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We study the response of athin superconducting amorphous InO film with variabl e oxygen content to aparallel
magnetic field. A field-induced superconductor—insulator transition (SIT) is observed that isvery similar to the
one in normal magnetic fields. As the boson-vortex duality, which is the keystone of the theory of the field-
induced SIT, is obviously absent in the parallel configuration, we have to draw a conclusion about the theory’s

insufficiency. © 2000 MAIK “ Nauka/Interperiodica” .

PACS numbers: 74.80.Bj; 74.76.Db

A good deal of work was performed on the investi-
gation of the magnetic-field-induced superconductor—
insulator transition (SIT) on superconducting amor-
phousfilmsof InO [1-3], MoGe[4], and MoSi [5] with
thickness comparable to the superconducting coher-
ence length. It was found that with increasing field B
the resistance R of all studied films rises abruptly at a
magnetic field B, and then passes through a maximum
followed by a drop in high magnetic fields [2, 3]. The
film state just above B, was identified as insulating,
although at the lowest temperatures, about 30 mK, the
maximum resistance does not exceed 100 kQ and the
temperature dependences of 1/R correspond to the acti-
vation energies which do not exceed by far the lowest
temperatures. Near B, at sufficiently low temperatures,
the resistance R(T, B) was found to be afunction of the
single scaling variable u = (B — B,)/TY with exponent
y = 0.8. The above experimenta findings are regarded
as confirming the theory of the quantum SIT [6] in two-
dimensional (2D) superconducting films subjected to a
normal magnetic field. Thistheory exploits the concept
of the hypothetical system of charged bosonsin aran-
dom potential and is based on the boson-vortex symme-
try of the model Hamiltonian. In the vicinity of the SIT
point (T = 0, B = B), the film resistance R(T, B) is
expected to be a universal function of the single scaling
variable, which is defined as the ratio of the correlation
length & [J (B—B,)™ and the dephasing length L, 1 T,
where v and z are the critical indices. The form of the
scaling variable implies that the value 1/zv has to be
identified with exponent y. The concept of the localiza-
tion of electron pairs, or bosons [6], has been supported
recently by thework of [7]. There, it is shown that for a

L This article was submitted by the authorsin English.

2D superconducting film with strong disorder, the
region of fluctuation superconductivity, where the elec-
tron pairs occur, should extend down to zero tempera-
ture. In thisregion, the unpaired el ectrons are supposed
to be localized, whereas the bosons can be either local-
ized or delocalized, depending on the value of the mag-
netic field.

Other experimenta results were interpreted within
themodel of electron pair localization: (i) A crossing of
Hall isotherms R, (B) was observed at afield By, > B,
and attributed to atransition between the Boseinsulator
and a Fermi insulator that consists of localized single
electrons; i.e., pairing was presumed to be destroyed at
By [1]. (ii) The resistance drop in high fields was
explained in terms of the electron pair breaking which
occurs gradually with increasing B owing to the different
binding energies of bosonsin arandom potential [2, 3].

However, a very similar SIT has been observed
recently on amorphous MoSi films with the thickness
d=1700 A, whichisan order of magnitude larger com-
pared to the superconducting coherence length & [8].
This fact causes one to think that either the theory is
inadequate or its restrictions are too severe.

Here, we investigate the influence of a parallel mag-
netic field on the superconducting properties of athin
amorphous InO film with variable oxygen content. For
al film states we find a complete similarity in the
behavior of the resistance R(T, B) for both parallel and
perpendicular magnetic fields.

The sample is an amorphous InO film with thick-
ness 200 A that was grown by electron-gun evaporation
of a high-purity 1n,0O; target onto a glass substrate [9].
Oxygen deficiency compared to fully stoichiometric
insulating compound In,O; causes the film conductiv-
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Fig. 1. Isotherms R(B) for (a) normal and (b) parallel magnetic field. The dashed lines separate regions|, |1, and |11 and correspond
to the critical field B and the resistance maximum at the lowest temperatures.

ity. By changing the oxygen content, one can cover the
range from a superconducting material (. =500 A) to
an insulator with activated conductance [10]. The pro-
ceduresto changethefilm state reversibly are described
in detail in [2]. To reinforce the superconducting prop-
erties of the film, we used heating in vacuum up to a
temperature from the interval 70-110°C until the sam-
ple resistance became saturated. To shift the film state
in the opposite direction, we made an exposureto air at
room temperature. As the film remains amorphous dur-
ing these manipulations, it is natural to assume that the
treatment used results mainly in achange of the carrier
density n and that the value n is inversely proportional
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Fig. 2. Scaling plot for the (&) normal and (b) parallel mag-
netic field.

to the room temperature resistance R, of the sample.
Seven superconducting states of the film were studied.

Thefilm was mounted into the top loading system of
adilution refrigerator; it was set either parallel or nor-
mal to the magnetic field within 1° accuracy. A four-ter-
minal lock-in technique at a frequency of 10 Hz was
used to measure the resistance of the sample. The ac
current through the sample was equal to 1 nA.

The experimental dependences R(B) for two close
states of the film in the normal and parallel field orien-
tations are presented in Fig. 1. As seen from the figure,
for both field orientations the isotherms cross at the
critical field B,, which separates the superconducting
region | and the insulating region Il. The resistance
drop with B in region Il down to values of about h/e?
indicates that at high magnetic fields the film state is
metallic. Thecritical field B, isfound to vary with field
direction by about a factor of two. Nevertheless, near
B., the experimental data collapse onto a single curve
equally well for both perpendicular and parallel mag-
netic fields, with close values of exponent y, see Fig. 2.

Figure 3 displays the behavior of the relative resis-
tance maximum R,/ R4 at the lowest temperature and
of the critical field B, with changing film state. As seen
from the figure, the resistance ratio decreases and
approaches unity as one goes deeper into the supercon-
ducting phase. The value B, for both field directions
increases when departing from the zero-field SIT, being
higher in the parallel configuration.

The mean free path of the normal electrons in our
film is small compared to the film thickness [3], and,
hence, the metal—insulator transition expected in region
[11 should be three-dimensional. In this case, the con-
ductance 1/R in the vicinity of metal-insulator transi-
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Fig. 3. Change of the relative resistance maximum at T =
30 mK and of the critical magnetic field with changing film
state, as determined by the room temperature resistance of
the film. The dashed lines are guides to the eye.
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Fig. 4. The temperature dependence of 1/R near the three-
dimensional metal—insulator transition in the (a) normal and
(b) parallel magnetic field.

tion is expected to change linearly with TY3 and extrap-
olation of the linear dependenceto T = 0 should reveal
whether the phase is metallic or insulating, as judged
by the offset sign [11, 12]. Such a data analysis is
shown in Fig. 4. For both field configurations, the
experimental data behave similarly: the offset of the
linear dependence increases with B, passing through
zero at the transition point.

The crucia point of the theory of the magnetic-
field-driven SIT [6] is the boson-vortex duality for vor-
tices induced by an external magnetic field penetrating
the film, which is not the case for a parallel magnetic
field. The experimentally observed complete similarity
of the SIT properties in the perpendicular and parallel
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magnetic fieldsforces oneto conclude that thetheory is
not directly applicable to actual superconducting sys-
tems with disorder.

Nonetheless, assuming that the parallel magnetic
field is capable of localizing the fluctuation-induced
Cooper pairs in the paraconductivity region, one can
trandate all experimental findings into the language of
localized bosons. We emphasize that the speculations
below are very attractive but do not have a sound exper-
imental basis so far.

One can reckon that the resistance rise with B in
region Il is caused by decreasing boson localization
length. Assuming additionally that the magnetic field
not only localizes, but also breaks, electron pairs, it is
easy tointerpret theresistancedrop inregion 11 break-
ing the correlationsin localized electron pairsresultsin
an increase in the electron hopping probability [2] and
eventually electron delocalization at high fields [3]. For
sufficiently deep film states in the superconducting
phase; i.e., sufficiently high B, at B > B, the localized
bosons coexist with delocalized normal electrons, so
that the state never becomesinsulating. In other words,
as one advances into the superconducting phase, afrac-
tion of thelocalized bosons reduces. Asaresult, therel-
ative amplitude of the resistance maximum R,./Risr
tends to unity (Fig. 3), and the SIT should transform
into an ordinary superconductor to normal metal transi-
tion.

In summary, we have investigated the response of a
thin superconducting amorphous InO film to a parallel
magnetic field. At a critical field B, a SIT has been
observed that is very similar to the one in norma mag-
netic fields. That the boson-vortex duality is absent in
the parallel configuration points to the insufficiency of
the theory of the field-induced SIT [6]. We find that the
behaviors of the film resistance at fields above the tran-
sition are also similar for parallel and normal magnetic
fields.
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