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Evidence for Crystalline Electric Field and Spin-Orbit Splittings for Co Impurities in Au
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High-temperature '9Co NMR data are presented for dilute alloys of Co in Au. A four-
parameter ionic model, including Kondo condensation effects, is shown to account for
the anomalous properties of this system.

Although many cases of M ions in simple me-
tals can be understood in terms of the Friedel-
Anderson model theory, ' ' ionic structure on a
finer scale than the virtual-bound-state width- 0.5-1.0 eV is excluded from consideration in
this picture. In the conceptual framework devel-
oped by Hirst, 4 however, fine-grained ionic struc-
ture will survive the mixing interaction V~„ if
other ionic configurations are well removed in
energy. Because of the Kondo effect and other
complications, analyses of such cases have been
slow in appearing.

In this Letter we present and discuss evidence
for the occurrence of ionic structure in the im-
purity state of dilute Co in Au. New high-temper-
ature NMB data are presented. These, combined
with susceptibility'" and low-temperature NMH
data' from the literature, are then analyzed with
an ionic (Co") model T,

&
ground state, split by

spin-orbit coupling. The system is further pre-
sumed to undergo Kondo condensation. With this
picture we can account for all available data in
at least semiquantitative fashion, while tradition-
al models"' cannot. " To our knowledge this is
the first successful analysis of crystal-field and
spin-orbit splittings for an orbitally degenerate
3d series ground state in a metal. A study of the
related orbital singlet case of Co in W has recent-
ly appeared. "

Susceptibility and specific-heat measurements'
on AnCo alloys show that isolated Co atoms are
"magnetic" with an apparent Kondo temperature
of 200-300 K. Nuclear orientation" and NMH'

studies revealed the presence of an extremely
large, positive Knight shift of 29.2%%uo at 4.2 K.
Since d-spin core-polarization hyperfine fields
are generally negative, we conclude that the hy-
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FIG. 1. Inverse of shift ~ vs T for three concentra-
tions of Co in Au. Solid line shows behavior analyzed
in text.

perfine coupling is dominated by the orbital
term. ' However, the relaxation associated with
this shift is much weaker than expected by cur-
rent models. '~"' Studies of concentrated Au Co
alloys" suggest that the d-spin hyperfine field is
negligibly small in the dilute limit; we shall as-
sume this to be the case throughout. "

We have studied the NMH shift and relaxation
time of "Co in this system at temperatures in
the vicinity of the melting point. Figure 1 shows
the inverse shift K ' vs T for alloys of concen-
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tration 2.5, 5, and 10 at.% Co. The shift has
dropped by a factor -4 from its T=0 value and
depends only weakly on concentration. It can be
fitted to a Curie-Weiss law with 8 = 250 K in the
solid phase for the 5-at.% alloy (for which 8 is ex-
perimentally the most reliable). It is important
to note that it has not been feasible to observe
the "Co resonance in these alloys between 4.2
and - 1000 K.'7

Data for the impurity susceptibility' It(T) and
shift K(T), plotted in Fig. 2, are seen to vary in
close correspondence. The ratio K/y is small. er
by a factor 2-3 than the expected orbital shift co-
efficient, leading us to conclude that X is fairly
evenly divided between spin and orbital contribu-
tions. This inference is in serious conflict with
local-enhancement theories, which predict much
larger spin than orbital enhancement effects. '

Measured high-temperature relaxation times
T,* (assumed equal to T,) show a weak concen-
tration dependence. At 1350 K T,* extrapolated
to zero concentration is 2.4',", p, sec. This gives
T jT 3 .2 msec K as compared with 2 ~ 7 msec K
at helium temperatures. ' In contrast, K'T,T
changes by a factor & 20 over this temperature

0 i I i I i I i I i I i I

0 200 400 600 800 1000 1200 1400
T (K)

FIG. 2. Susceptibility X and shift X vs T with model
theory fits. Inset shows ionic levels for parameters
given in text, with degeneracy m and symmetry l„giv-
en as (m, n).

range, so that a simple Korringa law is not valid.
Our ionic-model theory is based on the Hamil-

tonian (in standard notation)

H = (6/60)(O~'+ 50~~) +&L ~ S+H,„ (1)

as applied to the ground 'E(3d') term of the Co"
ion. 6 is taken to have its normal, i.e. , "point-
charge, " sign for an fcc lattice, "leaving the or-
bital triplet T,

&
state lowest. The exchange coup-

ling B,„consists of several terms such as

H,„=JsS s+JiL l+JzsS sL 1+.. . , (2)

where s and l are conduction-electron angular
momentum operators. The first two terms of H
can be diagonalized straightforwardly, but the
treatment of II,„leads into phenomena of enor-
mous complexity. For simplicity we limit our
treatment of H,„to (a) Kondo condensation of the
moment at low temperatures, (b) polarization of
host band and associated scaling of y, and (c)
thermal fluctuations of the local moment. To
treat these effects we use available results from
model theories.

The spin (Xs) and orbital (y~) susceptibilities
are calculated using the first two terms of (1).
X~ and X~ each consist of Curie-like and Van
Vleck-like terms from matrix elements within
and between degenerate manifolds, respectively.
X is thereby divided into four components: X~ c,

g,vv~ Xi,c~ and Xi,vv in an obvious notation.
Curie terms are then assumed to vary as (T
+ TK) ' apart from exponential occupation factors.
For T «TK, we include the T' region in the Kondo
susceptibility, ""thereby reducing Xs c(0) and

y~ c(0) by -13% below their Curie-Weiss projec-
tions. The scale factor is applied uniformly to all
all susceptibility contributions. The Van Vleck
terms are also made to approach (T+TK) ' behav-
ior as they become Curie-like at high tempera-
tures. As they must also approach T =0 K with
zero slope, we let TK for these terms vary as
TK'(T) = 2T —T2/TK for 0 ~T ~ TK and TK'(T) = T K

for T «TK. Vfhile this is arbitrary, none of our
conclusions depends on the shape of this function.

In fitting our model to the data, the parameters
X, 4, and TK are adjusted to meet the conditions
that (a) the ratio X~(1000)/y~(0), and (b) the Curie-
Weiss intercept of It~(T) between 1000 and 1200 K
be equal to experimental values derived from
K(T), i.e. , 0.26 and 250 K, respectively. These
requirements can be satisfied with values of X

ranging from —400 to —700 K. For A. = —400 K
one has 4 & 600 K, with a rather poorly defined
upper limit. For ~= —700 K one has b, -280 K.

6i3
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Over the total range of fits TK = 400+ 50 K. A typ-
ical fit of X~(T) to the temperature dependence of
K(T) is shown in Fig. 2 (solid line), correspond-
ing to A. = —500 K, b, = 370 K, and TK = 430 K. In
any case X is found to be strongly enhanced over
the atomic value" A. = —250 K. One possible mech-
anism for this would be an admixture effect be-
tween the Co" 3d orbitals and the filled Au 5d
band, similar to that calculated for CuCr by
Yafet." However, a detailed evaluation of this
is beyond the scope of the present work.

The fitting of X~(T) to K(T) yields a value for
the orbital shift coefficient p=K/X~. The parame-
ters of the previous paragraph lead to P = 79 (emu/
mole) '. This is rather smaller than the Co" val-
ue P = 134 (emu/mole) ' derived from atomic cal-
culations" using P = 2(r ')/N„where N, is Avo-
gadro's number. A diminished value of P is ex-
pected because of conduction-electron screening
effects.

The scale factor is estimated by fitting the cal-
culated total susceptibility to the experimental
data. ln Fig. 2, X(T) is seen to fall slightly more
rapidly than predicted by the model (dashed line),
where the model fit shown corresponds to a mean
of scale factors for the high-and low-tempera-
ture data. The observed discrepancy may well
be experimental error, since the high-and low-
temperature X data are from different sources,
and X(0) is derived rather indirectly from exper-
iment. ' We might also note that there is no sig-
nificant variation in the temperature dependence
of X(T) over the range of fitting parameters dis-
cussed above. The scale factor for X(T) is given
by (1 —

~ J I p) in simple theories, ' where p is the
host-band density of states for one spin direction.
For the case shown in Fig. 2 one has I ll=0.40.
This is a reasonable value and is in fact the same
as that derived for S"Co from nuclear-relaxation
studies ~

Consideration of the nuclear spin-lattice relaxa-
tion provides additional support for the ionic mod-
el. On this picture the low-temperature relaxa-
tion rate is expected to be dominated by the Quc-
tuations of the ground-state Kramers doublet,
which are nearly the same for spin and orbital
hyperfine fields because of the large spin-orbit
energy. We calculate T, with the dynamic suscep-
tibility derived for an S = 2 Kondo system by
Gotze and Schlottmann (GS),"assuming X~ ~v" to
be of negligible importance for T «TK. Only that
portion of X~ c which is generated by the orbital
perturbation is effective for T, .' We denote this
term XI.I.,C y

where Xl„c=XI,I„C+XLS,c Assuming

1/T, T = 1.6hy„~N, p~X~~ c/TK. (3)

Using X» c(0) from our model in Eq. (3) gives
T,T =4.9 msec K, which is almost twice the ex-
perimental value. Similar estimates are reached
equating the shift to pX» c(0) in Korringa rela-
tions from the literature""'~ (for L = 0, S = &). ln
view of this discrepancy, our neglect of X~ vv"
may not be justified. One may speculate, for ex-
ample, that X~ » has significant dynamic charac-
ter at low temperatures because of the compara-
ble values of kBTK and the energy splitting of the
first excited state.

The high-temperature relaxation rate is simi-
lar to that of Eq. (3), where the dynamic part of

i,vv is now included in a fashion similar to Xii,c~
and T„must be given its high-temperature value.
Replacing Xl.l.,c with XI,I.= Xl.l,„,c+Xzl„vv and sub-
stituting the calculated value of X~~(1350), T„
from the GS" results (GS, Fig. 8) and other ap-
propriate parameter values, one finds T,T = 7.6
msec K, again about twice the measured value
3.2", ~ msec K. In both cases, then, one finds a
rough agreement with experiment which is con-
sidered satisfactory in view of the approxima-
tions made.

In conclusion, a simple four-parameter ionic
model is found to give a reasonable account of
the impurity state of Co in Au. In particular, the
anomalous properties of weak nuclear spin-lat-
tice relaxation and comparable values of spin and
orbital susceptibility are well accounted for. The
ionic picture for AuCo is also supported in that
the system satisfies Hirst's configurational sta-
bility criterion. ~ We anticipate that the ideas
presented will find application to a variety of
other impurity systems, among which we mention
AuV and CuCo. Discussion of these cases is de-
ferred to a future publication.

The authors whish to thank Dr. Y. Yafet for
many informative discussions and Dr. J. Gardner
for permission to quote his data before publica-
tion.
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The exponents describing the divergence of various measures of the width of an inter-
face between two phases in an Ising ferromagnet at the roughening transition are shown
to satisfy a set of rigorous inequalities.

In this Letter, I derive a set of inequalities for
the roughening transition in an interface between
two phases in an Ising ferromagnet. ' The rough-
ening transition is characterized by the diver-
gence of various measures of the interface width
at a temperature, T„, below the bulk critical
temperature, T„and is of great interest in the
theory of crystal growth. " The inequalities that
I present are useful in checking calculations of
interface properties and, in particular, show
that the published values of the roughening ex-
ponents obtained from low-temperature expan-
sions are not self-consistent. '4

I consider a three-dimensional (3D) Ising ferro-
magnet with (not necessarily isotropic) nearest-
neighbor exchange. A 20 interface perpendicular

to the z axis is imposed by some appropriate
boundary conditions (antiperiodic in the z direc-
tion, for example) and the concentration of up
spine in the nth layer (s-p plane) is denoted by
c„&[0,I]. For sufficiently low temperatures,
the interface is localized" and the layer magnet-
ization, 2c„-I, takes on positive values on one
side of the interface and negative values on the
other. One can number the layers so that c„&~

for n - 0 and c„&2 for n - I. Far from the inter-
face, the magnetization takes on its bulk value,
0 =c ~-c~,

We are primarily interested in the measures of
the interface width given by the absolute moments
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