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Direct Observation of Vortex Decoupling in Synthetic MoGe/Ge Multilayers
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Interlayer vortex decoupling is directly observed as a function of temperature and applied magnetic
field via electronic transport perpendicular to the layers in a synthetic model system consisting of
MoGe/Ge multilayers. Below the decoupling temperature To the resistivity anisotropy collapses and
striking nonlinearities appear in the perpendicular current-voltage behavior, which are not observed in
parallel transport. A crossover in behavior is also observed at a field H, in accordance with theory.

PACS nUmbers: 74.60.Ge, 74.76.Db, 74.80.Dm

The nature of the vortex state in layered superconduc-
tors is an area of considerable active interest. The statist-
ical physics of the vortices is determined by issues such as
dimensionality, thermal fluctuations, disorder, and in-
teractions. The relevant vortex interactions include mag-
netic and Josephson interlayer couplings, as well as
vortex-vortex interlayer interactions. In light of the inter-
play of these factors, even the most fundamental ques-
tions persist regarding the nature of the phase diagram
within the vortex state. Such critical issues include the
number and character of phases involved, plus which
phases exhibit true zero resistance. Considering the con-
troversy and complexity surrounding the high tempera-
ture cuprate systems, experimental examination of model
systems can provide important additional insight into
these issues.

In this work, we address the interlayer vortex coupling
as a function of temperature T and applied magnetic field
H. For sufficiently large anisotropy, the interlayer cou-
pling energy between single-layer two-dimensional (2D)
vortex "pancakes" becomes comparable to kg T for an ob-
servable region near the mean-field phase boundary, re-
sulting in a thermally driven decoupled regime. Signifi-
cant controversy exists regarding the expected behavior at
lower temperatures, with conflicting predictions of cross-
over behavior and first-order phase transitions [1-5].

While perpendicular transport is conceptually simple, it
has significant qualitative and quantitative implications.
We define directions with respect to the layers, with H
always perpendicular (J ) and applied currents either
perpendicular or parallel (II). Unlike parallel (in-plane)
transport, perpendicular transport directly probes the in-
terlayer phase coupling [6,7]. In this "Lorentz force-
free" orientation, the current does not couple to rigid line
vortices in linear response.

In a finite-field regime near the mean-field critical field

H, 2", we observe a perpendicular resistivity p& equal to
the normal-state value p~~, showing that the layers are
decoupled and the vortices are 2D in nature. As T is
lowered below a temperature TD(H) an abrupt drop in

p& is found, corresponding to the buildup of interlayer
phase coupling and the establishment of line vortices.
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FIG. 1. The interlayer decoupling temperature To (Q) as ob-
tained from perpendicular transport using midpoint criteria;
solid line is to guide the eye. Also shown are the in-plane resis-
tive midpoint (0) and mean field H, 2"(T). Inset at upper right
contrasts parallel and perpendicular traces for H =13 kOe. A
schematic of the perpendicular transport geometry is shown at
lower left.

Unlike perpendicular transport in high-T, single crystals,
no upturn in pi is observed below T, [8]. Substantial
nonlinearities also appear. In contrast, the in-plane
transport response remains linear with a finite resistance
as we pass through TD, indicating that the transition is
not associated with in-plane ordering.

We chose a synthetic model system for this study,
amorphous a-MoGe/Ge multilayers. This system has
proven merits and is compatible with photolithographic
techniques [9-12]. The samples consisted of ten 2D su-
perconducting 60-A-thick layers of a-Mo77Ge23 alternat-
ing with dG, =65 A layers of insulating a-Ge, so the
periodicity s =125 A. One sample set was reactive-ion
etched (RIE) into 20-pm-wide bridges for transport
parallel to the layers. Perpendicular transport samples
(Fig. 1, lower inset) had additional 1250 A and 500 A
MoGe bottom and top contact layers, and were patterned
into pedestals of area A =(200 pm) . Leads were wire
bonded to the contact layers. The presence of electronic
disorder lowers the T, of the 2D layers by -2 K relative
to the thicker contact layers [10]. Stopping the RIE on
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the bottom layer created a four-probe geometry ~here
modest currents perpendicular to the layers induced no
observable dissipation in the more robust contact layers.

Unlike high-T, materials, these multilayers contain no
extended defects such as twin planes, grain boundaries, or
intergrowths. The effective mass anisotropy y

=—&&/&ii,

the squared ratio of the interlayer to intralayer penetra-
tion lengths, is —10 and thus comparable to the Bi2-
Sr2CaCu208 high-T, system. This value is extrapolated
from y values for multilayers with 5 A & do, &45 A,
obtained from the Auctuation conductivity dimensional
crossover [13]. The penetration length for MoGe is 8000
A [9].

Measurements were made in a screened room using a
superconducting magnet. All sample leads were electri-
cally filtered. Separate in-plane and pedestal samples al-
lowed simultaneous measurement of the parallel and per-
pendicular transport. The T, (H=0)'s for in-plane and
perpendicular transport were sharp and identical within
sample-to-sample variations of —0. 1 K. The measured
normal-state resistances (R~~~=2 k0, R&iv ——0.2 0)
yield a resistivity anisotropy p&&=4&10 . R&~ is con-4

sistent with estimates based on the known tunneling
length of 8. 1 A for a-Ge [13], and was observed to scale
inversely with A. The measured zero-field critical
currents were finite with nonhysteretic I-V characteristics
down to 2 K [I,(2 K) = 1 mA], as expected from the cal-
culated McCumber parameter. This argues strongly
against pinholes within the Ge layers dominating the per-
pendicular transport, as local hot-spot formation would
result in substantial hysteresis.

The upper inset of Fig. 1 shows temperature sweeps for
in-plane and perpendicular transport at H =13 kOe. As
T is lowered, first the in-plane resistance R~~(T) begins to
drop. Using a resistive midpoint criterion, the resultant
mean-field critical field slope is consistent with the coher-
ence length for MoGe. At finite fields, R~~(T) decreases
but remains finite at lower T due to vortex diAusion.
Other than modest edge pinning [11],linear response was
observed for in-plane current densities of 10 (J & 10
A/cm'.

In contrast, the perpendicular voltage V~(T) remains
constant and independent of H as one passes through
H, 2"(T), corresponding to the normal-state resistivity
p&~. It then drops sharply at a lower temperature TD.
As shown in Fig. 1, the measured field dependence of TD
diff'ers markedly from that of H, 2", approaching it for
H & SO kOe. The measurement current was I=1 pA,
corresponding to the low current density J=2.Sx10
A/cm . Even then, linear response was generally not ob-
served for V& +O.SV~~. Hence V& vs T traces at fixed I
yield an upper bound on R&(T), with the actual resistive
transition being sharper. No hysteresis was observed for
either current direction.

To explore the perpendicular transport nonlinearities,
we turned to dc I-V& characteristics. At zero field we
observed a sharply defined critical current I, for T & T„
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FIG. 2. Normalized perpendicular diA'erential resistance vs
current for a sequence of temperatures, measured at 19 kOe
with an ac modulation current BI„=1pA. Inset shows a log-
log plot of the high-bias data, which are consistent with power-
law behavior.

the mean-field transition temperature. However, as the
field is increased to 1 kOe, a smoothly varying nonzero
voltage progressively appears belo~ the jump at '*I,." At
a characteristic field H =700 Oe, the sharp jump at I,
disappears, leaving a smooth upward-curving I-V& for
higher H.

To best display the perpendicular nonlinearities for
H & H„we measured the dilTerential resistance 8V~/BI
vs I using a variable dc current I plus a small ac com-
ponent 6I„(1pA), detecting the ac voltage with a lock-
in. Representative curves taken at various T for H=18
kQe are shown in Fig. 2. The high temperature behavior
shows Ohmic response, but as the temperature is lowered
through TD strong nonlinearities appear. First a sharp
"cusp" appears, whose current scale (—5 pA) is relative-
ly independent of temperature or field for H )H . Note
that the bottom of the cusp is rounded by the finite ac
current amplitude BI„so we do not observe linear
response even at zero dc current. Upon further lowering
T, the cusp deepens and added curvature appears at
higher currents. This high-bias behavior is consistent
with a power-law dependence (Fig. 2 inset). At lower T
only the power-law behavior remains. Writing BV&/61
& I ', a increases with decreasing T with 1.2 ~ e ~ 2.2
in our measured range. Recall that no low-bias non-
linearities were observed in the in-plane transport either
above or below TD.

It is also interesting to observe the temperature depen-
dence of the resistivity anisotropy as we pass through TD.
Over most of the range we observe nonlinear perpendicu-
lar transport, so our measurements yield an upper bound
for the true perpendicular resistivity p&(T). From the
measured voltage, we thus define a current-dependent
quantity
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FIG. 3. The in-plane resistivity pl[ and the measured upper

bound on the perpendicular resistivity p& as functions of tem-
perature at 25 kOe. Values are normalized to the in-plane
normal-state value p~~Iv. p& (T) is shown for three different
currents (right to left: 3, 67, 333 pA) which progressively delve
deeper into nonlinear response. Note the rapid drop in the
resistivity anisotropy, and the absence of sharp features in the
in-plane response.

such that p& (T) ~ p&(T). For our voltage sensitivity
(200 pV) we extend p& to lower values by increasing I
and going further into the nonlinear regime. Figure 3
shows the data for three perpendicular currents. At the
lowest of these currents, p& drops sharply near the tem-
perature where p~~ exhibits a "kink, " which has been
shown [12] to arise from the onset of interlayer correla-
tion of the vortex motion. While the normal-state resis-
tivity anisotropy is 4X 10, we observe that below TD the
anisotropy drops by more than four decades and is at
most of order unity at low T. Because pi(T) remains
finite below TD and in linear response, TD is clearly not
coincident with an in-plane melting transition. The vor-
tices remain mobile in each superconducting layer, but
the motion in different layers is coupled below To.

Let us reAect upon the results. For H &H, 2" and
T & TD the measured p&(H, T) is equal to the normal-
state value p&~, so we conclude via the Josephson rela-
tion that the relative phases of the layers are incoherent.
Hence, this regime corresponds to decoupled 2D layers.
As we cool below H, 2 "(T) the 2D correlation length (20
within each layer grows, ultimately diverging at the 2D
melting transition T, estimated to be —2 K [14,15].
The presence of disorder will cut ofl' this divergence [16].
For y =10 the dominant interlayer coupling is via the
Josephson term, with energy density EJ [1,4]. We can
thus estimate the intralayer correlation length (+ just
above To via the relation EJ(+—kcT, i.e., when the in-

tralayer correlations grow to such a scale that interlayer
Josephson coupling of correlated regions can occur.
From this criterion we obtain g+/a to be of order —1-10
for our measured points (a is the vortex spacing), e.g. , at
H =10 kOe, g+ —0.2 pm. Such short correlation lengths
are consistent with T being well above T~, or with static
disorder setting the translational correlation length.

In the regime T & TD, we note that the characteristic
field H„separating the two I Vb-ehaviors is numerically
close to the predicted crossover field H„=2trpn/y s
=830 Oe [1-5], although definitions vary by small fac-
tors. Here &0 is the magnetic flux quantum. H,„ is set by
the length ys, the scale on which the energy for interlayer
vortex displacements crosses over from quadratic to linear
dependence due to the formation of Josephson "strings. "
For H & H„single line vortex behavior is expected,
whereas above H„more collective behavior is anticipated
[1].

The onset of interlayer phase coupling was coincident
with the appearance of nonlinearities in perpendicular
transport. The observed upper bound for the onset of
nonlinearities for H & H was the minimum measure-
ment current I~. Assuming a uniform current density,
J =I /A =2.5X10 A/cm . As such nonlinearities
provide insight into the relevant length scales and excita-
tions, their correct interpretation is critical to understand-
ing the coupled regime. Since no in-plane nonlinearities
were observed, here we consider loop excitations between
layers which couple strongly to perpendicular currents.
Of course, other excitations may be possible.

First we consider current-induced nucleation of vortex
loops with size L. The energy of such a loop would be
E = c~ trL JppL /c, where c& is the vortex line energy
[17]. Note that we use the zero-field value of y in our
evaluation of e1. As such loops grow they would intersect
with line vortices, and this might represent a vortex line
crossing process. Setting E = k~T and J=J we would
obtain L —10 A for H & H, thus L «a over the mea-
sured field range. Although we have ignored bending
terms and the inhuence of the background vortices,
J~gnL /c((c~trL =kcT. So even if small vortex loops
are thermally nucleated, the current has negligible cou-
pling to them and it would thus be difficult to produce the
observed nonlinearities.

We now consider the possibility of collective displace-
ment loops of area L . As before, the interaction energy
of such a loop with an applied current would be E~—JgnL /c. However, their cost of formation may grow
more slowly than L [18]. In the context of our results,
we simply ask what loop size would be required such that
J could induce nonlinearities at a temperature T. From
EI = kgT, we obtain a substantial length scale L —30 pm
(L/a —10 ) for uniform currents, which is numerically
close to k& =@X~~. To speak meaningfully of such a loop
would require that the correlation length (—~ L for
T & TD. Assuming uniform currents thus suggests that
the correlation length jumps at TD, as for a first-order
transition. Indeed, the recent calculation of Daemen eI.

al. [5] predicts a first-order decoupling transition for our
value of y . However, they also point out that y is field
dependent, whereas our estimate of the loop size is calcu-
lated using the zero-field value. Alternatively, if the per-
pendicular current is confined to the pedestal edges due to
a finite supercurrent or edge pinning of the loops, then
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the local edge current density would be larger. Both this
locally higher J or a field-enhanced y would reduce the
correlation lengths estimated here. More experiments are
required to clarify this issue.

Expressing our results in terms of the decoupling field
as a function of temperature, HD(T), we can compare
the functional dependence with theoretical calculations
for layered superconductors. Daemen et al. [5] predict a
first-order transition with HD(T) =C(l/T —1/T, ), where
C=[go/16ex kissy X (0)]=1.8&&10 OeK for our sam-
ple. While their functional form fits our data well, the fit
yields a value for C roughly 60 times larger. Glazman
and Koshelev [I] predict a phase transition at high fields
with the destruction of the vortex lines, although their
predicted functional form in this limit does not fit our re-
sults well. However, our results may be too near the
crossover regime.

In conclusion, we have directly observed interlayer vor-
tex decoupling via perpendicular transport. At high tem-
peratures, the system consists of independent decoupled
2D layers. As the temperature is reduced, interlayer
phase coupling occurs at a temperature TD. Substantial
nonlinearities in the perpendicular transport simultane-
ously appear, suggesting the presence of a phase transi-
tion. Below TD, we observe a precipitous collapse in the
transport anisotropy, with the resistivity perpendicular to
the layers becoming at most comparable to the in-plane
resistivity. A crossover in behavior is also observed at a
field 0„, in accordance with theory. While the full reso-
lution of the transport nonlinearities requires further con-
sideration, it should be clear that they impact issues criti-
cal to the nature of the low-temperature coupled state.
This insight is separate from and complementary to in-

plane transport results.
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