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Observation of a Nonmagnetic Hard Gap in Amorphous In/InO, Films in the Hopping Regime
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We measured low temperature conduction characteristics of amorphous indium/indium-oxide compos-
ite films deep in the insulating regime. Upon lowering temperature, resistance crosses over from an
Efros-Shklovskii variable-range-hopping conduction to a simple activation conduction, with parameters
in good agreement with the picture of hardening of a parabolic Coulomb gap near the Fermi level. In
contrast to the previous observations in magnetic materials, however, the hard gap in our films is ex-
tremely insensitive to a magnetic field, which strongly indicates a nonmagnetic nature of the hard gap.

PACS numbers: 72.20.Fr, 71.30.+h

The electron-electron interactions on the insulating side
of the metal-insulator (MI) transition lead to a gap in the
single-particle density of states (DOS) near the Fermi
level [1-3]. Considering the single-electron hopping pro-
cess, Efros and Shklovskii (ES) have shown that [3], in
3D, the mutual Coulomb interactions cause a smooth
parabolic depletion of DOS of size Ac, centered at the
Fermi energy Er. Opening of this “soft gap,” in turn,
causes a deviation from Mott’s variable-range-hopping
(VRH) conduction of the form In(p/pg) o< T =V with
v= 4%, which is obtained assuming a constant DOS [4].
The resulting ES variable-range hopping across the para-
bolic gap changes the value of the exponent v into .
Such a Mott-to-ES crossover upon lowering temperature
has been observed experimentally in several materials
[5-71.

On the other hand, it has been pointed out that mul-
tiparticle excitations following a long-range electron hop-
ping may be important at low temperatures [2,8-10],
thereby giving rise to a DOS near Er much sharper [5,
11] in variation than |E — Er|2. Subsequent work [12]
has shown that stabilizing the ground state with respect
to short-range polaron excitations near the initial and
final sites of a long-range hopping causes a small but
finite energy range near Ef with effectively vanishing
DOS inside the parabolic Coulomb gap. The energy
range, of order A¢/5, is called a “hard gap.” So electrons,
transiting across the hard gap, may exhibit a conduction
of simple thermal activation, In(p/pg) &7 ~!. The in-
teractions between polarons can be either electric or mag-
netic, depending on whether the polarons possess electric
dipole moments or magnetic moments. A crossover from
the ES VRH to the hard-gap (HG) hopping (ES-to-HG
crossover) with decreasing temperature has also been ob-
served experimentally in several magnetic systems such as
amorphous GeCr [13], ion-bombarded polyimide films
[14], and ion-implanted Si:As samples [15]. Very recent-
ly similar behavior has been observed in other magnetic
materials such as irradiated photoconductor Cdgg-
MnggeTe:In [16] and uncompensated p-type Si:B [17].
The conduction characteristics in these materials were all
interpreted in terms of the existence of a magnetic hard
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gap, arising from the interactions between localized mag-
netic moments. Since the hard-gap-hopping conduction,
especially in the latter two materials, was very vulnerable
to an external magnetic field the hard gap was claimed to
be magnetic in origin.

In this paper we report the results of conduction mea-
surements at low temperatures on homogeneous insulat-
ing amorphous indium/indium-oxide (In/InO,) compos-
ite films, which we believe strongly indicate hardening of
the parabolic Coulomb gap near Er due to electrical po-
laron excitations. In clear contrast to the magnetic ma-
terials mentioned above, the conduction characteristics of
our In/InO, films in the hard-gap temperature regime
were extremely insensitive to an external magnetic field.
All the films retain the resistivity exponents v intact up to
8 T all over the temperature range explored, this fact im-
plying a nonmagnetic nature of the hard gap in these
films. The small positive magnetoresistance [{R(H)
—R(0)}/R(0)~0.1 maximally, in H=8 T] observed in
our films is also in clear contrast with the large negative
magnetoresistance (MR) in the above-mentioned mag-
netic materials, except for Si:B which shows a large and
positive MR [17]. The behavior of MR in our films can
be described in terms of shrinkage of localized electron
wave functions [18]. In zero field, the films show both
the Mott-to-ES and the ES-to-HG crossovers. The
Mott-to-ES crossover takes place at a temperature a little
below the liquid nitrogen temperature, while the ES-to-
HG crossover takes place at a temperature in the range
7-35 K, which corresponds to the size of the hard gap of
an order Ac/2. With increasing disorder, the crossover
temperatures rise and the size of both the soft and the
hard gaps widens.

In the regimes of Mott VRH and ES VRH, in
3D, zero-field resistance obeys exponential behavior, R
aexp(Ty/T)* and R ocexp(Te/T)'?, respectively,
with kgTy =18/N(Ep)E® [4,18] and kpTg =~ 2.8¢%/e&
[3,18], where N(EF) is the DOS at the Fermi level, & is
the localization length, e is the electron charge, and ¢ is
the dielectric constant of the films. For the Mott VRH
[ES VRHI, electrons hop over a range Ry =3 (Ty/
T)'4 [Rg =4 (Te/T) 2] between the initial and the
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final sites with an energy difference 8y =+ kgT (T/
T)V* (6 = £ kg T(Tg/T)'21. The size of the soft Cou-
lomb gap is, then, given by [3,6]

Ac=e3N(Ep) Ve =kp(TR/Ta) "2, (1
which provides a way to estimate Ac from a measurement
of Ty and Tg. We also estimate the Mott-to-ES cross-
over temperature to be Ty =16(T2/Ty), in 3D, by as-
suming that 8y becomes comparable to 8¢ at Tyg
[6,19].

The homogeneous amorphous In/InO, films were
prepared by reactive ion beam sputtering of high-purity
(99.999%) indium in an atmosphere of oxygen at pres-
sure over the range of 6x10°-1.0x10~* Torr. The
films consist of small (~30 A in diameter) amorphous
indium grains embedded in an indium-oxide host. Since
the average hopping length (~100 A over the tempera-
ture range of the Mott VRH) in our films is larger than
the grain size, the films can be considered homogeneous
so that granularity effects can be ignored. Details of the
characteristics of amorphous In/InO, composite films
prepared in this way are described in Ref. [20]. The
thickness was kept fixed at 80 A for all the films used.
Various relevant parameters for the films are listed in
Table I. Each film was patterned into a 4X1 mm? strip
using a metal stencil. The distance between voltage lead
contacts was 2.55 mm. Measurements were made using a
standard four-probe technique in an Ohmic current re-
gime over a temperature range of 0.5-160 K.

The inset to Fig. 1(a) shows the temperature depen-
dence of zero-field resistance, over 0.5-100 K, of the five
films S1-S5 with different sheet resistance at 4.2 K in the
range 100 kQ/O-1 GQ/O. Resistance shows thermally
activated behavior, following the general expression
In(p/po) < T ~Y with + <v=<1. In Figs. 1(a) and 1(b)
we plot logio{—d(nR)/d(InT)} for the samples as a
function of log;o(7") in a high and a low temperature re-
gion, respectively, where the slope of the fit lines corre-
sponds to —v [21]. Figure 1(a) clearly demonstrates
that, for samples S3-SS5 in the range 45-70 K, the value
of the exponent v changes from § to § as the tempera-
ture is lowered [22]. In Table I we list the best fit values
for the characteristic temperature parameters 7T and
Teg. The T~ 12 dependence indicates that the conduction,
below the crossover temperature Ty for each film, is

TABLE I. Various characteristic sample parameters defined
in the text. Some parameters for S1 and S2 are missing due to
too high values of the Mott-to-ES crossover temperatures to be
measured.

R(42K) Tu Te Tue THE Ac Ey Ay
ka/0) (K) (K) (K) (K) (K) (K) (K)

S1 1.04x10% --- 394 30-40 ~35
S2 4400 <o+ 160 e 12-14 ~14
S3 950 1631 84.0 69.2 77 19.1 10-12 ~10
S4 230 665 469 529 56 125 7.0-7.5 ~7.5
S5 132 372 333 47.7 48 997 ~65 ~7.0
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FIG. 1. Plots of logio{—d(nR)/d(InT)} as a function of

logi1o(7"). The slope of the fit lines correspond to —v. (a) The
samples S3-S5 in the temperature range 15-160 K, showing
the Mott-to-ES crossover. Inset: The temperature dependence
of zero-field resistance of the five films S1-S5 sequentially from
the top. (b) The samples S1-S5 in the range 0.5-100 K, show-
ing the ES-to-HG crossover. The inset shows fitting of a frac-
tional change in the MR for the sample S2 by Eq. (2) as a
function of a magnetic field at temperatures 3, 4, 6, and 8 K.

governed by the ES VRH with electron-electron interac-
tions. The values of Tyg =16(T2/Ty ) inferred from the
predetermined parameters Tg and T, are listed in Table
I, together with T§/8' which is obtained by reading the
cross point of the two best fit straight lines to the R vs T
data in the region of Mott VRH and ES VRH. We see
that the two values turn out to be very close to each oth-

er, confirming the self-consistency of the analysis em-
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ployed. T rises as the films become more resistive with
increasing disorder.

The ES-to-HG crossover behavior in the samples S1-
S5 is presented in Fig. 1(b) at lower temperatures in the
range 7-35 K, where all the films show a clear change in
the resistivity exponent from v= % to v=0.85-0.95, a
value close to that of the simple thermal activation. The
crossover behavior indicates that the ES VRH conduction
is strongly modified due to hardening of the soft gap into
the simple-thermal-activation conduction below a charac-
teristic temperature Tgy =Ap/kg. The size of the Cou-
lomb gap inferred from Eq. (1) with the values of Ty
and Tg listed in Table I for the samples S3-S5 is in the
range Ac/kp = 2-20 K, which is close to the ones ob-
served by others in amorphous indium oxide and MoC
films [5,6]. We see in the table that the ratio kg Twme/Ac
for the samples S3-SS5 turns out to be 3-5, which is in fair
accord with the estimated value 2 [6,19]. Recently, a
simple activation has also been observed by others in
amorphous indium-oxide films [23], but only in the re-
gime close to the MI transition and interpreted in a
different context.

The existence of the hard gap can be confirmed further
by examining the temperature dependence of the effective
activation energy Ey obtained from the relation [24]
Ey(T)=d(nR)/d(1/T). The activation energies shown
in Fig. 2 for the five films decrease continuously with de-
creasing temperature, which is one of the typical charac-
teristics of a VRH, either Mott type or ES type. Ey for
each film tends to converge to a constant value in the
range 6.5-40 K in the low temperature limit, a demon-
stration of gradual hardening of the parabolic gap. The
values of Ey are very close to Ay, which implies that the
simple-activation behavior onsets with decreasing temper-
ature as the thermal energy becomes comparable to the
size of the hard gap Ey. Ep turns out to be of an order
A¢/2, which is a little larger than the theoretical estimate
Ac¢/5 inferred from polaron excitation model [12].

The inset to Fig. 3 shows R vs T for the samples S3
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FIG. 2. The effective activation energy Ey obtained from the
relation E4(T) =d(nR)/d(1/T) as a function of temperature.
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and S4 in a transverse external magnetic field of 8 T
(open squares) together with the zero-field data (solid
curves) for comparison. Both films are extremely insensi-
tive to a magnetic field, showing only a small positive
fractional change in resistance SR/R~0.1 even in a field
of 8 T. Both the sign and the magnitude of §R/R are in
clear contrast with the previous observations in the
magnetic-hard-gap materials, where a change in magni-
tude by a factor of 2-10 is common in the similar field
range in the low temperature limit used. We believe that
a negative sign for MR as observed in most of the mag-
netic materials is more natural to the notion of destruc-
tion of a magnetic hard gap in high fields while the ES
VRH is restored [16,17]. In this regard, the positive MR
observed in the hard-gap temperature regime in our films
can hardly be of a magnetic origin. We also notice in the
inset that even the small deviation from the zero-field R
vs T starts taking place only far below Tgy, which indi-
cates that the MR in our films cannot arise from a
magnetic-field modification of a hard gap. The insensi-
tivity of R(H,T) to a magnetic field is more clearly illus-
trated in Fig. 3, where again log,o{ —d(nR)/d(InT)},
both in zero field (solid curves) and in 8 T (symbols), is
plotted as a function of log;o(7) for the two films. We
see that the resistivity exponent is essentially unchanged
with fields, and so is the nature of R vs T, all over the
temperature range explored. A possible logical alterna-
tive for the mechanism of the hard gap in our films is,
then, the multielectron interaction effect leading to elec-
tric polaron excitations, as first proposed by Chicon, Or-
tuno, and Pollak [12]. One may estimate the order of
magnitude of an electric field E required to destroy the
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FIG. 3. A plot of logio{—d(InR)/d(InT)}, both in zero field
(solid curves) and in 8 T (symbols), as a function of logio(7")

for the samples S3 and S4. Inset: R vs T in a linear plot for the
samples.
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electric hard gap by equating the dipole potential energy
of a polaron in the field to the maximum interaction ener-
gy between dipoles a distance Rg apart. If we assume
P ~e& as the maximum order of a polaron dipole moment
we get, at T=1 K and for £~100 A, the magnitude of
the required electric field £ ~e&/RZ2~10% V/m, a value
to which one may be marginally accessible experimental-
ly. The MR of our films is also opposite both in magni-
tude and in sign to that of granular In/InO, composite
films [25]. The large (typically SR/R~0.9 for 8 T at
about 0.7 K) and negative MR observed in the granular
films [25] was attributed to magnetic-field suppression of
a superconducting gap present in the indium grains.

We found that the small positive MR of our films in
the insulating regime, while in contradiction to the pic-
ture of field destruction of the hard gap, is well described
by the model of shrinkage of the localized electron wave
functions in an external magnetic field. According to the
model, in a finite field at temperature 7T, the resistance is
expected to follow the temperature and field dependence
of the form [18]

RWH,T) | __ &% | An
R(0,7) A | kgT

where C (=0.0015) is a constant [18], A =(ch/eH)"? is
a characteristic magnetic length, and v is the resistivity
exponent defined as for the zero-field R vs T data above.
Therefore, with v=1 in Eq. (2) in the temperature range
below Tgy we expect the temperature and field depen-
dence of the resistance to be of the form InlR(H,T)/
R0, T)]1~aT3H?, where a= Cle/ch)*(Aylkg)3E? is a
constant and H is in G. The inset to Fig. 1(b) shows the
fractional change in the MR, SR/R, for the sample S2
below its Tgy in fields up to 8 T. The best fit by Eq. (2)
is obtained with a=4.19%1072-4.97x1072 K3T 2
which corresponds to 81-85 A for the localization length
&. This value is quite close to the one observed previously
in films of similar composition [6].

We believe that formation of the hard gap observed in
various materials at a low temperature regime may have
different mechanisms, either electric or magnetic, de-
pending on the nature of a localized order a given materi-
al has. Experimental evidences collected to date appear
to indicate that the magnetic correlation effects dominate
the low temperature conduction properties in an insulat-
ing material with a localized magnetic order, while
without the magnetic order, as in our films, the electric
effects manifest themselves. More investigation is re-
quired to clarify the mechanism of formation and the na-
ture of the hard gap.
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