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Vortex dynamics and possible vortex states just below the vortex-glass phase
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We have measured current-induced voltage n§jsef thick amorphous M¢5i; _, films in various fieldsH
from zero to high fields near the vortex-gla$4G) transitionHy,. Irrespective of temperaturg, S, is highest
in the Meissner phaséH <H;). With applyingH that exceed#.;, S, decreases abruptly and falls to the
background level. With further increasing, S, then starts to rise at characteristic fierﬂg(<Hg) and the
broad peak resulting from a plastic-flow motion of VG occurs beftgés approached. Combined with tigg
data for the Corbino disk, we suggest that the edge-contamination effects reported in the cleasihgiSe
crystals are not important in our disordered films. Within Theange studiedHEg(T) shows an increase on
cooling, which is different from th&-independent disorder-driven transition. We interpret the field regime
He(T)<H(T) < HEg(T) as the vortex state different from the VG phase.
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[. INTRODUCTION edge-contamination mechanism is much less effectore
negligible'? and, hence, the dynamic as well as the static
The vortex state or vortex phase diagram in the low-fieldvortex state is expected to be much simpler. On the other
(H) regime near the Meissner phas¢<H,,) of the type-ll  hand, it is not easy to study experimentally the vortex states
superconductors has not yet been fully clarified. Theoretiat low H, because there is no suitable measurement in study-
cally, the physics of the individual vortex line is realized in ing the region, where direct curre(c) resistivity p in the
the low-field part of the field-temperatutei-T) phase dia- limit 1=0 is zero. In this paper we will show that the mea-
gram and thus it is important to study this field reglom surement of-induced voltage nois8, is useful to study the
clean superconductors the ordered vortex latiimeBragg ~VOrtex states at low . . _
glasg can melt not only with increasing (thermal fluctua- I our previous work using thick100 nm a-Mo,Si;
tions) at fixedH, but also with decreasinig (vanishing shear ~films we have found that noise is largest&t 0, while only
modulug at fixed T, leading to a reentrant behavior of the Very small noise appears at highin the vortex-liquid phase.
melting line. Thus, thereentrant dilute vortex-liquid phase The origin of large noise &tl~0 is due mainly to density
has been predicted to exist at |dw between the Meissner fluctuations of the therma”y excited and Subsequently grown
phase and vortex-lattic@r Bragg-glassphase: vortex loops in the presence of an applied curfeidtin the
In the meantime, the solid-solid transition driven by dis- vortex-solid phase, the f#ype noise spectr&,(f) are ob-
order and related phenomena in the vortex system have a$erved over the broad field region, which result from a
tracted wide attentioh®® Most experimental studies have plastic-flow motion of vortex solid driven by currett.On
been performed using the clean single-crystalthe basis of alternating curregac) complex resistivity, we
superconductor;28 in which the pronounced peak effect have recently determined the equilibrium vortex phase dia-
(PB)'92%in the critical current. is observed below the upper gram for the thick-Mo,Si;-, film system over the broad
critical field H.,. It has been also reported in some systemdg>0.04 K) andH regime except for the lowt regime near
that large excess nois®, induced by currentl) appears in Hep. 2572
the very narrow regime near the PE22 whose origin has In this paper we perform simultaneous measurements of
been attributed to plastic-flow motion bfdriven vortex lat-  the linear ac complex resistivity, current-voltage-V) char-
tice. According to the recent studies for the NpSingle  acteristics, and-induced voltage nois&,*233 of a thick
crystalst®-12however, the excess noise does not result fron{100 nm a-Mo,Si; film at different T down to T=0.38T,
any previously known flux-flow noise mechanism, but ratherwhereT, is the zero-resistivity temperature ld&0, in vari-
is due to a conceptionally different phenomenon of randonous fieldsH from zero to high fields neaH. We have
creation and annihilation of a metastable phase. This hasommonly observed irrespective dfthat noise is largest in
been explained in terms of the edge-contamination effects ithe Meissner phase, consistent with the previous result for
clean superconductors. the similar thick film3? When H exceedsHy, S,/V de-
While a number of studies have been performed usingreases steeply and falls down to the background level at
clean superconductors, very little has been studied about theertain characteristic fielth®, that is dependent of.. With
vortex state in dirty superconductors which exhibit thefurther increasindgd, S,/V then starts to rise at another char-
vortex-glass transitioiVGT).23-2° In particular, the vortex acteristic fieIdHEg(<Hg), that is againl dependent down to
state in the lowH regime!1516:30as well as the lowf/high-  the lowestT measured, and the broad peak occurs before the
H regime, remains still unrevealed, which is the subject oVGT (H,) is approached. We have also studied another 100-
this paper. In the uniformly disordered superconductorsaim-thick a-Mo,Si;_, film with the Corbino-disk(CD) and
which we focus on in the present paper the complicatedtrip-like contact geometries. In CD the vortices circulate in
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the sample without crossing the edges. Combined wittSthe
data for the film, we suggest that the edge-contamination 60F Y
effects reported in the clean NbSeingle crystals are not N_.—He
important in our disordered films. We interpret the field re- = R n\\ NORMAL ]
gime Hcl(T)<H(T)<HEg(T) as the vortex state different O 40 VORTEX Yo .
from the VG phase. Preliminarily data relating to the present < LIQUID \
results have been presented elsewRf. T
20t Hy
VORTEX
Il. EXPERIMENT " GLASS \ |

We prepared a 100-nm-thick-Mo,Si;_, film with x % ] > 2-'3
=55 at.% by coevaporation of pure Mo and Si in vacuum T (K)
better than 1T Torr. Details of the preparation and charac-
terization of the film were presented elsewh&ré The FIG. 1. H-T phase diagram of the 100-nm-thiakMo,Si; _, film

magnetic field was applied perpendicular to the plane of thevith T,=2.85 K. Full circles and open squares denbigT) and
film using a superconducting magnet in a persistent-currerti,(T), respectively. A full square corresponds #6T.)=0 in H
mode. For the measurements tat0 we applied a small =0. The full and dashed lines are guides for the é}g(<0.3 O¢
perpendicular fieldd (~0.1 08 to cancel the ambient field andHP (<300 Og are too small to be shown here.

including the earth field* Also, the “zero-field” measure-
ment was performed using a double-wgHmetal shielded
dewer. Thel -V characteristics, frequency)-dependent lin-
ear ac complex resistivityf =75 kHz—3 MH32,2>?>and the

excess voltage noise spectral densitg/(f) (f

highest fieldH=10 kOe measured, whetg becomes very

small (=5x10*A). We do not observe the PE in(H),

which is widely observed in single-crystal superconductors

with much less disordét'33"where thep=0 vortex-solid

—1 Hz—100 KH*% were measured by the four-terminal ;téte is the ordere_d vortex lattice or Bragg glass. Absence of
in our system is reasonable considering tw=® vortex-

method. The voltage noise enhanced with a preamplifier WaSolid state is the disordered VG. The degradation of PE with

analyzed with a fast-Fourier transform spectrum analyzer‘rntroducing disorder has been reported in NpSestals®

We obtained the excess noise spectrum by subtracting the Voltage noiseS, is detectable only when substantidl

background contribution, which was measured wiithO. appears at> .. In Figs. 3a) and 3b) we display the noise

- ; i i i 34a33
The film was directly immersed in liquitHe or *He! spectraS,(f)/V [S,(f) divided byV]® at 2.15 K in different
H in the lowd (>1.) region, where5,/V is insensitive td. In
Ill. RESULTS AND DISCUSSION the Meissner phaséH=0 and 0.22 Og large broadband

h field " q noise with 1f-like form is observed at currents where the
The mean-field transition temperatufg and zerop tem- | _y/ characteristics show strong nonlinearity. Thef-ype

peratur'eTC atH=0 are 2.93 and 2.85' K, respectively. Here, noise is commonly observed over the brdadange from 0
we defineTg, as a temperature at whlwdecreasg:észgo 95% {5 about 10 kOe, whereas i~ 10 Oe[Fig. 3a)] and H
of the normal-state resistivity at 4.2 ko,(4.2 K).*<" The ~ _ 4¢ kOe (~Hy) [Fig. Ab)], S,(f) is nearlyf independent

width of the_transition ciJrve, as _defined Ag:TCO_TC’ is (white like) and its magnitude falls dowgtlose to the back-
0.08 K. InH=10 Oe,AT(=0.12 K) is larger than that in zero  o.,nd level. Since the background level of Grmeasure-
field. With increasing H, AT(H) increases, while in ment is around 16° V2/Hz,32 that of S,/ V depends oV (or
H>1 kOe,AT(H) stays almost unchanged or increases Very) The horizontal dotted lines in Figs(& and 3b) mark the
slowly. In order to examine the equilibrium vortex phasepackground level o8,/V for thel (or V) used in measuring
diagram, we have measured the linear ac complex resistivitys, at each field. We also notice thatlh= 100 Oe many fine
from which location as well as the existence of VGT haSSpikes appear in the noise Spectra: ab0n and 6 Hz (n
been clearly determinétf*?°Based on the ac ddfataken =1 2 3,..). They are most likely originating from external

in different H, we illustrate in Fig. 1 theHy(T) line. S0 jine nojse?® and, hence, eliminated from the spectra in Fig.
shown in the figure is thél,(T) line, which is determined 3(b) for clarity.
using a criterion thap decreases to 95% @f,(4.2 K). This Next, let us discuss the dependence of noise at different
is the same criterion as used previou8ly’ As described T, In Fig. 2b) we plotS,/V (at 90 H2 measured in the low-
later, the lower critical fieldH:,(<0.3 O¢ and the lower | regime whereS,/V is insensitive td. We have commonly
characteristic field for the VG phase (<300 O¢, are so  observed irrespective af(except for 2.76 K, where we have
small that they are not shown in this figure. only two data pointsthat S,/V is highest in the Meissner
In Fig. A& we plot theH dependence of the “critical phase. When the flux lines start to penetrate the film at
currentl.” for the onset ofV at variousT over the broad H>H, S,/V decreases abruptly and falls to the background
range(T=1.10-2.76 K, wherel, is defined using a criterion level at certain characteristic field, that is dependent of
that V(1) =108 V. At 2.15 K28 for example,l,, as well as  (e.g.,H°~100, 10, and 1 Oe at 1.79, 2.15, and 2.70 K, re-
|-V characteristics, stays almost unchanged up to abouwgpectively. As H is increasedS,/V then starts to rise at
0.3 Oe. With further increasingi, I, shows a sudden drop another characteristic fieIdEg(<Hg), that is againT depen-
(i.e., H;;~0.3 O9 and decreases monotonically up to thedent (e.g., H(L’g~110, 30, and 4.5 Oe at 1.79, 2.15, and
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FIG. 2. (Color) (a) I, and(b) S,/V (at f=90 Hz at low I(>1.) vs H for differentT. In (b) the data points at 1.46 K are not shown for
clarity. Open circles denote the points wh&gV falls down to the background leveic) Vortex phase diagramt(T) (full squares,
HEg(T) (open circleg Hy(T) (open trianglep HE‘Q(T) (open diamonds Hy(T) (full circles), andH,(T) (open squargsAll the lines are
guides for the eye.

2.70 K, respectively and the broad peak occurs before the
VGT field (e.g.,Hy~25, 14, and 0.3 kOe at 1.79, 2.15, and -~
2.70 K, respectively is approached. For ultrathife nm) -12
films of a-Mo,Si;_, in which the VG is not formed at any L 10
nonzeroT, such a peak has not been observable. < I
The peak in noise with varyingl has been also reported >
in clean single-crystal superconductors, such as 2H-NbSe ~ -14[
However, the peak is limited in a narrow field regime just 2 10 E
prior to melting. The result has been interpreted in terms of
plastic-flow (or defectivg motion 37 of vortex lattice. Re- >
cently, Paltielet al. have performed the comparative study of CD 1 0—16
excess noise generation in the CD and strip-like contact ge:
ometries for an Fe-doped Nbg&ingle crystal which exhibits
a reentrant disorder-driven transiti&hThe results show that 1 0—12= '
(only) in a strip-like configuration large excess noise is ob- 7~ i
served on the Bragg-glass side of the disorder-driven transi, N
tion both along the high-fieldH5;) and low-field(HE;) (re- I
entranj transition lines. Thus, the origin of voltage noise has B 1 0-14;_
been reasonably attributed to random generation of a meta :
stable disordered vortex phase at the sample edges and i
subsequent dynamic annealing in the bulk. :
The transport properties and vortex states revealed in the 1 0—16;
NbSe crystal are much different from those in our :
a-Mo,Si; _, films. In the(strip-like) NbSe crystall®=*2(i) in 0p)
addition to PE inl.(H), a distinct intermediate field region

(Hr<H<HEy), which corresponds to the “ordered phase,” 1 pll-{ Serarre mwrw bt el
is observed, wheré.(H) shows a discontinuous drojij) 100 102 104
S/(H) exhibits two peaks at fields close to the disorder-

driven transitionsHg; and HS;, for moderatel; and iii) | f (HZ)

dependence d§, changes remarkably depending on whether

H is close to the transition or in the central region of the F|G. 3. (Color) Noise spectr&,(f)/V in the lowd (>1,) region
ordered phase. In contrast, in caiMo,Si; films, (i) with  at T=2.15 K in fields of(a) 0, 0.22, 1.32, and 10 Ogb) 2, and
increasingH (or T), 1=V curves shift monotonically to the 15 kOe. A horizontal dotted line marks the background level of
low-1 direction and neither the PE i nor the anomalous S,/V. Note that the background level for 2 kQerangg is lower
intermediate field region is observed at ahystudied[Fig.  than that for 15 kOggray).
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10710 PP Tr [Fig. 2b)] as originating from plastic-flow motion of V&:.
B o \ E Origin of I-induced voltage noise in low field$0
~ '*S’“?n'/)f-s <H<HO) is quite different from that in higher field&/G
T 1073 ofC 1 phasg¢. We have proposed that large noise in the Meissner
S Corbino disk phase(0<H<H) is due mainly to large vortex-density
~ 1 fluctuations associated with nucleation and growth of vortex
P w04 1 loops in three dimensiong3D).313? Using the notion, the
(D> Strip-like Hy a_lbrupt_drop and subsequent m(_)notonic decrea&_,md in
F fields just aboveH., [Fig. 2(b)] is naturally explained as
el T=2.13K l 3 follows. Neglecting the edge-contamination effect, free vor-
10 4 16 KOs tices originating from external field do not primarily contrib-
O . . ute to the vortex-density fluctuations, as compared with free
102 10°  10* vortices created thermally &#1=0 in the presence df? In
H (Oe) the 3D Meissner phag@<H <H,) noise is generated only

by the thermally nucleated and grown vortex loops, while in

FIG. 4. H dependence o§,/V (at f=90 Hz) of another 100 the mixed statéH, <H <H°) noise is generated both by the
-nm-thicka-Mo,Si; , film (T,=3.00 K) measured at low(>1,) for field-induced vortices and the thermally grown loops in the
the CD (full circles) and strip-like(open circles geometries in the  presence of. Thus, the relative strength of noise normalized
VG phase at 2.13 K. Inset: Arrangement of the electrical contactsby voltage,S,/V, in the Meissner phase is larger than that in
For CD, current flows between the conta& of the center and that H>H,;. The qualitatively same field dependenceSpfV is
—C of the perimeter of the disk, while for the strip-like geometry, obtained in the lowH regime of ultrathin[two-dimensional
contacts 6 and -S were used. For both contact geometries, the(2D)] films where largest noise appears agairHatH.,)
same voltage contacts/+and -V were used. The inner diameter of =(_ This result has been explained by the essentially similar
CD is 9.6 mm and the distance between the centers of the V0|taq9icture to that used for 3D mentioned earlier: In 2D voltage
contacts is 0.8 mm. noise is due to large vortex-density fluctuations associated
with 2D unbinding of vortex-antivortex pairs and pair
annihilation$?

Based on all the data obtained in this work, we construct
the logH vs T vortex phase diagram in Fig(&, where we

The remarkable difference between the results of the tw lot the four characterlstlc_: fieldbloy(T), HEG(T)’ Hy(T), and
low-T, type-Il superconductors is attributed to the fact that _CZ(T)' As aIr_eady mentlonedHcl(T_) and Hy(T) (shown
our a-Mo,Si,_, film is much more disordered, containing With the full lines are well determined from the de-V
much more pinning centers, than the NpSiagle crystal. In characteristics and the ac complex_ resistivity, respectively.
the (strip-like) NbSe crystal the edge-contamination effects BOth represent the true phase transitions. In contls%(.,T)
due to the injection of the disordered vortices through theét"dHea(T) (shown with the dashed lingare less precisely
sample edges play a significant role in the transport propedetermined from the measurementsyfand dc resistivity,
ties and vortex staté€-3 By contrast, in oura-Mo,Si;_,  respectivelyH ((T) as well asH,(T) is considered to be a
films there is no ordered vortex states and the VG phase fgrossover rather than a phase transitisee latey. Also plot-
the thermodynamically stable “disordered” phase. Thereforeted in Fig. Zc) areH,(T) andHp,(T) (shown with the dotted
the edge-contamination mechanism is not considered as lies), which are defined as fields at which,/V (at f
main source of voltage noise. =90 Hy) takes a peak and falls close to the background level,

To further check this contention, we have performed extespectively, with increasingl in the VG phase. Thél(T)
periments in the CD geometry for another 100-nm-thick filmline marks the location where plastic-flow motion is most
with T,=3.00 K. The electrical contacts, which allow us to remarkable in théd-T plane. Upon coolingtH,(T) increases
make a comparative study of noise in the CD and strip-likecorrelatively withHy(T).
geometries? are illustrated in the inset of Fig. 4. Inthe main ~ We note that theHE| (T) line nearly coincides with the
panel of Fig. 4 we show thél dependence o§,/V (at f H(T) line. This fact, together with the finding that the spec-
=90 Hz measured at lowm(>1,) for the CD(full circles) and  tral shape changes from fLfo white like as one enters the
strip-like (open circley geometries in the VG phaséH,  liquid phase from the VG phase, supports the view ®at
~16 kOg at 2.13 K. We find the simila&,/V vs H curves  indeed probes the plastic-flow state of VG driven by current.
for both geometries, supporting our earlier-mentioned view.This fact also implies that anothdower) characteristic field

The broad peak in noise similar to that observed in theHE below which the spectral shape changes froni i/
VG phase of oura-Mo,Si;_, system has been reported in white like, as well as5, falls to the background level, signals
computer simulations of-driven vortices’® According to  the disappearance of plastic flow and therefore the disappear-
Ref. 40, plastic-flow motion of vortices generates largeance of VG orderaH<HEg. This is physically reasonabfe:
noise. With changing the vortex-vortex interactidn which At low fields just above the Meissner phase an average dis-
roughly reflects the field strength, voltage noise takes a broathnce between vorticesy, is very large. From the experi-
peak at the intermediate strengthAf We thus interpret the mental value ofH.; ~ 0.3 Oe(except neafT.), we estimate
broad peak irS,/V observed commonly &=1.10-2.70 K ay~10 um, that is of the same order of magnitude as or

2(a)]; (ii) Sy exhibits a very broad peak ovet covering the
VG phase and no sharp peaks are visible near the High-
low-H region of the VG phasgFig. 2b)]; and(iii ) a signifi-
cant change ir5,(l) is not found in theH range studied.
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larger than the penetration depth1 xm).** Therefore, in  equately describing the low- vortex state just above the
the low-field regimgH, <H< H‘L)g) the vortex-vortex inter- Meissner phas¢H(T)<H< H‘L’g(T)]. In order to demon-
action is not strong enough to establish VG order or to genstrate the applicability of the theory to the present system
erate plastic-flow noise in the presencel of more convincingly, it is necessary to observe the peak in the

From the present data alone, it is difficult to definitely “low-field melting line”, HEQ(T), which is expected to occur
specify the vortex state below thé (T) line. What we can  at lower T(<1 K), and the disappearance of the “dilute-
tell from our data is that the dynamiodl> 1) vortex state in  Jiquid phase”[i.e., HEg(T)*)Hcl(O)] in the limit T—0. On
the low-field fegimeHcl(T)<H<HEg(T), is different from  the experimental side, however, it is not easy to extend our
that (i.e., the plastic-flow stajein the high-field(VG) re-  measurements to the lowdi/H regime, because the-V
gime,HEg(T)<H<Hg(T). One may suggest that the equilib- curves shift to highel and heating effects become more
rium (1=0) vortex state existing just below th‘efg(T) line  serious.
may be a relatively ordered vortex pha®&ragg glassand Finally, we compare quantitatively the extent of the re-
that absence of current-induced voltage noise in this regimgime Hy <H<H?, obtained in this study with that of the
may imply occurrence of the moving-lattice state instead ofeentrant “disordered phase” reported in the NbSgstal
the plastic-flow staté?>! We note, however, that the tem- and with that of the reentrant liquid phase just below the
perature dependence bl’,ig(T) persists down to the lowest vortex-lattice phase predicted by the theory for clean
T(=0.38T,) measuredFig. 2c)], although it may saturate at superconductorsWe find that in our system the value of
lower T, and the VG phase exists just above Hf(T) line. HY((T) at T=0.75Ty, for example, is 40 Oe, where
This does not look consistent with the picture of the disorderHco/ H ;=710 andHP /H,=130. ThisHY, value is much
driven Bragg-glass-to-VG transition, that is insensitive tosmaller than the lowd order-disorder transitiorHp(T)
T.652 =1000 Oe atT=0.75Ty in the NbSe crystal, where

The existence of the reentrant liquid phase below the lowH,/H5;=10, but much larger than the theoretical value of
field branch of the melting line has been suggested in severdhe lowH melting line, that is predicted to be of ordeg;.
theoriest=* Most theories have dealt with the clean type-ll Thus, we confirm quantitatively as well as qualitatively that
superconductors, such as highexide superconductors, ne- the field regionHC1<H<HE obtained in this study is in-
glecting the pinning effects, which certainly play a crucial deed a regime, which is entirely different from the reentrant
role in our system. We particularly notice the theory of Blat- phases reported so far in clean type-1l superconductors.
ter and co-worker$,who have examined the phase diagram To summarize, we have measutethduced voltage noise
taking account of the effects of thermal fluctuations andS, of thick a-Mo,Si;_, films at variousH andT. Irrespective
guenched disordepinning). We find that the phenomeno- of T, S,/V is highest in the Meissner phase. Msexceeds
logical phase diagram presented by th@tiy. 6 of Ref. Jis  H., S//V decreases abruptly and falls to the background
gualitatively similar to the phase diagraffig. 2c)] ob- level. With further increasingd, S,/V then rises at charac-
tained in this study. The theory predicts that, in addition toteristic field Hog, which increases upon cooling, and the
the usual vortex-liquid phase just above the VG phase, that isroad peak occurs befoit, is approached. Th&, data for
composed of pinnedviscoug liquid and unpinned liquid, a CD suggest that the edge effects are not important in our
novel (pinned dilute vortex-liquid phasés present between disordered films. We interpret the field regime
the Meissner phase and the VG phase. The two melting Iinelslcl(T)<H(T)<HEg(T) as the novel vortex state different
are shown to exist along the high-field ardentrant low-  from the VG phase.
field transition lines of the VG phase.

As mentioned earlier, in our system thg,(T) line shown ACKNOWLEDGMENTS
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