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Anomalous magnetoresistance near the superconductor-insulator transition
in ultrathin films of a-Mo,Si;_,
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We have made systematic studies for both the zero-field and field-driven superconductor-insulator transi-
tions in a series of 4-nm-thick films of amorphous 8@ _, at temperature$ down to~0.05 K and fieldB
up to 15 T. For superconducting films, we have observed an anomalous peak in the magnetoré¥j8tance
and a subsequent decreas®(B) with increasingB at low temperatures in fields higher than the critical field
B,xc- This result, together with finding that the magnetoresistance is always positive for insulating films, may
suggest the presence of localized Cooper pairs ev&va&8,, ¢ in the limit of T—0.
[S0163-182698)01829-1

The superconductor-insulat@s-I) transition in two di- the results mentioned above stay essentially unchanged.
mensiong2D) has attracted intense recent attention from theHowever, for superconducting films a peculiar peak in the
viewpoint of quantum phase transitions, which occur at zeranagnetoresistance has been observed at fields higher than

temperature T=0).! Despite numerous theoretitat and the critical fieldB,,c. Such anomalous behavior is only vis-
experimentd*° effort, there still remain some basic and in- ible at low enough temperature$<0.2 K). Combined with
teresting problems to be settled. In particular, the existencthe results for insulating films, we will suggest the possibility
of the universal critical sheet resistanRg for the S-I tran-  that localized Cooper pairs may be present even on the insu-
sition and that of the Bose-insulator ph&%& are most in- lating side of the field-driven S-I transitioB(>Byyc) in the
teresting problems which have been actively discussed. Thémnit of T—0.

amorphous §-) Mo,Si; _, films'® used in this work are very ~ M0,Si;_ films, 4 nm thick and 0.4 mm wide, were pre-
suitable in studying the 2D S-I transition in the following pared by coevaporation of pure Mo and Si in the pressure
respects: First, ultrathiid-nm) and microscopically disor- better than 10° Torr. We employed a gradient deposition
dered amorphous films which undergo a superconductingechnique to obtain a series of samples with continuously
transition can be obtained. Judging from the shaggistive ~ changingx. The structure of the films used in this study (
superconducting transition curves observed down to our ex=26—61 at. % was confirmed to be amorphous by means of
perimental resolution®R(T)~10"2 €, the uniformity of transmission electron microscopyEM), consistent with the
our films is considered to be fairly good. Second, disordeiast reported resuits for 100-nm-thick filifsFor measure-
[more precisely, a resistance in the normal sRj€10 K) at  ments above-0.5 K the films were directly immersed into
T=10 K] of the films together with the superconducting liquid *He or “He, while for measurements down te0.05

transition temperature can be continuously changed by vanK they were attached to the cold plate of the mixing chamber
ing the Mo concentration for fixed thickness. in our dilution refrigerator. The resistance was measured by

Using a series of 4-nm-thick films af-Mo,Si;_,, we  standard four-terminal dc and ac locking methods with a
recently performed systematic studies for both the zero-fielgurrentl ~10 nA. For insulating films, we measured the/
(disorder-drivei and field-driven S-I transitions &t>0.5 K characteristics af ~0.05 K and checked Ohmic behavior at
in fields B of up to 7 T!® For superconducting films, a @ measurement current. In studying the resistive transition

Kosterlitz-Thouless transition temperatufg; determined region for superconducting films, we also measuted
from the current ()_V0|tage N) characteristics was very characteristics as a function df. The field was directed
close to the mean-field transition temperatufgy; AT perpendicularly to the film surface. For measurement8 at
=Tco— Tky Was typically~0.01 K. BothTyy (Tgo) and the =0, we applied a small perpendicular fiele-9 X 10°° 1)
critical field B,, ¢ for the field-driven S-I transition decreased to cancel the ambient fief@.
monotonically with increasindR,(10 K) and vanished at Figure 1a) illustrates the temperature dependence of the
aroundR,(10 K)~2 kQ. Critical resistances for the zero- sheet resistancR(T) in B=0 for ten selected films. Films
field and field-driven S-I transitions were found to be non-with R,(10 K) smaller than 1.8 K (films 1—4 achieve glo-
universal and apparently smaller than4e?~6.45 K).  bal superconductivity, while those witR,(10 K) larger than
These results seem to be inconsistent with the “dirty boson2.5 kQ (films 5—-10 behave like an insulator, showing an
model? in which the insulating state near the S-I transition isincrease inR at low temperatures. Here it is implicitly as-
dominated by the properties of localized Cooper pairs andumed that there are only two states in 2DTat 0, except
the S-I transition is & =0 quantum phase transition with a right at the S-I transition. Thus, the critical resistafg(10
quantum critical point at whiclR~ h/4e?. K) for the zero-field S-I transition is-2 k(}, consistent with

In this paper we present the transport properties for théhe previous results a&>0.5 K.!° Except for the reduced
same Mq@Si; _, system at even lower temperatures down tovalues of the critical resistance, these data are remarkably
~0.05 K and higher fields up te-15 T. We have found that similar to the past reported data for amorphous thin films
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FIG. 1. (a) The sheet resistanéevs temperaturd in B=0 for 0.5F ) ". 3 R . N
a series of 4-nm-thick Mgi, _, films with varyingx; x=0.61(film RN A film 4
1)-0.26 (film 10). (b) The sheet conductanc®(=1/R) for seven i CS S ;
sele_cted_fllms |rB_:O and hlgh fields9 or 14.8 T vs InT. The o- Iy i
straight lines are fits to the points. 1 1 1 1 1 1 1 ] 1
0 02 04 06 08 1

T(K)

prepared by quench condensatfoRigure i1b) shows the
sheet conductance(T)=1/R(T) at high fields 8=9 or ;- 5 o1y 5t fim 4 in various fields. The high-field region is
14.8 T) vs InT for seven selected films. These fields are high :
R enlarged and shown in the upper panel.

enough to suppress the superconductivity in films 1-4. Ex-
cept for the most resistive filnffilm 10), where G(T) is
nearly the variable-range-hopping type, the temperature
variation of G(T) for the remaining films is well reproduced
by the formula expected in the 2D weak-localization theory:
G(T)=Gy+p(e?/27%4)In T, whereG, andp are constants
independent ofl'; the values ofp stay in the limited range
between 0.8 and 1.0 for these films. This result indicates that
not only superconducting films but also insulating films
(films 5-9 lie in the weakly localized regime for fermions.
This is in contrast to the previous measurements for a series
of ultrathin Pb films'®

In Fig. 2R(T) for film 4 in various fields B=0-9 1) is
typically plotted. With increasin®, the slope of the isomag-
netic curve below~0.5 K changes its sign from positive to
negative at aroundd=2.2—2.5 T, indicating that a field-
induced transition from a state wheReis zero to a state
where R is infinity takes place af=0. This behavior is
different from what has been reported for the similar 2D
system ofa-Mo,sGes, films,}” where no superconducting
vortex-glass state exists evenTat 0. From theR vs B plots
at fixed T (=0.05 K), the critical fieldB,,c and critical re-
sistanceRc(B=B,,c) for the field-driven S-I transition are
clearly estimated to be-2.3 T and~1.8 K, respectively.
We have found thaR(B=B,,c) is sample dependent and
approximately equal tR,(10 K) in the rangeR,(10 K) FIG. 3. (@) MagnetoresistancB(B) at T=0.05 K (solid lines
=0.77-1.8 K). This result, as well aB,c(10 K)~2 k() (for  and 0.5 K(dashed linesfor a series of films which lie on both sides
the zero-field S-I transition indicates the apparent lack of of the zero-field S-I transitior(b) R(B) of film 4 at differentT in
universality for the critical resistances. fields higher thamB,,c (=2.3 T). The anomalous peak is visible at

It is interesting to note that a8 increases further T=0.05and 0.1 K.
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(B>Byyc), the temperature dependence Bf becomes Paalanen, Hebard, and REHR) in amorphous InQfilms®
weaker. As depicted in the upper panel of Fig.R2in the  and later by us in In film$? In the absence of the theory
field of 9 T is smaller than that iB=4 T belovy at_Jout 0.2 describingR(B) for the “dirty boson” system, there is no
K. Hereafter, we concentrate on the magnetic-field depenstrong justification for the idea proposed here. Moreover, on
dence of the resistan¢magnetoresistant®(B) at constant e experimental side, the determinationBaf, is generally

T. Figure 3a) shows the 0.05-K and 0.5-K isotherms of gjgficylt. We attempted to measuRy, to obtainB,,c, how-
R(B) for a series of films which lie on both sides of the o0 Ryy (~0.01-0.10) was too small to accurately deter-
zero-field S-I transition. First, we examine the msulatmgmine B,yc. Thus we tentatively regard a characteristic field

films (flms 5—-8. The positive magnetoresistance is COM-0s 1Y ap hich th . ; .
monly observed irrespective of the temperature: With in- (T) above whic the negative magnetoresistance Is no
longer visible asBc,(T): the values ofB*(0.05 K) thus

creasingB, R rises monotonically and shows a sign of satu- . .
IngB I ca’y v '9 . estimated are-15 and~10 T for films 1 and 4, respectively,

ration at higher fields. The amplitude of the
g P which are much larger thaB,,(T—0)=5.5 T(film 1) and

magnetoresistanc®R(B) = R(B) — R(0) tends to grow a3 i _ .
decreases and/or the films become more resistive. Plagting 2-3 T (film 4). With decreasing temperature from 0.1 to 0.05

against InB, we have found that all the data shown in Fig. ', the amplitude of the peak iR(B) becomes more pro-

3(a) (and the data for film Pexhibit a InB dependence at nounced, whileB* decreases only slightly or stays almost
fields higher than 0.7—1 T; the coefficient of theBrterm is ~ unchanged, suggesting that theusualfield region[Byyc

about (0.4—0.6x e?/27%# for these films. These results are <B<B*(T)] persists down toT—0. If this picture de-
explained with the 2D weak-localization theory for fermions scribed here is acceptable and the present system is regarded
in the presence of the strong spin-orbit scattering, whickas an ideally homogeneous 2D system, it is not unreasonable
probably originates from Mo atoms. to interpret this unusual field region as signaling he 0

Next, we turn to the superconducting filnfms 1-4), Bose-glass insulator. Theoreticalijhe Bose-insulator phase
where we focus on the field region higher thBp,.. The  originates from the strong quantum fluctuations in the phase
representative result for film 4 is shown in FidbB At high  of the order parameter in 2D @t=0. This is consistent with
temperatures{=0.3 and 0.5 K, R(B) is a monotonically the present result that the unusual field region is observable
increasing function oB. However, as the temperature de- only at low enough temperatures.
creases 1=0.05 and 0.1 i a maximum inR(B) occurs at From the present data &{(B), we are not able to obtain
B slightly larger thamB,,-=2.3 T, with further increasing any clues suggesting the presence of Cooper pairs on the
B, R(B) shows a decreas@.e., negative magnetoresis- insulating side of the zero-field S-I transition. This fact, to-
tance and tends to a valueshown with a dashed linghat  gether with finding that the critical resistances for both the
increases with decreasing Qualitatively similar behavior zero-field and field-driven S-I transitions are nonuniversal,
of R(B) is observed for other superconducting films. seems to contradict the “dirty boson” model of Fistedral.

We consider the possible origins of the negative magneHowever, we are currently not certain whether these results
toresistance. The most simple explanation is that it is resultimmediately imply breakdown of this model, because the
ing from the competition between the positive magnetoresismeasurements have been performed at finite temperatures. At
tance due to the superconducting fluctuation and the negativiaite T (or B), the measured conductance includes the con-
magnetoresistance due to the Anderson localization: At higlribution of unpaired electron§ermiong as well as that of
temperatures, the magnetoresistance is dominated by the sDeoper pairsbosong.** When the unpaired electrons are
perconducting fluctuation. Upon cooling, the superconductenly weakly localized, their contribution to the conductance
ing fluctuation contributing to the conductance decreases anthnnot be negligible even at=0.05 K. Thus, even though
at low enough temperature®(B) is dominated by quantum the subtle anomaly oR(B) originating from bosons would
fluctuations. In this picture, the decreaseR(B) after the occur in insulating films aB> B, (=0), it might be hidden
maximum is due to the delocalization effect of the unpairecby the relatively large magnetoresistance arising from un-
electrons(fermiong by the magnetic field. However, this paired electrons. In addition, &t>0 the contribution of un-
picture is not consistent with the result for insulating films paired electrons to the conductance will always result in the
(films 5—9 described above, where the magnetoresistance ismaller value of the critical resistance than that for Cooper
alwayspositiveand it is well explained within the framework pairs?
of the weak-localization theory taking account of the strong We now comment on the morphology of our films, since
spin-orbit interaction. Since the superconducting filfilens it is important to interpret the experimental data propétly.
1-4) also lie in the weakly localized regiméor fermiong,  Although we have confirmed from the TEM observation that
and the strong spin-orbit scattering is certainly present due tthe films used in this study are homogeneous, it is difficult to
higher Mo concentration than in the insulating films, it is exclude definitely the possibility for the existence of very
natural to expect that the magnetoresistance originating froramall grains, such as Mo grains, whose sizes are below our
unpaired electrons should be positive. experimental resolutions. Pure Mo metal is a superconductor

Therefore, we consider another possible explanation fowith a superconducting transition temperature about 0.9 K.
the negative magnetoresistance: We seek the origile@al-  Thus there remains the possibility that the anomalous behav-
ized Cooper pairs that are present evenBatB,,c. This ior of R(B) observed at low temperatures may be related to
idea is based on the assumption tBgic is smaller than an the destruction of local superconductivity within each grain.
upper criticalB¢, or B,y ¢, at which Cooper pairs disappear. Nevertheless, we believe such a possibility to be small due to
Here B,yc (>Bxxc) is a second critical field determined the following reasond1) For all of the films studied, there is
from the Hall resistanceR,,, which was reported by no sign of local superconductivity iR(T), which is often
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visible as a sharp drop &&(T) at certain temperatures very is somewhat different from what is discussed in this paper;
close to the bulk transition temperature for clearly granulai.e., the negative magnetoresistance follows from localized
superconductors(2) The anomalous magnetoresistance isCooper pairs. The disagreement in the interpretation of the
observed only in superconducting films but not in insulatingnegative magnetoresistance, that arises from the discrepancy
films. If such grains of Mo might exist in superconducting betweerB,,c andB* in Ref. 8, awaits for further investiga-
films, they should also exist and possibly be detected in infions. This may not be so serious, if the boundary where
sulating films. localized Cooper pairs disappear is a region of crossover
A nonmonotonic change iR(B) was also found in sev- rather than a phase bounddrgr B* (T) approachesyyc in
eral 2D superconductors. In granular films of &ef. 5 and  the limit of T—0.

In summary, we have performed systematic studies for

DyBa,Cu;0;_, (Ref. 10, for example, an anomalous peak . ' . - ;
in the magnetoresistance was reported at low temperaturego'[.h the zero-f!elql and fleld-dr!ven S| transitions using a
éries of ultrathin films o&-Mo,Si; _, . For superconducting

however, the behavior is rather different from the presen? X
R ) . ilms, we have observed an anomalous peak in the magne-
result. An essential difference is that the peak is clearly ob-

S S . ) toresistance and a subsequent decreaB€R) with increas-
served in insulating films. We consider that the most impor- in fields higher than the critical fiel® t low
tant example to be compared with the present results is thall9 B r']n 1elds igher | a €c hca €' ®yxc Al 10 f
for a-InO, films by PHR® In this homogeneous system, a .enOLIJg. terf‘qpera}tur?s. h contrast, the rr(;agne_t(_)res]stance or
maximum inR(B) at B> B, and a subsequent decrease ininsu ating films is always monotonic and positive irrespec-

R with increasingB were observed at low temperatures forative of the temperature, consistent with the 2D weak-
i i P : . ~localization theory for fermions in the presence of strong
superconducting film, though results for insulating films

. : L in-orbit interaction. From these results, we suggest a pos-
were not reported. Combined with the remarkable finding i : ; )
Byyc (>Byxd), they explained the peak iR(B) based on sibility that localized Cooper pairs may exist even on the

the notion that an insulator with localized Cooper pairsmsmatmg side of the field-driven S- transitioB - Byyc) at

should have a higher resistance than an insulator with IocaITHO'

ized single electron$We notice from Fig. 4 in Ref. 8 that The authors would like to acknowledge useful conversa-
the peak inR(B) occurs at fields slightly higher thaBy,, . tions with R. lkeda. This research was supported in part by
This implies that the region where the negative magnetorethe Kanagawa Academy of Science and Technology Re-
sistance is visible corresponds to the Fermi-insulator phassgarch Grants and by a Grant-in-Aid for Scientific Research
leading to the conclusion that the negative magnetoresistan¢B) from the Ministry of Education, Science, Sports, and

has nothing to do with localized Cooper pairs. This statemenCulture.
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