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Magnetic-field-driven superconductor-insulator transition in granular In/InO , films
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We have measured the differential resistance of granular Ip/Ifiléhs near the magnetic-field-driven
superconductor-insulat@Bl) transition. We observed the development of a sharp zero-bias peak in the differ-
ential resistance inside the superconducting gap in the field-driven insulating regime. We confirmed that the
peak in the differential resistance originated from the Coulomb blockade of pair tunnelings between adjacent
superconducting grains. Although almost full phase fluctuations are induced in a magnetic field which is far
lower than the critical field of the Sl transition, the global Sl transition in granular systems is caused by
additional phase fluctuations along with reduced pair tunnelings due to Coulomb blockade between supercon-
ducting grains[S0163-182606)03830-1

I. INTRODUCTION plied to either uniformly disordered systems or granular sys-
tems assumes that the localization of the condensed Cooper
It has been known thain zero field the amplitude of the pairs due to extremely high mobility of the field-induced
superconducting order in uniformly disordered films is re-vortices at zero temperature brings about the SI transition.
duced with increasing disorder due to enhanced electrorSince the essential assumption of the theory is the existence
electron interaction, leading to the second-orderof the well-defined local superconducting order granular sys-
superconductor-insulat@8l) transition as the superconduct- tems composed of grains which are large enough to support
ing order vanisheb.In the case of granular systems, how- the bulklike superconducting order at low temperatures seem
ever, the local superconductivity always exists in the graingo be more relevant to test the boson-only scaling thébry.
at sufficiently low temperatures and the global superconductfo date the field-tuned Sl transition in granular systems has
ing order is determined by the interplay between the interbeen less studied than that in uniformly disordered systems.
granular Josephson coupling and the grain charging effectPreexisting experimental resdftsindicate that, in contrast
With increasing junction resistan€® in a single Josephson again to the case of the transition induced by disorder, a
junction between two grains in the systefos equivalently, strong transverse external magnetic field induces a suppres-
increasing system disordetthe Josephson coupling energy sion of the magnitude of the superconducting order in granu-
expressed at low temperatures kgT<A.) as larfilms. Thus, one of the issues is whether the magnitude of
E;=%1/2e=(1/2)(Ro/Rj)A., where | is the junction the superconducting order remains finite at the field-tuned SI
critical current and\ ., is the superconducting gap energy in transition in granular systems so that the transition is caused
the grains, can become smaller than the charging enerddy the intergranular phase fluctuations. In this paper we ad-
E.=e?/2C, for small enough grains, wher@, is the grain  dress the issue by closely examining the temperature and
capacitance. The resulting reduced fluctuations in intergraimagnetic-field dependence of the differential resistdbd®)
charge transfer induce large fluctuations in the phase bedn granular films near the field-driven SI transition. We find
tween the grains, which will hinder the formation of the glo- that the Sl transition in granular systems is much subtler than
bal phase coherence. The competition between the intewas thought to be before.
granular Josephson coupling and the grain charging is well

manifested in the quasjreentrant behavior for films With. the Il. EXPERIMENTAL DETAILS
normal-state sheet resistariRg close to the quantum resis-
tanceRQ(=h/4e2). Granular In/InQ, flms were prepared by adopting the

Recently, much interest has been focused on the criticanethod as used in Refs. 7, 12, and 13. A layer of thickness
effect of a magnetic field on the destruction of superconducAd consisting of pure indium grains which were electrically
tivity in two-dimensional systemspoth in uniformly disor-  separated from one another was thermally deposited in a
dered films and granular films. The application of a magnetidigh vacuum(the base pressure of the growth chamber:
field enables one to tune continuously through the zero5x 10’ Torr) on a substrate held at room temperature. The
temperature Sl transition in disordered superconducting filmsurface of a film was then oxidized in the oxygen partial
with the normal-state sheet resistariRg close toRy. A pressure of X 10~ 4 Torr for 4 min typically. The same pro-
scaling theory* indicates that, in contrast to the case of thecedure was repeated several times to make the total thickness
transition induced by disorder, the field-tuned Sl transition inof the sample bel = 80 A. The nominal thickness of each
the zero-temperature limit in disordered films is induced byindium layer wasAd~ 10-16 A. The advantage of fabricat-
increasing fluctuations in the phase, rather than the ampling granular films in this way is the easiness of regulating the
tude, of the superconducting order parameter, which is ithickness of oxide barriers between grains by varying the
good accordance with the recent experimental observatiomsxygen partial pressure during oxidation and the oxidation
in various systems.° The theory which may well be ap- time, while keeping the size of the grains almost constant.
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pendence of the sheet resistaficeasured with =100 nA)

of the sample SI1 with varying magnetic fields applied per-
pendicular to the plane of the film. In zero magnetic field the
i R vs T curve exhibits a slight double-resistive transition near
- the tail, which is the hallmark of a granular superconducting
L film. The mean-field transition temperatuiig,=3.384 K, de-
termined from the best fit to the Aslamasov-LarKifiuctua-

tion conductivity, turns out to be very close to the value of
pure bulk indium, 3.40 K. As the magnetic field increases the
sample exhibits a number of characteristic features inRhe
vs T curve. In the low-field regionH<1 T) the supercon-
ducting transition broadens with increasing field, while the
onset temperatures of the superconductivity are almost unaf-
fected. In this region thermally activated resistances with
field-dependent activation energy were observed. With in-
creasing field in the range of 1 ¥H<4-5 T, the mean-
field transition temperatur&,. is suppressed without much
additional broadening of the transition width, which implies
/ that the amplitude rather than the phase of the superconduct-

log, [R (/)]

ing order in the grains is affecteg@uppressedby the mag-
0295K /) oas netic field. This looks rather counter-intuitive because, for
15 ST this granular film in the high-magnetic-field range, the mag-
0.0 0.50 10 15 netic field apparently affects the amplitude of the supercon-
T (K) ducting order parameter more rather than its phase as ob-

served in zero-field disorder-driven destruction of global

FIG. 1. (a) Temperature dependence of the sheet resistance inuPerconductivity. This effect has been observed in other
external magnetic fields ranging from 0 to 9 (B) Temperature ~9granular systems. The crossover magnetic field separating
dependence of the sheet resistance in external magnetic fields nd&€ two regions corresponds to the field generating about one
the field-driven superconductor-insulat(3l) transition. Inset: the ~magnetic flux quantund,=h/2e through the area- mR?,
magnetic-field dependence of the resistance isotherms at 0.08®/hereR is the mean radius of the grains. The mean radius of
0.130, 0.191, and 0.295 K near the SI transition, where the fixedhe grains estimated from the crossover field~ofl T as
point (H., R;)=(7.52 T, 1.63 K}/(1) corresponds to a set of data observed in the sample is 250 A, which is very close to the
with dR/dT = 0 in the low-temperature region ifb). value determined from the microstructure analysis, 100—150

A. Since the magnetic field of order of the crossover field
Microstructural analysis using scanning electron micrograplygives almost maximum phase fluctuations any additional
reveals that the lateral diameter of the graina is 200—-300 field beyond the value causes mainly the suppression of the
A. The average size of the grains prepared in this way turneduperconducting order in the grains.
out to be close to the one prepared by continuous thermal For a higher field betwee7 T and 9 T, the film exhibits
evaporation in the corresponding partial pressure of oxygerthe field-tuned Sl transition as shown in detail in Figb)1
In contrast to the case of continuous evaporation in the atSmall quasireentrance is seen in the fields between 7.5 T and
mosphere of oxygen, however, one can regulate the size 665 T, which is another manifestation of the granularity of
the grains and the thickness of the oxide barriers separatethe sample. The low-temperatu¢gay 0.1 K critical field,
using this method. The samples were patterned using a metHl,, defined by the field at which the temperature gradient of
stencil into a Hall-bar shape for four-terminal measurementstesistanced R/d T vanishes, was 7.52 T. The corresponding
The film was 0.4 mm wide and the distance between theritical resistanceR. was 1.63 K)/[J, which was much
voltage leads was 2.8 mm. The large-scale homogeneity afmaller than the quantum resistané®,=6.45 K}/, as
the film was checked by measuring the resistances over threeell as the critical value reported by other grodfqresum-
separate sections along the length of the film, which agreedbly due to the difference in the morphology of the films.
with one another within less than 3% of deviation. TheRecently it also has been arg8etiat the existence of in-
sample resistance was measured, using both dc and ac phaseeased quasiparticles near the Sl transition may cause the
sensitive measurements at 33.5 Hz at temperatures rangimigviation of the critical resistance from the quantum resis-
from 300 K to 100 mK and in a magnetic field up to 9 T. In tance which was theoretically predicted to be universal. In
order to increase the sensitivity of DR measurements a largeur sample also the increased quasiparticle tunnelings by the
background dc resistance was subtracted using a Kelvirfield-induced suppression of the superconducting order near
bridge circuit. the Sl transition may have caus&d to deviate much from
Ro. At this point the question can be raised as to whether
the amplitude suppression with increasing magnetic field will
continue so that the order parameter eventually vanishes

Three samples were investigated in this experimentcompletely at the Sl transition or it remains finite at the
among which the typical data for one sample are presenteiansition and the transition is driven by the phase fluctua-
below. In Fig. 1a) we illustrate the typical temperature de- tions as predicted by the boson-only scaling theory.

Ill. RESULTS AND DISCUSSION
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lation (d1) for the measurements of DR was 50 nA. Each set
of the data was shifted vertically by an arbitrary amount in
the figure for the sake of clarity. Note that the bias current of
100 nA used to measure the vs T data in Fig. 1 corre-
sponds to almost zero bias in Fig. 2. In FigbRdistinct
features develop with varying temperatures. At the highest
temperature T=0.900 K), the DR decreases monotonically
with increasing bias current. In the temperature range below
0.596 K, however, the DR shows the Josephson-junction-like
behavior(a increasing DR with bigsn the low-bias region,
but crosses over to a decreasing DR with bias beyond a criti-
cal valuel . denoted by the vertical bars in the figure. The
variation of the DR in Fig. 2, however, is almost 3 orders
smaller than the background dc resistance as shown in Fig.
1(b), which implies the existence of large quasiparticle tun-
nelings in addition to pair tunnelings in the ranges of the
temperatures and the magnetic fields. The magnitude, of
decreases only slightly with increasing temperature below
T=0.596 K, while it decreases rapidly between 0.596 K and
0.900 K. The variation of the increasing DR with the bias
current becomes steeper with decreasing temperatures. But
the variation of the decreasing DR with bias current suffi-
ciently beyondl. is very insensitive to the temperature
change. Inside the region bounded hy, a zero-bias peak
develops at temperatures below 0.234 K and grows sharply
with decreasing temperature. We suppose that the zero-bias
peak arises from the Coulomb blockade of Cooper pairs and
quasiparticles, since it arises inside the superconducting gap
at a finite temperature while the former effect must be more
. ) . dominant as the temperature is lowered. Even at low tem-
FIG. 2. Differential resistance per square of the sample as - . Lo . .
function of the bias current at temperatures, 0.096, 0.136, OIZS%eratures quaSIp_artICIe tunnel_lng IS. expected to b_e fairly high
ecause of amplitude fluctuations induced by a high external

0.403, 0.413, 0.596, and 0.900 K from top to bottom for external S e 14115
magnetic fields(a) 7.5 T, (b) 7.6 T, and(c) 7.7 T. For clarity, each magnetic field>*>We assume that the onset of the Coulomb

set of data is displaced vertically by an arbitrary amount. The ver-bk)Ckade corresponds to the minimum DRIQI which is
tical bars indicatd, and/orl, as explained in the text. denoted by another set of vertical bars. In a field of 7.5 T as

in Fig. 2(a) the DR in the same temperature range 0.096—

The temperature independence of the resistance in a givéh900 K shows similar features as in Figb® except for the
magnetic field corresponds to a fixed point in the plot of thefact in this case that no zero-bias peak appears and the varia-
magnetic-field dependence of the resistance isotherms #ibn of the increasing DR with field is steeper than in
0.088, 0.130, 0.191, and 0.295 K as in the inset of F{).1 H=7.6 T. In contrast, iH=7.7 T as in Fig. &) the critical
The fixed point for the sample SI1 ks, = 7.52 T andR; = current(along with the superconducting gajg much sup-
1.63 K2/, as mentioned above. Below, by closely examin-pressed to about.=12 A even at the lowest temperature
ing the DR, we will focus on whether the superconducting0.096 K and the DR becomes all decreasing at temperatures
order vanishes near the critical valtle. The other notice- above 0.234 K, while the zero-bias Coulomb peak appears at
able feature in the inset is that the magnetoresistance in fieldemperatures as high 8s=0.413 K. The Coulomb peak dis-
above the fixed point looks to increase very slowly even agppears with increasing temperatures due to the increased
the lowest temperatur€0.088 K) and in the highest-field thermal activation of charge transfer over the Coulomb bar-
range 9 T) used in measurements. In fact, in the insulat-rier.
ing regime in this high-field range a logarithmic temperature In Fig. 3 the DR measured with a current modulation of
dependence of resistance was observed, which is a typic@D nA atT=0.096 K is plotted as a function of bias current
behavior of a weak localizatiofwith e-e interaction$ (Ref. | for various magnetic fields between 7.5 T and 7.7 T in
16) while the behavior is in contradiction to the variable- steps of 0.025 T. In the figure again we denote the critical
range-hopping behavior assumed by the scaling th&ory.  bias currents of pair tunneling,, and the Coulomb block-

Figure 2 shows the typical DR as a function of the biasade,l,, as vertical bars. The values bf are shown to be
current!| for temperatures from 0.096 K to 0.900 K in a suppressed rapidly with increasing field in such a narrow
magnetic field of(a) H=7.5 T, (b) H=7.6 T, and (¢ range near the critical fielth.. Here, we assume that the
H=7.7 T, which are close to the range of the critical mag-superconducting critical bias current can be converted
netic field determined from the field dependenceRo¥s T into the superconducting gap Vvoltage wusing the
data in Fig. 1b) and its inset. It also corresponds to the Ambegaokar-Baratoff relation A./e=(2/m)1Ry(T,H) at
region of temperature and field where the gquasireentrant besufficiently low temperatures satisfyinggT<<A.. We also
havior is most conspicuous in Fig(kd. The current modu- assume that the Coulomb gap at a given temperature and a

dv/dl

dv/dl

dv/dl




54 MAGNETIC-FIELD-DRIVEN SUPERCONDUCTOR. .. 13155

} : : 15 L ; L L
- H (T) 121
T=0.096 K 750 (@)
O+ < 104 18«
5 C‘,I\VL\/-‘/-Iss % =
S |2 MT@ £ T =0.096 K s %
o —-— _ —
= = * — .
————0——!-/\—}——41—\ 7.70 0 l . »
; < 7.50 7.55 7.60 7.65 7.70 7.75
-30 -15 0 15 30 H(T)
I(nA)
4 I I
FIG. 3. Differential resistance per square of the sample as a ®)
function of the bias current at=10.096 K for external magnetic § 34 r
fields ranging from 7.50 to 7.70 T by a step of 0.025 T from top to g
bottom. For clarity, each set of data is displaced vertically by an ~ 24 T = 0.096 K i
arbitrary amount. The vertical bars indicatg and/orl, as ex- > '
plained in the text. 15 e -
(v, [mV])?= 6.6 - 025V [mV]
O T T
field can be estimated from the relatiohy=eV, 10 15 20 25
=1oRN(T,H), since the IV characteristics are almost ohmic V. (mV)
as can be evidenced by the small variation of the DR as
shown in Fig. 2 compared with the dc resistance in Fig).1 FIG. 4. (a) Magnetic-field dependences of the critical voltages

The insulating Coulomb gap starts developing arounther a square of the samphé; (the onset voltage of Coulomb block-
H,=7.55 T and grows rapidly with increasing field. The ade near zero biasand V. (=NA_/e, whereN is the number of
value of this critical field for the onset of the insulating Cou- grains connected in series along the length of a square of the
lomb gap at this temperature is very close to the one detesamplg. V, and V., were obtained from the relation
mined from theR vs T data. Vo=1oR\(T,H) and V.= (2/m)[I.R\(T,H)], respectively. The

We believe that the decreasing DR for the bias beyondines connecting the data points are guides to the @yéunctional
I is caused by quasiparticle tunnelings above the supercomlependence o¥/, on V., where the best fit satisfies the relation
ducting as well as the charging gap between superconductirfiyo (mV)]*=6.6-0.25/; (mV).
grains. In this case, the bias current makes the charging bar-
rier tilted so that the tunneling conductance increases witiperconducting gap. We can estimate the value of the block-
increasing bias currerfor voltagd. The slope of the varia- ade voltageV, in terms of a value oV, by considering the
tion of the decreasing DR with bias in a given magnetic fieldenergetics of Cooper-pair tunneling with Coulomb blockade
in Fig. 2 is rather insensitive to the temperature, even belovn the following way. Here, for simplicity, we only consider
the critical temperature for the appearance of the supercorpir tunnelings between superconducting islands, although
ducting gap since the tunneling of quasiparticles betweeie assume that quasiparticle tunnelings are non-negligible as
Superconducting grains abo‘/@fo”ows the tunne”ng char- mentioned above. When a pair tunnels from a neutral super-
acteristics of normal electrons between normal grains. On theonducting grain to an adjacent superconducting grain a
other hand, the onset of the insulating zero-bias peak i§ound pair of charge soliton is formed. We consider the en-
closely related with the sharp reduction of the charge transfergetics of an unscreened charge soliton pair in the limit of
due to Coulomb blockade between superconducting graind,=0 in a bias voltage/ as
where the superconducting order in the grains remains finite.
Thus in our granular films the transition to the insulating
state in zero bias takes place while the local superconducting
order persists in grains as assumed by the scaling theory.
This is in agreement with the recent observation in granulafvherer is the separation between the charge-anticharge pair
Al films where a significant suppression of the local supermembersV/L is the average applied electric field along a
conducting order was observed in a magnetic field of sever@iamplea is the average diameter of superconducting grains,
teslal® and e* =2e. The first term withEy,=(e*)%/(2C,) is the

We plottedV, andV, at T=0.096 K, almost the lowest 9grain charging energy to create a pair of nearest-
temperature used in the experiment, as a function of mag?eighbor Cooper-pair = solitons ande;~(Ry/2Ry) A
netic field in Fig. 4a), whereV, andV,, are obtained from = (Rg/2Ry)e* V"9 is the Josephson coupling energy of a
the relations Vo=1,R\(T,H) and V.=(2/7)I.Ry(T,H). junction formed between two adjacent superconducting
With increasing magnetic fieldg, decreases with a concur- grains, whereC, is the self-capacitance of a grain and
rent increase o¥,. It is in accord with the assumption that VE"%®is the superconducting gap voltage per junction which
V. is the superconducting gap voltage aviglis the critical ~can be alternatively expressed as the total voltage along the
bias voltage for the onset of the Coulomb blockadg(H) length of a square of a sampleith length ofL= 0.4 mm)
shows the magnetic-field-dependent suppression of the sdlivided by the number of grainN(~16 000) in it as

a
U(I‘)=2Eo—EJ—2E0F—26*(V/L)I‘, (1)
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V./N. The third and fourth terms represent the attractive

interaction between charge solitons of opposite polarities at a

distancer due to the self-Coulomb field and external electric 301 4 m] 0.4
field, respectively. In Eq(1) we neglected the thermal en- S 1 < u 03 =
ergy because af = 0.096 K the thermal energy is at best g 20 DN
about 10% of the grain charging energy. The potential en- = 0.2 78
ergy in Eq.(1) has a saddle point ai,.=(2EqaL/e* V)2 > 104 O 048K 0.1
with an energy barrier at the saddle of ® 00%K i s
U(ro)=2Ey—E;—2(2Ege*Va/L)¥2 In the zero- — 0
temperature limit a finite conduction due to pair tunneling 70 72 74 76 78 80

can take place when the energy barrier is overcome by an H (D)
external electric field, i.elJ(r;)<0. Thus, we get the rela-
tion between the onset voltage of conductid, and the
superconducting gap voltagé. as

FIG. 5. Phase boundaries defined by the field dependences of
V. and Ty, whereT, is the onset temperature of the zero-bias peak
in the differential resistance due to Coulomb blockade in a given
magnetic field. The straight is a best fit line to thgH data.

\/V_oz a— BV, (2 were determined from the critical temperature for the appear-
ance of the zero-bias Coulomb peak in a given magnetic
field. The values of the critical magnetic field on the bound-
ary decrease almost linearly with decreasing temperatures,
implying that at lower temperatures the insulating state will
. ; L .~ develop in a smaller magnetic field than at higher tempera-
dicted by Eq(2). We believe that the dewaupn O.f the data in tures. By extrapolating the phase boundary we estimate the
t.h‘? range of small/, from thg apove relation is due t0 @ \ 51y of the critical fieldH, to be about 7.47 T at zero
finite-temperature _effect, which would have been mor&gy eratyre. The value of this presumable zero-temperature
prominent for smaller values &fo. The values ox and 8 qjtical magnetic field of the Sl transition is definitely smaller
estimated from the data in the figure tum out to be 6.6,y the one determined from tievs T data in Fig. 1 or
(mV)™* and 0.25(mV) 7l,4respec.t|ve_ly. The value o  rig 5> Thys, we find in the figure that the local supercon-
corresponds t€,~3x 10 F’_Vl‘g"(:h In turn gives an es- 4, qivity exists in the grains for the critical field of SI tran-
timate value ofg~0.075(mV) " The agreement of the gjion at the lowest temperature used in the experiment
predicted functional relation betweé&fy andV . with that of (0.096 K as well as in the zero-temperature limit, which is
the data in Fig. f) is very encouraging, although the agree- i, 5ccordance with the assumption of the scaling thé@yt
ment may have been fortuitous in such relatively narrowiy the insulating state in magnetic fields abdve-7.8 T, no
ranges ol andV, . Taking the contribution from quasipar- |oca| superconductivity exists inside the grains, the state of
ticle tunnelings into account does not change the linear funcghich may correspond to the Fermi-glass phase observed in
tional relation between/V, andV,, although it will change  more uniformly disordered indium oxide composite filfns.
the Val{JeS of the coefﬁqents andg. Thgre IS N0 way 0 |n this sense, the insulating stateH>7.8 T is totally dif-
determine C, quantitatively. We estimate the self- ferent from that studied previously in more disordered insu-
capacitance from the relatioBy=4megka to be about 4 |ating granular indium oxide films, where the local supercon-
X107'°F, wherex=¢[ 1+a/(2s)] = 135 with the permit-  quctivity inside grains persists even deep in the insulating
tivity of indium oxide'® of e~10, a~25 nm, and the inter- regimet®
grain spacing of~1 nm. We see that there is much discrep-
ancy between the estimated value @f and the observed
one. Quantitative comparison to the observed values in this
case does not mean much, because of the crudeness of theln summary, we carefully examined the magnetic-field-
analysis. Nonetheless, the fair agreement between data amtluced Sl transition in In/InQgranular films. The resistive
the predicted relation seems to indicate that the insulatingransition reveals a quasireentrant behavior in the field range
phase indeed originates mainly from the Coulomb blockadaround 7.5 T, which are typical characteristics of granular
of pair tunnelings between superconducting grains. The resystems. In a higher field around 8—9 T at low temperatures
duced rate of pair tunneling due to the Coulomb blockade irthe resistance of the films exhibits typical temperature de-
turn induces fluctuations in the intergrain phase couplingpendence of weak localization. Corresponding to the qua-
consistent with the picture of the scaling theory. sireentrant region of temperature and field, the DR shows a
In Fig. 5 we plot the values 0¥ as a function of mag- crossover from a superconducting Josephson-gap behavior to
netic field for temperatures of 0.403 K and 0.096 K. For aan insulating charging-gap behavior. The charging-gap be-
given magnetic field the values &, are insensitive to the havior presumably originates from the Coulomb blockade of
temperature. In a field smaller than 7.2 T the magnetic fieldCooper pairs between grains where the local superconduct-
dependence oV. becomes almost saturated but they de-ing order remains finite. In our samples, which can be con-
crease rapidly with field above 7.5 T and presumably vanisisidered as typical granular systems, the enhanced phase fluc-
around 7.8 T. In Fig. 5 we also illustrate the boundary of thetuations due to Coulomb blockade of Cooper pairs as
conducting-to-insulating transition due to grain charging inexhibited by the zero-bias DR peak destroy the global phase
the temperature-fieldT-H) diagram, where the data points coherence between superconducting grains and lead to Sl

where a=(EoL/2e*a)¥? and  B=(Rq/4Ry)(e*L/
2E,a)Y4N. In Fig. 4b), VV, is plotted as a function of
V., which shows a linear relationship in this plot as pre-

IV. SUMMARY
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