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Resistivity measurerne'nts of frozen mixtures of Xe and Fe versus concentration and
temperature exhibit various conduction regions including a nonconducting-to-conducting
transition at 30 at.Vo Fe. Mossbauer-effect measurements reveal no changes in isomer
shift or hyperfine magnetic field with concentration above - 14 at. /o Fe. However, the
change in shape of the Mossbauer spectra suggests that a transition from a paramagnetic
relaxing phase to a magnetically ordered phase occurs- at - 30 at.~/& Fe.

Since Mott' proposed the occurrence of metal-
nonmetal transitions, a number of these transi-
tions have been investigated. ' Recently transi-
tions have been observed in frozen mixtures of
rare gases and metals. ' ' Sharp, discontinuous
transitions of resistivity as a function of concen-
tration have been reported for Ar-Na' and Ar-
Cu.4 Also a sharp transition was suggested by
the optical measurements on Xe-Hg. ' By con-
trast, Kr-Rb and Xe-Cs systems' did not show
sudden changes in their optical properties, while
resistivity measurements indicated gradual met-
al-nonmetal transitions.

We report a study of a system in which the
metallic constituent is a magnetic transition
metal. In this study we monitor the resistivity
and "Fe Mossbauer-effect parameters of Xe-Fe
as a function of iron concentration. A gradual
transition from a nonconducting to a conducting
phase was observed around 30 at.% Fe. Neither
the Mossbauer isomer shift nor the hyperfine

field of "Fe (H,.) showed an observable change
on passing through the transition.

Samples were prepared in a vacuum of better
than 10 ' Torr by allowing Fe vapor and Xe gas
to condense on the 7-K surface of either a sap-
phire or beryllium substrate. Iron was evapo-
rated from an alumina crucible held in a tanta-
lum heater that was temperature regulated to
better than +2'C. By weighing the crucible be-
fore and after an evaporation, and by using the
furnace efficiency (the ratio of Fe deposited on
the substrate to Fe evaporated), the amount of
Fe in the sample could be determined. The fur-
nace efficiency was determined in a separate ex-
periment by weighing the Fe deposited on a sub-
strate held at room temperature. It was assumed
that the sticking coefficient for Fe was the same
at 7 K as at 300 K. From the amount of Fe de-
posited and from the attenuation of the 14.4-keV
y ray of "Co, the amount of Xe deposited was
determined. The error in the amount of iron in
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each sample was +3'%%uo as a result of the uncer-
tainty in the furnace efficiency. This was the
main source of error in the concentration. The
thickness of the sample was determined from
the y-ray attenuation. The final thicknesses of
the samples were of the order of a micron. The
linear attenuation coefficient is the product of
the mass attenuation coefficient and the effective
density. ' The effective density was estimated
from the concentration. Errors produced by this
estimate were within the experimental uncertain-
ty of the resistance measurements.

The experimental arrangement and the details
of the sample preparation have been reported
earlier. ' Substrates were clamped to a copper
cold finger suspended beneath a liquid-helium
cryostat. For resistance measurements, a sap-
phire substrate was used to which a Au-0. 07%-
Fe versus Chromel-P thermocouple was at-
tached. Resistance was measured using a two-
probe parallel-electrode configuration. The
temperature of the sample could be varied by a
heater attached to the substrate. The resistance
was monitored during the deposition; the resis-
tivity was determined from a plot of conductivity
versus thickness. Mossbauer-effect measure-
ments were made on samples deposited on a Be
substrate kept at 4.2 K.

In Fig. 1 the results of the resistivity measure-
ments are plotted. Below 30 at. /& Fe only a leak-
age resistance was measurable; therefore a
lower limit of 10' 0 cm is given for the resis-
tivity. Above this concentration the measured
resistivity decreased to less than 1.6x10 ' Q cm
(the lower limit of resistivity measurable with
our two-probe system) for the 100-at.%-Fe sam-
ple. Published values for resistivity of amor-
phous Fe films are -150 p.Q cm. ' For samples
with concentrations greater than 30 at. /0 Fe, re-
sistivities decreased with increasing tempera-
ture. For the 100-at./0-Fe sample, the change
was irreversible up to the highest temperature
measured, 100 K. For other concentrations
there existed both a reversible and a small ir-
reversible decrease. This later change is prob-
ably caused by matrix annealing. Near the tran-
sition (-32 at.%%ugFe )an dnearpureF e, a temper-
ature change from 7 to 40 K produced a reversi-
ble decrease in the resistivity of 2 or 3%%u&. How-
ever, for the 77-at.%-Fe sample, the same tem-
perature variation decreased the resistivity by
25%.

Previous studies' ' of frozen mixtures of rare
gases and metals have used percolation models
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FIG. 1. Log-log plot of resistivity of Xe-Fe versus
concentration of Fe. Note that the lower abscissa scale
is logarithmic while the upper nonlogarithmic scale in-
dicates the relative positions of the various concentra-
tions.

to describe the resistivity transitions. With use
of the suggestion of Scher and Zallen" that the
critical volume fraction of conducting material
is 0.15 in three dimensions, and use of a hard-
sphere model' for the constituents, the critical
per colation concentration has been calculated.
For the hard-sphere radii, we used the Van der
Waals radius of Xe (2.2 A) and the atomic radius
of Fe (1.26 A)." For variation of the packing
fraction between the value for liquid metals
(0.45)" and the value for hard-sphere models
(0.65)," the calculated critical concentration
varied between 65 and 54 at.%%ucFe; thiswa s to
be compared with the measured value of 30.5
+2.0 at.'%%uo Fe. This discrepancy could arise from
either the oversimplification of the percolation
hard-sphere model or the inappropriateness of
the atomic radii used above.

Kirkpatrick has made Monte Carlo calcula-
tions" for a bond-percolation problem in which
resistors are randomly distributed on a simple
cubic lattice. He found that the resistivity (p)
versus concentration (c) had the functional form
p~ (c- c,), where c, is the critical percolation
concentration, and y =1.6 in the critical region,
while above this region the dependence was lin-
ear. Figure 1 is a log-log plot of resistivity ver-
sus c —c,. The data can be fitted by the above
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equation in the region between c =0.3 and 0.6 with

y =1.2+0.5. In the region beyond c =0.6 a fit by
y-9 or by an exponential function is possible.
Between c = 0.3 and 0.6 Kirkpatrick's model is
appropriate; however, above c =0.6 this model
fails to describe our results.

The theoretical models that have been applied
by Mott' and Cohen and Jortner" to other dis-
ordered materials will be used to explain the
various functional dependences of resistivity
upon concentration observed in Fig. 1. For the
region near pure disordered Fe the electronic
transport is characterized by propagation of elec-
trons between scattering events in which the ef-
fective mean free path (L) is greater than the in-
teratomic distance (a). A lower limit for the ex-
tent of this propagation regime" can be obtained
by using the nearly-free-electron formula for
resistivity" and the resistivity of amorphous Fe
films' to calculate L. Using the bulk Fe values"
of electron density, effective mass, and Fermi
velocity, we found an L of order 100 A. There-
fore, of the 4-order-of-magnitude variation of
resistivity between c =1 and 0.6 only 2 orders
can be accounted for by variation of scattering in
the propagation regime. To extend this regime
further requires a decrease in the effective elec-
tron density' caused by increasing disorder or
dilution of the metallic constituent. " When L- a
electronic transport is characterized by diffu-
sion. ' Between 60 and 30 at.% Fe fits of the re-
sistivity versus inverse temperature by an ex-
ponential function gave energy barriers" that in-
creased with decreasing Fe concentration. How-
ever, between approximately 80 and 60 at.% Fe
(possibly the diffusion regime), the change in the
barrier was insufficient to account for the change
of resistivity with concentration. Below 60 at.%
Fe the data can be described by the model of
Kirkpatrick"; therefore, we associate this re-
gion with a percolation regime and the transition
at 30.5 +2.0 at.% Fe with a critical percolation
probability. It should be pointed out that the con-
ductivity just above the metal-nonmetal transi-
tion [-10 '

(Q cm) '] is considerably lower than
the "minimum metallic conductivity" [200-500
(0 cm) '] proposed by Mott." Below the tran-
sition, conduction probably occurs by means of
a localized hopping mechanism. ' At 7 K such a
mechanism should allow very little conduction;
therefore, it was not surprising that the conduc-
tivity was below our sensitivity.

The Mossbauer spectra for various concentra-
tions are displayed in Fig. 2. The Mossbauer

I I

MONOMER
IOO — C.

AC4

c95—
~ r

100—C ~
~ ~

~ ~ ~ ~
% ~ ~ ~ ~ agsea. + ~ ~
~-es

~ ~ ~ ~ ~ ~ Q yo
~ +l ~

~ ~
~+ ~ ~ ~
~ Oa ~ ~

~ ~

~ ~ ~

99.8
IOO Cjr ~

~ ~
~ Ic
c~ o~~ ~

~ ~

ePr,V
~0$ ~ 0 ~
~ g )+ ~ ~

Po

~O0

Z,'

99;
I 00—

(f)
Z.'

0- 995-I—

I 00—

~ c ~

W~ ~

C ~ 0~ ~ ~

~
4

5%

l4%

27%

34%

98—

I 00—

99.3—

fc ~i gt j; o

~ ~ ~ ~ ~ ~
~0 ~~ & ~ ~I ~ ~

~ 8 ~ ~ ~ )0 0$

~ % ~ ~~ ~
~ ~ ~ ~ ~

~0 ~ yO ~ ~

~ ~ ~
~ ~ ~

~ ~
~ ~

I I

38%

60%

-5 0 5 (mm/sec)

FIG. 2. Mossbauer-effect spectra of Xe-Fe samples
at various concentrations of Fe.

spectra taken below 30 at.% Fe were typical of a
paramagnetic system with slow spin relaxation
time" and/or inhomogeneous internal fields.
The enhanced amplitude in the center of the spec-
tra below 30 at.% Fe suggests that some of the Fe
atoms are in clusters which have fast (& 10 ' sec)
electronic relaxation times. The spectrum at 34
at. '%%u& Fe was as expected for an ordered system
in which a distribution of local envj. ronments has
caused line broadening. As the concentration of
Fe was raised, a decrease in disorder reduced
the linewidths. At 60 at.% Fe the spectrum was
similar to bulk Fe. There is no evidence of an
abrupt change in the Mossbauer spectra between
the conducting and nonconducting regions except
for the change in shape of the Mossbauer spectra
which suggests a transition from a paramagnetic
relaxing phase to a magnetically ordered phase
as discussed above.

The isomer shift (IS), which is proportional to
;he electron density at the nucleus, is a function
of electronic configuration. " The IS was ob-
tained from the difference of the "center of gra-
vity" of the spectrum and the zero of velocity.
The zero of velocity is with reference to an Fe
absorber at room temperature. H„which is al-
so a function of electronic configuration, is the
sum of orbital, dipolar, and core-polarization

1791



VOLUME 35, NUMBER 26 PHYSICAL REVIEW LETTERS 29 DECEMBER l975

contributions. " For Fe metal, II, is predomi-
nantly produced by core polarization. " From
the spectra in Fig. 2 H, was determined from the
splitting of the two outermost lines of the spec-
trum. " For concentrations above approximately
14 at.% Fe, the IS and H, were independent of
concentration, within the experimental uncertain-
ty, and equal to that of bulk Fe metal at 4 K (IS
equals 0.116+0.003 mm/sec with respect to Fe
metal at 300 K, and H, =338~3 kOe)." There-
fore, any change in electronic structure with con-
centration was undetectable using the Mossbauer
effect. This was also true of the optical mea-
surements of Phelps, Avei, and Flynn. '
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We consider an Ising model in which the spins are coupled by infinite-ranged random
interactions independently distributed with a Gaussian probability density. Both "spin-
glass" and ferromagnetic phases occur. The competition between the phases and the type
of order present in each are studied.

Compelling experimental" and theoretical' '
evidence has accumulated in recent years sug-
gesting that a new magnetic phase may occur in
spatially random systems with competing ex-
change interactions. In this "spin-glass" phase,
moments are frozen into equilibrium orientations,
but there is no long-range order. Edwards and
Anderson (EA) have demonstrated' that such a
phase occurs within a novel form of molecular-
field theory, and they propose that spin correla-

tions between Gibbs-like replicas of the random
system play the role of a spin-glass order param-
eter.

A closely related replica formalism has been
employed in several recent papers" applying re-
normalization-group methods to random magnetic
systems. The possibility of an EA-type' order
parameter was not considered in that work, al-
though some of the models studied' appear likely
to exhibit spin-glass phases.


