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Vortex dynamics and states of artificially layered superconducting films with correlated defects

Andreas Engél and H. J. Trodahl
School of Chemical and Physical Sciences, Victoria University of Wellington, Wellington, New Zealand
(Received 15 April 2002; published 11 November 2002

Resistances antl/ characteristics have been measured over a wide range in the parameter space of the
mixed phase of multilayerea-Ta,Ge, _,/Ge films. Three films with varying interlayer coupling and correlated
defects oriented at an angte25° from the film normal were investigated. Experimental data were analyzed
within vortex glass models and a second-order phase transition from a resistive vortex liquid to a pinned glass
phase. Various vortex phases including changes from three- to two-dimensional behavior depending on anisot-
ropy have been identified. Careful analysid\dfcharacteristics in the glass phases revealed a distinttarel
H dependence of the glass expongnt The vortex dynamics in the Bose-glass phase does not follow the
predicted behavior for excitations of vortex kinks or loops.
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[. INTRODUCTION have indeed been a number of studies on layered films, in-
cluding multilayers of Nb/G&* Mo/Gel? and
The early recognition that the most interesting cuprateY123/PrBaCu,0,.3"1®For some years we have contributed
superconductors consist of alternating layers of supercorto the work with experiments performed on k&g, ;/Ge
ducting and insulating material has encouraged an enormousultilayers. The system is attractive on two important
effort to model the complex vortex structure and dynamics incounts: (i) the constituents form a consistent amorphous
such layered systenisDifficulties achieving strong pinning structure across the entire range of thicknesses required for
of vortices in these layered systems, especially those ithe study, andii) all of the important measurements are at
which the Josephson coupling between adjacent supercotemperatures below 2.17 K. The first of these assures that the
ducting layers is weak, lends special urgency to the probleniayers do not change their properties as their thickness is
for weakly pinned vortices lead to resistive losses. The revaried, and furthermore encourages the formation of smooth
search in the cuprates has been carried out on several frontayers. The second allows measurements to be performed
with a search for enhanced pinning in these layered systemhile the films are immersed in superfluid He; the excellent
running parallel to advances in the modeling and understandieat extraction ensures a temperature very close to the bath
ing of the thermodynamic vortex states in material with vari-temperature even at the high currents required to drive the
ous pinning properties. Thus the former work has concenmaterial into the normal state.
trated on the introduction of correlated defects which In a number of earlier papers we have described the be-
traverse many layers, while more fundamental work ha$avior of homogeneous TaGe filhs,of multilayers with
demonstrated a first-order solid-liquid vortex transition invarying coupling strength;®and of nonlayered films with
samples which are largely free of pinning defectahe less  correlated defects More recently we reported some aspects
dramatic phase transition in a pinned vortex fluid is usuallyof the behavior of a film in which correlated defects were
regarded and treated as second ofd€though there con- introduced into strongly coupled layered fil#%sThe present
tinue to be doubts as to whether there is a thermodynamipaper completes the picture as regards the effects of corre-
phase transition at all in this situatidf. lated defects in a layered environment, and seeks to answer
It is fully recognized that the state and dynamics of vor-specific questions in relation to the existence of a second-
tices in these materials depend strongly on the degree afrder phase transition for varying interlayer coupling
coupling between the superconducting layers, so that, fostrengths and the vortex dynamics in the solid vortex state in
example, vortex motion is much more easily controlled inthe presence of correlated disorder.
YBa,Cu;0;_ 5 (Y123) than in the less strongly coupled lay-  The study we report is based on thin films prepared by
ers in BLSr,CaCyOg. 5 (Bi2212). There are other examples vacuum deposition. Alternating layers are formed by simply
of cuprates in which the anisotropy and coupling is interme-alternating the composition of the vapor stream, and corre-
diate between these two, but the lack of good single crystalted defects threading the films at about 20—30° to the nor-
spanning a full range of anisotropies has encouraged a focumsal are introduced by depositing onto a substrate held at an
almost exclusively on these two systems. The range of comblique angle to the vapor stream. The vortex dynamics are
related defects is similarly limited, and has depended largelghen investigated by/V measurements, for vortices aligned
on heavy ion damage, and to a lesser extent on grain bountéoth along the extended defects and at a large angle to them.
aries. Although we now understand much of the vortices inThe measurements are performed at many magnetic fields
the materials, it is important to test that understanding in &and temperatures in order to sample the full phase diagram.
greater range of layering characteristics and defect geom- The remainder of this paper is organized as follows: We
etries. start in Sec. Il with experimental housekeeping followed in
One option available for a fuller study is based on theSec. Il with an investigation oR vs # to demonstrate the
preparation of artificially layered superconductors. Therepresence of correlated defects and to establish their orienta-
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TABLE I. Structural parameters of the films in this paper. After
the sample identifiers the second column gives the superconducting
(s) and insulating(i) layer thicknessegnm]|. The Ta-concentrations
of the TgGe, _, superconducting layers are given in percent in the
third column and the last column lists the orientation of the defect
structure with respect to the film normal as determined from resis-
tance measurements. The defect angles determined from TEM pho-
tographs are 1° to 4° smaller.

sli Ta B
C40 13.6/3.5 32% 23'8: FIG. 1. Schematic drawing of the measurement geometry, show-
J40 8.8/3.1 35% 29.3 ing the applied current parallel to the film and perpendicular to the
P40 13.0/7.5 37% 26.3° columnar microstructure and applied magnetic field. The field could

be rotated in the plane perpendicular to the applied current; the C
direction (parallel to the microstructuyeand the symmetric AC di-
tion. In Sec. IV we present measurementsRofs T (below  rection (large angles to the structyrare indicated. The terminals
H ., but far from the solid vortex stat¢o estimate activation for measuring the voltage drop along the bridge are also shown.
energies, followed byV characteristic§Sec. \j to establish
phase diagramé&Sec. V), and detailed investigations of the below does not affect the qualitative behavior of their super-
dynamics in the glass phag8ec. VI). In each of the last conductivity. The third film, P40, has Ge layers well above 5
four of these sections there will be two subheadings contrasiam, ensuring that the coupling is weak. It will be demon-
ing strongly to weakly coupled samples. Finally Sec. VIl strated below that the strength of this coupling has a pro-
presents the conclusions. found effect on the vortex hopping energy, the phase dia-
gram, and the vortex dynamics in the vortex glass phase.

The films were prepared for the four-termirld/ mea-
surements by scribing a path 2 mm wide and 5 mm long,

The amorphous multilayered films in this study were pre-defining the current to flow perpendicular to the columnar
pared by vapor deposition onto glass substrates in a vacuumicrostructurgFig. 1). They were inserted in the cryostat in
chamber with a base pressure of less than®Ifibar. Ta  an orientation which allowed the magnetic field to be applied
was evaporated from an electron-gun heated source, and @& any arbitrary direction in the plane perpendicular to the
from a tungsten boat. The two evaporation rates were indesurrent, including along the defect structure. Below we sig-
pendently controlled to within 5% of their average with nify that geometry, with the field parallel to the extended
guartz-crystal deposition monitors. A Ta concentration ofcoplanar defects, by the letter C. As discussed above the
about 35% was chosen to maximizg.*® The layering char- columns are directed approximately 25° from the normal, so
acteristics were achieved by periodically placing a shuttethat the symmetric orientation relative to the normal, labeled
across the Ta vapor stream. Tilting the substrates with respebere the AC direction, placed the field about 50° to the col-
to the incoming vapor flux resulted in the formation of col- umns. We will compare measurements made in these two
umns with regions of lower density in between th&hin  field directions below.
previous studies we have demonstrated the effectiveness of The samples were immersed directly4He, with a mag-
these regions as extended pinning stfe¥.The average di- netic field applied by either a Varian electromagnet or a su-
ameter of the columns depends on details of the evaporatigmerconducting solenoid capable of reaching 7 T. The
process, e.g., the tilting angle. For these films the typicakoftware-controlled current was supplied by a Keithley
diameter of the columns is estimated to be roughly 100 nmmodel 224 precision current source and the voltage measured
The layering and defect parameters were established hyith a Keithley model 182 nanovoltmeter. More complete
transmission electron microscofyEM), and their chemical details of the measurements systems are found
composition has been measured by Rutherford backscattezisewhere®?3
ing spectroscopyRBS).?2 Table | lists these details for the
films contributing to this paper. Iil. ANGULAR DEPENDENCE OF RESISTANCE

All three films for which we report results here were de-
posited at an angle of 40° to the substrate normal, leading to Careful determination of the C direction is very important
columns oriented near 25° to the normal. We have previousljor the interpretation of the subsequent conductivity mea-
demonstrated that films deposited at this angle show signifisurements. Since the samples had to be broken to obtain
cantly enhanced pinning, especially for magnetic fields wellcrosssectional views from the TEM investigations which
aligned with the columnar orientatid.Two of the films, were available only after the completion of the conductivity
labeled as C40 and J40, show relatively strong Josephsaneasurements, the columnar orientation was determined
coupling between adjacent layers, due to their Ge layers bdrom resistance measurements as a functiof, offhereé is
ing well below the 5-nm thickness above which that couplingthe angle enclosed between the magnetic-field direction and
becomes weak. Note that J40 has superconducting TaGe lathe film normal. For the right combination of temperature
ers that are about 30% thinner than C40, which as we showand applied fieldR(6) curves show a pronounced dip near

II. SAMPLES AND EXPERIMENTAL DETAILS
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10° TABLE Il. Summary of the superconducting parameters for all
three samples. Given are the critical temperaffig€0) [K], fol-
10' lowed by the upper critical fieldd.,(0) [T]. The forth and fifth
0 column are the coherence lengif}, [nm] and the penetration depth
a\ 10 Nap [m] at zero temperature, respectively. Noted in the last col-
E: 10" umn are the GL-parameters=\/&.
10-2 T.(0) Hc2(0) $a(0) Napn(0) K
@ 2.00 K
S v C40 2.40 7.4 6.7 1.43 213
-80-60-40-20 0 20 40 60 80 J40 2.21 7.0 6.9 1.62 235
0 (deg) P40 2.27 7.3 6.7 1.67 249

FIG. 2. Resistance versus magnetic field orientation for sample
J40, all curves taken &t=2.00 K. The fields are from bottom to direction amounts te<5%.3! The penetration length,,(0)
top H=0.2,0.3,0.4, and 0.6 T. Intrinsic pinning by the layering re- at zero temperature can be calculated using the relation of
duces the resistance below the measurement limit at 90° andKes and Tsue??
—90° and near§=0° the resistance is at its maximum. For a
temperature-dependent field range a second, local resistance mini- Nap(0)=1.05< 10 3[ p\(0)/T(0)]*? 2

mum appears around 30° caused by the pinning of the coplanar . L
defect structure. with pn(0) the extrapolated normal-state resistivity at zero

temperature. Values for these important parameters are given

the columnar angle in addition to the anisotropy due to thd" Table Il. It is worth noting the exceptionally large GL
layered structure of the films. Figure 2 shows a seREf) parametersc=\/§{=200 for these multilayered films.
curves for sample J40 taken at constant temperature and

varying magnetic fields. The C directions for all the samples IV. ACTIVATION ENERGY FOR TAFF

were determined from sudR(6) curves as the angle of the It is generally accepted that immediately belBw(H) the

Ig(c)f]\ql Zrlinr:mtjhrgslen arrfsllztsa?ocfr;\orsesglésri\?ers fgr](l)vrﬁnTIIEnMTi?:;e el'svortex system is in a liquid state with no long-range order
parng g 9®Hnd vanishing shear modulus. The liquid state can be further

a systematic deviation towards larger angles is ObserVe%livided into a free flux flow region, which is extremely nar-

This trend Is also seen in other samples not presented herl%w for the superconductors under investigation, and a ther-

The deyiation is most likely due to the_deve_lopment of Vor'mally activated flux flo TAFF) region. The pinning poten-
tex staircases becausg Of. the cpmpetlng pinning by the CQal which hinders the free flow of vortices is caused by a
plangr defects and th_e Intrinsic pinning by the |r_lsulat|ng 98T ombination of pointlike defectdand the correlated defects
manium layers. Studies on Y123 with competing extende(if the columnar microstructure. In general, the temperature

pinning site$* have shown that such staircase structures Caﬁependence of the resistance can be described by the follow-

experience strong pinning. ) . X -
Zero-field transition temperaturds(0) and upper critical Ing exponential for activated behavior:

fields Hco(T) were determined from measurements of the Ua(H,T)
resistanceR versus temperature€ in applied fields ranging Rocex;{ ?)
from zero to 2.5 T. The zero-field data could be well de- B
scribed using the expression for fluctuation conductivity inwith kg the Boltzmann constant and,(H,T) the field- and
three-dimensiona(3D) superconductor%r’.‘” In-field R(T) temperature-dependent activation energy.

data were analyzed according to the scaling approach of Ul- The temperature and field dependence of the activation
lah and Dorse§** and assuming the upper critical field to energy for plastic motion of the flux lines has been calculated
be linear inT. The upper critical field was determined for within the limits of weak collective pinning®—>°

fields in the C and AC directions, and the extrapolated values

at zero temperature were identical in the two orientations T—T

within the accuracy of the scaling analysis. The extrapolated Uy . (4)
H.,(0) values were used to estimate the coherence length H

¢an(0) according to the following relation from Ginzburg- ReplacingU,, in Eg. (3) with Uy, the T andH dependence

()

Landau(GL) theory® can be separated and the activation energy as determined
from Arrhenius plots ofR(T) curves taken at constaiit
D should follow a simpleH ~ 2 power law. In two-dimensional
HCZL_ngab' @) (2D) or quasi-2D superconductors another mechanism for

TAFF is possible, the movement of unbound dislocations.
whereH,, is the upper critical field perpendicularto tab ~ The expression for the activation energy is giveffas
planes,®, is the flux quantunh/2e, and ¢, is the coher-
ence length within thab planes. For moderate anisotr8py
the systematic error i§,, as a result of usingd., in the C

Ho

= )

Udis“(Tc—T)m(
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3

10 mately 100 nm. The 1/H dependence is approximately pre-

; served for fields in the AC direction, although the activation
energies forH>0.2 T are consistently higher than for the
reference film. We understand this as a combined effect of
the layering and the coplanar defect structure in the present
films 2923 Overall, the field dependence of the activation en-
ergies of the strongly coupled films are consistent with an-

isotropic, three-dimensional superconductors.

U, &)

10° |

400 L - .“ S l(bj_ B. Weakly coupled layers
] In contrast with the results for the strongly coupled films
described in the previous paragraph, the weakly coupled film
P40 is more complex. The data for the AC field direction,
aligned far from the columns, follows the 2D prediction of
Eq. (5). To emphasize this behavior the activation energies
for this film are displayed in a linear-log plot in Fig(8. For
comparison the 4/H relation from grapha) is plotted as the
curved, dotted line in this semilogarithmic plot. Especially at
H(T) lower field values the measured activation energies deviate
from the power-law behavior, but can be fitted very success-
FIG. 3. Activation energies for TAFF as a function of the exter- fully using an expression according to E&) with a loga-
nal magnetic field. The grapta) is a double-logarithmic plot and  rithmic dependence on the applied magnetic fistdid line).
shows results for the strongly coupled samples G#tuares J40  The fitting parameter, the characteristic fiélg=10.0 T, is
(circles, C (fi!led symbols),. ar?d AC field orientatior{open sym- comparable to the upper critical fiel.,(0)=7.3 T as re-
bols), respectively. The solid line is the result from a homogeneousquired by the theory. Thus the most likely process leading to

reference film(Ref. 37 and the dotted line is the K line from dissipation is the movement of flux-carrving dislocation
graph(b). The results for the more weakly coupled sample P40 are ISsipati IS v ux-carrying dis 1ons,

shown in graph(b) in a semilogarithmic plot, again with both field possible only in 2D or quasi-2D layered superconductors.

orientations, Cffilled squarel and AC (open squards The solid .The inFerpretation of the activation engrgies for field;
line is a least-squares fit of E¢5) to the data from AC-oriented aligned with the extended defect structure in sample P40 is

magnetic field. For comparison the dotted line is the same line agnore difficult. First, it has to be noted that activation ener-
the solid line in grapha). gies for fields smaller than 0.8 T are significantly higher
compared to AC-oriented fields. At higher fields on the other
with Hq a characteristic field of the order &f;,(0). This  hand, the activation energies are equal for the two field ori-
kind of dissipation mechanism is topologically forbidden in entations within experimental errors, in contrast to the
th.ree—dimensional supercond'uctors since only dislocation§tr0ng|y coupled samples where the difference between the
with zero net flux can be realized. TReandH dependence yientations remains significant up to at least 2.0 T. Although

can be separated again when inserting expresSiofor Uy 1 field dependence can be roughly described by the power-
in Eq. (3) and in thin films or strongly layered superconduct- law behavior of Eq.(4), with increasedJ , over a certain

ors the activation energy for TAFF should obey a Iogarithmicﬁeld range similar to C40 and J40, the values obtained below
field dependence in casgy<Up. '

0.1 T are significantly below the expectations of Ef).and

approach the results from AC-oriented fields, just as at high
A. Strongly coupled layers fields

Figure 3a) shows the activation energies in the two It appears unlikely that the differences between the C and
strongly coupled samples in a double-logarithmic plot. As aAC aligned fields can be understood based on strictly un-
guideline, the solid line represents the results for a homogesoupled quasi-2D layers, for in this picture the extended de-
neous, unstructured Jae, , film fitted to a field depen- fects act as simple point defects centered on the supercon-
dence according to E@4).>” For comparison the IH least-  ducting layers. We propose instead a picture involving
square fit in the lower grapli) is shown as the dotted curve. dimensional transitions, suggested by theoretical descriptions
For C-aligned fields in the range from 0.1 up to about 2.0 Tof pancake liquid€ and by experiments on Bi2212 contain-
both samples represented(@ have a significantly increased ing columnar defect®~** At small magnetic fields and cor-
activation energy for TAFF due to increased pinning by ex-responding high temperatures pancake vortices are trapped
tended defects. The enhanced pinning is seen to slowly dby the extended defects, but independently in each layer. As
minish for fields exceeding 0.2—-0.3 T. If this is identified the field is increased the correlations in the direction of the
with the matching field, for which the density of vortices is applied field increase and the pancakes recouple to form vor-
equal to the number of pinning defects, this corresponds ttex lines. In this intermediate field range the activation ener-
an average spacing of strong pinning defects of approxigies for TAFF are much higher for C than for AC-aligned
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fields. At even higher magnetic fields the magnetic intralayer gy 20

interactions begin to dominate and the pancakes decouple 1L ::g |5

again. o o E -
& OF E =~
\;';2 [ PR I A I _; -3 0 cﬂg

V. CURRENT-VOLTAGE CHARACTERISTICS k=) -1 [ 107 10’31’}0" 10' 10 35 o
The state and dynamics of the vortex fluid can be studied 2 i

directly by measuring the current-voltage relation in samples Sp, 2 0r,Y ] -4.0

exposed to a magnetic field. The interpretation of these data 14  -12  -10 -08

are based on the recognition that the product of current and 10g]0(T.TS)

field determines the force applied to the vortices, while the
measured voltage is proportional to the product of the field FIG. 4. Scaling analysis d curves for sample J40 and mag-
and the vortex flow velocity. Thus the usual presentation ohetic fieldsH=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, and 1.3 T ap-
the data, as a plot of voltage versus current, is equivalent tplied in the AC direction. The main graph shows a double-
a plot of the speed of the respondlw velocity) vs force  logarithmic plot of the resistancR aboveT, (left axis) and the
for the vortex fluid. In this section we describ&/ results for ~ crossover currentt, separating linear from nonlinear behavior ver-
a range of field and temperatures, probing the vortex dynansus the reduced temperatufe- T, . Linear least-square fits to the
ics over the portion of the phase diagram accessible withiglata allow the determination of the exponents in Egs.and (9).
the limits of our experimental arrangements. Assuming a 3D-vortex glasdX=3) the glass exponents and z

One of the most fundamental issues, whether a vortefan be calculated and the inset shows the resulting collapse of the
state with true zero resistance exists Tor 0 in the mixed !V curves in a double-logarithmic representation using these values.
phase of dirty type-1l superconductors, is still unresol{&d. Herel* =1|T—T,|"C ") andV* = (V/1)|T—Tg| #7272 are the
The simple question whether the barriers for flux creep diféscaled current and voltage.
verge in the limit of zero applied current below a field- ) »
dependent transition temperature is inherently difficult to anR€lations(7) and(8) cross over to critical power-law behav-
swer experimentally. The most popular theoretical modeiOF @bOve a crossover current given by
predicting a second-order phase transition from a vortex lig- WD-1)
uid into a low-temperature solid vortex phase with zero re- Lo [ T=Tf : ©)

sistance is based on an analogy to magnetic spin-glass . S
systemé? Depending on the anisotropy of the supercon-” andz are the static and dynamic critical exponents, respec-

ductor and the character of the defe¢mintiike or ex- tivgly; they should be field ind_epend_ent and _equal for films
tended one differentiates between 2D and 3D vortex glasse¥Vh'Ch belong to_the same unlve_rsallty _cla$sjs the glass
(VG's) Refs. 4 and 5, and Bose glass@6's). % exponent and will be discussed in detail belavandl . are

At the second-order phase transition a characteristidnaterial-dependent parameters. Appropriately rescaled sets

length and corresponding time diverge algebraically and® IV curves should collapse onto just two universal func-

these define a set of critical glass exponents. A scaling ansafi2N'S above and below the transition temperature using the

between electric field and current density is obtained C'itical exponentss andz as obtained from the above rela-
from which a number of relations between applied curient tOnS- In order to use thlsicc(JZniletiozr; as an additional check of
and voltageV can be derived for both the vortex liquid and e ""Vr(‘f‘_l%s)'s YM[T=Tg|™" is plotted versusl|T
solid state. Those relations which were important for the_Tg| '

analysis of thelV characteristics presented here will be re- However, the collapse ofvV curves onto an upper and
peated. Neglecting some specific differences between the VEWer branch as the only criterion for a vortex glass transi-
and BG theories these relations can be summarized conviOn is not suitable. Due to the experimentally limited current
niently using a parametdd, with D=2,3 for quasi-2D and and voltage resolution a collapse may ‘ll)&Sachieved for a
3D VG's andD=4 for BG's. Right at the glass transition 'ange Of glass exponents. Voss-de Haaal.""">have dem-

temperaturel =T, the voltage increases as a simple power-Onstrated the collapse of a set Ibf curves for deliberately
law of the appliegd current limited current ranges but varying parameters. It is therefore

mandatory to achieve a collapse of thé curves and to

Ve (ZH1)/(D-1) (6) fulfill Egs. (6)—(9) simultaneously for the same set of param-
eters.
As the transition is approached from abovieX(T,) the re-
sistivity p vanishes as A. IV curves in strongly coupled layers
poc|-|—_-|—g|v(z+27D), 7) As an example, Fig. 4 shows the analysis|éfcurves

taken for sample J40 and nine magnetic field magnitudes in
and below the transition temperatuké curves show an ex- the range 0.1-1.3 T applied in the AC direction at constant
ponential relation with zero Ohmic resistariRe U/l in the  temperature. The temperature range spans typically about
limit 1—0, 300 mK on either side of the glass transition temperaliye
in intervals of 50 mK. The main graph is a double-
Vecexd —c(l/1)*]. (8) logarithmic plot of the resistande at low currents above,
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TABLE llI. Glass scaling parameters for all three samples andextremely rapidly decreasing voltage with decreasing current
for magnetic fields applied in the C directi¢BG mode} and AC  and the experimental voltage resolution allolscurves to
direction (3D-VG mode). v are the static and the dynamic glass be taken over only a relatively small current range. As a
exponents. Also given are parameters characterizing the glass me&onsequence an apparent collapse I\6f curves can be
ing line in the phase diagrams Figs. 7 and 8, whergbis the  achieved for a range of scaling parameters as reported by
disorder parameter according to E@j2) and v, the glass exponent \jyss-de Haalf*® and Strachamt al’ demand the detection
of Eq. (11). The weakly coupled sample P40 showed no clear glasgy hsitive curvatures above the glass transition and negative
transition for AC-aligned fields. curvatures below as a necessary condition for a vortex glass
transition.

Bose-glasgC) Vortex-glass(AC) Due to the extremely rapidly vanishing voltage level at
v z X v z Yo low temperatures for decreasing currents, our data do not
C40 1.0 8.7 0.50 1.4 5.1 1.0 fulfill this experimentally extremely demanding condition for
J40 0.7 8.7 0.38 11 6.9 1.0 a second-order phase transition. However, data taken for the
P40 13 70 0.64 weakly coupled film include$V characteristics at constant

field which are obviously lacking any sign change in curva-
ture as will be demonstrated below. Based on these observa-
(left ordinate and the crossover currehf (right ordinate  tions and thermodynamic measurements on Y(R&f. 49
marking the onset of nonlinear behavior in the vortex liquidwe believe that an interpretation of our data as a second-
phase abovd, versusT—T,. |, was defined here as the order phase transition into a vortex glass at low temperatures
current for which the resistance exceeded twice the Ohmits justified.
resistance at low currents. To construct the plot the value of _
T, was first estimated as the temperature which showed B. 1V curves in weakly coupled layers
power-law behaviofEq. (6)]. Subsequently thesg, values The IV curves measured for the weakly coupled film P40
were adjusted until the data in Fig. 4 followed straight lines.differ qualitatively from those of the strongly coupled films.
A least-squares fit to the data allows one to determine th&he differences are most easily seen by plotting the logarith-
exponents in Eqd7) and(9). mic gradientd(In V)/d(In 1) versus the applied current, as dis-
Knowing these exponents one can check the collapse gflayed in Fig. 5 for a selection of situations.
the IV curves as shown in the inset of Fig. 4 in a double- For reference, Fig. (8 includes data from a strongly
logarithmic plot of the rescaled curreht=1|T—T4|"*"®  coupled film showing the high-temperature nearly Ohmic be-
and voltagev* =(V/I)|T—Tg|_”(Z_D+2). Often this proce- havior with a logarithmic derivative very close to unity for
dure already leads to a very satisfactory collapse. If not, thell currents. As the temperature is lowered the derivative is
parameters are slightly adjusted and then the scaling of thelose to unity(Ohmig at low and high currents, passing
resistance and crossover current checked and if necessaifough a maximunisuper-Ohmig at intermediate currents.
corrected, and so forth until all conditions for a glass transi-At even lower temperatures, below the glass transition tem-
tion are fulfilled within the experimental limits. To extract perature, the low-current Ohmic behavior is missing; the
the glass exponents andz one needs to know which of the continuing rise of the logarithmic derivative with decreasing
different glass models is appropriate, i.8.=2,3, or 4. As  current signals a voltage which falls more rapidly than any
discussed in an earlier papewe useD =3 for the strongly power law with decreasing current. Note that this presenta-
coupled samples C40 and J40 for AC-aligned fields and thédon identifies immediately the problem of usiiig curves to
BG model, D=4, when the external fields were applied establish the presence of super-Ohmic behavior at vanishing
in the C direction. The resulting critical glass exponentscurrents as a signature of a solid vortex phase. At low cur-
listed in Table Il are very similar to those reported rents, where the higher temperature curves show an unam-
for vortex glasses in high-temperature superconductorbiguous tendency toward Ohmic behavior, the voltage level
(HTSC'9.*44°=%8 We stress that our values are field- at lower temperatures is too small to be measured.
independent over at least one order in magnitude of the ap- We now compare this behavior to that of film P40, shown
plied field. for C-oriented fields in Figs.(®) and(c). At the lowest ap-
Strachanet al. argue that the above analysis is still not plied field, Fig. %b), the logarithmic derivatives are qualita-
sufficient evidence for a transition to a vortex state with van-ively similar to those in a strongly coupled film. Their be-
ishing Ohmic resistanc7e.According to Egs.(6)—(9) IV havior at lower temperatures continues to rise with
curves plotted in double-logarithmic fashion must changedecreasing current, with no suggestion of a low-current
their curvature from positive abovg, to negative below the Ohmic dependence in the accessible current range. In a
transition temperature. This property is preserved in the unihigher field, however, that behavior is entirely different, with
versal functions, which are specified by the scaled data setsven the low-temperature curves showing a tendency to fall
in the inset of Fig. 4. Whereas individual data sets abbye at the lowest currents. There is clearly no pinned solid vortex
describe the upper branch including the characteristic kink tetate at all in the weakly coupled film at these higher
the horizontal part, rescaled current-voltage curves bélgw C-oriented fields. Interestingly, similar data for a field of 0.3
describe only very short sections and only a seofurves T shows nearly horizontal lines at all temperatures, corre-
for different T—T4 give a full representation of the lower sponding to the power-law behavior expected at a phase tran-
branch as in the inset. This problem arises because of thgition.
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E 1 FIG. 6. Scaling analysis of the high-temperativecurves for
T s '\.\ P40 at magnetic fields frord=0.1 to 1.3 T. The resistandgeft
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axis, squaresand the crossover curreright axis, circlegare plot-
ted double logarithmically versus—Ty(H). The data clearly sepa-
rate into two groups for fieldsl = 0.1 and 0.3 Tfilled symbolg and
those atH=0.6 T (open symbols

the data for P40 clearly separate into a low-figtt= 0.1 and

0.3 T, filled symbolg and a high-field groupH=0.6 T,
open symbols Assuming BG behavior at low fields, the
curves collapse very satisfactorily onto the two universal
functions above and below the transition temperature and
with comparable glass exponents as the BG phases in C40
and J40. ThelV curves at higher fields and temperatures
above the estimated transition temperature collapse as well.
Not surprisingly, the collapse at lower temperatufés
<T4(H)] is not possible, because tié curves have still
positive curvature. It is significant that a lower assumed tran-

FIG. 5. Logarithmic gradiend(In V)/d(In 1) versus applied cur- sition temperature, pIaCing_t_HQ' curves at the _Iowgst tem-
rent| at magnetic field$1=0.1 (b) and 0.6 T(c) applied in the C peratures above the transition, leads to a violation of the

direction for sample P40. For comparison we show@nsimilar ~ collapse and scaling d® andl. Thus in a C-oriented field
data from a strongly coupled filifd40, 0.6 T, G. The temperatures Of 0.6 T the behavior above the transition temperature deter-
range from 1.40 to 1.95 Ka), 1.60 to 2.15 K(b), and 1.40 to 1.90 Mined from scaling oR and| is exactly as expected for a

K (c) in steps of 50 mK. At the lower magnetic fieft) and for the  liquid, but below that temperature the vortex fluid resembles
strongly coupled sampli@) the curves’ gradients change from posi- neither a liquid nor a glass. Similar behavior is observed also
tive at high temperatures to negative at low temperatures; this trandor all investigated fields higher than 0.6 T.

10° 10" 10° 107

lates to a change in curvature of the origif\lcurves in a double- Turning the magnetic field in the AC direction so that
logarithmic plot as required by glass theories. At the higherfield and defect structure are misaligned leads to the disap-
magnetic field(c) curves with negative gradient are absent. pearance of even the low-field glass phase; at the lowest field

H=0.1 T thelV curves show only positive curvatures. Con-

Further insight into the vortex states in this film is gainedsequently, an attempt to analyze the data according to glass
by application of thdV scaling analysis. At the low fields of theories leads to the same difficulties as for the high-field
Fig. 5b) the analysis is successful, but at higher fields onlycurves and C-aligned fields.
the upper branchT>T,) can be formed. That high-field The TAFF activation energies in Sec. IV suggest an inter-
scaling analysis returns a transition temperature within oupretation for the lack of a clear second-order liquid-glass
measurement range. The lower temperatures cannot be dtansition in this film. Recall that those energies had a field
commodated as in the glass phase, nor can they be accomkependence characteristic of moving dislocations in two-
modated within a model in which the glass transition is as-dimensional superconductors for AC alignment, and that the
sumed to be at temperatures below our lower limit. It appear€-aligned energies converged with those 2D values at fields
that a would-be transition is sensed in the vortex liquid above 0.6 T. These observations suggest that the low-
phase, but that the transition never, in fact, takes place. temperature vortex fluid state is essentially 2D for AC-

The scaling analysis suggested by E@$.and(9) is still  aligned fields, while in C-aligned fields there is a crossover
available for these results, for it relies on data only above thérom a 3D glass phase at low fields to a mobile 2D phase at
glass transition. The resulting scaling®findl, is shown in  higher fields.

Fig. 6 analogous to the main graph in Fig. 4. This conclusion relates directly to the qualitative change
But contrarily to the scaling of J40 and the other stronglyseen in thdV characteristics. At low fields, the pancake vor-
coupled samples for which all data points followed the samdices are highly correlated along the defect structure and at
power-law behavior irrespective of the applied field strengthJow temperatures they freeze into a Bose-glass phase. With

184505-7



ANDREAS ENGEL AND H. J. TRODAHL PHYSICAL REVIEW B66, 184505 (2002

025 T v T tex glass melting temperatures as derived fidhturves are
'\\AC\\ C\x \ normal 1 plotted as square&C) and circles(AC alignmeny. At lower
020 oyVortex phase | fields and temperatures the vortices form the respective Bose
= o5k liquid A glass and 3D-VG for C- and AC-aligned fields. In the
= I AN ] 3D-VG model the glass melting line can be described as a
T 0.10 - vortex glass - simple power law,
I N ]
0.05 S e - — oc H Y20
140 _ [Te(0) =Tl HY2%, (19
0.00 4t——~= ——t—1—= with an expectedvy=2/3. The experimentally determined
05 06 0.7 0.8 09 1.0

T4(H) do follow a power-law behavior very nicely, but with
T/TC(O) an exponenty=1.
_ The field dependence of the BG melting line for
FIG. 7. ReducedH-T vortex phase diagram for the strongly - _sjigned magnetic fields is more complicated. Blatter
coupled sample J40. The uppermost straight line is the upper critic t al3! give an expression derived for superconductors con-

field H.,(T). The experimental glass transition temperatures A& ini . _—
) . ; . aining columnar defects and applied magnetic fields smaller
given as square€-aligned fieldsand circleSAC). The glass melt- than tghe matching field, but IaFr)ge enouggh that the vortices

ing temperatures were fitted to expressions as described in the teX 5
(solid curves. To demonstrate the effects of the coplanar defectmteraCt’B>q)0/)‘ )

structure the glass melting line for a homogeneous,X&&, ;5 film

without correlated defec%_is given as a _referent_:@ir:_\;,hed Iinya_ Tg(B)%XTm(B)‘F(l—X)TC( 1- B )

The correlated defects shift the melting line to significantly higher MmoHc2(0)

temperatures, whereby the shift for C-aligned fields is approxi- . . )
mately twice the shift for AC-aligned fields. The vortex phase dia-With Tm(B) the melting temperature of the flux-line lattice
gram for sample C40 is almost identical. The glass melting line in(FLL) for the material in the clean limit without columnar or
the AC direction is the same, only for C-aligned fields the meltingPOint defectsy is a disorder parameter which equals unity in
line is at somewhat lower temperatur@bout 5% lower reduced the clean limit and approaches zero for very strong disorder.
temperature for reduced fields in the range 0.0530.15 The clean-limit melting temperature is unknown for these

TaGe,_/Ge films. Instead, we used the glass melting line
increasing magnetic field the interlayer correlations are lostor a homogeneous §a/Geg) 73 film without extended de-
and the superconducting layers become effectively decoufects but with weak-pinning point defefgdashed curve in
pled, preventing the formation of a BG phase as has beeRig. 7) to approximatel ,, in the above equation. A fit of Eq.
suggested also to occur in ion-irradiated Bi221Eor mis-  (12) then provides a satisfactory description of the field de-
aligned magnetic fieldéAC), on the other hand, the inter- pendence of the Bose-glass melting line and the disorder
layer correlations between pancake vortices are not strongarametery a quantitative measure of the shift of the glass
enough to form a 3D-VG for any applied field. transition to higher temperatures.

The true nature of the low-temperature, high-field phase This phenomenological fitting procedure yields the disor-
remains unclear, however. For a truly 2D superconductoder parameters listed in Table Ill, from which it can be seen
Egs.(6)—(9) are not valid, instead it is expected that the glasghat the disorder appears marginally stronger in film J40 than
phase exists al=0 K, only> At finite temperaturedV  in C40. We have not been able to correlate this difference
curves should still be divided into a low-current linear and awith any measured structural parameters, though it is worth
high-current nonlinear part. The crossover current relatiomoting that the superconducting layers are thinner in the
Eq. (9) is replaced by more strongly disordered film.

(12

2D 1+w
T 720, (10 B. Weakly coupled layers

with v,p=2. Analyzing thelV characteristics of P40 accord-  The phase diagram for the weakly coupled film P40 is
ing to Eq.(10) over the accessible temperature range leads tgominated by its quasi-2D behavior and a solid vortex glass
a nonconstant exponent withp =30, most certainly ruling phase is only realized for small, C-oriented fields. In Fig. 8

out a truly 2D-VG phase. the reducedd-T phase diagram is shown analogous to Fig.
7. The uppermost solid line is the upper critical fiélgd,(T)
VI. VORTEX PHASE DIAGRAMS and the lowest dotted curve is the glass melting line of the

reference Tg,/Ge, 75film.’
As outlined in Sec. V B Bose-glass scaling procedures
The analysis in the previous section puts us into a positioould only be successfully applied bt curves taken at the
to plot vortex phase diagrams for each of the three sampleswo lowest fields applied parallel to the defect structure. The
Turning first to the strongly coupled samples Fig. 7 showsderived glass melting temperaturég are given as the two
the reducedd-T phase diagram for J40. lowest squares in Fig. 8. A glass melting line according to
The pattern is almost identical to that in C40. The upper£qg. (12) has been successfully fitted to these data points
most line is the linearized upper critical fiell.,(T) sepa- (solid curve; the resulting disorder parameter indicates re-
rating the normal from the superconducting phases. The voduced disorder compared to the strongly coupled samples

A. Strongly coupled layers
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0.25 —r——T— —— and finite probabilities for vortex excitations at nonzero tem-
N P40 peratures. These vortex dynamics in the glass phase can be
020~ ] characterized by the glass expongntwith >0 for a truly
L . oD normal 1 . .
=015k . quasiaD phase - glassy phase. Various model_s for vortex creep in the presence
= L viscous X of defects allow the calculation of the field and temperature

%U 0.10 -1iquid?‘~“:°" vortex - dependence of.. For weak pinning by point defects the

. i weak collective pinning(WCP) theory offers one way to
0.05 %’g;g;j;j%;l ] calculate the glass exponent However,u depends non-
0.00 Cavtsusrias A trivially on the various length scales determining the size of
05 06 07 08 09 1.0 the vortex bundles, which are the smallest independently
/T (0) moving objects in WCP theory?*>®
¢ Within the Bose-glass theory for superconductors contain-
FIG. 8. ReducedH-T vortex phase diagram of sample P40 ing extended defects vortex creep is explained by the excita-
analogous to Fig. 7. The solid straight line is again the upper criticaion of vortex loops, half loops, and kinRdUnder the acting
field and the lowest dotted curve is the reference glass melting lineorentz force due to the finite probing current, these excita-
of a Ta ,7-G&y 73 film. For C-aligned fields a Bose-glass phase couldtions lead to the characteristic creep of the vortices through
only be found at low applied fieldhatched areaseparated from a  the pinning potential. These ideas can be developed for the
3D vortex liquid by the BG melting linésolid curve accordingto  case of pinning by columnar defews well as for pinning
Eq. (12) fitted to the two available data pointsvo lowest squargs by coplanar defec®®’ The problem can be mapped onto
As described in Sec. V at higher fields there were no indications foelectron transport in doped semiconductdré where it is
a glassy phase. The squares at higher fields mark the temperatusgso known as variable range hoppifigRH) of vortices.

for which a transition to a zero-resistance state is expected from th?he fo”ow|ng results are obtained for VRH by the creation
extrapolation of resistance data in the quasi-2D liquid phase. Thgf double superkinks:

dashed line is a guide to eye, only. In the AC césiecles this
high-field scenario extends to the lowest measured fields, the dotted u=1/3 (columnar defects (13)
line is a power-law fit to the data points.

‘o o liquid

u=1/2 (coplanar defecis (14
(see Table Il). At temperatures below, the vortex system

forms a solid BG(hatched area which melts into a 3D and for larger currents half loop excitations can extend under
vortex liquid at higher temperatures. The three-dimensionalhe acting Lorentz force until they reach the next favorable
character of the vortex liquid in this field range is supportedpinning site leading to a glass exponent,

by the field dependence of the activation energies for TAFF

(Sec. IV B. Both 3D phases are limited by an upper mag- u=1. (15

netic field, signaled in the case of the BG by the failing seyeral groups have found some evidence for VRH in Y123
low-temperature scaling and in the case of the vortex quuid(RefS_ 60 and 6jland Bi22127:6263

deduced from activation energies. The approximate Cross- 14 check the applicability of these results to our films it is

over to 2D behavior is given by the horizontal dotted line. Itnecessary to extract the expongnfrom IV curves measured

is worth mentioning that we have found signs of an reentrant; temperatures below the glass melting temperafyreAf-
2D vortex liquid in Sec. IV B at very low magnetic fields, o, recasting Eq(8) into

not shown in Fig. 8.
For higher magnetic fields and all field values applied in d(InVv/n)

the AC direction thdV characteristics gave no evidence of a —ar

pinned solid vortex phase. The would-be transition tempera-

tures sensed by the high-temperature vortex liquid are givethis is most easily done by plotting the left side of Ef6)

as squarefC) and circleSAC). The dashed and dotted lines versus the currerton a double-logarithmic scale. The data

are guides to the eye and may mark the crossover to a highkhould then follow a straight line with gradient(u+1)

viscous vortex liquid. This remains, however, an open quesfrom which x can be easily calculated. We apply this analy-

tion which demands further investigations. sis in the following two sections.

A comparison of these phase diagrams with vortex phase
diagrams for HTSC's is also interesting. The strongly
coupled samples resemble those for weakly anisotropic Y123 _ ) _ _
(Refs. 50 and 5iLland isotropic (K,Ba)Bi@.*8 P40 on the We start the discussion of the experimental result_s with
other hand shows remarkable similarities with the moderihe weakly coupled sample P40. From the phase diagram
ately anisotropic BiSr,Ca,CusOy, (Ref. 52 and especially Fig. 8 it can be seen that a solid glass phase exists only for

oc| ~(ut ), (16)

A. Weakly coupled layers

TI,Ba,Ca,Cu;0;0.%3 small, C-oriented_ fields. In Fig. 9 the glass expongnts
plotted as a function of the temperature below the glass melt-
VIl. DYNAMICS IN THE BOSE-GLASS PHASE ing temperatureJg—T, for H=0.1T.

The inset shows the respective rescale¥dcurves and
The exponentialV characteristics in the glass phase, Eg.least-square fits according to E46), demonstrating the ap-
(8), are caused by vortex creep due to finite applied currentplicability of the above model to our data. Within the esti-
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FIG. 9. Glass exponent versusT,—T for P40 andH=0.1T FIG. 10. Temperature and field dependence of the glass expo-
applied in the C direction. The exponent shows no significant temhent o for C40- and C-aligned magnetic fields. Field magnitudes
perature dependence over the meas(rednge with an averaged range from 0.05 T at the top over 0.1, 0.3, 0.5, 0.7, 1.0 to 1.3 T at
;=0.22. The inset shows tH¥ data recalculated according to Eq. the bottom. At fixed temperatures below the gla_lss meIFing_ tempera-
(16) in a double-logarithmic plot and least-squares fits to the datdure Tq the glass exponent decreases monotonically with increas-
from which the exponent was extracted. The high current part of thé19 magnetic field. At fixed field magnitudes first the exponent rises

IV data where they deviate from the exponential behavior is trun¥hen the temperature is lowered beldy until it levels off at a
cated. field-dependent value. The crossover to constahtippens at field-

independent~0.45 K below Ty, marked by the vertical dashed

. . line. This crossover is also visualized in the inset, where the res-
mated errors the glass expongntis temperature indepen- caled data and least-square fits are plotted analogous to the inset in

dent with an averageg=0.22. This is approximately half Fig. 9. Typical uncertainties ip are given as the error bar for the
the theoretically calculated value of 1/2 for VRH in the pres-top most data point.
ence of coplanar pinning sitd&€q. (14)] and still signifi-
cantly less than the other predicted value for pinning by coexponents at the glass transition, which decrease with in-
lumnar defect§Eq. (13)]. creasing field as at lower temperatures. The rate at which
Although abovelV characteristics can be described suc-increases also decreases with higher magnetic field. It is im-
cessfully with an exponential dependence according to Ecportant to note that this happens in a temperature interval
(8), existing models describing the dynamics in the Bosehbelow T for which we observed a constapatin the weakly
glass phase fail to explain the magnitude of the glass expaoupled sample P4@ompare Fig. 9
nent. The available data did not allow for a conclusive deter- At a temperature roughly 0.45 K beloTy, (marked by the
mination of a field dependence af The only other setdV  dashed vertical line in Fig. 20a crossover to an approxi-
curves taken in the Bose-glass phaseHat0.3 T is very mately constant glass exponent is obseffetihe level is
close to the upper field limit of the glass phase. ThBée again field dependent and ranges from about 1.75 at low
curves are very close to power-law behavior resulting infields to estimated 0.5 at the highest fields. The correlation
glass exponenta~0. between the crossover to a constanand T,—T links the
glass exponent to the formation of the glass phase, but is not
B. Strongly coupled layers explained by the simple VRH picture presented above.
The glass exponeni has a markedly different tempera-
ture dependence in the strongly coupled samples C40 and
J40, and the extended field range of the glass phases addi- We have performed extensive conductance measurements
tionally enabled us to study the field dependence. In Fig. 1@n artificially layered TgGe,_,/Ge multilayers and com-
w is plotted versu§ y—T for a wide range of applied fields pared the results for films with strong and weak interlayer
and temperatures belowWy(H) in the case of C40 and coupling and with and without extended strongly pinning
C-oriented fields. Very similar behavior was observed fordefects, respectively. Due to their large GL parametepn-
magnetic fields applied in the AC direction and the otherduction belowT.(H) is dominated by the dynamic behavior
strongly coupled film J40. of vortices in response to an applied transport current and the
Looking at the field dependence for fixég—T the glass interactions between vortices and the samples’ microstruc-
exponentu decreases monotonically with increasing field. ture.
This is true for the complete observed temperature and field The strongly coupled films are best modeled as weakly
range; the latter spans more than one order in magnitudanisotropic three-dimensional superconductors. The activa-
The temperature dependence shows even more interestitign energies for TAFF show a significant increase above the
characteristics. As the temperature is lowered below the glassxpected 1fH dependence when the magnetic field is
transition temperaturég the glass exponent increases downaligned with the extended pinning sites. Tivecharacteris-
to temperatures approximately 0.45 K beldy. This in-  tics were interpreted within the existing vortex glass models.
crease may well be described by a linear dependence afthorough analysis results in a very consistent second-order
temperature. Extrapolating to T4 one obtains nonzero glass phase transition from a vortex liquid at high temperatures to

VIIl. CONCLUSIONS
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a pinned vortex glass phase at a field-dependent transitidoy the qualitative change observed in thecharacteristics
temperaturel 4(H). The critical glass exponenisandzare  between high and low fields.

field independent and alV curves taken at different fields Although the low-temperatur®/ curves can be described
and temperatures could be collapsed onto two scaling funarery consistently within the BG model there are significant
tions. The correlated defects lead to a large shift of the glasgifferences in the vortex creep between the strongly and
transition line to higher reduced temperatures when comweakly coupled samples and neither of them is fully ex-
pared to an unstructured homogeneous film. This shift igplained by the simple VRH mechanism. This is particularly
maximized for fields well aligned with the correlated defecttrue for vortex creep in the strongly coupled samples. Since
structure. the glass exponent showed very similaiT and H depen-

In the case of the more weakly coupled sample P40 ondence for C- and AC-aligned fields, details of the pinning
has to distinguish between fields parallel to the pinning sitesites, such as pointlike or extended, seem to be less impor-
(C oriented and magnetic fields at large angles to the colum-+ant and the magnitude qf varied over a wide range with
nar structurg/AC oriented. For the latter situation the film temperature and field. However, the strong correlation be-
behaves like an anisotropic quasi-2D superconductor. Thaveen the crossover from increasipgto a constant value
activation energies for TAFF are best described by aand the temperature differendg—T suggests a connection
In H-dependence over the complete magnetic-field range inbetween the formation of the glass phase and the dynamics
vestigated, typical for 2D superconductors. Additionally, weof the vortices. More specific, two fundamental variables of
have seen no real signs of a second-order phase transitigine glass theories, the correlation lengthand the relaxation
into a glass phase at low temperatures, in line with predictime 7 are proportional tdT,—T|*, wherex is determined
tions that a glass phase in two dimensions should at besiy the critical exponents and z. To elucidate a possible
exist atT=0. On the other hand, turning the magnetic field connection between tieandH dependence qf on the one
into the C direction leads to a reoccurrence of 3D vortexhand andv andz on the other, more theoretical work in this
behavior in a narrow field range. The strongest argument foarea is called upon.
this interpretation is the formation of a BG phase at low
magnetic fields. This three-dimensional vortex phase is sup-
ported by the extended defects which assist the formation of
well-aligned stacks of pancake vortices leading to increased The authors acknowledge support by the New Zealand
correlations across the superconducting layers as suggestithrsden Fund and thank J. C. Abele for assistance in gath-
by results on Bi2213%-*! This picture is further supported ering experimental data.
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