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We report on low-temperature magnetotransport measurements on the amorphous semiconductor
a-GdxSi12x with x;0.13, on the insulating side of theT50 metal-insulator transition for this material. The
samples exhibit a negative magnetoresistance of more than five orders of magnitude at 1 K, which grows
exponentially larger at lower temperatures. The temperature dependence of the conductivity displays an acti-
vated form indicative of variable range hopping in the presence of a Coulomb gap in all magnetic fields from
0 to 9 T, while the characteristic temperatureT0 of the hopping conductivity decreases from over 300 K in 0
T to 6 K in 8.5 T. This enormous magnetoresistance must arise from an exchange interaction between the
conduction electrons and the local Gd moments which are randomly oriented in zero field and become~par-
tially! aligned in 9 T, and its consequent influence on the electron-electron interaction. However, it remains to
be determined whether the effect of this magnetic interaction is a relative shift of the Fermi energy relative to
the mobility edge and a modification to the Coulomb gap or a change in the bandwidth and its consequent
effect on the electronic density of states.@S0163-1829~99!50606-1#
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Many materials with intrinsic magnetic moments ha
been found to possess giant negative magnetoresist
~MR! comparable to or larger than that in artificial magne
structures,1,2 due to various types of interactions between
conduction electrons and the local moments. In particu
this class of materials include mixed-valence manganit3

some heavy fermion systems,4 rare-earth chalcogenides,5,6

and diluted magnetic semiconductors7 ~DMS’s!. In insulating
crystalline DMS’s and chalcogenides, the exchange inte
tion has been shown to cause the formation of bound m
netic polarons~BMP’s!.8 Specifically, an electron localize
on an impurity atom with a Bohr radius of many lattice co
stants polarizes the magnetic moments within its orbit a
forms a ferromagnetic entity within the paramagnetic or
tiferromagnetic background of the material. In some mat
als the extra binding energy due to the polarization clo
leads to a reduced hopping probability and a large supp
sion of the conductivity below a temperature comparable
the polaron binding energy. A magnetic field aligns the sp
in the background with those in the BMP, reducing the bin
PRB 590163-1829/99/59~6!/3929~5!/$15.00
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ing energy and resulting in a dramatic increase of the sam
conductivity. This mechanism is believed to be responsi
for the negative MR, and in some extreme cases
magnetic-field-tuned insulator~I! to metal~M! transition in a
variety of crystalline DMS’s~Refs. 9 and 10! and rare-earth
chalcogenides.5,6 Microscopic mechanisms behind the neg
tive MR in the heavy fermion systems and the mangan
are presumed to be different, but in all cases involve
interaction between conduction electrons and local mome
which are aligned by the application of a field. In fact, in t
case of doped manganites, there is a growing body of th
retical work11,12and experimental evidence13,14for electronic
phase separation and consequently the formation of magn
polarons. Inelastic neutron scattering even revealed the e
tence of coherent ‘‘mobile’’ magnetic polarons13 and a pic-
ture of ferromagnetic percolation was suggested for
metal-insulator transition nearTc .

The effect of disorder on the conductivity of materia
both in the metallic and the insulating state has be
much studied.15 Amorphous alloys such asa-NbxSi12x ,
R3929 ©1999 The American Physical Society



lo
g
o
a-

ble
ab

a
o

ra
th
se
a
ld
n
i

t

ra
ity
to

ti
tiv
ld

a

na
to
s.
ia
s
en
ly

e
cr
b

t t
m

s.
n

ny
iv
v

iza
le
h

be
o

lt
e
o

a
al-
n-

f a
sed
th
red
ch
nts.
fer-
ass
The
sem-
ate,
IM

in

mi-
vity
ys-
ar
in

d
is

e
in

etic
t is
ere
t a

all

RAPID COMMUNICATIONS

R3930 PRB 59XIONG, ZINK, APPLEBAUM, HELLMAN, AND DYNES
a-AuxGe12x , anda-MoxGe12x with x;0.1– 0.15 have pro-
vided systems where the disorder is large. In these al
changingx allows for a smooth transition from an insulatin
to a metallic state. It has been shown that the electrical c
ductivity near the MI transition is dominated by the form
tion of a Coulomb gapDc in the single-particle electronic
density of states~DOS! on the insulating side16 and a precur-
sor correlation gap on the metallic side.17 Mott18 showed that
in the disordered insulator at finite temperatureT, electrons
optimize their hopping probability by seeking accessi
states both in space and energy, which results in a vari
range hopping conductivitys(T)}exp(2T0 /T)n with n5 1

4

for noninteracting electrons in three dimensions andn5 1
2

when a quadratic soft Coulomb gap is present.19 The effect
of adding magnetic interactions to this picture with loc
magnetic moments is not clear; in particular there is a lack
understanding of the interplay between the magnetic inte
tion and the electron-electron interaction effects. In
DMS’s, there is clearly increased localization and a con
quent shift of the MI transition to higher carrier concentr
tions. In Gd32xvxS4 (v5vacancy), where the magnetic fie
induces an I to M transition, there is evidence for the co
tinued importance of the Coulomb gap or its precursor
both the I and the M states.6 In at least one of the DMS’s i
has been suggested that a hard gapDH in the DOS is pro-
duced inside the soft Coulomb gap by the magnetic inte
tion, leading to a simple thermally activated conductiv
s(T)}exp(2DH /T) at low temperature and a crossover
then5 1

2 behavior at higher temperatures.10 In this case there
is an apparent modification of the DOS from the magne
interaction and the transport is determined by the rela
strength ofDH andDc , which depend on the magnetic fie
as well as the carrier concentration.

We recently showed20 that an amorphous alloy with
local magnetic moment,a-GdxSi12x with x from 0.11 to
0.15, exhibits giant negative MR while its nonmagnetic a
log a-YxSi12x only possesses a small positive MR similar
what was previously seen in other nonmagnetic alloy15

This material bears some resemblance to the DMS mater
but the greater disorder of the amorphous structure lead
several crucial differences. In particular, the carrier conc
tration of interest, near the MI transition, is approximate
four orders of magnitude larger~1022cm23 versus
1018cm23!. The higher concentration and greater disord
means that the electron-electron correlation effects are
cial, as is seen in the nonmagnetic alloys, and as will
shown in the magnetic systems as well. It also means tha
Fermi energy and temperature are large, so that Coulo
correlation effects are seen at relatively high temperature
amorphous materials, instead of an electron localized o
single impurity donor or defect with a Bohr radius of ma
lattice constants, the MI transition occurs due to a collect
action of many scattering centers and could take place e
if a single impurity has no bound states; hence the local
tion length depends on a variety of factors such as the die
tric constant and the proximity to the MI transition. The hig
carrier concentration also implies that the ratio of the num
of magnetic moments to carriers is close to unity instead
the 103– 104 for the DMS’s. Therefore, the BMP is a difficu
concept to take literally in these amorphous materials sinc
is hard to imagine a picture of a single localized electr
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polarizing the nearby moments. If the BMP are to remain
valid concept, they are certainly overlapping since the loc
ization length is large near the MI transition and many co
duction electrons~and moments! must exist within it. Hence
one may be able to view the effect as the formation o
polaron band localized by disorder. The materials discus
in this paper are insulators, but within a localization leng
the overlapping electron wave functions could be conside
in terms of a metallic state with an effective mass whi
depends on the polarization of the local magnetic mome
It is thus possible that the concepts developed for heavy
mions of a field- and temperature-dependent effective m
are a better way of understanding the present materials.
magnetotransport in these materials also bears some re
blance to that of the manganites in their paramagnetic st
above the magnetic ordering temperature. Therefore, the
transition ina-GdxSi12x as a function of increasingx may
have some relevance to the physics of the IM transition
the manganites nearTc .

Even in the crystalline magnetic semiconductors, the
croscopic mechanism behind the degradation of conducti
has not been determined beyond ambiguity in all of the s
tems. Specifically, in some systems it is still not cle
whether the BMP lead to a narrowing of the bandwidth,
addition to the shift of the Fermi energyEF and the mobility
edgeEc , which is well accepted.8 A further interesting as-
pect of thea-GdxSi12x alloys reported here when compare
to the DMS is that the direct Gd-Gd exchange interaction
negligible due to thef-electron character, unlike the larg
antiferromagnetic exchange interaction between the Mn
the DMS’s.

In order to investigate the interplay between the magn
interaction and the electron-electron correlation effects, i
important to study the transport at low temperatures wh
both effects are well developed. In this paper we repor
detailed study of the low-temperature~down to 155 mK!
magnetotransport behavior of thea-GdxSi12x with x;0.13
on the insulating side of theT50 MI transition for this ma-
terial in zero field. We note thata-YxSi12x anda-NbxSi12x
at x;0.13 are on the metallic side of this transition at

FIG. 1. s as a function ofT for an a-GdxSi12x sample withx
;0.13. Inset: The low-temperatures plotted logarithmically versus
T21/2.
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fields and that at high temperatures~above;70 K! the con-
ductivity of thea-GdxSi12x sample is similar to that of the
nonmagnetic samples. In other words, the insulating beh
ior of the a-GdxSi12x sample does not develop until th
temperature drops below;70 K, which is suggestive of a
magnetic binding energy as seen in the DMS’s. In a m
netic field of 9 T, thea-Gd0.13Si0.87 samples exhibit a dra
matic enhancement of conductivity, as high as five order
magnitude at 1 K and exponentially larger at lower temper
tures.

The samples were made by electron-beam coevapora
of Si and Gd in a UHV chamber as described in Ref. 20. T
substrates, Si covered with 4000 Å of amorphous Si nitri
were held at room temperature during growth. They were
into 1 mm33 mm stripes and leads were attached by co
pressed indium for four-probe resistance measurement.
samples are extremely stable in air and with respect to t
mal cycling, which enabled us to perform multiple measu
ments from room temperature down to 150 mK. For the
sistance measurements care was taken to ensure that
were made in the Ohmic regime. Typically a current of
nA was used at room temperature and reduced to a
tenths of a nA at lower temperatures. At the lowest tempe
tures theI -V curves became nonlinear at even smaller c
rent, in which caseI -V curves were recorded at individua
points of different field strengths and the resistances w
obtained by determining the slope of theI -V at zero bias.

FIG. 2. ~a! s versus applied magnetic field at different tempe
tures;~b! the same data plotted on logarithmic scale.
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We have measured two samples on the insulating side sh
ing similar results.

Figure 1 shows the temperature dependence of the
ductivity s in zero field.s(T) is typical of what has been
previously observed fora-GdxSi12x with a nearly linearT
dependence at highT and a steeper decrease in conductiv
below;70 K. This sample is clearly on the I side of the M
transition as indicated by the vanishings at T50 and an
exponentialT dependence at lowT as illustrated in the inset
A function of exp(2T0 /T)n with n5 1

2 gives the best fit to the
data below 5 K, over 6 decades of conductivity.21 This tem-
perature dependence is characteristic of a conduction me
nism of variable range hopping in the presence of a s
Coulomb gap (Dc). The nonmagnetic analogs such
a-NbxSi12x ~Ref. 17! and a-YxSi12x ~Ref. 20! with x
;0.13 have conductivity remarkably similar to that foun
for a-GdxSi12x at high temperatures but exhibit metallic b
havior (s5s01AAT) at low temperatures. For even lowe
values ofx ~e.g.,x50.11!, the nonmagnetic analogs becom
insulating with a similar low temperaturen5 1

2 T depen-
dence. The difference is presumably due to the interactio
the electrons with the local magnetic moments.

Figure 2 displays the magnetoconductance of this sam
at different temperatures. The sample was zero-field-coo
down to 155 mK and then the resistance was measured
function of magnetic field up to 8.5 T. AtT5155 mK, the
magnetoconductance did not show any hysteresis in h
fields but the conductivity became unmeasurably low~lim-
ited by the input impedance, 109 V, of the preamplifiers we

-

FIG. 3. ~a! log10 s as a function ofT21/2 for the same sample in
different fields;~b! T0 extracted from above plotted againstH.
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used! at low fields. In all of the measurable range,s is sym-
metric in fields of opposite direction.s was also measure
with the field parallel and perpendicular to the film plane a
the current direction, with negligible difference. The curv
shown here represent one branch of the field sweeps wiH
applied perpendicular to both the film plane and the curre
The magnitude of the magnetoconductance of
a-GdxSi12x is extremely large. The vast variation of th
sample conductivity in a magnetic field is best illustrated
the logarithmic scale as shown in Fig. 2~b!. At T
5955 mK, s is increased by more than five orders of ma
nitude by a field of 8.5 T. At low temperatures and especia
at low fields, s(H) shows a substantial nonlinearity. Th
degree of nonlinearity decreases as the temperature an
magnetic field increase. Attempts to fits(H) to a simple
power-law behavior~H or H2! did not yield satisfactory re-
sults. We also plotteds as a function of induced magnetiza
tion M for different samples, arguing thatM is the appropri-
ate independent variable as it measures the degree of
moment alignment, but this did not yield a collapsed set
data even for a single sample at different temperatures.

Figure 3~a! displays s(T) in different magnetic fields,
plotted as log10(s) versusT21/2. At low temperatures (T
,4 K) the linearity of these curves shows thatn5 1

2 gives
the best description of the data under all magnetic fields
Fig. 3~b! we plot the characteristic temperatureT0 as a func-
tion of the magnetic field.T0 decreases from 320 K in 0 T to
less than 10 K in 8.5 T. Clearly the enormous field enhan
ment of the conductivity here does not result in a magne
field-driven I to M transition in this sample, although
seems likely that higher fields would result in such a tran
tion. This conclusion is based on the metallic behavior of
a-YxSi12x and a-NbxSi12x alloys of comparable compos
tion; if the Gd moments were perfectly ferromagnetica
aligned by a large field, we suspect that thea-GdxSi12x
would be metallic. This dependence ofT0 on H means that
the MR grows exponentially with decreasing temperat
due to the different exponential behavior of theH50 and
H58.5 T data. An extrapolation of theH50 data to 155 mK
and the measured value inH58.5 T gives a magnetoresis
tance (DR/R) of 1017.

The persistence of then5 1
2 behavior for all magnetic

fields indicates that ina-GdxSi12x the electron-electron in
teraction dominates the transport, with no sign of a magn
hard gap. The magnetic interaction between the conduc
electrons and the local magnetic moments affect the tra
port behavior through its influence on the electron-elect
interaction. We suggest that this interplay could occur in t
ways: The first scenario is a shift of the location of the m
bility edgeEc relative to the Fermi energyEF . In crystalline
DMS and chalcogenides where the BMP are well defin
the formation of the BMP reduces the energy of the occup
states which effectively dropsEF below Ec . The reduced
kinetic energy can also be understood as an increase in
carrier effective mass and a degradation of the carrier mo
d
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ity. In amorphous materials the formation of the BMP is n
as well defined because of the reasons discussed be
However, regardless of the microscopic picture, the magn
interaction introduces an additional random fluctuation sc
tering potential~in zero field! which could shiftEc relative to
EF , and thereby reduce the localization lengthj and de-
crease the dielectric constantk. A magnetic field aligns the
moments and reduces the disorder potential, increasingj and
k. The tremendous effect the magnetic interaction has on
transport properties ofa-GdxSi12x in this scenario comes
from its influence on the electron-electron interaction, wh
modifies the activation temperatureT052.8e2/kBkj and the
Coulomb gapDc5e3(N0 /k3)1/2, where N0 is the DOS
without interaction, through an alteration ofj and k. This
effect, in essence, includes a combination of a renormal
tion of the carrier effective mass and the consequent ef
on the carrier mobility, as well as a modification of the effe
of the Coulomb interaction on the DOS. The magnetic fie
may alternatively lead to a change in the bandwidth its
which should result in a significant change inN0 and the
effective mass.11,12,22With the present data we cannot ma
a definitive statement whether the behavior ofa-GdxSi12x is
due to a modification ofDc from poor screening or any sig
nificant change inN0 itself. An independent determination o
the DOS such as by an electron tunneling measuremen
needed and currently underway.

In summary, we have carried out low-temperature mag
totransport measurements on insulatinga-GdxSi12x with x
;0.13. The samples exhibit an enormous enhancemen
conductivity in a magnetic field. The magnetotransport pro
erties of thea-GdxSi12x appear to be determined by an in
tricate balance and interplay between the magnetic excha
interaction and the electron-electron interaction. The beh
ior of the field and temperature dependence of the cond
tivity showed marked differences from those for its cryst
line counterparts. The Coulomb correlation is found
dominate the transport at low temperatures so thats retains
an exp$2(T0 /T)1/2% form in the full range of magnetic fields
we have investigated, although we anticipate that hig
fields would result in a metallic form fors. T0 is strongly
field dependent, changing by nearly two orders of magnitu
between 0 and 8.5 T. It has yet to be determined whether
dramatic effect the magnetic impurities and the magne
field have on the sample conductance results from a mo
cation of the electron-electron interaction and its effect
the electronic DOS via a relative shift of the positions ofEF
and Ec , or a change in the bandwidth and the consequ
variation in the DOS and effective mass. It is possible t
some combination of these effects determines the beha
of the a-GdxSi12x system.
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