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k Dependence of the Conduction-Electron-Local-Moment Exchange Interaction
in the Atomic and Covalent-Mixing Limits
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The k dependence of the conduction-electron-rare-earth-moment exchange interaction
is directly measured for the first time and found to be opposite in sense for Gd and Yb
impurities in Au. Atomic exchange dominates for Au(Gd), vrhile a phase-shift analysis
indicates that covalent mixing of conduction P ~aves accounts for the observed k depen-
dence in Au(Yb).

PACS numbers: 71.70.Gm

The nature of the conduction-electron-local-
moment exchange interaction in metals is a funda-
mental problem which has stimulated widespread
interest. It is known empirically' that the ex-
change integral 8 which is observed in metals is
the sum of two contributions with distinctly differ-
ent origins: J=J„+J, . J„is the atomic ("di-
rect" or "on-site") contribution, ' ' which would
occur also in a nonmetallic host containing mag-
netic impurities. If the conduction states fI, and
the local states p, are known, J„can be calcu-
lated by evaluating the exchange integral

J%,%.') ~Z, J'g"„*(r,)p, *(r,)l r, —r, l

x $7, (r, )y, (r,)d'r, d'r,

in a straigntforward way. Such integrals are in-
herently ferromagnetic in sign [J$,%')&0]. J,
is the covalent-mixing contribution' ' which is at-
tributed to spin polarization of the conduction
electrons in the neighborhood of a magnetic im-
purity. It arises from hybridization of the local
magnetic states with the conduction-electron
states, creating net conduction-electron spin op-
posite to that of the impurity. This is equivalent
to an antiferromagnetic exchange coupling and
leads to spin compensation of the local moment
and a variety of Kondo anomalies in various prop-
erties.

Theoretical models for both the atomic and co-
valent-mixing contributions are usually simpli-
fied by assumption of a single exchange constant
for coup1ing between all conduction-electron
states and the impurity. In this paper we present
direct experimental evidence for significant% de-

pendence of the exchange coupling in both the
atomic and covalent mixing limits. We find that
the strength of the interaction varies in opposite
directions for the two cases, and in the covalent-
mixing case correlates with the p character of
the conduction states. We also report the first
measurements of the%. dependence of the up- and
down-spin scattering rates for conduction elec-
trons from rare-earth impurities and show how
these data can be interpreted by the 5d virtual-
bound-state model.

As prototypes of atomic and covalent mixing ex-
change we have chosen dilute alloys of Au(Gd)
and Au(Yb), respectively. Gd has a very stable
moment in all metallic hosts and always displays
atomiclike ferromagnetic coupling. ' " Converse-
ly, Yb is strongly affected by hybridization as
evidenced by its variable valence (trivalent in Au
but divalent in Ag)" and net antiferromagnetic ex-
change coupling, leading to Kondo anomalies at
TK-0.01 K.' Such clear examples of atomic and
covalent-mixing exchange are impossible to find
among transition-metal solutes in noble-metal
hosts.

Our results were obtained from an analysis of
the amplitude, harmonic content, and spin-split-
ting zeros of de Haas-van Alphen (dHvA) oscilla-
tions in fields between 1.5 and 8.0 T and tempera-
tures between 1 and 4.2 K. Single crystals con-
taining 295 at. ppm Gd and 260 and 180 at. ppm
Yb were grown by the Bridgman method in a vac-
uum of 2&10 ' Torr. The samples were spark
cut to size (1&1x3 mm'), etched in aqua, regia,
and annealed for up to 50 h at 850 C in a vacuum
of 2x10 ' Torr. Measurements of the orbital ex-
change splitting ~E„of opposite-spin Landau lev-
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FIG. 1. Comparison of the measured orbital Dingle
temperature ratiOS, ~~cx~orgiZ~(mcX~necp, With the
theoretically calculated orbital scattering anisotropy
factor ~%l ~orat~+ Ll ~neck y for scattering of pure
l waves belonging to cubic group irreducible repre-
sentation 1 (dashed lines, from Ref. 17). ~c is the
orbital cyclotron effective mass. The extremal orbits
are the (100) belly, the belly turning point, the (111)
belly, the (110) dogsbone, and the (100) rosette, all
with H in the (110) plane.

els were performed on neck orbits for IJ along
(111)using wave-shape analysis and at the spin-
splitting zeros of the second dHvA harmonic
which occur 14-21' away from (111)depending on
field strength and impurity content. Severe mag-
netic interaction and the absence of spin-splitting
zeros prevented measurements of AE„on the bel-
1.y region of the Fermi surface. A complete set
of orbital scattering-rate measurements was
carried out for the (100) and (111)belly, (100)
rosette, (110) dogsbone, and (111)neck orbits
from measurements of the dHvA fundamental am-
plitude. The wave-shape analysis, "spin-split-
ting zero, ' '" and scattering-rate measurement
techniquesM are fully described elsewhere

For neither alloy [nor for Au(Ho), to be re-
ported elsewhere"] was any significant spin-de-
pendent scattering observed. This is a somewhat
surprising result, in view of the well-defined lo-
cal moment on the impurity site. The measured
spin-independent scattering rates for the various
orbits are shown in Fig. 1, together with theoret-

ically predicted scattering-rate anisotropies for
P- and d-wave scattering of the conduction-elec-
tron states. For both Gd and Yb, the observed
scattering-rate anisotropy lies entirely within
the range expected for pure d-wave scattering,
and very near the average for states belonging to
both irreducible representations.

We interpret the spin-independent d-wave reso-
nant scattering observed for both alloys in terms
of the 5d virtual-bound-state model for rare-
earth impurities in noble-metal hosts, which has
been used to explain the large crystal-field split-
ting" arid excess resistivities" found in these
systems. The model assumes a partially occu-
pied local 5d-like virtual state around the impuri-
ty site which is sufficiently broadened by hybridi-
zation with conduction states that it is nonmagnet-
ic. The scattering from such a nonmagnetic 5d-
like state should exhibit two defining characteris-
tics: a strong d resonance, and an absence of
spin-dependent effects, exactly as we observe.
The absence of spin-dependent scattering for
rare-earth impurities is in sharp contrast with
first-row transition-metal impurities in Au,
which typically show strong spin-dependent scat-
tering. " In that case, the local 3d state respon-
sible for the scattering also contains the magnet-
ic electrons, so that the scattering process is in-
herently spin dependent.

Table I shows the results for measurements of
the exchange interaction by both wave-shape anal-
ysis and spin-splitting zero techniques for neck
orbits. As for the pure-Au spin-splitting zeros, "
only one choice of argument for the cosine factor
makes physical sense, and so the question of 27t

ambiguity does not arise. We define an exchange
constant J„b for each orbit by 2b.E„=Z„b c*(S,),
where ME„ is the splitting of opposite-spin con-
duction levels due to exchange interactions, "'"t.-*
is the impurity concentration, and (S,) is the ex-
pected value of the impurity spin, assumed to be
saturated by the high fields used in these experi-
ments ((S,) =-,' for Gd and —, for Yb). With this de-
finition, 4„b is the average value of the diagonal
term J(k, k) around a cyclotron orbit.

For Au(Gd) we observe exchange coupling
which is ferromagnetic in sign, with significant
anisotropy of J'„b. Z„b is a maximum at (111)
and dec~eases by approximately 20% for only a
14 change in field direction, away from (111).

For Au(Yb} the sign, the magnitude, and the
sense of the anisotropy of J„b are all different:
antiferromagnetic exchange coupling approximate-
ly an order of magnitude stronger than for Au(Gd),
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TABLE I. Summary of measured exchange couplings between rare-earth im-
purities and conduction electrons for various neck orbits in Au.

Alloy
Concentration

(at. ppm) 0 (deg) ' II (ko) T (K) Method Jorb

Au(ad) 295 54.7
40 4 69.3

1.08
1.1

WA
SSZ

+ 0.076+ 0.006
+0.060+ 0.006

Au(yg 260 54.7
74.7
75.5

75.1
64.8

1.1
1.1
1.1

WA
SSZ
SSZ

-0.60+ 0.04
-0.78+ 0.09
-0.92+ 0.07

Au(yg 180 54.7 1.34 WA -0.48+ 0.06

Angle in degrees from (100) in the (110) p1ane. (0 = 54.7' is the (111)direc-
tion) .

SSZ is the second-harmonic spin-splitting zero; WA is wave-shape analysis
using three dHvA harmonics. Each WA result is the average derived from sep-
arate harmonic analysis of approximately ten data blocks over the field range
43 ~ H(koe) -.75.

and increasing more than 50% in strength as the
magnetic field is tipped 20' away from (111).

The overall magnitudes and signs of J„bwe ob-
serve are in good agreement with Fermi-surface-
averaged J values derived from measurements of
local moment properties: J=+0.1 eV for Au(Gd)
from EPR,"and for Au(Yb) J=—0.85, —0.55, and
—0.51 eV from EPR, ' M'ossbauer, "and resistivi-
ty" measurements, respectively. (The resistivi-
ty results have been corrected by a factor (2l
+ I)'~' where I = 3 for rare-earth systems. ']

For Au(Gd) the small magnitude of J„b suggests
a near cancellation of the atomic and covalent
contributions. For comparison, Tao et al. ' used
EPR measurements in Au(Er) to estimate J„
-0.15 eV, J, - —0.05 eV, and J-0.10 eV, very
similar to the magnitude we observe in Au(Gd).
The decrease in J„b as the neck orbit is tilted
off (ill) is then predominantly a measure of an-
isotropy of the atomic contribution, partially
masked by the covalent-mixing contribution dis-
cussed below. Because the atomic and covalent-
mixing contributions are apparently the same or-
der of magnitude in Au(Gd), a complete analysis
of the anisotropy requires more detailed theoreti-
cal guidance and is not warranted at this time.

For Au(Yb), the large magnitude and negative
sign of J„b indicate that covalent mixing is over-
whelmingly dominant, so that the increase in mag-
nitude as the field is tipped off (ill) is charac-
teristic of J,~. Assuming that the covalent-mix-
ing exchange occurs via hybridization of the f
states with a single conduction electron l wave,
J, (k, k) would scale with both the local /-wave

charge density and the local density of states
(i.e. , the inverse Fermi velocity) at k. The quan-
tity scaling with J„bwould then be &A/&q» the or-
bital weighting factor occurring naturally in the
phase-shift parametrization of various Fermi-
surface properties. " Subtracting J„-+0.15 eV
from the measured values of J„b for Au(260-ppm
Yb) in Table I gives &, in the ratio 1:1.24(+ 0.25):
1.43(+ 0.2) (increasing away from (111)). The cor-
responding p-wave (d-wave) orbital weighting fac-
tors stand in the ratio 1:1.28:1.32 (1:1.68:1.78).2'

The observed anisotropy of J, is thus consistent
in both magnitude and sense with exchange via the
conduction-electron p waves, i.e. , a p-f covalent-
mixing exchange interaction. If the Fermi-sur-
face average of J„b is estimated with the assump-
tion of p-wave scaling, we find J~s- —1.0 eV, in
good agreement with other measurements. In
contrast, scaling by d waves yields IJFsl & 4 eV.

In summary, the scattering data for both Au(Gd)
and Au{Yb) show the existence of a nonmagnetic
d resonance, a direct confirmation of the most
basic features of the 5d virtual-bound-state mod-
el. The significant k dependence of the exchange
coupling which we find for both the atomic and co-
valent-mixing limits shows that the widely used
models assuming a single exchange coupling for
all conduction and impurity states do not adequate-
ly describe the exchange interaction in dilute al-
loys. When this is considered with the work of
Follstaedt and Narath, ' '" who showed experimen-
tally that the magnetic and crystal-field-split sub-
levels of Yb impurities in Au hosts couple to the
conduction electrons with different strengths, one
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appreciates the considerable distance still sepa-
rating theory and experiment even for these rela-
tively simple cases. We suggest that the Au(Yb)
system, which displays clear covalent-mixing
character and has a relatively simple electronic
structure, and for which there is now an exten-
sive body of experimental data, is an excellent
candidate for further theoretical work.
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Planar Coupling Mechanism Explaining Anomalous Magnetic Structures
in Cerium and Actinide Intermetallics
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Cerium and light actinide monopnictides of NaCl structure have extraordinarily strong
magnetic Rnisotropy, with unusual magnetic structures and transitions. %e show that
this behavior can be understood on the basis of a Coqblin-Schrieffer-type interaction,
effectively treating mixing of f and conduction electrons.

PACS numbers: 75.10.Lp, 75.25.+ z, 75.30.Et, 75.30.Gw

Cerium and light actinide monopnictides of
NaCl structure show remarkably anisotropic
magnetic properties' favoring (100) alignment,
and exhibiting transitions between unusual linear
magnetic structures. An important feature' is

the extreme anisotropy of the moment correla-
tions in USb, showing stronger interactions with-
in ferromagnetic sheets than between them.

The peculiar magnetic structural behavior and
transitions cannot be explained by the previously
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