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An extension of earlier MSssbauer-effect studies of the magnetic behavior of very dilute Fe
impurities in Mo is reported. A connection is made between the well-known resistance min-
imum in this alloy and evidence for the transition to a nonmagnetic state at low temperatures.
Consistent with current theories, based upon the s-d exchange model, a value of the charac-
teristic Kondo temperature, T3, of (0.25+0.05) °K is measured. Comparison with a recent
spin-fluctuation model indicates T,?’ ~(1.0+0.1) °K. A field-dependent saturation hyperfine
field is observed and determined to fit a recent theory by Ishii, which predicts an asymptotic
approach of the low-temperature induced moment, with applied field, to its high-temperature
value. The high-temperature moment is determined to be p=2.6ug. Implications for various

physical models are discussed.

I. INTRODUCTION

Mossbauer -effect (ME) measurements of the
magnetic hyperfine field at the site of Fe® nuclei
embedded as very dilute impurities in Mo metal
matrices have been made. A temperature range
of 0.4-300 °K was covered, while external mag-
netic fields, H, of 0-62 kOe were applied. As in
previous measurements,! the magnetic response of
the local moments centered on the Fe impurities
is inferred from the behavior of the hyperfine field.
The present work is an extension of an earlier ME
study of the Mo(Fe) system.! A more detailed and
systematic study of the low-temperature magnetic
behavior of this alloy system is of interest in light
of recent experimental and theoretical develop-
ments concerning the “Kondo-effect” anomalies
observed in many magnetic and nonmagnetic alloys 2
Mo(Fe) is of particular interest considering the
fact that it exhibits a much-studied resistivity min-
imum,®* which was cited among the first experi-
mental demonstrations of the Kondo effect.’ Cur-
rent theory and several experimental studies? of
other dilute alloy systems have associated with the
resistivity anomaly a gradual transition to a low-
temperature nonmagnetic state. In previous mag-
netic studies of Mo(Fe), authors have interpreted
low -temperature deviations from paramagnetism
either in terms of an older phenomenological mod-
el! or as evidence for magnetic ordering.® It is of
interest, then, to study the low-temperature mag-
netic behavior of Mo(Fe) to characterize the nature
of its low-temperature state. Previous measure-
ments indicate that a low Kondo temperature,
Tx<1.0°K, may characterize the system. This
would make possible measurements in applied
magnetic fields such that uH >2T; (u is the mag-
netic moment of the impurity and 2 is Boltzmann’s
constant) and the possible destruction of the low-

1

temperature Kondo state.
II. THEORY
A. General

Much current effort has been directed toward an
understanding of the local moment problem in
metals.>»” Recognition of the importance of many-
body correlations in the electron gas interacting
with an impurity potential has stimulated interest
and has led to considerable progress. The origi-
nal perturbation calculation by Kondo® demonstrated
the existence of a divergence in the scattering
amplitude of a conduction electron interacting with
a localized magnetic moment via the s-d interac-
tion, 3¢,=-JS - §, where J is the strength of the
exchange interaction, S is the impurity spin, and
$ is the conduction-electron spin density at the
impurity. Subsequently, more exact “many-body”
treatments of this problem have succeeded in re-
moving the divergence, but have revealed the for-
mation of “nonperturbative spin correlations” in
the electron gas surrounding the impurity."'m
This has been interpreted by some authors as the
formation of a “singlet bound state” between the
impurity spin and a compensating cloud of conduc-
tion electrons.® %1% The formation of this state
has been shown to occur below a characteristic
temperature for the alloy, Tx=Tr e !'’! for neg-
ative exchange constant J, where p is the conduc-
tion-electrondensity of states at the Fermi surface
and T is the Fermi temperature of the host metal.

Below this temperature, Tf, the Curie-like de-
pendence of the susceptibility, X, which character-
izes the paramagnetic behavior of the impurities
at higher temperatures, is seen to disappear and
X approaches temperature independence far below
Ty. While current theories differ on the degree
of compensation of the local moment, degradation
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of the susceptibility to less than Curie dependence
appears to be a general result of the calculations
based upon the s-d exchange model. This behavior
has been observed experimentally on a wide range
of dilute alloy systems by susceptibility, NMR, and
ME measurements.?"15-1® The appearance of de-
partures from paramagnetism has been correlated,
for several alloy systems, with anomalies in the
transport properties which are the salient features
of the Kondo effect, and this success lends support
to the theory. Doubt concerning this model has
been raised following the observation by Suhl'® that
the question of the formation of a local moment
could not be consistently separated from the prob-
lem of its interaction with the conduction electrons
when this interaction proved to diverge in finite -
order perturbation theory. This has led to calcu-
lations, based upon the Wolff model,?® which treat
the scattering of conduction electrons by a struc-
tureless impurity and which attempt to arrive at
the formation of the impurity state and its magnetic
behavior self-consistently.?"? One of the principal
results of this approach has been the appearance
of anomalies in the transport properties and in the
magnetic behavior as a result of spin fluctuations
in an alloy system which is nonmagnetic according
to the Anderson criterion.?® Thus, the low-temper-
ature nonmagnetic behavior is seen as truly char-
acteristic of the impurities, while the high-temper-
ature paramagnetism is viewed as a strongly ex-
change -enhanced fluctuation which gives a Curie-
like behavior? to the susceptibility when the fluc-
tuations occur at a slower rate than ordinary ther-
mal fluctuations. Under these circumstances, a
magnetic moment which is temporarily in existence
will have time to come into thermal equilibrium
with the lattice in the presence of the field before
vanishing. At lower temperatures, the thermal
relaxation times become too slow for equilibrium
to be established during a fluctuation, and a non-
magnetic behavior develops. /This theory is not
restricted to the nonmagnetic regime, and it pre-
dicts a smooth transition in physical properties,
such as the susceptibility, as the coupling param-
eters vary through the magnetic limit.2! However,
the nonmagnetic or small fluctuation limit of the
theory?? yields simple, phenomenologically correct
expressions for the physical properties, which are
adequate for comparison with the present experi-
mental results and which will be described below.
In the following discussion, physical properties
which have been calculated on the model of a mag-
netic (in the Anderson sensezs) moment interacting
with the conduction electrons through the s-d ex-
change interaction will be denoted by the subscript
sd. A subscript sf will be used in describing cal-
culations based upon the spin-fluctuation model.
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B. Low-Field Susceptibility

Perturbation calculations based upon the s-d
exchange model at high temperatures (7 > Ty) yield
the expressionfor the susceptibility per impurity, 2

~<ﬁ§_> (ln(T/TK) - 1> "
Xst \3pT) \In(T/Tp) )

where u, is the effective moment per impurity in
its environment. This expression is generally con-
sidered to be an accurate description of the mag-
netic response of a dilute magneticalloy (U/A>1) %
in a temperature range where the s-d interaction
may be treated as a small perturbation. The same
expression has been obtained as the high-tempera-
ture limit of the more exact Green’s-function treat-
ment?® and appears to be characteristic of the high-
temperature behavior of the s-d exchange model.
As has been noted,2 this expression is numerically
equivalent for 474 <T <100 T to the Curie-Weiss
form,

Xsa™ 0. 8112 /[3R(T +4Ty )] (2)

to within a better than 1% accuracy.
Similarly, recent calculations® based upon the
spin-fluctuation model give for the region 7 > 75},

Xst™ MZ/ (4T +7773), (3

where 7, is the spin-fluctuation period. This ex-
pression is considered to be valid in the region
where thermal fluctuations occur at a faster rate
than the quantum-mechanical fluctuations in the
moment itself [i.e., the same region of interest
as for Eq. (2)]. A Curie-Weiss form

x=p2/(T+6) (4)

for the high-temperature susceptibility has been
observed experimentally for a number of alloy sys-
tems.>” From Eq. (2), it is evident that the s-d
exchange model makes the association T~ 19%¢
for the temperature characteristic of the singlet
quasibound state formation. Correspondingly,?

the spin-fluctuation theory makes the connection
¢ 2kT%, and thereby 6% =~ (7/4)T%.

Some question yet remains concerning the proper
form for the low -temperature susceptibility (T < Tg).
Singlet—ground -state models'®* generally yield an
approach to a finite temperature-independent value,
Xx= p2/kTy, while the spin-fluctuation model pre-
dicts a similar behavior. However, some theoret-
ical® and experimental®® support exists for a di-
vergent susceptibility at 7'=0 °K with a weaker than
T-! dependence. Quite generally, a smooth tran-
sition from the high-temperature Curie-Weiss-like
behavior to near-temperature independence seems
well established.
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C. High-Field Susceptibility

An early perturbation calculation®® based upon
the s-d exchange model indicated the existence of
a critical field, Hy~kT /i, above which the spin-
compensated state would be broken up, even at
T=0°K, and a return to paramagnetic behavior
established. For lower values of the applied field,
a constant low-temperature susceptibility would
imply a linear dependence of the magnetization
upon applied field. However, recent calculations
based upon a ground -state singlet model have shown
that applied fields many times larger than Hy are
required before such a singlet state is completely
destroyed.?"?® Ishii®® has calculated the magnitude
of the local spin value induced by the magnetic field
at T=0°K. He finds that, as the applied field is
increased from zero, the local spin is still partial-
ly quenched and asymptotically approaches the
free-spin value at high field. The resulting ex-
pression for the impurity magnetization at 7=0 °K
can be written as

(M)=g(S,) up=n (uH)/[(LH)?+ (kTK)a]l/z(, |
5

where () denotes time average, g is the Landé
factor, ujpis the Bohr magneton, and p=gupS is
the impurity moment.

D. ME Measurements

A microscopic measurement of the impurity
magnetization may be obtained from a study of the
magnetic hyperfine field at the Fe®” nucleus. In
addition to the applied field H, the nucleus will see
an internal hyperfine field H;, which is assumed to
be proportional to the electronic polarization lo-
calized on the impurity site. If the electronic re-
laxation times are much shorter than the Larmor
precession time of the nucleus in the effective
field, then we may write

Hi:Hsat<Sz>/SgHsatM/M0, (6)

where (S,) is the long-term time average of the
electronic spin in the direction of H, and H,, is
the value of H; when (S,)=S. For a free paramag-
netic spin, this expression becomes!

H1=Hsat Bs(u'H/kT), (7)

where Bg (x) is the well-known Brillouin function.
Several recent attempts?'!® have been made to mod -
ify Eq. (7) phenomenologically in order to account
for the low-temperature Kondo-effect deviations to
be expected on the basis of the susceptibility re-
sults discussed above. The most obvious modifi-
cation can be made by incorporating the result of
Eq. (4) for the high-temperature susceptibility
leading to
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H;=Hg, Bs[uH/R(T +0)] . (8)

This expression should be consistent with the sus-
ceptibility measurements for T > Ty and, together
with them, provide independent measurements of
Hg,, 4, and 6. However, at lower temperatures,
difficulties with this form are to be expected. For
T <Tg, there is no theoretical justification for

Eq. (4) for x. Furthermore, it is generally as-
sumed that Hg,yc p. It has been suggested, on the
basis of the ground -state singlet model, that pis a
function of T and H and should properly approach
zero as H and T vanish. This has suggested the
general form?!®

HH,T)=f(H, T)Hy, F[fH, T)u'H/kT], (9)

where H 2, and p° are the high-temperature free-

spin values of the respective parameters and f(H, T)
is a smooth function which approaches unity for
WH or BT > kTy and which becomes zero for H=T
=0. F is afunction which approaches a Brillouin
function for T > Ty, and which describes the ther-
mal distribution among whatever magnetic levels
are available to the complex spin system. At low
temperatures and high magnetic fields, this expres-
sion simply reduces to H;=f (H, 0)H,3, if F(x)~1
for large enough values of the argument. This
constitutes the assumption that whatever moment
is induced by the applied field becomes completely
polarized as T—0. A study of the hyperfine field
at temperatures sufficiently low that thermal sat-
uration is approached will thus allow a determina-
tion of the dependence of the induced moment mag-
nitude upon applied field. A comparison can then
be made with the theoretical predictions for this
model [Eq. (5)]. Clearly, the ME measurement is
considerably more model dependent than the sus-
ceptibility results. The possibility in the former
of separating thermal-population effects, contained
in F(x), from changes in the magnitude of the mo-
ment, contained in H,, (H, T), has led to several
interesting speculations concerning the nature of
the low-temperature state.” 8

Since f (H, 0) describes the dependence of the
ground -state moment upon applied field, it may
clearly be related in the Ishii theory with Eq. (5).
We will then have, combining Egs. (5) and (9),

Hoq (H) = Hygy uH/ [(LH)*+ (RTp)?]V2,  (10)
where always Hg,. (H) denoted the hyperfine field
at zero temperature.

III. EXPERIMENTAL

The method of measurement is the same as has
been reported.”?® The effective field H,, acting
on the Fe®” impurity nucleus is determined from
the hyperfine spectra using the locations of the
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(generally) well-resolved outermost pair of ME
peaks. The effective field is taken to be composed
of the applied field H, acting directly on the nucle-
us, and the internal field H; induced at the Fe®’
sites in the host material due to the localized mo-
ment. Other contributions to H,,; are taken to be
compensatory and negligible compared to H and
H;. Experimentally, the average internal field is
found to lie antiparallel to H. The negative sign
is demonstrated by observing that H ., =H +H ; de~
creases with temperature in a constant applied
field of, say, 62 kOe. For Fe in Mo, H=-H; at
about 9 °K and 62 kOe, the spectra being unsplit,
whereupon lower temperatures produce a hyper-
fine split pattern in which H, is negative due to
the predominant contribution of H ;.

The spectra were analyzed graphically and by
computer fits in order to obtain H, from the split-
ting. A few data were obtained from line broaden-
ing when the hyperfine spectra were not resolved.
Weights were assigned to each datum to reflect the
uncertainty of the determination of H;, .

The apparatus used for these measurements has
been described elsewhere."® Improved tempera-
ture regulation in the 4-300 °K range was accom-
plished by using a Keithley AR 150 microvoltmeter
to measure the voltage across a carbon resistor
attached to the sample holder. The out-of-balance
signal was applied (after amplification) to a heater
attached to the sample holder. Temperatures mea-
sured by means of a calibrated carbon resistor
and/or a copper-constantan thermocouple were
stable to better than 0. 1% and accurate to better
than 3%. Vapor-pressure measurements of He!
or He® were used from 4 to 0.4 °K.

A 62-kOe superconducting solenoid, in which the
Mossbauer source was centered, was operated in
the persistent mode. The field was determined
from the applied current which was measured to
better than 0.1%. Uncertainty of the field strength
was less than 1%.

The MoOssbauer spectrometer was calibrated us-
ing either the source inthe cryostat or a collimated
unsplit source located coincident with the usual
y-ray path and an Fe absorber mounted on the
room -temperature velocity transducer. Correction
for a slight interaction of the drive with the sole-
noid was applied [A v/v =~ (0. 0004/kOe)H] .

The ME technique allows measurements to be
made on extremely dilute samples if one uses
Mossbauer sources rather than absorbers contain-
ing the Mossbauer nuclide. In particular, 107%g of
Co%, the parent of Fe*, is sufficient for reason-
able counting rates. The source primarily used
in this investigation was prepared from a 99. 99+%
spectroscopic-grade Mo rod (Johnson, Matthey and
Company), which was rolled flat in a sealed Mo

Ead

alloy container, machined to diameter, etched,
and reanalyzed for magnetic impurities. This anal-
ysis gave an aggregate of 10-60 atomic ppm Fe,
Co, and Ni. About 0.5 mCi Co®" Cl; activity was
electroplated from a slightly ammoniacal solution
onto a disk area of about 30 mm? The disk was
heated in H,+He in a furnace for about 3 h near
1500 °C followed by a vacuum anneal while cooling.
Pulse-height spectra of the 123-, 14.4-, and
6.4-keV photons from the source were taken before
and after the diffusion treatment. The average
depth of diffusion was determined from the relative
attenuation by a procedure outlined previously.!
The “average depth” of anneal determined was 2
%x102mm, which ideally corresponds to ~16 atomic
ppm Co®" added in the thin layer. Our estimate of
the Fe and other Co isotopes added is less than 50
atomic ppm. The manufacturer’s maximum total
solids estimate for the solution used corresponds
to 1700 ppm if all went into the layer; however,
the plating and diffusion techniques should elimi-
nate the bulk of these impurities, believed to be
mostly organic resin from the isotope separation
procedure. Thus, the total magnetic impurities
present in the source used in these measurements
was in the range 75-125 atomic ppm in the vicinity
of the average Mossbauer nucleus. An autoradio-
graph of the surface showed the activity to be even-

ly distributed.
The concern with concentration stems from the

fact that complications in the interpretation could
arise if magnetic ordering were taking place at the
lowest temperatures. Coles et al. %0 report evi-
dence for a magnetic transition at 1.5 °K in a sam-
ple of Mo containing 4000 ppm Fe. The estimated
concentration of the source being used in the pres-
ent measurements is a factor of 40 times lower
than Coles’s sample, and, by extrapolation, should
order at temperatures much lower than 0. 5 °K.

While the measurements described in Sec. IV
were all made on the single source described
above, concentration independence was determined
by comparison with previous ME studies of the
Mo(Fe) system.! The sources studied in the pre-
vious work! covered the range 50-1500 ppm. The
low-temperature behavior of all samples was iden-
tical, within experimental error, to that discussed
in Sec. IV below. While insufficient data were
taken in the prior study to determine accurately
the parameters describing the low-temperature
behavior, the agreement of the individual data with
those presented here convincingly establishes con-
centration independence.

The ME method also serves as a direct means
of detecting ordering. A spontaneous internal field
of a few kOe is readilydetectable as line broaden-
ing. The present measurements and the previous
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ones! showed no evidence of ordering downto 0. 4 °K.
The source used in this investigation has been
employed in a detailed study® of the “temperature

shift” of the ¥ ray and of its recoil-free fraction

over the range 4-750 °K. No unusual behavior was

found. We find that the shifts measured in an ap-
plied field agree with those reported.?!

IV. RESULTS

In Fig. 1 are shown all of the data for the Mo(Fe
sample described above. The hyperfine field H;
at the Fe®" nucleus is plotted as a function of H/T
in the usual manner. As discussed in Sec. IO, the
hyperfine field will be assumed to be proportional
to the magnetization centered on the Fe site. The
solid curve (marked 1) drawn through the high-
temperature (7 >19 °K) points is a least-squares
computer fit to Eq. (7), characteristic of free-

H/T,
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paramagnetic-spin behavior. As is evident, this
functional form provides a good description of the
dependence of the magnetization upon H and T over
the ranges (0<H < 62 kOe)and (~ 6 < T < 300 °K).
However, for temperatures below ~ 6 °K, it is ap-
parent that the magnetization is no longer a unique
function of H/T and appears to be characterized

by a different slope for each temperature. Curves
2, 3, and 4 represent similar fits to Eq. (7), each
with correspondingly different values of the param-
eters u, S, and Hg,,. For uH/RT <1, the slope of
the Brillouin function is equal to (S +1)uHg, /3 S.
The least-squares-fit values of this parameter are
given for the four curves in the figure caption. Be-
cause of the probable field and temperature depen-
dence of the individual parameters, no individual
values have been quoted for the low-temperature
fits. Asisapparent, the initial slope has decreased

)

kOe deg
60 80

+043-0.53°K -3.95°K
-0.72-0.73°K +6.2-6.35°K
- 1.10-1.20°K :>8°K, 61.5 kOe
r2.21°K +>8°K,<61.5 kOe

20 20

H/T. kOe deg’

80 100
(10 x SCALE)

12.0

FIG. 1. Internal field H; induced at very dilute Fe sites in Mo as a function of H/T. The data taken in various tem-
perature intervals are identified. The numbered curves are least-squares fits of the data to a free-spin Brillouin func-

tion [Eq. (7)] using data selected as follows: (1) 7>19°K,

Hgyy fixed=—113.5 kOe, (2) T=3.95°K, (3) T=1.10~1.20 °K, (4)

T=0.43-0.53°K. The low H/T data are shown in the expanded plot, and the initial slope, (S+1) WHg,./3S, for each

curve is ~169, —138, —113, and — 66.4ugkOe.
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below half of its high-temperature value by 0.5 °K.
I we assume a value of H o = —113. 5 kOe (see dis-
cussion below) for the high-temperature data, a
value of u = 2.4y is obtained assuming g=2. This
value is consistent with the susceptibility result®
of 4=2.1up and with previous ME measurements.!
In Table I we present tabulated values of the data
shown in Fig. 1 along with weights which were as-
signed prior to data analysis.

In Fig. 2 is illustrated a best fit of the data to
the Curie-Weiss functional form, Eq.(8), for a
value of §=0.8 °K. The general over-all fit ap-
pears to be quite good.

As discussed in Sec. III, this functional depen-
dence is to be expected for T'>4 T, for an alloy
undergoing a Kondo transition to a spin-compen-
sated state. However, two systematic deviations
can be discerned. At high values of H/(T +0. 8 °K),
the fit becomes rather poor. The source of this
difficulty will be shown below to be related to an
applied field dependence of Hg,;. And, inthelinear,
low H/(T +0. 8 °K) region the lower-temperature
points (7~ 0. 5 °K) can be better fitted with a
6~0.5°K, This behavior is more clearly illus-
trated in Fig. 3, which is equivalent to a standard
1/ plot for the reciprocal of the susceptibility as
a function of temperature. In this case we have
plotted H/H; versus T. This is simply related to
the inverse susceptibility by

1/X=H/M=HS/<SZ) [.LZ(H/H,')(Hsat/#)- (11)

The points displayed represent the data for 0.5

S T<50.0°K, where sufficient accuracy in the de-
termination of H/H ,; is possible. Only data for
which H/T < 3 kOe/°K are displayed in order to
remain in the linear portion of the Brillouin func-
tion. In this region, Eq. (8) becomes

H/H ;=[3Sk/(S +1)uHy, ] (T +6) . (12)

Since Eq. (8) is only expected to be valid for T > Ty,
we have fitted the data for 4.0=7<50.0 °K to Eq.
(12). The solid line displayed represents a least-
squares fit for the parameters: ©u=2.4:+0.2pup
and 6=(1.1+0.3) °K. The lower-temperature points
drop monotonically below this line with decreasing
temperature. This gives 1/x a concave downward
character in this region, in agreement with the
more exact perturbation calculation for the suscep-
tibility, Eq. (1). This behavior is consistent with
the conclusion that points below 4.0 °K are suffi-
ciently close to Ty that Eq. (8) is no longer a valid
approximationfor H;. The value of §=(1.1x0. 3) °K
is then judged to be properly representative of the
high-temperature behavior.

In Fig. 4, we have plotted the data emphasizing
the high H/T region near saturation and treating

(L

TABLE I. Experimental data: Observed hyperfine
field Hy; is taken to be composed of the applied field H
and the induced internal field H;. The uncertainty in
determining H; is essentially that of determining Heg,
and, for well-resolved spectra, corresponds to less
than +1 kOe. The accuracy of H and T are given in the
text. The weights listed were assigned to reflect the
uncertainty due to several factors involving counting
statistics, drive stability, complex nature of some of
the spectra and the quality of the curve fitting procedure
to the spectra.

H T -H

61.2 0.43 112.2
61.2 1.17 111.9
60.9 2.21 107.9
61.2 3.95 95.9

g

H T  -H

g

39.4 4.1 74.1
39.4 6.4 48.7
39.4 11.4 34.6
39.4 19.9 21.3

61.1 6.2 79.9 29.6 0.45 106.7
61.1 8.1 68.3 29.6 0.73 101.9
61.1 10.2 55.6 29.6 1.18 98.6
61.1 11.5 52.3 29.6 2.21 83.1

60.9 144 43
61.0 19.9 32.9

29.6 3.95 60.6
29.6 19.9 15.7

61.9 25.3 28.3 30.0 142 2.9
61.0 37.5 17.1 30.0 187 2.0
61.9 51 14.2 30.0 293 1.0
62.0 57 12.6 24.6 3.95 55.3
62.0 74 10.1 19.7 0.43 76.6
61.9 79 9.4 19.7 0.73 91.7
60.9 90 8.3 19.7 1.18 86.0
62.0 141 5.2 19.7 3.95 43.1
62.0 185 4.4 19.7 6.4 28.7
62.0 293 2.6 20.0 9.1 23.1

54.2 3.95 90.4
49.3 0.47 109.6
49.3 0.74 109.9
49.3 2.21 101.8
49.3 3.95 85.9
50.0 9.1 55.2
49.3 6.4 68.2
49.3 19.9 27.4
49.3 38 13.7
50.0 293 1.9
44.3 1.18 106.9
39.4 0.51 107.4
39.4 0.72 106.0
39.4 1.10 104.9
39.4 2.21 94.8
39.4 3.95 75.3

14.8 3.95 33.9
9.85 1.18 55.0
9.86 3.95 21.8
7.38 1.14  45.0
4.93 0.43 49.7
4.93 1.14 31.4
4.93 3.95 10.6
3.45 1.17 22.3
3.45 3.95 7.55
1.97 1.17 11.6
1.97 3.95 4.92
0.99 0.45 9.58
0.99 0.72 8.35
0.99 1.14 5.99
0.49 0.53 4.42
0.49 1.14 3.69
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the constant applied field points separately. This
is a similar analysis to that performed on Cu(Fe)
ME data by Frankel ef al.'® and shows a similar
field dependence of H,,;. As is apparent, the hy-
perfine field saturates thermally at a value which
is a monotonically increasing function of H. The
change in Hg,, upon changing from H from 20 to 60
kOe corresponds to 40% of the change in applied
field. This is much too large an effect to be ex-
plained by the usual Knight-shift mechanism. The
curves drawn through the points represent least-
squares fits to the Brillouin form Eq. (7). While
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FIG. 2. Induced internal
field H; of "Fe impurities in
Mo as a function of H/(T
+0.8°K). Allthedataare shown
and are grouped by tempera-
ture or applied field H. Solid
curve is the least-squares fit
of Eq. (8). The initial slope
is —169.2up kOe. Certain
systematic deviations are dis-
cussed in the text.

FIG. 3. H/H; versus T for
T<50°K and H/T< 3 kOe °K™1,
H/H;=<1/X. Low H/T ensures
that the data are in the linear
portion of the Brillouin func-~
tion. The least-squares line
results from minimizing the
errors in (H/H)™!, i.e., the
reciprocal of Eq. (12), and is
consistent with higher-temper-
ature data. Triangles each
represent three data points and
were not included in the data
fit. They serve to show the
tendency of the low-7 data to
deviate systematically from the
Curie~Weiss form (see text).
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FIG. 4. Behavior of the *'Fe internal field as a func-
tion of H/T at several fixed values of the applied field H.
For each solid symbol the corresponding value of H and
the resulting value of — Hg,;, determined by fitting Eq.
(7) to the isofield data, are listed. Solid lines represent
those fits. Open circles locate the data where 7T=1.1
-1.2°K.

no particular significance can be attached to these
fits over such a wide range of temperature, the
values of Hy,, which are quoted in the figure were
obtained as least-squares values for the lower-
field curves. While the data for H 240 kOe showed
complete saturation by T=0.5 °K, the two lower
curves were extrapolated by means of the Brill-
ouin fit. For applied fields < 20 kOe, the hyper-
fine field was still sufficiently far away from sat
uration at 0.5 °K that no accurate determination
for Hy,, could be made. It should be noted, how-
ever, that for H=5.0 kOe at the lowest tempera-
ture, — H;=50.0 kOe. This represents a lower
limit for - H,, (5 kOe).

As previously discussed, Hg,, is presumed to be
proportional to u. The field dependence of H,,
can then be interpreted as evidence for a field in-
duced moment which is approaching its high-tem -
perature free-spin value from a low-temperature
value of zeroas H isincreased. With this inmind,
we have attempted to fit our determinations of
Hg,; versus H to the Ishii theory, Eq. (10). The
results are shown in Fig. 5. The agreement is
surprisingly good and yields a least-squares value
for Tx=0.86 °K/ug. Also, we arrive at a least-

squares value for H.), = — 113. 5 kOe, which was
used in determining u° from the Brillouin fit.

The Mossbauer spectra from which these data
were taken were, in general, well defined and un-
complicated. There was no observable broadening
at zero applied field down to the lowest tempera-
tures measured. However, below 6.0 °K, the
spectra showed an anomalous strengthening of the
center portion of the spectrum.! This added cen-
ter strength is highly field dependent and has de-
creased considerably by 40 kOe. Splittings were
taken from the outer pair of lines, which were
generally well resolved and unaffected. However,
at 2.0 °K and below, very anomalous spectra were
observed for fields of 10 kOe and below. These
were characterized by a very strong unsplit line
in the center which was often twice as large as the
outer pair which were considerably broadened.
These spectra are very similar to ME measure-
ments of magnetic systems which are undergoing
relaxation effects.’® This occurs when the elec-
tronic relaxation times become comparable with
the Larmor precession time of the nucleus in the
effective hyperfine field. An apparent superposi-
tion of at least two spectra from magnetically
different sites is a possible description of the
spectra.

V. DISCUSSION

The experimental results for Mo(Fe) reported
above are largely consistent with the s-d model of
awell-defined localized moment undergoing a tran-
sition to a spin-compensated nonmagnetic state at
low temperatures. The data for 7 >4.0 °K are
best described by a Curie-Weiss form, Eq. (8),
with u=2.4up, Hgy=-113.5 kOe, and 6=1.1°K.

l | J
100 — -
E - Fe IN Mo ]
E
=&
I‘/’ 50—, —
1
o | |
o] 20 40 60

APPLIED FIELD,H (k Oe)

FIG. 5. Field dependence of Hg,;. Values of — Hg,;
versus H as determined in Fig. 4. The theoretical line
is defined by Eq. (10). A measurement at 5 kOe is
shown and is believed to be a lower bound to — Hg,,

(5 kOe).
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It is this high-temperature (T > Ty) behavior which
is most unambiguously connected, through the
theory, with the characteristic Kondo temperature
Tx. The prescription 6~ T /4 implies T%
=(0.25+0.05) °’K. Likewise, comparison with Eq.
(2) implies py=2.67ng. This picture is corrobo-
rated by the resistivity measurements of Coles®
which show the classic minimum and are consis-
tent with T¢= 0. 25 °K.

Conversely, the high-temperature behavior of
the hyperfine field makes no distinction between a
spin-compensation and a spin-fluctuation model,
since both now predict a Curie-Weiss behavior for
T >Ty [Egqs. (2) and (3)]. For 6=1.1°K, we find
T =(4/m6=1.4°K.

Comparison of these results can also be made
with the susceptibility measurements of Knapp3?
on this same alloy system. While the susceptibil-
ity results indicate a somewhat lower value for
Ty, the highest-temperature measurement re-
ported is 4.0 °K. The downward slope of 1/x for
our lowest-temperature points, noted in Fig. 3,
will likewise lead to a lower value for 6 if only
4.0 °K and colder points are used in the extrapola-
tion.

In order to make a convincing connection between
the low-temperature measurements reported here
and the Kondo effect, it is necessary to eliminate
the possibility of antiferromagnetic order as a
possible cause for the Curie-Weiss behavior of the
magnetization. As discussed in Sec. III, since a
concentration range of over 30 was covered among
the three samples studied, with no observable
change in 6, magnetic ordering cannot be an im-
portant consideration. The absence of any broad-
ening in the single line at zero applied field at the
lowest temperatures reached confirms this con-
clusion.

The observation of the field dependence of H,;
for the Mo(Fe) alloy system corroborates similar
observations in Cu(Mn)** and Cu(Fe)!® and leads to
the conclusion that this effect is characteristic of
Kondo-anomaly systems.

As previously mentioned, the apparently low
value of Ty for the Mo(Fe) alloy facilitates mea-
surements in fields for which p H is large com-
pared to characteristic binding energies kT . Un-
fortunately, the present measurements do not ex-
tend into the region T <« Ty where the comparison
with T =0 theories becomes completely valid. How-
ever, the apparent saturation of our 0.4 °K data
indicates that we are close to 7=0 °K behavior, at
least for H > 40 kOe. Comparison with the Cu(Fe)
data also lends credence to our extrapolated re-
sults for H,; for H<40 kOe. At any rate, thermal
effects at our lowest T = Ty would certainly tend
to reinforce the breakup of a singlet magnetic state
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in high magnetic fields. The gradual asymptotic
approach of Hg,, (H) to H,%, is then in agreement
with the Ishii singlet-state calculation. This re-
sult disagrees with the procedure of linear extrap-
olation of Hy,, (H) to H,), which has recently been
applied to the Cu(Fe) data.”

Much current interest has been directed toward
an understanding of the nature of the ground state
of the impurity conduction-electron system. The
ME measurements in Cu(Fe),!® showing the effect
of applied field upon Hg,;, have recently beeninter -
preted as evidence for the picture that only half of
the measured low-temperature susceptibility arises
from the moment located on the impurity.’*® Pre-
sumably, the localized part alone contributes to
Hg,:, while the remainder of the susceptibility
comes from an extended spin polarization in the
conduction band. This observation is based upon
a comparison of low-temperature (T < Ty) suscep-
tibility results and ME measurements on Cu(Fe).
If at T=~0.0°K, X=Wo%/3%Ty, then Eqs. (6), (7),
and (11) give

Hi(H; 0) =Hgy (H)=Hsgt XH/IJ-O
=H[gS+1) uy /3T, ]H. (13)

Comparison of the present measurements with
this form may be made if we assume Ty = 0. 25 °K,
HY,=-113.5 kOe, and p =2.65u, For H=5kOe,
Eq. (13) gives H,,, (5 kOe) ~ — 25 kOe. This value
is about half the measured lower bound for H=5
kOe, as mentioned in Sec. IV. From Fig. 5 the
Ishii result for a singlet-state model appears to
provide much better agreement.

While uncertainties by a factor of 2 in the assign-
ment of Ty are not at all uncommon in current ex-
perimental work on Kondo-effect systems, the
above result merits a few remarks. The result
of the high-temperature measurements is that a
value of Ty =(0.25£0. 05) °K for Mo(Fe) is consis-
tent within the s-d exchange model. This value
does not lead to a consistent connection between
the predicted low-temperature susceptibility and
the dependence of the saturated hyperfine field
upon H. In this regard, the theory of Ishii, which
prescribes an asymptotic approach to H,gt, seems
adequately to describe the behavior of Mo(Fe).
Furthermore, statements”3® concerning the per-
centage of the low-temperature susceptibility
which contributes to Hy,, do not appear to be appro-
priate for this system. It would seem appropriate
to question the validity of the customary assumption
Hga4 ™ lhyocar When the value of U, may be under-
going significant changes. Therefore, thefit of the
data to the Ishii theory, while indicating the cor-
rect qualitative dependence, may not be significant
for an accurate determination of Ty . In particular,
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the least-squares parameters imply Ty~ 2.0 °K
assuming a u of 2.4 uz. This value for Ty is
much too large to be consistent with the high-tem-
perature measurements.

Unfortunately, no high-field calculations for the
spin-fluctuation model have yet appeared and no
ready distinctions between it and the s-d exchange
model can be made on the basis of the present mag-
netizationdata. Inbothmodelsagradualtransition
to nonmagnetic behavior below a characteristic
temperature is predicted. The relaxationlike
effects upon the ME spectra noted above appear to
be characteristic of Kondo-effect systems! and
seem to be more consistent with a model in which
times of local moment magnitude fluctuation are
becoming comparable with thermal fluctuations in
the direction of the temporary moment. The in-
terpretation of these spectra would then be impor-
tant in establishing a physical description of the

low -temperature nonmagnetic state.

VI. CONCLUSIONS

The present ME measurement on the Mo(Fe)
alloy is interpreted as exhibiting the same sort
of transition to a nonmagnetic state as has been
observed in several other alloy systems. Appli-
cation of current theories to the experimental re-
sults indicates a characteristic temperature T
~ 0. 25 °K on the s-d exchange model and 75~ 1. 0 °K
on the spin-fluctuation model. Extension of ME,
susceptibility, and resistivity measurements to
lower temperature such that T'<< T would be of
-.considerable interest. In addition, a search at
these temperatures for thermopower and specific-
heat anomalies which have been observed in other
Kondo systems would be of interest.

*Work performed under the auspices of the U.S.
Atomic Energy Commission.
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Experimental evidence is presented for the observation of electron-transfer bands between

unlike transition-metal ions.

Two examples are considered. First, the spectra of crystals

of composition KMn,Ni;_,F3 and KZn,-,_,Mn,Ni,F; show an intense ultraviolet band (greater
than 50000 cm™?) associated with electron transfer from nickel to manganese. Polarization
data from BaMn,,Niy,,F, crystal spectra support this conclusion. Second, an electron-trans-
fer band has been observed for the pair Cu — F — Mn in KZnF; crystals. The band is centered
near 41500 cm™!, it is very broad with a long vibrational progression and it has an absorp-

tion intensity which increases on cooling of the crystal.

These features can all be explained

by the assignment Mn? (34%, Cu® (3d%) — Mn!*(3d°4s), Cu® (3d%). It is concluded that this

state determines the antiferromagnetic coupling in the ground state of the pair. A considera-
tion of the possible electron-transfer states available to the pair when the manganese is in
its excited 4A,‘ state provides an explanation for the observed ferromagnetic coupling of this

state with Cu®.

I. INTRODUCTION

The theoretical interpretation of the antiferro-
magnetism exhibited by transition-metal ion crys-
tals is extremely complicated, as can be seen
from a recent discussion of the problem by Gon-
daira and Tanabe.! The main difficulty in the
quantitative treatment of many electron ions lies
in the large number of virtual states which enter
into the calculation of the over-all exchange ener-
gy of the antiferromagnetic ground state. As these
states are, in principle, accessible by direct ab-
sorption from the ground state, measurements of
absorption spectra of these materials should be
very valuable in sorting out the relative importance
of the multitude of possible states. In practice,
this is not easy because the spectral region con-
cerned lies in the vacuum ultraviolet and, apart
from an early study by Parkinson and Williams, 2
this region of the spectrum has not been examined
at all. However, some of the difficulties can be
eliminated if we turn our attention to the absorp-
tion spectra of unlike pairs of ions instead of con-
centrating on the pure materials.

The choice of crystal system is also another im-
portant factor because of the need to minimize the
number and type of superexchange paths. The per-
ovskite fluorides are particularly useful in this re-
gard because of the simple nature of the exchange

interaction through fluorine in a linear arrange-
ment. The disadvantage is the lack of anisotropy
in the absorption process because the crystal sys-
tem is usually cubic. Earlier work has demon-
strated that the exchange interaction between Mn?*
and Ni?* leads to an enhancement of the absorption
intensity of certain electronic transitions which
are localized on either ion, ® together with the ap-
pearance of new bands which correspond to the
simultaneous electronic excitation of both ions.*

It was speculated that the mechanisms of both types
of absorption process involve primarily those vir-
tual states for which there is electron transfer
from nickel to manganese. The present paper pre-
sents experimental confirmation of this in the form
of an intense ultraviolet absorption edge which can
be assigned to this type of electron transition. In
addition, a study has been made of the absorption
spectrum of pairs of Mn®* and Cu®* in KZnF,;. A
very broad band centered at 41 500 cm-! has been
found which can be assigned to the electron trans-
fer from Cu®* to Mn?*. An assignment of this band
is given and the nature of the states which deter-
mine the exchange energy is discussed.

II. RESULTS AND DISCUSSION
A. Nickel-to-Manganese Electron Transfer

It has been shown earlier? that there are two in-



