VOLUME 73, NUMBER 23

PHYSICAL REVIEW LETTERS

5 DECEMBER 1994

Local Observation of the Impurity-Impurity Interaction in Paramagnetic AuFe Alloys
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From the nuclear spin rotation of implanted 3*Fe nuclei, we have determined the local susceptibility,
the spin dynamics, and the width of the distribution of local magnetic fields of Au,_ Fe, (x = 107%—
5 X 1072 at. %) spin glasses far above the freezing temperature. The width of this distribution was
found to be proportional to the freezing temperature. The mean field freezing temperature, as obtained
from the field distribution, was found to be a factor of 5 higher than the experimentally observed

freezing temperature.

PACS numbers: 75.30.Et, 75.50.Lk, 76.80.+y

The behavior of dilute metallic spin glasses is governed
by the magnetic impurity-impurity interaction, which is
generally assumed to be of the Ruderman-Kittel-Kasuya-
Yosida (RKKY) type. Because of the oscillating character
of this interaction, the average local field is close to
zero, and the width of the local field distribution has
emerged as a natural measure of the spin glass freezing
temperature Ty. This idea has been widely accepted since
the early spin glass model of Edwards and Anderson (EA)
[1], but recent numerical simulations [2] have indicated
that the actual situation might be more complicated.
In view of these theoretical uncertainties there is a
clear need for reliable experimental data on Jy, the
strength of the impurity-impurity interaction, especially
since the available experimental information was obtained
from bulk measurements, and depends upon additional
assumptions [3].

In this Letter, we report on investigations of the
local magnetic response of Fe moments in AuFe spin
glasses far above T;, by means of the time-differential
perturbed y-ray distribution (TDPAD) method. We have
chosen the AuFe system because it is a prototype of a
metallic spin glass, and because **Fe is an excellent probe
for investigations with the TDPAD method. We have
studied the local susceptibility, the spin dynamics, and—
as the central point of this paper—the distribution of
local magnetic fields. From the latter quantity, we can
determine the interaction strength J,.

The TDPAD method probes the static and the dynamic
response at the nuclear site of the recoil implanted
Fe atoms via the spin rotation and its damping of an
excited and aligned nuclear isomer (here **Fe) in an
external magnetic field. The method permits microscopic
measurements at the site of the magnetic impurity, and
allows investigations of the magnetic response over a
wide range of temperatures, both in the concentrated as
well as in the extremely dilute regime. Measurement
at the impurity site is an important feature, since the
interaction between the impurities cannot be predicted
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in a reliable way from the interaction between a single
impurity and the conduction electrons [4]. Because of
these features, the application of TDPAD to spin glasses
yields essentially new results that cannot be obtained with
other nuclear methods such as Mdssbauer effect (ME),
impurity nuclear magnetic resonance (NMR), or muon
spin rotation (uSR).

Most ME experiments, using the *Fe probe, have been
directed towards estimating the freezing temperatures
from the onset of a peak splitting in the spectrum, e.g.,
[5], and towards an understanding of static and dynamic
interactions in AuFe alloys around and below T [6].

Impurity NMR studies have been carried out by a num-
ber of authors. Such studies, however, require a suffi-
ciently long relaxation time and are therefore restricted to
very low temperatures in the frozen state [7], to very high
temperatures [8], or to systems with high Kondo tempera-
tures like AuV [9]. This is the main reason that impurity
NMR studies in the paramagnetic state of a spin glass,
which would allow a direct comparison of the interaction
strength Jy to T, have not been reported thus far.

Our TDPAD experiments were performed at the
VICKSI accelerator of the Hahn-Meitner-Institut in Berlin,
using a pulsed '?C beam of 42 MeV energy to produce
%Fe jons by the heavy ion reaction **Sc(!2C, p2n)>*Fe,
followed by recoil implantation into the AuFe alloys.
This technique produces extremely dilute *Fe nuclear
probes (concentration < 1 ppm) with nuclear spin 10"
and lifetime 360 ns, which allow the detection of the
magnetic response via the observation of spin rotation
spectra R(z) in an external magnetic field Be,. Details of
methodical aspects can be found in Ref. [10].

In Figs. 1 and 2 we show some typical R (¢) spec-

tra for different temperatures and concentra-
tions. The spectra were fitted to the function
R(t) = Ape T cos2(w,t — ¢). From the tempera-

ture dependence of the Larmor frequencies,

0 (T) =h " "gnpunBexi [l + Butxioc (T) /gpsSl, (1)
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FIG. 1. Temperature dependence of the spin rotation spectra
of 3*Fe in an AuFe(0.8%) alloy recorded at B.,, = 2 T.

the local susceptibilities yic (7) can be ex-
tracted. For concentrations up to 5 at.% Fe,
the local susceptibilities can be fitted by a Curie
law: xioc (T) = (gu5)*S(S + 1)/3ksT. Using gy =0.728
for the nuclear g factor of the 3*Fe isomer and an effec-
tive spin S = 1.4 from bulk susceptibility measurements
[11], we obtain By = —22 T for the hyperfine field at
T = 0K, in good agreement with the results given in
Ref. [12].

The observation of only one component with well de-
fined frequency and constant amplitude Ay, (indepen-
dent of temperature and concentration) implies that all Fe
atoms contributing to R(¢) were located on substitutional
sites. By comparison with the A, observed for **Fe in
liquid metals, one can deduce that about 80% of the im-
planted >*Fe contribute to R(z) in AuFe alloys. We note
that the implanted >*Fe probes are statistically distributed
and—because of the rapid decay—are not subject to pos-
sible chemical short range order effects.

Most sensitive to the interaction between the magnetic
Fe ions is the damping of the R(z) spectra. It turns out to
be unexpectedly large, exhibiting a strong dependence on
the temperature (see Fig. 1, for example), and increases
with concentration (Fig. 2). Figure 3 shows a log-log
plot of the damping constant I" as a function of the
temperature. The T' vs T curves change from a 77!
dependence for Fe in pure Au to a 72 dependence for
the AuFe(5S at. %) alloy. Furthermore, we have measured
I" as a function of the external magnetic field and found
(except for Fe in pure Au) a roughly linear dependence of
I" on Bey,.

The observed damping can be interpreted as being
caused by two independent physical phenomena: I' =
A2w; + T]\_/l. The nuclear magnetic spin relaxation rate
7y' is due to dynamic fluctuations of the atomic Fe
spin, whereas A2w; scales with the field-induced static
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FIG. 2. Spin rotation spectra of Fe in various AuFe alloys,
with concentrations ranging from below 10 ppm to 5 at. %. All
spectra were recorded at room temperature and Be,, = 2 T.

inhomogeneous broadening arising from the interactions
between the Fe impurities.

Dynamic spin fluctuations are most clearly seen for
Fe in pure Au. Here I' can be identified with the field
independent rate 7y'. The observed 7y' nicely fol-
lows Korringa-type behavior, 7y' = 7, =« T~! (Fig. 3),
where the atomic Fe spin relaxation time 7, arises
from the exchange interaction between the Fe moment
and conduction electrons. Employing the relation 7y' =
275 (gn unBhe /A)* (S + 1) /S, one can deduce 7, of Fe in
pure Au at 300 K to be 1.9 X 107'* s. This value is of
the same order of magnitude as an estimate 7, = 4.2 X
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FIG. 3. Log-log plot of the damping constant I' of the spin
rotation spectra, recorded at Be, = 2 T, vs temperature for
various concentrations.
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10713 s from resistivity measurements [13], and compat-
ible with Mdssbauer linewidth results [(6]. Now, apply-
ing the relation for the Korringa relaxation of a local mo-
ment, 7, = h/4m (21 + 1)[J,N (EF))? kT, and taking for
the density of states at the Fermi surface the value for pure
Au, N (Er) = 0.136 states/spin eV, we can determine the
exchange parameter to be J, = 0.36(2) eV. Here, we
have assumed that the / = 2 orbital component dominates
the s-d interaction, and have included a factor (2! + 1)
to account for the fact that the orbital substates contribute
independently to the relaxation process [14]. The value
for J, thus obtained can be compared with the coupling
parameter derived from the Kondo effect using the re-
lation kgTx = Erexp[1/2J,N(EFr)]. With Er = 5.51 eV
and Tx = 0.18 K [15], we calculate J, = 0.29 eV, in rea-
sonable agreement with the value found from the spin dy-
namics.

Estimates for the spin dynamics were also obtained
for the more concentrated alloys by measuring the field
dependence of the damping, and subsequent extrapolation
to zero field, in order to separate the field-independent
dynamic rate from the inhomogeneous line broadening.
Using this procedure, we found no significant indications
for a change of 7, in the more concentrated alloys, which
implies that there is no evidence for dynamic correlations
between the Fe local moments at temperatures above 877,
where our data were acquired. Such dynamic correlations
would lead to a decrease of the atomic spin rate, and have
been observed in CuMn by means of neutron scattering
[16] and in AuFe by means of uSR [17] at temperatures
up to 4 times 7.

Even at the moderate impurity concentration of 0.2
at. % Fe, the damping is dominated by the inhomogeneous
broadening, which is clearly measurable over a broad
range of concentrations in the paramagnetic regime of the
AuFe spin glasses well above T;. The static broadening
Aw; reflects the distribution of local magnetic fields and
is the result of the interaction between the magnetic
impurities, which is defined by the Hamiltonian

H=—-J;> F(Rj)S: - S;, )
i<j

where J is the coupling constant and F (R) is the oscilla-
tory range function. When averaging over many impurity
configurations, as we do in our TDPAD experiments, we
measure the effect of a distribution of local fields. The re-
sulting distribution of Larmor frequencies has a half-width
Aw;, which is given by (see Ref. [9])

Awp =h""gypunButJolF) (Bext/g 1£8S) [x10c (T) /g 25T,

3)
where (F) is half the width at half the maximum of
the distribution of local amplitudes generated by the
range function F (R) [9]. This expression is based on
a mean field approximation, which is appropriate in the
temperature range investigated because of the absence of
correlations between the spins, as shown by our results

on the spin dynamics. The square of yj, arises from
the effect of impurity-impurity interactions, and gives rise
to the observed 72 dependence. Walstedt and Walker
[18] have studied this distribution in detail for the case
of RKKY interactions, where F (R) can be approximated
by F(R) = cos (2kgR)/(2krR)’. Below 0.1 at. %, the
distribution has a Lorentzian line shape and is centered
around zero. The data in Fig. 3 can be well fitted by the
function I'(7) = 75" (T) + A2, (T), in which 75" (T) is
assumed to have the value obtained for extremely dilute
Fe in Au, as described above. From these fits one can
directly obtain the parameter Jo(F), inserting the known
values for By and S into Eq. (3).

The parameter Jo(F) is an important quantity, since
it determines the width of the distribution of local
magnetic fields, and defines Ty, = Jo(F)/kg, the mean
field estimate for the spin glass freezing temperature.
In Fig. 4, we show a log-log plot of T and Ty vs
concentration, where Ty, is obtained from our results, and
the Ty curve represents an extensive set of experimental
data [19]. By inspection of Fig. 4 it can be seen that T
and Tn¢ have a very similar concentration dependence.
The ratio Tr/Ty lies between 4.6 and 7.0, the average
value being 5.0 over the investigated concentration range.
This shows that Tr,¢ and 7 are proportional to each other,
but the spin glass freezing sets in only at a temperature
well below the mean field estimate Tip¢.

In order to be able to make a comparison with other
results, we have to extract the value of J, and make
an assumption concerning (F). Following Ref. [18], we
obtain for a monovalent fcc metal (F) = x/187, where
x is the concentration of magnetic impurities. Using
this relation, which is valid in the dilute limit, and
inserting the experimental value for Jo(F) at 0.05 at. %,
we obtain for J, a value of 30 eV. Such a strong
coupling is not consistent with simple RKKY coupling,
where Jy is given by Jy = 97J2 (21 + 1)* JEr. This
expression was used by Larsen [19], who found accidental
agreement with the prediction Ty = Tp,¢ from the EA
model. A stronger interaction is predicted by the double
resonance mechanism [4], where Jy is given by Jy =
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FIG. 4. Log-log plot of the mean field estimate T, as
obtained from the distribution of local fields, and of the
experimental freezing temperature 7, vs Fe concentration x (see
text).
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100EF (sin? 4 + sin? n_) /wS?, and n.(-) is the d-wave
phase shift for the spin up (down) resonance. For
AuFe, with § = 1.5, n, =~ =, and n_ = 27 /5, this yields
Jo = 80 eV. A direct comparison with first principles
calculations [20] is not possible since these are limited
to near neighbors, the present numerical accuracy being
insufficient to predict the asymptotic behavior.

We can also compare our results with a recent numer-
ical simulation of freezing behavior in RKKY-type spin
glasses, carried out by Matsubara and co-workers [2].
These authors calculated T, of a 5 at. % spin glass al-
loy with S = 1 and obtained Ty = 7 X 107 Jo/kg. Us-
ing our value for Jy in this expression and applying a spin
correction factor S2, we find Ty = 50 K, which is a factor
of 2 higher than the experimental value for a 5 at. % AuFe
spin glass [19], but well below Ty, = 150 K.

We suggest that the difference between T,y and Ty
is caused by the fact that, upon approaching the freez-
ing temperature, the impurity spins form increasingly ex-
tended clusters, where frustration is partly relieved [2].
Thus the width of the distribution of local magnetic fields
is reduced to far below the mean field value by a decrease
of both the magnitude of the local fields themselves and
of the number of possible spin configurations. In order
to obtain a better understanding of the relation between
T; and Tyy, further experimental and numerical studies
of the local field distribution and its concentration depen-
dence, both near and far above T, would be desirable.

To summarize, we have explored the applicability of
the TDPAD method to the study of spin glass problems,
using the typical alloy AuFe, and have learned that this
technique is very sensitive to interactions between local
moments, far above the spin glass temperature 7. Thus
it enabled us to determine, for the first time, the strength
of this interaction at the impurity site itself. Our results
show that current theoretical models do not provide
a quantitative estimate of this interaction strength. In
addition, we have been able to show that the widely
accepted mean field estimate of the spin glass freezing
temperature is much higher than the actual freezing
temperature in AuFe spin glasses. A study of the field
dependence of the spin rotation damping revealed no
indications of dynamic spin correlations above 87 .

Finally, we like to point out that the method can be
applied generally to study magnetic impurity-impurity
interactions and impurity spin dynamics in other magnetic
alloys, e.g., to compare accurately Fe-Fe interactions with
Fe-Mn or Fe-Cr interactions in noble metal based spin
glass systems. Using nuclear probes in rare earth isotopes
(see Ref. [10]), it also seems possible to extend such
studies to rare earth spin glasses in the paramagnetic phase.
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