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Hall-conductivity sign change and fluctuations in amorphous NRGe, _, films
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The sign change in the Hall conductivity has been studied in thin amorphous,Gg(x~0.3) films. By
changing the film thickness it is shown that the field at which the sign reversal occurs shifts to lower values
(from above to below the mean-field transition fi¢ld,) with increasing film thickness. This effect can be
understood in terms of a competition between a positive-normal and a negative-fluctuation contribution to the
Hall conductivity.
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[. INTRODUCTION theories® however, have successfully explained the smooth
crossover aroundf., by taking into account the interaction
One of the puzzling and intriguing phenomena in type-literm of superconducting fluctuations of the AL process
superconductors is the sign change in the Hall effect near theithin the Hartree approximation. Later, Ullah and Dorsey
mean-field transition at the upper critical fiettl,,. Such a  (UD) (Ref. 7) developed this further and proposed a scaling
Hall anomaly has been observed in some conventional lowtheory for the longitudinal and Hall conductivities. This scal-
T, superconductors, such as, moderately disordered Nb aridg approach is very useful to determiHg, correctly and to
V (Ref. 1) and amorphous MoSRefs. 2 and Band MoGe describe the field and temperature dependence of the conduc-
(Ref. 4 films, as well as most higfi, superconductors tivities.
(HTSO).®> Hagenet al® pointed out the importance of the In this paper, we present measurements and analysis of
electron mean-free path for the Hall anomaly and concludethe longitudinal and Hall resistivitiep,, and py, for thin
that very clean and very dirty materials do not show Hallamorphous(a-) Nb;_,Ge, (x=~0.3) films (T;~3 K) ac-
anomalies. However, studies on amorphous dirty supercorcording to the TDGL theories. We confirm that the smooth
ductors contradict this conclusién? crossover in the longitudinal conductivity arouHd, is well
Recent phenomenological approaches based on the timexplained by the UD scaling theory as was found
dependent Ginzburg-LanddWiDGL) equation have qualita- previously?® and determinéd.,. We then show that for the
tively explained the sign anomafy® In these theories, the thinner films the sign change in the Hall conductivity takes
sign reversal is just a consequence of the difference in sigplace aboveH,. Contrary to results on HTSC's, we show
between the normdbr quasiparticleterm and the supercon- that the sign of the Hall conductivity is consistent with the
ducting fluctuation(or vortex flow term of the Hall conduc- TDGL theory for BCS superconductors. We discuss the ori-
tivity. Several authors'? have derived the sign of the fluc- gin of the sign reversal observed here.
tuation(vortex flow) term from the TDGL equation for BCS
superconductors. Recent experimental stddies HTSC'’s
have pointed out that the sign predictions of these theories Il. EXPERIMENT

are not correct for HTSC's, but they should be valid for BCS ) o )
superconductors. The films used in this study were deposited by rf sputter-

Even if the sign of the Hall-fluctuation conductivity were g 0n Si substrates held at room temperature in a system

. . 2
clear, its temperature and field dependence is a matter dfith abase pressure of 10 mbar, using 10° mbar Ar gas
discussion. Recent experimental studies on XBg0O, , &S @ sputtering gas. The thicknesses used were 16, 34, 60,
films'4~16 and single-crystalline BBr,CaCyOg,, and and 163 nm. X-ray diffraction showed the films to be amor-

Bi oSt Cu Ref. 17 have observed that the sign Phous. The average composition for each film was deter-

chla'%sgelﬁti_l?gg plg?:ra&;bowé? while other studies havge mined by electron-microprobe analysis. The distribution in
c21 o . .

claimed that the sign anomaly takes place bektw. In this the compositiondx is less than 1%. The superconducting

problem, the definition of ., as well as the temperature and mean-figl? transhition temperaturg in ero fieTq,f, was ‘?"?‘ b
field dependence of the Hall-fluctuation conductivity is veryter_mlne rom the temperature epencdence o resistivity by
important. using the AL fluctuation theor§* From a previous system-

. . 22 . . .
As reported in conventional amorphous fiffhas well as atic study ora-Nb, _,Ge films,™ the distribution ofT due

HTSC's, the longitudinal conductivity in a perpendicular [0 9% is estimated to be less than 18 mKkoT(T.=6

_3 _ . .
magnetic field shows a smooth crossover from the paracons 10 °) aroundx=0.3. Except for the film thickness, these
ducting regime to flux-flow regime arounid,, which is films have the following identical parameters; the average

strikingly different from the picture of the conventional fluc- Cgmpositionx~0.3, Te~3 K, the normal-state resistivity

tuation theory in which the conductivity due to the direct Pxx~2-2 #2m, =—d(noHeo)/dTlr ~2 T/K,  the
fluctuation contributions of the Aslamazov-LarkiAL) pro-  Ginzburg-Landau(GL) coherence length at=0 &g, (0)
cess diverges afl.,.!° Thus, it was difficult to defineH,,  ~7.3 nm, and the GL parameter for dirty limit~75.

correctly from the fluctuation theory. Recent TDGL These films were ion-etched in 2Q0m-wide strips with
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mixed state, the measuring current dengdityas selected to
be 1.4<10" A/m? that is much higher than the depinning
current densityl.(~10° A/m?), but smaller than the depair-
ing current density £ 10'1° A/m?).

Far aboveT., o, is field independent whiler,, is di-
rectly proportional toH, that is, the normal-state Hall effect
appears. The normal-state Hall conductivcixtg‘(y has a posi-
tive sign. Within the Drude model, the normal-state Hall
angle, targ}}, is given by

tanoy =03/ o= wcT, (1)

where w; is the cyclotron frequency and is the elastic
scattering time of electrons. Compared with typical result on
HTSC's (w,7~10 2 at ugH=1 T), the present films have
very small value ofo,7~10"% at uogH=1 T, indicating the
very small mean-free path to be expected for amorphous
metals.

Near and belowT; one can clearly see that,, changes
sign at a certain fielt* in Fig. 1(b). We do not observe any
second sign change bela*, in contrast to what has been
reported for several HTSC®.Far aboveH* oy recovers
the direct proportionality taH and the normal-state Hall ef-
fect appears again, indicating that the superconducting fluc-
tuations are completely suppressed by magnetic field. We
therefore can defineQy below T, unambiguously.

In order to determinél.,, we use the UD scaling theory.
According to this theory, the longitudinal conductivity is
composed of the normalor quasiparticlg term o}, and
superconducting-fluctuatiofr vortex-flow term o, and
B, H(T) expressed as

- 50

Oyy (1/Qm)

-100

-100r

-2000

FIG. 1. The field dependence @) the longitudinal,(b) Hall, Oxx— O-Qx+ 00y - (2

and(c) Hall-fluctuation conductivities at differefit of 2.08 K (O), . . .
2.20 K (), 2.47 K (), 2.60 K (0), and 3.71 K §) for a  99xx interpolates smoothly from the paraconducting regime

34-nm-thick film. The short and long arrows denote the sign-t0 flux-flow regime aroundH;, and obeys universal scaling

reversal fieldH* and the mean-field transition field,, respec-  functionsF. whereF, (F_) is the scaling function foH

tively. >H(H<H,). These functions depend on the dimension-
ality governed by the ratio of the film thickneslsand the

eight voltage and two current contacts. The longitudinal and€ngth scale¢ for fluctuations of the order parameter near

Hall resistivities are measured by a conventional dc fourcz- For the thickness of the films in this study we can apply

; ; i i 020
probe method. The longitudinal component due to the mis_PWO"?"meﬂs'Of‘a'(ZD) scaling fur)ctlon§j At each T we
alignment in the Hall probes was subtracted by reversing thlade”t'fy Txx W'Fh Txx taken_ ata f|elc(t_yp|_cally_ 7 T) where
field direction. The films are immersed in liquftHe to ob- 7y d(.ependslllnearly on field .andnxx s field mdependent.
tain good thermal contact. The magnetic field is normal 1027 1 obta!ned by _subtractm@-xx from o Figure 2
the film surface. The normal resistivip, in the tempera- shows a typical scaling result. Here, the data are plotted

aboveH,(T)/3 where the lowest Landau levélLL ) ap-
t!”_e rangne (ifll'sn KT<5 Kiflas élsmall temperature coef- proximation for the scaling functions is vaffl.One can
ficient (py,)  "dp,,/JdT~—10"" K™=,

clearly see that the scaled longitudinal fluctuation conductiv-
ity F22{= 80, /[Col (A3Pt/h)Y?]} collapses on two uni-
versal curves- . as a function of the scaled fiekt® given

by x?°= e, /\AZPth, with ey=u[H—H(T))/ST;, al-

In this study,p.(=E,/Jy) andp,(=E,/Jy) were mea- though deviations are visible at large?®|. Here,t=T/T,
sured as a function dfl (| uoH|=8 T) at variousT. Figures andh= u,H/ST, are normalized temperature and field, re-
1(a) and Xb) show the field dependence of the longitudinal spectively.C is related to the real part of the relaxation time
od = pux (P2 p?x)] and Hall conductivities oy, of the order parametey=y;+ivy,. We take a dirty limit
[=pyx/(poxt P21 at differentT for the 34-nm-thick film  value ofC=1.4472° The strength of thermal fluctuations for
with T,=2.77 K. To reduce the effect of pinning in the 2D systemAZ°, is given byA3°=42G£g, (0)/d where

Ill. RESULT AND DISCUSSION
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) o ] FIG. 3. uoH /ST, plotted as a function of /T for different
FIG. 2. The scaled fluctuation conductivity plotted as a functionfjims of 16 nm @), 34 nm @), 60 nm (A), and 163 nm @)

of [x*°| at differentT of 2.08 K, 2.20 K, 2.47 K, and 2.60 K. The  thickness. The solid curve represents the mean-field line in the dirty
current densityl is 2.94<10° A/m? except for the curve at 2.08 K jimit for the WHH theory. The corresponding open symbols show
where J=1.47< 10" A/m?. The symbols correspond to those in ,, /ST, for the same films plotted agaifB(T, . The dashed and
Eig. 1. The solid curves represent the 2D universal scaling function§;shed-dotted lines represent the phenomenological boundaries
F2P. Sis found to be 2.16 from the scaling collapse of the data(given in texj for 34-nm- and 16-nm-thick films, respectively. For
taken at 2.47 K and 2.60 K close g =2.77 K. TheH, values  clarity, the boundary for 60 nm is not shown.
for 2.08 K and 2.20 K are determined from the scaling collapse of
the data using thi§ value. almost the same value af°~6, although the physical ori-
gin of the short-wavelength cutoff is not clear. The definition
Gi(=~5x10 °) is the Ginzburg numbéf. Very close to  of o7, does not affect this behavior because the field at
H.,, deviations due to the inhomogeneity in the compositionyhich ¢, is defined is much larger than the fields of interest.
ox become apparent. Hence, we do not plot the data in fieldﬁereaﬂer, we regar&x?®=6 as the phenomenological
|€n| < (L1/2)8T¢/T~3x107%, ‘which roughly corresponds poundary below whichdo,, is well described by the UD
to [x*?|<0.2. In such a scaling plot, the unknown param-gcajing theory, and discuss our data below this boundary.
eters ar&sandH ,(T). In the ter_nperature range closeTtp, From the scaling collapse afo,, we obtained theH,
they are connected by the simple relatib,(T)=S(T;  |ine for films with different thicknesses. To compare those
—T). We first determines from the scaling collapse of the results, we plot the normalized mean-field value of
data close td . and thisSvalue is used to determirté,, far woH 2 /ST.(=he,) against normalized temperatuFéT,, for
below T, in the scaling analysis. Thus, we can unambigu-gitferent films in Fig. 3. Good agreement is seen thy, of
ously determineH, from the scaling collapse of the data. || films. The solid line represents the mean-field line for the
Before proceeding to the result of the; line, we com-  dirty limit in the Werthamer-Helfand-Hohenberg/VHH)
pare the scaling functioris.. with those predicted in the UD theory, which is given by
theory. The UD theory implies that the 2D universal func-

tions F2 in the high-field limit are given by

| X2

In(t)=W(1/2) — V[ 1/2+ (2/7?)h, /1], (4

whereW is the digamma functioft. TheH,, line obtained is
x?0=1/F20 —F2P, (3)  well approximated by this relation, giving experimental sup-
port for the validity of the UD scaling theory.
if the pinning effect in the flux-flow regime is negligible and  Next, we turn to results of the Hall-fluctuation conductiv-
the fluctuation conductivity in the paraconducting regime isity. In the TDGL theorie<, the Hall conductivity also con-
dominated by the direct fluctuation contributions of the AL sists of a normalor quasiparticlgterm and a superconduct-
process. These functions are applicable to the field rangg fluctuation(or vortex flow) term,
where the LLL is satisfied. The solid lines in Figapdenote
these universal functiond=. agrees well withF2® near Tuy(H, T) =05y (H,T) + 80 (H, T). ®)

Heo(—1=<x,p=<6), while deviations are visible in the large Hence, we subtractrQy(H,T) from o, (H,T), and plot

[x?P| regime. In~the paraconducting reginte,. decreases Soy(H,T) againstH in Fig. 1(c). The plot shows thada,,
much faster thai-® abovex°~6. Such a rapid decrease always has a negative sigH., is denoted by the long ar-
in oy Was also observed far abot, in amorphous thick  rows. With decreasindgd the magnitude ofso,, increases
films and attributed qualitatively to a phenomenologicalmonotonically and grows as H/at low H (<H.,) (not
short-wavelength cutoff in the fluctuation spectréihor the  shown) as the TDGL theories predi®®.Thus, the sign rever-
other films d=16 and 60 nm except for the thickest film sg| of oyy atH* always takes place whedv,, and ng are
(d=163 nm)?® similar deviation ofF , begins to appear at different in sign. Beforehand it is not clear whether or not
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10° T T can see in the inset of Fig(&, contrary to the UD scaling
- - - theory, — o,/ 6o, at He, increases monotonically with
cooling. Similar temperature dependence -oboy, /5oy
has been reported for amorphous MoSi fiffnale conclude
that the main reason for the scaling failure is the temperature
dependence ofy,/y;. Further microscopic calculations
based on the BCS theory are required to explain this effect.
The field dependence of éo,, /0,y is shown in Fig.
B 4(a) for two current densities. In the field range {<x2P
=<6) where S0y, follows the UD scaling theory,
of  d=34nm .(a.). - 50')8,/50')0( is independent of and depends only weakly
L — 0 5 on x?P. As one can see in Fig.(#), however, in the same
field range both conductivities change almost one decade in
magnitude and their dependences>éh look very similar.
Hence, we believe that botbo,, and da,, in the paracon-
ducting regime (8x?°<6) are dominated by the direct
fluctuation contributions of the AL process and thus the con-
tributions of the AL process are responsible for the sign
oty e, change of the Hall conductivity above,,.
-8 0 5 Finally, we discuss the origin of the sign irff, and o
x22 ! y Xy
for our amorphous films. The sign @ny depends on the
FIG. 4. (@ The ratio of the fluctuation conductivities, sign of the group velocity[=(1/4)de/ k] of electrons at
— 8oyl 8oy, plotted as a function ok*® at T=2.08 K for the  the Fermi level wheres is the energy and is the wave
34-nm-thick film with different J of 1.4 kA/enf (O) and  ymper. Because of the absence of band structure, the amor-
4.4 kajen? (D). (b) The corresponding longitudinal),0J) and phous materials are generally more free-electron-like than
Hall fluctuation conductivities@,H) are also plotted as a function . . .
their crystalline counterparts. Therefore, the simple amor-

of x2P with differentJ. Inset in(a) shows theT/T. dependence of . .
Y2l y2(= — 804y 1 80,,) at He, with different thickness of 16 nm phous metals generally have negauﬂg because of a posi-

(), 34 nm (©), 60 nm (A), and 163 nm ¢ ). tive group velocity ¢ock>0).3° Most of the amorphous
transition metal§TM's), however, have positivey, .** The
H* is aboveH,, becauserQy and 8oy, depend in different origin of this positive(rQy has been attributed to thed
ways on the electronic structure of the material. As one cafybridization interaction in the TM, which leads to a nega-
see in Fig. 3, in the thinnest filld* (denoted by open sym- tive group velocity ¢e/dk<<0) at the Fermi level if the
bols is always abovéH., but below the phenomenological Fermi energysr lies within the d band®~* The TM-
boundary where scaling analysis starts to fail. It may bemetalloid-type amorphous superconductors NbGe as well as
worth pointing out thatH* decreases monotonically with MoGe and MoSi belong to amorphous TM's and have posi-
rising T and terminates finally at a certaift aboveT., in  tive GQy-
zero field. With increasingd, H* moves systematically In the TDGL theory based on BCS superconductors by
closer toH, and it finally shifts below(but very close tp  Nishio and Ebisawd’ the sign ofso,, is determined by the
H, for the thickest film, implying that the contribution of electron-hole asymmetry, i.e., by the sign oN’, where
the negativeda,, to positiveof, decreases with increasing N'[=dN(e)/de[,_. ] is the energy derivative of the den-
d. These results support the view that enhancing the supesity of states(DOS) N(&) at the Fermi energy. Numerical
conducting fluctuations by reducirleads to an increasing calculations of the DOS for, e.g., amorphous Ni imlghat
negative Hall conductivity working against positivgx"y, the total DOS neakf is dominated by the DOS for the
which is responsible for the sign reversal abdvg. band whose energy dependence is characterized by a peak
We now discuss the field and temperature dependences oéar the center al-bandey and roughly approximated by a
doy, in comparison with the UD scaling theory. According parabolic energy dependence with negative curvature, i.e.,
to this theory,éo,, and o, have the same field and tem- N(g)x—(e—eq4)?. Similar energy dependences of the total
perature dependence and their ratio should be independent BOS have been commonly observed for various amorphous
H and T. Note thatdoy,/doy=—v,/7v1, the ratio of the TM-metalloid alloys by photoemission experimefitsBe-
imaginary and real part of.” We did not find scaling of cause Nb is a less than half-filledd4gand metal,er lies
dayy . A recent study on YBELU;0;_; films!* has pointed below the center of thedtbande,q. Thus,a-NbGe films
out that the failure of the scaling @, can be attributed to  have positiveN’. The same argument holds farMoGe and
the additional contributions of the Maki-ThompsdMT) MoSi, since Mo is also a less than half-filled-dand metal.
process, which are not taken into account in the UD theoryThus, sgnfo,,)=sgn(—N")<0 in botha-NbGe, a-MoGe,
However, the MT process cannot explain the present resutinda-MoSi films2~* These findings give experimental sup-
because the strong pair-breaking effect in the amorphougort for the prediction of the sign ofoy, in the TDGL
dirty films should lead to a small contributié®?® As one  theory for BCS superconductors.

(b) 1

B,

mu"g&%

Ca

(Wo/ 1) og

—80xy (1/Qm)
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IV. SUMMARY sponsible for the sign change abodeg,. The negative sign

f oo,y in the present films is consistent with the electron-
ole asymmetry in the framework of the TDGL theory for
BCS superconductors.

In summary, we have measured the longitudinal and Halﬁ
resistivities for thin films of the dirty superconductor
a-Nb; _,Ge, (x~0.3) neaH,. We confirm thatdo,, obeys
the 2D scaling functions of the UD fluctuation theory. We
find a good agreement of the obtained, line with the
WHH theory, supporting the scaling procedure. The failure we are very grateful to R. Ikeda for useful comments and
of the scaling collapse ofoy, is attributed to the tempera- sending us his manuscripts. We would like to thank Y. Mat-
ture dependence of,/y,. The Hall conductivityo,, in thin-  suda for giving us a copy of his unpublished work. We ac-
ner films shows a sign change at a certdih that is above  knowledge the experimental assistance of R. Besseling,
H¢, but in the regime wherer,, follows the UD theory. M.B.S. Hesselberth, G.L.E. van Vliet, R.W.A. Hendrikx, and
With increasing film thicknesdi* moves closer tdd., and  T.J. Gortenmulder. This work was part of the research pro-
it finally shifts below(but close t9 H, for the thickest film.  gram of the “Stichting voor Fundamenteel Onderzoek der
The negative contribution of the superconducting fluctuaMaterie” (FOM), which is financially supported by NWO.
tions of the AL process working against posititréy is re-  One of the authoréN.K.) was financially supported by JSPS.
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