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generally for any state of the form 7/(n), where
f is a scalar function (e.g., an I =3 spherical
harmonic).

In writing down the state (c) as the “best” BW
state we have argued as follows. In zero external
field the dipole energy of the BW state is mini-
mized if we start from the configuration d=1 and
then rotate d(f) through the angle cos - 1) about
an arbitrary axis. We have assumed that in a fi-
nite field we should choose this axis to be the z
axis, since the number of S,=0 pairs is slightly
less than the number of S, =+ 1 pairs and it is
therefore more important to correlate the latter.
Then we see that the resultant state does not
show a “transverse” shift but does show a large
longitudinal shift. Hence it is possible that *He
B is in a BW phase,* and we can test this hypoth-
esis by a longitudinal NMR experiment.

We conclude: (1) The phenomenon of shifting
of the resonance(s) is quite insensitive to wheth-
er or not there exists a &, in Anderson’s? sense,
or a finite total angular momentum; thus, con-
trary to Ref. 4, a shift will occur for longitudi-
nal polarization (even for the BW state) and will
in no case tend to zero as 3—50 —~0. (2) The shift
cannot be ascribed to an effective internal field
lying in the xy plane, since at low external fields
the motion of §’ is more nearly linear than circu-
lar [see Eq. (12)]. (3) Existing experimental data
on ®He A probably cannot determine the nature of
the configuration unambiguously, but lower-field
data will go a long way towards doing so. (4) *He
B may be in a BW state, and this can be tested
by longitudinal NMR experiments.
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New Mossbauer-Effect Measurements on the System Fe:Cu
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High-field (H= 60 kG) and low-temperature (7' = 25 mdeg K) Mdssbauer-effect mea-
surements of the Kondo system Fe:Cu are reported. The comparison of these re-
sults with bulk susceptibility data leads to a polarization, of antiferromagnetic sign,

of the electron gas in the Kondo state.

The true nature of the Kondo effect is far from
being understood; this is so for the theoretical
as well as for the experimental? side of the prob-
lem. For simplicity one may, as far as the ex-

perimental situation is concerned, divide the
measurements into macroscopic and microscopic
ones. For the macroscopic the situation is rea-
sonably simple. The properties like resistivity,
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thermopower, susceptibility, etc., show “low”-
temperature (T =Ty) anomalies like the minimum
of the resistivity, These anomalies are charac-
teristic for the occurence of the Kondo effect,
though their exact temperature dependence may
not always be the same for every system under
consideration. The situation is far more com-
plex with respect to the microscopic measure-
ments. First of all there are much fewer data
available and, secondly, these methods give con-
tradictory results. The situation can very well
be described with respect to the system Fe:Cu,
on which we shall also present data in this com~
munication. The Mdssbauer-effect®* measure-
ments on Fe:Cu of Frankel ef al.® showed for the
first time the disappearance of the magnetic mo-~
ment on a microscopic scale. A correlation of
these data with macroscopic susceptibility mea-~
surements by Heeger® seemed to indicate a con-
siderable ferromagnetic polarization in the elec-
tron gas in the Kondo state. About one half of the
total susceptibility was thought to reside in the
electron gas as a result of that analysis. NMR
measurements on the Cu resonance of this sys-
tem were then used to determine the temperature
and field dependence of this polarization cloud
(“quasiparticle”): Fields of 60 kOe and tempera-
tures of 16°K were needed for its destruction. In
view of more elaborate susceptibility measure-
ments® this analysis seems to be questionable.

In addition, neutron-diffraction measurements
by Stassis and Shull” showed, though admittedly
with a considerable error, that the total and lo-
cal susceptibility agreed also in the Kondo state.
Thus on the basis of this experiment, only a
small polarization could be present in the elec-
tron gas. On the other hand, Potts and Welsh®
have extended the NMR measurement, obtaining
experimental results similar to those of Heeger
and of Golibersuch and Heeger,®® although in con-
siderably more detail. It should be kept in mind
that NMR measures via the linewidth the induced
oscillatory spin polarization well away from the
impurity and not the net spin polarization. A
comparison with the M8ssbauer-effect data is
therefore not straightforward. Of particular in-
terest in this respect are the NMR measurements
on Co:Cu (Tx=500°K) of Lang efal.® Although
the experiments were performed at really low
temperatures (T =4.2°K «< Ty), these authors
were able to detect satellites in the Cu spectrum
which could be interpreted as produced by the
polarization of the electron gas by the Co mo-
ments. This interpretation implies that there
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are moments (on a microscopic scale) on iso-
lated Co ions, even far below the Kondo tempera-
ture of Ty~ 500°K. (It is well known that pairs

of Co atoms in the Cu matrix have a much small-
er Kondo temperature, Ty=30°K, and that triples
of Co atoms show no Kondo effect at alll'®) This
finding is in agreement with the neutron-diffrac-
tion measurements on Cu:Fe.” In addition, this
work® shows that the arguments used by the NMR
workers®® to rule out the possibility that pairs of
magnetic ions influence seriously the NMR spec-
tra may not be valid. The theoretical side of the
problem has also recently seen some very in-
teresting developments. Anderson and Yuvalll
showed the equivalence of the Kondo problem and
the one-dimensional Coulomb gas; using this
equivalence they gave arguments that, e.g., the
susceptibility remained finite for T < Ty, in con-
trast to other earlier theoretical approaches.!
Schotte and Schotte!? explored this method numer-
ically and obtained a finite value for the suscepti-
bility for all temperatures. More recently Gotze
and Schlottman'® solved that model self-consis-
tently by a perturbation approximation.

The inconclusiveness of the experimental situa-
tion as well as the new theoretical developments
made it attractive to look into the experimental
situation again. Mossbauer-effect experiments
have the advantage that they measure directly
the local susceptibility which also comes out of
the calculations, thus providing a direct compari-
son. A low-temperature experiment (T <1°K) on
the system Fe:Cu yields, with moderate magnet-
ic fields, very high H/T ratios. We have there-
fore performed such an experiment which in
brief yielded the following new results: There is
indeed a polarization, though small, of antiferro-
magnetic sign in the electron gas in the Kondo
state which vanishes with strong applied fields
(H=100 kOe) and with increasing temperature
(T'=30°K). The local susceptibility is found to
deviate from the Curie-Weiss law at the lowest
temperatures, in agreement with theoretical pre-
dictions, 3

The Mssbauer experiments were performed in
a He®-He* cryostat, which reached temperatures
down to 25 mdeg K (with a radioactive source)
and fields of up to 60 kG. In order to achieve
high counting rates the source and absorber
were placed close to each other such that they
both experienced the same external field. The
spectra in this geometry look slightly more com-
plicated, but evaluation of the relevant data with
a computer presents no problem. The source
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FIG. 1. Mossbauer spectra of Fe:Cu at 30 mdeg K
for various external fields. The absorber was potassium
hexacyanoferrite at 1.3°K in the same external field.

was about 1 mCi of carrier-free Co® diffused into
a Cu foil; the concentration of magnetic ions was
estimated to be about 10 ppm. The absorber was
potassium hexacyanoferrite enriched in Fe®"; it
was always kept at 1.3°K, which made it unneces-
sary to take into account its polarization in the
external field. The source was attached directly
to the mixing chamber of the He®*-He? cryostat.

A typical set of spectra at 30 mdeg K for differ-
ent external fields is shown in Fig. 1. The solid
lines are the result of a computer fit from which
the internal fields of Fe:Cu (from the splitting in
the source) and of Co:Cu (from the polarization
of the spectra) and the applied external field
(from the splitting in the absorber) were obtained.
The high statistical accuracy of the spectra, as
visible from the small scatter of the experimen-
tal points, allows the determination of the inter-
nal fields at the Fe site with an accuracy of about
1%. The spectra could be measured up to a tem-
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FIG. 2. Reciprocal initial local susceptibility of Fe:
Cu obtained from Méssbauer experiments. The straight
line corresponds to the Curie-Weiss law of the total
susceptibility. The inset shows on an expanded scale
the low-temperature values as function of 72,

perature of 60°K.

The hyperfine field as seen by an isolated Fe
ion is a measure of the local susceptibility. As
it has been demonstrated that interaction effects
can markedly modify the single-ion susceptibility,
one has to check first whether the observed data
do indeed correspond to it. There are two pieces
of evidence that show that interaction effects
play no role in our data. First, at all tempera-
tures 25 mdeg K<7 <60°K a linear dependence
of the hyperfine field on the external magnetic
field (10 kG < H,,, < 60 kG) was observed. From
the susceptibility measurements of Tholence and
Tournier® it is quite obvious that, e.g., at 4.2°K
the hyperfine fields of Fe ions which have one
nearest neighbor should saturate already in very
moderate fields. Secondly, at all temperatures
and all fields the spectra could be fitted with the
assumption of a single hyperfine field, exhibiting
anomalies in its temperature dependence below
Tx=30°K, thus demonstrating that fields in pairs
of ions did not play a role in the experiments.
The initial local susceptibility as measured in
the present experiment is shown in Fig. 2. It can
be seen that it deviates from a straight line at
low temperatures and that indeed it can be ap-
proximated by a T2 behavior as suggested by
Schotte and Schotte,!?

In order to see whether there is a polarization
in the electron gas, this local susceptibility has
to be compared with the total susceptibility as
measured in a macroscopic experiment. For
this comparison the data of Tholence and Tour-

357



VoLUME 31, NUMBER 6

PHYSICAL REVIEW LETTERS

6 Aucgust 1973

| ~[Hoe/Ho
05 A J;
&
’
mﬁ s
04 . A}A * ////
S
03 - Ny
"/
4
a //
AA/// « Frankel et al (3!
02 4 Py .
{ o Kitchens et al 4]
¢/ , o Present work
Va (=Y
o 4
&
//
v
A et o
0 T T T | B
0 1 2 3 4

FIG. 3. Initial local susceptibility of Fe:Cu obtained
from Mdssbauer experiment as a function of the total
susceptibility, from measurements from Refs. 6 and
14. The straight line gives a saturation hyperfine field
of H,, == 111(3) kG for the totally aligned moment.

nier® (which are corrected for the contribution
due to Fe pairs) and, at higher temperatures,
those of Hurd'* were used. These data can be
described by X, =C/(T + 6) with 6= (28 +1)°K,

and C gives a value of 1=2.77(3)u; for the mo-
ment of Fe:Cu with g=1.85(2) and s=3. For a
meaningful comparison of the local and total sus-
ceptibility one has to check whether they contain
a temperature-independent orbital contribution'>'S;
this has to be subtracted in order to obtain from
the experimental data the pure spin susceptibili-
ty. Within the limits of error a fit to the experi-
mental total susceptibility, containing also a
temperature-independent term, yielded always

a zero constant term. Therefore one can assume
that the measured total susceptibility is indeed
the spin susceptibility. Using the above function
for the total susceptibility, H,:/H.,; was plotted
as a function of the total susceptibility (Fig. 3).
This curve contains also the data of Kitchens,
Steyert, and Taylor? and Frankel et ¢l.® which
are in agreement with the present data. This
procedure of fitting the data has been used suc-
cessfully by Narath'®'® to deduce the orbital con-
tribution to the local susceptibility. For T —«
the total susceptibility of Cu:Fe goes to zero (see
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FIG. 4. Relative conduction electron polarization in
Fe:Cu obtained from MoOssbauer experiments and bulk
susceptibility measurements as function of external
field and temperature.

above), and if the local susceptibility does con-
tain a temperature-independent orbital contribu-
tion this results in a non-zero intercept for y,.,
- 0; since in the present case the high-tempera-
ture (low-x) data give a curve that falls within the
limits of error through the origin, it can be con-
cluded that the orbital contribution also for the
local susceptibility is negligibly small. There-
fore the measured total and local susceptibilities
represent the spin susceptibilities. From the
high-temperature data we deduce a value of H,,
=-111(3) kG for the saturation hyperfine field of
the totally aligned spin. The data show unambig-
uously that at low temperatures (high y) there is
an extra contribution of antiferromagnetic sign
to the local susceptibility. This can be seen even
better in Fig. 4, where this extra susceptibility
is plotted as a function of temperature and as a
function of applied field (for 7'~ 0°K), including
H.,. >60 kG, the Mtssbauer results of Frankel
et al.® Although the errors are still large we
think that there is definitely evidence for the ex-
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tra susceptibility. This effect can also not be
produced by a peculiar field dependence in either
of the two measurements. The total susceptibil~
ity and the local susceptibility are both linear
functions of the external field for H ., <60 kG.
The polarization in the electron gas obtained in
this experiment may have a different cause from
that which comes out of the analysis of Heeger.>®
Besides the difference in sign as deduced in Refs.
2 and 5, the field and temperature dependences
seem to be different; the NMR data give lower
values of these variables for the destruction of
the polarization cloud although the data on the
field dependence of Potts and Welsh® are not in-
consistent with the present ones if one extrapo-
lates them to very low concentrations. The pres-
ent values (H~ 100 kG; T ~ 30°K) have the advan-
tage of being equal in terms of energy, taking the
value of u=2.8y; for Fe:Cu.

In conclusion, we have shown that the local sus-
ceptibility of the Kondo system Cu:Fe follows a
temperature dependence as expected on theories
following the model of Anderson and Yuval.'! In
addition, we find a small antiferromagnetic polar-
ization of the electron gas in the Kondo state.

One of us (S.H.) wants to thank Professor Gotze
for a very useful conversation. This work was
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The MOssbauer effect was used to study the effects of neutron irradiation on aluminum

doped with Co®".

Annealing between 32 and 70 K after irradiation at 4.6 K induces in the

previously single-line MOssbauer source spectrum a new component with small quadru-
pole splitting, which has an isomer shift of +0.40 mm/sec against the original single
line. The new component disappears irreversibly on further annealing between 180 and
250 K. This component is interpreted as being due to interstitials trapped in the im-

mediate proximity of the Co®" impurity atoms.

Up to now most studies of radiation damage in
metals have been carried out by observing the
change in macroscopic solid state properties,
such as the electrical resistivity. The Moss-
bauer effect promises the advantage for such
studies in that it gives detailed information about
the microscopic properties of defects in the vi-
cinity of Mossbauer atoms. Particular sensitiv-
ity for such defects occurs in two special cases:

(a) When the excited level of the Mossbauer atom
is populated via a nuclear reaction such as ther-
mal-neutron capture or Coulomb excitation, then
the atom receives a recoil from the nuclear re-
action which can produce lattice defects in its
immediate vicinity.’™ Such neighboring lattice
defects are also produced when the Mossbauer
atom is recoil-implanted into a lattice.® (b) Al-
ternatively defects can be introduced into the lat-
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