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Electronic transport and possible vortex states afl =0 in highly disordered ultrathin films
of a-Mo, Si; _,
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We present transport properties of highly disordered thin and thick films of amorphowSi;Mpat low
temperatures. For thin films an anomalous peak and a subsequent decrease in the magnetofigitsthace
been observed on the insulating sid&XB:) of the field-driven superconductor-insulator transition, while for
thick films, or for thin films in parallel fields the MR is always monotonic and positiveB4nB. the metallic
guantum-vortex-liquid phase is not evident, most likely absent. We interpret these results in terms of the
two-dimensional quantum phase transition. Alternative interpretations of the data are also discussed.
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The superconductor-insulatdBl) transition in two di- ously changing (along the length of a filonat a fixed thick-
mensions(2D) continues to attract intense experimetitdl  ness, we used gradient deposition technitfuEhe structure
and theoreticdP~?2interest. Despite numerous effort, the ba-of the selected films was confirmed to be amorphous by
sic picture of the Sl transition has not been fully establishedmeans of transmission electron microscopy. The resistBnce
In some 2D superconductors a novel insulating phase indicavas measured by standard four-terminal dc and ac locking

tive of the presence of the localized Cooper pairs has beefethods with a current~10 nA. For resistive films, we
observed just above the zero-fiel@£0) (Refs. 7,12,y  measured the current-voltage characteristics @05 K and

and field-driveA 71516195 transitions. Within a dirty boson checked Ohmic behavior at a measurement current. The field

model? this unusual insulating phase has been interprete¥@S applied both perpendiculBrand paralleB to the film

as the Bose-glass insulator, where Cooper pairs are localiz rfacg. In_ parallel fields, the current was a]so parallel to _the
and vortices are Bose condensed. In the meanwhile. a did€!d direction. The transport data for a series of 4-nm-thick

tinct metallic phase at zero temperature=<0) has been Ims (films 1-1Q has been presented in Ref. 15.

. . ) L Figures 1a) and ib) depict the MR for perpendicular
reported in other 2D systems in the field region just belowﬁeld% abovle)the cri]t(iczal fié)ld_%c for the thin?4-npm-thick)

the field-driven SI transition§<Bc).'**' This result seems "= " """ 0 o thick 300-nm-thick film with

to be serious, since the picture of the Sl transition might bg(:54 at.%, respectively. HerB, is defined as a field where
guestioned. Theoretically, the existence of The0 metallic R(T) at |OV\,IT is temperature independent. At0.3 K the
phase is not compatible with the picture of the Bose-glas§)r is always monotonic and positive for both films. How-
insulator which assumes the duality between Cooper pairgyer, for thin superconducting films an anomalous peak in
and vortices, while both phases originate from quantum vorye MR and a subsequent decreasB(B) with increasingd

tex liquid. Experimentally, it is thus important to understandp5ye been commonly observed below about 0.3 K irrespec-
the 2D Sl transition from the viewpoint of the vortex states at

T=0. 4nm 300nm
In this paper we have made transport measurements for a (@) B,=2.35T | (b) Be=7.9T

series of 4-nm-thick films of amorphousa)-Mo,Si;

(Refs. 14,15,23,24near the zero-field and field-driven S 2'0_— £,0.05 K78 11% T

transitions down t@ ~0.04 K. This system is identical to the . A 2851

one used in the previous studi€swhere we observed an NSNS | . .

anomalous peak in the magnetoresistaidB) R(B) and a — 1 . 01K] = _

subsequent decrease R{B) with increasingB suggesting a _1 % fima4 4, 8; G L6l

the presence of the localized Cooper pairs on the insulating z | e} Pt

side of the field-driven Sl transitiorB(>Bc). Based on the I 03k] 3

results we proposed the possibility that the anomalous field T

region corresponds to the Bose-insulator phase. To prove this ] 255

interpretation, however, detection of flux motion is essential. 0.5 K_7 6

Thus, in this study we have carried out MR measurements in | //N '

fields both perpendicular and parallel to the film surface. The ]

thick (100, 300 nm films have been also measured to study 0 2 é‘(?) 8 10 7

the effects of dimensionality.

The a-Mo,Si; films used in this study were prepared  FIG. 1. HighR regions of MR for(a) the 4-nm-thick film 4 and
by coevaporation of pure Mo and Si in the pressure bettefb) 300-nm-thick film at different. B is defined as a field where
than 108 Torr. To obtain a series of samples with continu- R(T) at low T is temperature independent.
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tive of disorderp,=3.2—7.6u Q) m, wherep,, is the normal-

state resistivity at 10 K. From this result, together with the

finding that the MR is always positive for thin insulating 2.00
films 5—10, the origin of the peak in the MR has been sought
for the localized Cooper pairs present on the insulating side
of the field-driven Sl transition rather than the delocalization
effect of unpaired electrors.Since the peak in the MR is
only visible at very low temperature, its origin has been at-
tributed to quantum fluctuation®r the Bose-glass insula-
tor). In contrast to thin films, the MR for the thick film is
always monotonic and positive, and the anomalous peak in
the MR is not observed down to the lowest temperature
(~0.045 K. This cannot be attributed to the different
strength of disorder between thick and thin films, since the [iG, 2. HighR regions of MR for film 4 aff=0.05 and 0.1 K.
degree of disordep,= 7.8 n{) m for the thick film is close  The field is applied perpendiculd® and parallelB; to the film

to thatp,=7.2 u) m for the thin film. We have also found surface.B, and B* are characteristic fields at which the peak in
that the MR for the 100-nm-thick superconducting film with R(B) occurs and above which the decreaseR{B) is no longer
pn=4.6 ul m (x=44 at.% is monotonic and positive at Visible, respectively.

any T down to ~0.04 K, while the peak in the MR is ob-

served at~0.05 K for the 4-nm-thick film 1 X=61 at.%  been claimed by other group&'! An Arrhenius-type resis-
with much less disorderp(,=3.2 Q) m). tanceR(T) is commonly observed in finitéperpendicular

These results indicate that the two dimensionality plays afieldsB<Bc i.e.,R(T,B) =Ryexd —U(B)/T], whereR, is a
important role in the appearance of the peak in the MR atonstant independent @fand weakly dependent dhexcept
B>B.. Within the dirty-boson model of Fishé? the field for B~Bc. The result for film 4 is typically shown in Fig.
region where the resistance drop wBhis observed corre- 3(a): R(T) follows the above equation iB=0.1-1.7 T be-
sponds to the Bose-glass insulator. To prove this interpretdow Bc=2.35 T; however, inB=1.0 T the slope of the
tion, detection of the quantum-mechanically melted vorticesstraight line[i.e., activation energyJ(B)] shows a discon-
in the “Bose-glass phase” is essential. Thus we have mad#nuous drop below about 0.1 K. Such a drop in the slope is
MR measurements of film 4 for parallel field orientation. In no longer visible for the most conductive film 1, suggesting
parallel fieldB) the contribution of MR from the motion of that disorder may play a role in the reduction of the activa-
the field-induced vortices is negligible, as will be discussedion energy at very low temperatures.
in more detail below. If the peak in the MR was also ob- Shown in Fig. 8c) is the activation energy(B) plotted
served in parallel fields, its origin would not be sought foragainst log3. For B=1.0 T we plotU’s obtained from the
flux motion.

Except for the enhanced field scalg;B; curves look T(K) T(K)
similar to R-B curves; the critical field for the parallel ori- CRSREITS : R
entation isBjc=5.7 T, which is larger thaB-=2.35 T for 100F .ok 10
the perpendicular orientatidn However, the peak in the MR G .. X ey
observed in perpendicular field is no longer visible in parallel A NN | e
field as shown in Fig. 2. This result looks consistent with the 102 ANGEE K S PTROA NP T
view that mobile vortices, as well as the localized Cooper mL &hdern AN “
pairs, are present in the insulating region where the resis- ° oo i 20 10
tance drop with increasing is observed. Within this picture . :
the absence of a peak R(B|) can be understood as follows: 4f (o) B
For perpendicular field, & there is a Bose-glass insulator P
with localized Cooper pairs and mobile vortices. At some I
field that is higher, either @, or B*(0) defined later, the
Bose insulator goes to a Fermi insulator. BelByor B* (0)
but aboveB there is a nonvanishing order parameter ampli-
tude. On the other hand, a parallel field couples to the am-
plitude of the order parameter, and does not primarily control
phase fluctuations. AbovBc there is no order parameter
amplitude and thus no Bose-glass insulator that can be dis-
rupted at higher fields. ThuRin this configuration would be FIG. 3. Arrhenius plot oR(T) for film 4 in various(a) perpen-
a monotonic function of field. dicular B and (b) parallel By fields. (c) Activation energies @)

We next focus on the field region lower th&g for the  derived from the slope of the straight lines (@ plotted against
thin superconducting films 1—4 and discuss the possibility ofogB. The slope Q) of the straight lines in(b) is also plotted for
the metallic quantum-vortex-liquidQVL) phase that has comparison.

R(kQ)

1.95
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data atT>0.1 K, since we have found that the decrease in 15 . T=0
the slope af <0.1 K does not originate from flux motion, as

will be shown below. Over the broa the data points fol- -43.... FERMIINSULATOR
low the functional form,U(B)«In(B,/B), predicted by the B*(o,osK)
dislocation modef® A characteristic field, at whichU(B) 1ok ey |
extrapolates to zero is 2.16 T, which is slightly lower than —_ Be.  LOCALIZED %.

(or very close t9B-=2.35T. In parallel field; seemingly t \\ COOPER PAIRS AND
activated behavior is also seen, such as shown in Kip. 3 0 © ™ -~ . _MOBILE VORTICES
However, plotting the slope as a functionBf in Fig. 3(c), 5F T \\/\ i
we find that it never obeys the Biformula. This result con- KN

firms us thatR in the presence of perpendicular field is in- 2B
deed dominated by flux motion. It is important to note that VORTEX GLASS <
the sudden decrease in the slopdat0.1 K is also seen in . N
parallel field, indicating that its origin isot related to flux 0 1 2
motion. R, (kQ)

The logarithmic field dependence 0f(B) as well as the
activated resistance has been also reported in other thin film FIG. 4. B-R,, phase diagram for the zero-field and field-driven
(2D) superconductorg)_vll However, the reported values of Sl transitions in 2D aff=0. Within a dirty boson modeB is
B, are substantially smaller than the valuesR¥; e.g., interpreted as a phase boundary separating the vortex-glass and
By/Bc=0.64 and 0.65-0.87 for a thia-MoGe film*° and Bose-insulgtor phaseB\*.(THO) around which both the localized
thin Bi/Sb films! respectively. From these results the exis-Cooper pairs and mobile vortices disappear is considered to be
tence of the metallic QVL regimeB(>B>B,) has been Close 1B, rather tharB*(0.05 K).
proposed in these systems. Although we cannot definitely
exclude the possibility of the QVL regime from our data, thediagram for the zero-field and field-driven SI transitions in
following facts suggest that such a regime is likely to be2D at zero temperature, which has been constructed based on
absent in our system(d) By is very close toB. (By/Bc  the data for six thin films with different; x=61, 54, 50, 44,
>0.9) even for the highly disordered films which lie in the 42, and 39 at. %from left to right. Here,R, is the normal-
vicinity of the zero-field S| transition(2) The values of state sheet resistance at 10 K. We can see that the field re-
Bo/Bc are nearly independent of disorder over the broadgion Bc>B>B, is too narrow to claim strongly the exis-
range p,=3.2—7.6.Q m). These results are in contrast to tence of the metallic QVL phase. Within the Fisher's model,
the results reported by other groups. Furtherm¢®g,t is  Bc is interpreted as a phase boundary separating the vortex-
questionable whether we can claim the existence of the QViglass phasé and Bose-insulator phase. The=0 character-
phase based on the value B§ which has been determined istic field B* above which the decrease in MR is no longer
from the linear extrapolation, such as shown in Figc)3 Visible is nearly identified wittB,, where both the localized
whenBy~B¢. Cooper pairs and mobile vortices disappear. Plotted in Fig. 4

In a-MoGe (Ref. 10 and a-NbGe (Ref. 13 films the is B*(T) extracted from the MR data at=0.05 K. We
temperature-independent resistatibe so-called “flat tail”) notice from Fig. 2 thaB* appears to be strongly temperature
has been observed at low temperatures over the daad  dependent in the limit of =0. Upon cooling from 0.1 to
gion belowB . This result has been interpreted as evidencé.05 K, the amplitude of the peak iR(B) becomes more
for quantum tunneling or quantum creep wértices We  pronounced(i.e., B* shows a trend to decrease Bt-0),
have not found the finite temperature-independB(T) while the field B, at which the peak occurs stays almost
from the measurements down 10~0.04 K for any field unchanged. ThereforB*(T) in the limit of T=0 is more
(<Bg¢) studied, while the tendency &(T) to flatten is vis-  likely to be close tdB, (or B|c) rather thanB*(0.05 K).
ible (only) for highly disordered films, as seen in FigaB An anomalous peak in the perpendicular MR has been
We note that the deviation from the activated behavior ocalso observed in granular filmiS,whose origin is related to
curs at lower temperatures in the presence of higher magiestruction of local superconductivity within each grain. In
netic fields, which is in accord with the result farMoGel®  contrast to our films, however, for granular films the peak is
These results seem to suggest that the deviatioR(d) clearly visible even in insulating films. We have not obtained
observed in our system might have the same origin as the flg@rticular evidence of granular structure for our fillnaVe
tail reported in other superconductors. However, this is nothote, however, that pure Mo is a superconductor with a tran-
consistent with the present result described above that thgtion temperaturd ¢ about 0.9 K, while clusters of Mo in a
deviation ofR(T) from the activated behavior does not origi- sample could have differefi; . If there exist such clusters
nate from flux motion. The origin should be clarified in the with low T¢ which cannot be detected within our experimen-
future studies, while it is important to perform the transporttal resolutions, they may affect the transport at low tempera-
measurements in parallel fields for other superconductors itures, leading to other interpretations of the data. The differ-
which the flattening of the resistance is observed in perperent behaviors of MR between thin and thick films could be
dicular fields. This will offer further proof for the QVL attributed to structural differences rather than to dimension-
phase. ality.

In Fig. 4 we illustrate the field-disordeB( R,) phase There are alternative explanations for MR, which could
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be associated with the morphology of the films, or derivedgime where the peak ifR(B) occurs, within the current
from intrinsic effects. In the model of Ghosal, Randeria, andrange studied.

Trivedi 22 which addresses the formation of superconducting In summary, we have presented transport properties of
clusters in a homogeneous system near the Sl transition, kighly disordereda-Mo,Si;_, films. For thin films an
perpendicular field could uncouple the clusters. As a resul@nomalous peak in the MR and a subsequent decrease in
global superconductivity would disappear and the transporR(B) with increasingd have been observed on the insulating
would be dominated by single particle excitations. The resisSide B>Bc) of the field-driven SI transition, while for
tance would be high because of the energy gap in the excfhicker films, or fpr thin fllms_ in parallel fields the MR is
tation spectrum of the quasiparticles in the clusters. At somalways monotonic _and positive. IB<Bc the me_:talhc

high field B, or B*, the superconductivitylenergy gap guantum-vortex-liquid phase is not evident, most likely ab-

within the clusters would be destroyed, resulting in a de-S€nt: We interpret these results in terms of the 2D quantum
crease inR(B). This behavior is similar to what has been phase transition. Alternative interpretations based on the idea

. ) ) . f the formation of superconducting clusters near the Sl tran-
observed in granular films or Josephson junction arrays. Ogition have been also discussed.

the other hand, with the parallel field, decoupling of super-

conducting clusters does not occur and the onset of resis- We would like to acknowledge useful conversations with
tance corresponds to the full destruction of the supercondud/. F. Gantmakher, G. E. Tsydynzhapov, M. V. Feigel'man,
tivity at Bjc. This picture looks consistent with the N. Nishida, and R. Ikeda. This work was supported by a
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