Above this temperature, a core-polariza-
tion hyperfine field of about —700 kG/spin is present,
in agreement with theoretical predictions'4 and other
results. " Below this temperature the value of Bhf&")

drops sharply, and we find that only a small fraction of
the total electron polarization arising from the rhodium
solute atom is concentrated on that atom. If we com-

pare the result of Hhf&") = —43 kG with the result of
Seitchick et a/. 4 for rhodium metal, we find that less than

13%%uo of the polarization is concentrated on the rhodium
nucleus and the remaining 87%%uo of the polarization is
elsewhere in the matrix. This conclusion is only
strengthened if it is referred to a core-polarization
hyperfine field of about —700 kG/spin'4 in the 4d ions.
In either case, we conclude that the polarization of the
matrix from the impurity rhodium atom below 400'K is
comparatively long range, extending over at least
several neighbors.

It is dificult to assess the accuracy of X;; for this
reason and because of the lack of other data on the
Rh-I'd system, we are reluctant to make an extensive
interpretation of these results. It seems clear, however,
that localized moments are formed on Rh atoms in

Pd. At low temperatures, a quasibound (Kondo) state
seems to be formed between the local moment and
conduction electrons. Klein has shown, ~' using the
theory of Takano and Ogawa, " that s-d interaction in
a Kondo state below the transition temperature T~
should give a positive contribution to the Knight shift
at an impurity. Both this effect and an increase below
T~ of the total spin polarization of the lattice induced
by the local moment would lead to the behavior
illustrated in Fig. 10. While this is an attractive inter-
pretation, further supporting evidence will be required
before it can be regarded as firm.
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