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Influence of cluster size on the normal- and superconducting-state properties of granular Bi films
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The Hall coefficienR,; and the magnetic-field dependence of the superconducting transition temp@&gature
of granular films built from well defined Bi clusters has been measured as a function of Bi clustér size
(3.5<L=<10nm) in magnetic fields umt8 T and at temperaturds>1.8 K. From these experimental results
we can conclude that with decreasihghe original rhombohedral bulk structure of the Bi clusters becomes
more and more distortg@hcreasing number of defegtauntil atL=L* ~4.0 nm the structure changes into the
“amorphous” Bi structure. FoL =L* the Bi conduction electrons become almost localized aﬂBM/dT)TC
has an unusually large value f16.7 T/K. The good agreement between thdependencies of normal and
superconducting properties indicates that the electronic structure of the Bi clusters chandeduiitis rather
homogeneous for a given [S0163-182€08)02042-9

I. INTRODUCTION >0.45 K; both cryostats allowed a variatBedirection with
respect to the film surfacesee below.
Rhombohedral bulk Bi is a semimetal whichrist super- Granular films of Bi clusters embedded in an insulating

conducting down tél' =50 mK. In contrast to this, granular Kr matrix were obtained by the co-deposition of Bi clusters
Bi films prepared from rhombohedral Bi clusters with well- emerging from the cluster source and the Kr gas atoms onto
defined sizeL show superconductivity with a cluster size a cold(~40 K) sapphire substrate attached to the coldfinger
dependent superconducting transition temperafiyde.g., ©Of the He cryostat. Both deposition rates were controlled by
T.=4.3 K for a mean cluster size~5nm andT.<2 K for ~ quartz balances. Typical deposition rates for the cluster beam
L~20 nm.! We have explained the appearance of superconere O._l nm/s and _typlcal film th|cknes$es were 1_00—150
ductivity in granular Bi on the basis of the following model: M- All films had a Bi cluster volume fraction 6f80%, i.e.,

Bi clusters have a surface layer with a strongly increased@d @ composition far above the percolation thresAdhd.

density of statedl(E;) at the Fermi enerdywhich leads to Cluster size distribution was determined with the help of a
“surfage superconguctivity'” the cluster core remains thin carbon foil catcher, brought for a short time in the clus-

. X - . . ter beam, and analyzezk situby transmission electron mi-
“semimetallic” (similar to bulk Bj, i.e., is not supercon- Y y

. . X i X r . Typical cluster size distributions h wi
ducting. This model essentially can explain all expenmentaf oscopy. Typical cluster size distributions had a width

. _ FWHM) of (AL/L)~0.25°
facts known at that time. However, further experimental data Sample geometry and arrangement of the Au electrodes

definitely are necessary in order to decide if the above giveRy, the sapphire substrate were the same as described in Ref.
model is indeed correct. It is for this reason that we have; gjecirical transport measurements were done in both cry-
performed additional experiments on granular Bi films, osiatsin situ by lowering the sample holder into the bore of
namely, measurements of the Hall const&y and the e syperconducting split-coil magnet. Magnetic field direc-
change ofT; with applied external magnetic fiel, i.e., of  on for Hall effect measurements in cryosta) was perpen-
(dBc2/dT)7_. Such experiments give information on the gicylar to the film surface and the current direction. Mag-
conduction electron density, as well as onN(Eg). The netic field direction for(chzldT)TC measurements could be

measurement of botR, and (dB.,/dT)r_as a function of  changed from perpendicular to parallel to the film surface by
Bi cluster sizel, therefore, will allow us to examine in more rotating the He cryostat inset within the bore of the super-
detail how the electronic structure of Bi clusters changegonducting magnet. In this way the magnetic field depen-
with L. First preliminary results already have been publishedience ofT, could be measured in the so-called “force-free”
elsewheré. configuration, i.e. witlB and current directions being paral-
lel to each other(see below. Transverse and longitudinal
voltages were measured by a dc method for two opposite
Il. EXPERIMENTAL SETUP current and field directions, respectively. In this way mis-
Experiments were performed with a so-called inert-gaglignment voltages and thermomagnetic effects have been
aggregation cluster SOUIAC%WhiCh was attached to a He cry- eliminated. The Hall voltageJH obtained from these four
ostat. Two different He cryostats have been used: the Hallneasurements always showed a linear behavior with increas-
effect experiments have been performed ifHe cryostat |ng magnetic field upto45T allowing the determination of
(cryostatA) with superconducting split-coil magnet allowing Ry from the slope oU; vs B.
experiments in magnetic fields up to 4.5 T for temperatures
T>1.8K; the measurements otlecZ/dT)TC were mostly

done in a®He cryostat(cryostatB) with a superconducting The Bi cluster size dependence (865<10.0 nm) of the
split-coil magnet for magnetic fieldsB<8T and T  normal state conductivityg, measured af~10 K, is shown

Ill. EXPERIMENTAL RESULTS
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FIG. 1. (a) Normal state conductivitg- and conduction electron
densityn,= — (eRy) "1, Ry=Hall constant, andb) (kel) " as ob-
tained fromo and Ry within the Fermi gas model of granular Bi
films as a function of Bi mean cluster sizeThe solid lines through
the data points are only guides to the eyes. The dashed vertical lir
indicates the critical cluster size¢* (see texk

p (nQm)

in Fig. 1(a). One can see a decreasedirwith decreasingd-
until o reaches a pronounced minimumLat~4.0 nm. Fur-
ther decreasing leads to a rapid increase intowards the
known value for amorphous Hi(c) g amorpi= 70 (€2 m)~ 1
(Ref. 8]. These data are in good agreement with those puk
lished before for 2.5L<20 nm?! On the basis of those
data we had developed the above mentioned ‘“two-
component”-model of the Bi cluster structure. As we will
see below this model has to put into question on the basis ¢
the following new experimental daf&, and @B.,/dT)r_].

The Bi cluster size dependence (8.5<10.0 nm) of the
electron densityn o Rgl as obtained from the measurBg
values is shown in Fig.(&). Here we see a continuous in- &
crease oh, for L>L* and the same rapid increasenigfor
L<L* as we observe fowr [see Fig. 18)]. This clearly
shows that the increase infor L<L* is caused by a rapid
increase im, towards the value for amorphous Bi.

We have now additionally plotted in Fig(ld) the quantity
(kel) ™t (ke=Fermi wave vectorl=mean free pathas cal-
culated fromo and Ry using the free electron gas model. T(K)

This quantity, which is a measure for the “localization” of
the conduction electrons, will appear again in the discussion FIG. 2. Resistivity versus temperature for granular Bi film with
of the superconducting properties, namedB(,/dT);_(see L~4.5nm as a function of external magnetic fi@d The insets

below). One sees a rapid increase ki) ~* with decreasing show the_ different directior_ls @ relative to the current direction

L for L<5nm until (kel)~! reaches a maximal value of 2nd the film plane, respectively.

(kel) "1=2 for L~L*. Such a high kgl) ~!-value indicates

that the conduction electrons are almost localized at this Biield on the superconducting transition occurringTat As

cluster sizeL*. There is a sharp drop inkgl)~* for L already mentioned in Sec. Il, the direction of magnetic field

<L* due to the strong increase m, and finally kel) ! B relative to the film plane could be changed. Figure 2 shows

approaches the value for amorphous®Bi. the resistivity curves for a granular Bi film with~4.5 nm
Next we will show the influence of an external magneticas a function of magnetic field strength for three different

(n2m)
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' ' ' ’ ' : Bi [(dBc,/dT)r = —1.12 T/K(Ref. 8]. In the following we
o “ T want to discuss this result together with theand R data.

IV. DISCUSSION

Considering thé. dependencies af, Ry, and kgl) %, as
shown in Fig. 1, we can develop the following model on the
changing crystallographic and electronic structure of the Bi
. clusters with decreasing cluster size For largelL (L
>5 nm) we essentially have Bi clusters with the rhombohe-
dral bulk structure. This finding is in agreement with
beam electron diffraction experiments by Yokozeki and
Steir? on Bi clusters with size &L <9.5 nm prepared in a
gas aggregation cluster source. Edr<L <5 nm the mean

FIG. 3. Magnetic field dependence of superconducting transitioﬂcree pathl within th? Bi CIUSter,S becomes strqngly reduced
temperatureT, of granular Bi film as obtained from Fig(@. The  (S€€n in the reduction of), while the conduction electron

solid line through the data points is a least-squardstigight line ~ density ne_continuously increases. This indicates that the
with slope @B,/dT)r]. The horizontal dashed line gives the number of defects in the rhombohedral structure strongly
paramagneti¢Clogston limit B, (see text increases, i.e., that this structure becomes highly distorted.
Such a distortion shiftr relative to the Bi conduction band
edge and increasey, as well asN(Eg) (see below At L
~L*, something like a “critical” Bi cluster size, there oc-
curs a crystallographic “phase transition” from a heavily
istorted rhombohedral to the “amorphous” Bi structure.

B(M

2 _ slope = (%)T o

3,0 ' 3.5 . 4,0
T, (0

5.0

field directions. As expected, the shift of th€T)-curves is
increasing with increasing angtebetween current and field
directions. This is due to the fact that far#0 flux line
movement caused by the Lorentz and Magnus force actin . :
on the flux lines leads to a longitudinal voltage, i.e., gives! "€ latter structure is knodirto have a strongly increasex

; v ; ; ; ; d N(Er) compared to that of rhombohedral Be.g.,
rise to resistivity. The interesting thermodynamic quantity@" F
dT./dB or (dB,/dT); can be determined from the “force- ne(amorphousyie(rhombohedrah-5x10° (Refs. 8,10].
c Both o andRy for L=3 nm already are close to the corre-

sponding values for “amorphous” Bi. It should be men-
tioned that the x-ray scattering experiments performed on a
granular Bi/Q film with a Bi cluster sizelL ~3.8 nm which

free” («=0) configuration only. We have plotted in Fig. 3
the magnetic field dependence ©f as obtained from the
resistivity curves in Fig. @) using the midpoint of the tran-

;i'gipn curve as definition o . Frgm such plots one gets the revealed the rhombohedral structure of these clusesrsen-
initial slope [@Bc,/dT)r . In this way @B,/dT)r, has tially are in agreement with this model.

been determined for different cluster sizesThe result is TheL-dependence ofkl) "%, as obtained frono- andRy,
shown in Fig. 4. One can see a maximuniifdB;,/dT)r_ data using the Fermi gas model shows a pronounced maxi-
for L~L*, similar to that observed forkgl) ~* [see dashed mum forL=L* with (kgl) “1~2 [see Fig. 1b)]. This means
curve in Fig. 4 taken from Fig. (b)]. The value of thatthe crystallographic “phase transition” just occurs when
—(d BCz/dT)T for L~L* is more than one order of magni- the Bi conduction electrons are almost localized. Therefore it
tude higher than that observed for example in “amorphous”Would be tempting to interpret the crystallographic “phase
transition” as being triggered by the disappearance of metal-

18 ———1 — e 25 lic binding atL*. However, we are not aware of any other

[ system wherein a “localization-delocalization” transition
causes a crystallographic phase transition. For that reason the
opposite probably will be true: the “localization-
delocalization” transition at.* is induced by the crystallo-
1 graphic “phase transition” which occurs when the number
1 = of defects within the rhombohedral structure exceeds a criti-
= cal value. Next we have to discuss thedependence of
] (d BczldT)Tc. Using Ginzburg-Landau-Abrikosov-Gorkov

‘T £ e (k.Iy? Hos5 theory we can connectd@B.,/dT)r_with the normal state

2[ '-dBy/dT); amorphous B~~~ . (residual resistivity p and the Sommerfeld constapwia the

b 00 following equation which is valid in the dirty limit*12

120

~(dB/dT);

(dB/dT), (T/K)

L (nm)

dB,/dT)1 = —(12e/ 73Kkg) yp=N(Eg)p. 1
FIG. 4. Values of (iBCzldT)Tc for granular Bi films as a func- (dBc; )TC ( 8) 7PN(Ee)p @

tion of Bi mean cluster size. The solid line through the data points . L .
is a guide to the eyes. The dashed curve showskpd (* values  This means that within the Fermi gas modelBc,/dT)r,

from Fig. 1(b) for comparison. ThedB,,/dT)_ value for amor- em* - (kel) 72, with m* being the effective “dressed” elec-
phous Bi(from Ref. § is given by the dashed-dotted horizontal tron mass including electron-phonon interaction. Assuming
line. that m* does not depend ob, the L-dependencies of both
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(d BczldT)TC and (gl) ! should be the same. This is ex- by a factor of 1.28 i.e., an increase OB, to about 10 T
actly what we observe, especially with respect to their maxiwhich definitely is higher than the highest field we could
mum forL~L* (see Fig. 4. apply. In th_ls connection we should mention that recent elec-
Now we want to make a comment about the absolutdron tu_nnellng experiments on Al clusters in external mag-
value of (dBCZ/dT)TC1 especially about the unusual large Netic fleld§ revee_lled that the supgrconductmg gap coIIap;es
value of dBg/dT)y =—16.7 T/K for L=4.2 nmeL*. at much higher fields than theoretical expected and thus in-
, , ¢ dicated the presence of significant spin-orbit scattering
This value is much higher than those found for the Chevre|,,ose origin is not fully understodd.
phases? once the classical extreme type Il-superconductors, Finally we want to make a comment with respect to the
and it is as high as those observed for some of the highggel of the crystallographic and electronic structure of the
temperature superconductdiSTS) on the basis of the cu- gj cjysters which we have proposed in our previous paper.
prates and for superconducting heavy fermion systems. Wepo  new experimental finding, namely, that the
do not know any other superconducting compound Whicr}jependencies of thek{l)~! values as obtained from the

has a similar high q302/dT)Tc_ value. The high  horma)state properties, i.e., from andRy, and that of the
(dBc2/dT)y, values for the just mentioned three systems ar&uperconductingtate propertydB.,/dT)y_are very similar

understandable considering E@): for heavy fermion sys- (see Fig. 4 has a severe consequence: it means thattao
temsy (or the effective mass*) is extremely large, in HTS mogeneous cluster ~ model (semimetallic,  non-
compoundsg is small due to their small carrier density, and superconducting cluster core and metallic, superconducting
for Bi clusters of sizd.~L* we have both, a relative small cluster surface laygmprobably is not correct. In such an in-
ke [again due to the small number of conduction electronshomogeneous two-component model it is very unlikely that
(ne/ngi=0.1)] and a small mean free patithin the free  the L-dependencies of normal- and superconducting-state
electron gas modék=0.15 nm forL=L*). properties are the same. This is simply due to the fact that in
The upper critical magnetic fiel;, can be extrapolated the above given two-phase model the effective Hall coeffi-
from (dB,/dT)y_using the so-called Werthamer-Helfand- cient is determined by the Hall coefficients of both

Hohenberg(WHH) theory™® In the limit of negligible spin  component® while (dB.,/dT)r_is determined by the elec-
paramagnetism as well as spin-orbit scattering, i.e., for puréonic properties of the superconducting surface layer only.
orbital pair-breaking,B.,(0) is given by[B.(0)]wun= We thus have to conclude that the electronic structure of the
—0.693(dBCz/dT)TC which results in[B.(0)wuu=50T  Bi clusters isL-dependentas described aboyéut rather

for Bi clusters of sizd_*. ThisB,(0) value is quite reason- homogeneoutor a givenL.
able: the superconducting coherence lerdgthlculated from
B.»(0) is é~2.5nm, a value which is somewhat smaller

than the Bi cluster size*. _ 3 The measurement of the Hall coefficieRy, and the
~ In addition to[B,(0) Jwnn there exists another critical change of the superconducting transition temperayneith
field, namely, the so-called paramagnetic or Clogston limitaytarnal magnetic fiel, i.e., of d Bcz/dT)Tc: allows us to

Bp: at th's. magnetic field the paramagnetic energy of thedraw some definite conclusion about the change of the crys-
electron spins becomes equal to the superconducting condef-

) o . llographic and electronic structure of Bi clusters with clus-
sation energy and a transition from the supercondgctlng Wer sizeL. The observed transition from a distorted rhombo-
the normal state occuré.In the case of weak spin-orbit cou- :

) : N . o hedral bulk to the “amorphous” Bi structure foc<<L*
pling this transition is of first ordé? while it becomes con- . .
. : - . . . ~4.0nm may be a special feature of Bi clusters. However,
tinuous for strong spin-orbit coupling. In the first case this

critical field is given by B, 1.84T, . Since usuaIIpr we cannot exclude that a similar transition may also occur

~[By(0)] such a transition has only to be observed infor other metal clusters below a critical value bf This
c2 WHH . . .
ultrathin films withB being parallel to the filt®” However, indicates that one has to be careful to draw any conclusion

. AR a on the change of electronic structure of small metal clusters
ffrs EchIuriter:s. of S'ﬁell‘ V;':h Té_4(‘)6 K WS S%a_\ll_eBFa with changing sizeL unless additional informations on the
—o.5 1 Which ISmuch lower 'an[ c2(0) Jwhn = o1 an rystallographic structure are available. The extreme large
thus in principle the observation of such a transition shoul

X ) . alue of @B.,/dT); we observe for Bi clusters of side*
be possible. The highest magnetic field we could apply was c ) )
B=8T which is just a little belowB,. The measured, shows that the superconducting properties of granular sys-

reduction at this field is only about 10% with no indication of t€M$ can be quite unusual and different from those of the
a transition to the normal statsee Fig. 4, the dashed hori- corresponding crystalline or amorphous bulk materials.
zontal line givesB,,). In order to explain this we have to take
into account the known strong spin-orbit scattering occurring
in Bi [spin-orbit scattering time;~5%x 10 * s (Ref. 18]. Helpful discussions with B. Bthner and S. Rubin are
This 7, corresponds to a spin-orbit coupling parameter gratefully acknowledged. This work was supported by the
Nso= 2013775 Kg T ~0.8 and gives an enhancement &y Deutsche ForschungsgemeinscH&EB 341.
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