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A surprisingly strong variation of resistance with perpendicular magnetic field, and a peak in the
resistance vs. field, R(B) has been found in insulating films of a sequence of homogeneous, quench-
condensed films of amorphous Bi undergoing a thickness-tuned superconductor-insulator transition.
Isotherms of magnetoresistance, rather than resistance, vs. field were found to cross at a well-defined
magnetic field higher than the field corresponding to the peak in R(B). For all values of B, R(T)
was found to obey an Arrhenius form. At the crossover magnetic field the prefactor became
equal to the quantum resistance of electron pairs, h/ 4e?, and the activation energy returned to its
zero field value. These observations suggest that the crossover is the signature of a quantum phase
transition between two distinct insulating ground states, tuned by magnetic field.

Superconductor-insulator (SI) transitions of disordered
two-dimensional (2D) conductors have been studied ex-
tensively for about two decades because they offer the
opportunity to investigate a wide variety of quantum
phenomena [1]. Of particular interest are transitions of
strongly disordered films, tuned by a perpendicular mag-
netic field. The dirty-boson picture was proposed to de-
scribe the magnetic field tuned transition from supercon-
ductivity. In this picture the insulator consists of Bose-
condensed, field-induced vortices and localized Cooper
pairs [2]. An early experiment by Paalanen, Hebard
and Ruel reported a peak in the magnetoresistance of
InO, films on the insulating side of the ST transition [3].
The behavior of the Hall resistance at fields close to the
peak field led these authors to suggest that there was
a crossover from the state proposed by Fisher in which
there are localized Cooper pairs, to one in which trans-
port is dominated by single-particle excitations. They
referred to this as crossover between Bose and Fermi in-
sulators [3]. This peak in R(B) in the insulating regime
of the field-tuned SI transition has been the subject of
numerous investigations in recent years. With improve-
ments in sample fabrication procedures and the intro-
duction of new materials, changes of resistance of several
orders of magnitude have been reported [4-8]. Also of
interest in the present context are observations of Ar-
rhenius activated behavior, i.e., a hard gap in InO, and
TiN, films both in zero field in insulating films, and in
magnetic fields on the insulating side of the SI transition
[7,9, 10]. In this letter we report an apparent perpendic-
ular magnetic field tuned quantum phase transition be-
tween two separate insulating ground states in thin films
on the insulating side of the disorder or thickness-tuned
superconductor-insulator transition. A central piece of
evidence for this assertion is that isotherms of magnetore-
sistance (MR) defined as [R(B,T)— R(0,T)]/R(0,T)
cross at a well-defined magnetic field higher than that
corresponding to the peak in R(B).

The data employed in the present work were obtained
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from studies of homogeneous amorphous Bi (a-Bi) films
that were grown by quench-condensation in situ at lig-
uid helium temperatures on (100) SrTiO3(STO) single-
crystal substrates precoated in situ with a 15A under-
layer of amorphous Sb (a-Sb). Films grown by deposition
onto substrates held at liquid helium temperatures and
pre-coated in situ with thin underlayers of either a-Ge
or a-Sb are known to be homogeneous [11]. The under-
layers have zero conductance within instrumental resolu-
tion. The experiments involve repeated cycles of deposi-
tion and measurement carried out in a dilution refriger-
ator system designed to study the evolution of electronic
properties with film thickness [12]. All the measurements
were carried out using a four-terminal configuration em-
ploying a DC current source with currents in the linear
regime of the current-voltage (I-V) characteristic.

Representative examples of the evolution of R(T) with
thickness of several insulating films of a-Bi films are
shown in Fig. 1(a). Representative data of R(B) and
the field dependence of the M R at 600mK in films rang-
ing in thickness from 19.74A to 21.12A are presented in
Fig. 1(b). Peaks in R(B) are observed in films thicker
than 20.53A. The values of the magnitudes of the peaks
in R(B) and the fields at the peaks both increase with
film thickness. It is important to note that large peaks in
R(B), at fields above the critical field of the SI transition
have not been previously reported for superconducting
films grown on substrates with a-Ge or a-Sb underlay-
ers. On the other hand in the case of nominally gran-
ular quench-condensed films, grown on substrates that
are not precoated, R(B) increases dramatically with in-
creasing field, rising to values several orders of magnitude
higher than the normal resistance[13]. Such films are also
exhibit nonmonotonic variations of R(7") which are not
found in precoated films. Giant magnetoresistance peaks
have been found in studies of films quench-condensed
onto substrates perforated with nanometer scale arrays
of holes [14].

We now turn to the temperature dependence of R(B)
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Figure 1: (a) Zero field resistance vs. temperature of a se-
quence of nominally homogeneous a-Bi films with thicknesses
from 19.74A (top) to 21.12A (bottom) in average nominal in-
crements of 0.2A. Notice that the resistances of these films
monotonically increase with decreasing temperature and do
not exhibit the local minima found in nominal granular films.
(b) MR as a function of field at 600mK in films of different
thicknesses. The labels are thicknesses in units of Angstroms.
The inset is the original sheet resistance vs. magnetic field at
600mK, again for films of different thicknesses.

and the M R for films of specific thicknesses. Representa-
tive data of R(B,T) for films, 20.91A and 21.12A thick,
are presented in Figs. 2(a) and 2(b). The peak height
becomes higher with decreasing temperature, which is
consistent with results reported for InO, and TiN,, films.
The peak field, Bpeqk, is a function of temperature and
can be fit with the form, Bpear = By+aT? over the range
of temperatures studied, as shown in Fig. 2(c). From
the measurements, By = 1.92 + 0.04, o = 2.63 £ 0.06,

Figure 2: Sheet resistance vs. perpendicular magnetic field
at different temperatures for the (a) 20.91A and (b) 21.12A
thick films. The magnetic field at the MR peak vs. temper-
ature is plotted in (¢). The two thicknesses are labeled with
numbers whose units are Angstroms. The arrows in (a) and
(b) indicate the resistance peaks.

and B = 2.78 + 0.10 for the 20.91A thick film, and
By =2.37+£0.07, « = 3.791 £ 0.09, and § = 2.41+0.13
for the 21.12A thick film. It is unclear as to whether
any of the theoretical models for the peak, which will be
considered later, are consistent with these observations

The temperature dependencies of the resistances of the
20.91A and 21.12A thick films at temperatures below 1K
can be fit by an Arrhenius form, R = Roexp(Ty/T), in
fields ranging from 0 to 10 T. This is shown in Figs. 3(a)
and 3(b). The field dependencies of the activation energy
To(B), and the prefactor Ry(B), are plotted in the lower
halves of Figs. 3(c) and 3(d). The activation energy
exhibits a peak at a magnetic field close to By described
in the previous paragraph.

The measurement of resistance at temperatures below
300mK is difficult for several reasons. The I-V charac-
teristics become non-linear at currents larger than 1pA.
The resistance itself becomes so large that combined with
the capacitances in the measuring circuit, with its heavy
filtering, results in an extraordinarily long time constant.
Also, R(T) can exceed the input impedance of the voltage
amplifier, which can lead to erroneous results. Therefore,
data below 300mK were questionable and were excluded.

The most striking result is the occurrence of a crossover
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Figure 3: Arrhenius plots of the (a) 20.91A and (b) 21.12A
thick films in six representative magnetic fields. The resis-
tances increase by more than three decades in these two films
within the temperature range from 1K to 0.28K. The MR,
the activation energy Tp,and the prefactor Ro vs. magnetic
field of the 20.91A and 21.12A thick films are plotted in (c)
and (d). The temperatures in (c¢) are 300mK, 400mK, 450mK,
500mK,; 700mK, 800mK, 900mK, and 1K. The temperatures
in (d) are 300mK to 500mK with 25mK as the common incre-
ment and 500mK to 900mK with 100mK as the increment.

in the plot of the M R vs. B, as shown in Figs. 3(c) and
3(d). The magnetic field at the crossing point, B., corre-
sponds to two features of the Arrhenius fit. First, the ac-
tivation energy at this crossing field returns to the value
it exhibited at zero field. Therefore, To(B) — Tp(0) is al-
ways positive when B < B, and negative when B > B,.
Second, the prefactors, Ry, in these two films, are equal
in value to h/4e?, which is the quantum resistance for
electron pairs. Parenthetically the first appearance of
positive magnetoresistance at 600mK for the film thicker
than 20.53A also coincides with the zero field prefactor
falling below h/4e?. These three features lead us to sug-
gest the existence of a quantum critical point at B = B,
with the M R rather than R as the observable. Indeed,
if Arrhenius conduction were to extend to zero tempera-
ture, in zero temperature limit, we would expect
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Figure 4: Scaling of the MR of (a) the 20.91A and (b) the
21.12A thick films. Both plots employ data from below and
including 500mK. The magnetic field range of 20.91A film is
from 2.5 to 10 Tesla, while it is 5 to 10 Tesla for the 21.12A
film. In the case of the 20.91A thick film, there is a shorter
upper branch due to the closeness of B, = 3.9T" and the peak
in R(B), while B. = 7.3T in the case of the 21.12A thick film.
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even though all resistances would diverge.

Further support for the idea of a quantum phase tran-
sition comes from the success of finite size scaling. Here
we use the scaling form first introduced by Fisher[2]:

|B - Bc|

R=RF( =

) (2)
However, we use M R as the observable in place of the
resistance. Both films’ data, within a certain range of
fields and at sufficiently low temperatures can be scaled
with critical exponent product vz = 0.65 £ 0.08. This
is shown in Fig. 4. With the assumption z = 1, this
product would correspond to the universality class of a
2+1 dimensional XY model. Similar values have been
found for magnetic field and electrostatically tuned SI
transitions [15, 16]. The data points close to the peak in
R(B) and at high temperatures fail to scale, which may
due to the limits on the quantum critical regime.

It is interesting that the MR rather than the R
isotherms as a function of B cross as a function of mag-
netic field. The low temperature zero field resistance
must result from a combination of effects including the
motion of strongly localized electrons as well as partic-
ipation of presumably localized Cooper pairs. The ap-
plication of a magnetic field to the film adds vortices
and the behavior of these added vortices results in a
highly resistive phase that appears to disappear at a
field-tuned quantum phase transition. That this high re-
sistance phase and the observed crossover are associated
with Cooper pairing is supported by the robust observa-
tion that at the crossover magnetic field the prefactor of



the Arrhenius fit to the data is the quantum resistance
for electron pairs.

Additional evidence for the presence of vortices in the
film near the magnetoresistance peak is the anisotropy of
magnetoresistance. At 400 mK for the 21.12A thick film,
our preliminary results of the MR in a 2.5T parallel field
is 20.95%[17], while it is 198.7% in a 2.5T perpendicular
field. This result is consistent with previous observations
by Markovic et al.[18], which were also interpreted as the
evidence of vortices in the insulating Bi films at low mag-
netic fields. With the ability to apply higher fields, we
found the anisotropy diminishes when the field is larger
than the peak field and vanishes near B.. For instance,
at 400 mk the MRs in parallel and perpendicular fields
of 7.3T are 56.2% and 60.6% respectively. This result
is consistent with the idea that local superconductivity
and vortices disappear close to to the field-tuned quan-
tum phase transition.

To the best of our knowledge none of the models of the
SI transition predict a quantum phase transition such as
the one reported here, although it is quite possible that
they may be extended to include one [2, 19-25].The con-
dition of Ry equal to h/4e? delineates a phase boundary
in these thickness and field tuned insulating films as evi-
denced by two observations: the magnetoresistance peak
is found only in the thicker films when the zero-field pref-
actor falls below h/4e? and the prefactor at the crossover
field B, is h/4e?. This suggests that quantum fluctua-
tions of vortices play a role in the present observations,
that B, is the critical field for the vanishing of local su-
perconductivity, and that the transition is from a Bose
insulator with localized Cooper pairs to a Fermi insula-
tor.

One might ask why these effects have not been ob-
served previously, given the significant number of stud-
ies of the field-tuned superconductor-insulator transition.
Most studies have focused on films that are supercon-
ducting in the absence of a magnetic field. Thus there is
no zero-field reference resistance as would be needed to
evaluate the magnetoresistance. Secondly the crossover
field is at 3.9T and 7.3T for the two films reported here,
with the 7.3T crossover a property of the less disordered
film. With further reduction of disorder with an increase
of thickness, the crossover could move to unattainably
high values of magnetic field and be unobservable.

In summary, isotherms of the M R have been observed
to cross at a well-defined magnetic field higher than that
of the peak in R(B) of quench-condensed insulating films
of a-Bi. Curves of R(T') at all magnetic fields follow an
Arrhenius form for temperatures below 1K. The prefactor
of this form becomes equal to the quantum resistance
for pairs and the activation energy returns to its zero-
field value at the crossover field. Data near the crossover
are consistent with finite size scaling and the universality
class of the (2 4+ 1)D XY Model. We suggest that these
observations are evidence of a quantum phase transition

between two distinct insulating phases, which might be
a Bose insulator to a Fermi insulator.

This work was supported by the National Science
Foundation under grant NSF/DMR-0854752.



[1] A. M. Goldman and N. Markovic, Physics Today 51, 39
(1998).

[2] M. P. A. Fisher, Phys. Rev. Lett. 65, 923 (1990).

[3] M. A. Paalanen, A. F. Hebard, and R. R. Ruel, Phys.
Rev. Lett. 69, 1604 (1992).

[4] V. F. Gantmakher et al., JETP Lett 68, 363 (1998).

[6] Y. J. Lee, Y. S. Kim, E. N. Bang, H. Lim, and H. K.
Shin, J. Phys: Condens Matter. 13, 8135 (2001).

[6] G. Sambandamurthy et al., Phys. Rev. Lett. 92, 107005
(2004).

[7] T. I. Baturina, A.Yu. Mironov, V. M. Vinokur, M. R.
Baklanov, and C. Strunk, Phys. Rev. Lett. 99, 257003
(2007); T. I. Baturina, D. R. Islamov, J. Bentner, C.
Strunk, M. R. Balkanov, and A. Satta, JETP Lett. 79,
337 (2004).

[8] M. Steiner and A. Kapitulnik, Physica C 422, 16 (2005);
Myles A. Steiner, Nicholas P. Breznay, and Aharon Ka-
pitulnik, Phys. Rev. B 77, 212501 (2008).

[9] D. Shahar and Z. Ovadyahu, Phys. Rev. B 46, 10917
(1992).

[10] D. Kowal and Z. Ovadyahu, Solid State Commun. 90,
783 (1994).

[11] M. Strongin, R. S. Thompson, O. F. Kammerer, and J.
E. Crow, Phys. Rev. B 1, 1078 (1970).

[12] L. M. Hernandez and A. M. Goldman, Rev. Sci. Instrum.
73, 162 (2002).

[13] Yen-Hsiang Lin and A. M. Goldman, unpublished.

[14] H. Q. Nguyen, S. M. Hollen, M. D. Stewart, Jr., J. Shain-
line, Airjun Yin, J. M. Xu, and J. M. Valles, Jr. Phys.
Rev. Lett. 103, 157001 (2009); M. D. Stewart, Jr., A.
Yin, J. M. Xu, and J. M. Valles, Jr., Science 318, 1273
(2007).

[15] N. Markovic, C. Christiansen, A. M. Mack, W. H. Huber,
and A. M. Goldman, Phys. Rev. B 60, 4320 (1999).

[16] Kevin A. Parendo, K. H. Sarwa B. Tan, and A. M. Gold-
man, Phys. Rev. B 73, 174527 (2006).

[17] Yen-Hsiang Lin and A. M. Goldman, unpublished.

[18] N. Markovic, A. M. Mack, G. Marines-Arizala, C. Chris-
tiansen, and A. M. Goldman, Phys. Rev. Lett. 81 701
(1998).

[19] Amit Ghosal, Mohit Randeria, and Nandini Trivedi,
Phys. Rev. B 65, 014501 (2001).

[20] Victor M. Galitski, G. Refael, Matthew P. A. Fisher, and
T. Senthil, Phys. Rev. Lett. 95 077002 (2005).

[21] Y. Dubi, Y. Meir, and Y. Avishai, Nature 449, 876
(2007).

[22] M. V. Feigel'man, L. B. Ioffe, V. E. Kravtsov, and E.
A. Yuzbashyan, Phys. Rev. Lett. 98, 027001 (2007); M.
V. Feigel’'man, L. B. Ioffe, V. E. Kravtsov, E. Cuevas,
arXiv:1002.0859v2 (2010).

[23] M. Muller, Ann. Phys. (Berlin) 18, 849 (2009).

[24] A. Kramer and S. Doniach, Phys. Rev. Lett. 81 3523
(1998).

[25] Valerii M. Vinokur et al., Nature 452, 613 (2008).



