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Vortex Lattice Melting in Multilayers with Variable Anisotropies
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Vortex lattice melting is investigated by transport measurements on NbGe/Ge multilayers as a func-
tion of Ge thickness, which controls the anisotropy of the system. Considerable changes are found be-
tween Ge thicknesses of 2 and 4 nm. For low anisotropies the melting line for the multilayers is indistin-
guishable from that for a single film with the same total thickness. Increasing the anisotropy, a cross-
over is observed from 2D melting in the full sample at low fields to 2D melting in single layers at high
fields, with melting of 3D nature in the intermediate field range. Multilayers with high anisotropy only

show the second crossover.

PACS numbers: 74.60.Ge, 74.80.Dm

The influence of thermal disorder on the stability of the
vortex lattice (VL) has been thoroughly studied in recent
years. It is now well established that the VL can melt far
below the mean-field transition at B.,. In perpendicular
fields and for a two-dimensional (2D) VL with weak dis-
order, a Berezinskii-Kosterlitz-Thouless (BKT) [1,2]
melting transition occurs, which is governed by the un-
binding of thermally created dislocation pairs. Such
melting was observed experimentally by several authors
[3-6]. In a three-dimensional (3D) VL thermal fluctua-
tions lead to an increasing value for the mean displace-
ment of a flux line, u(T), and according to the Lin-
demann criterion melting occurs when u(7) becomes
some fraction of the intervortex distance ag. For isotro-
pic conventional superconductors 3D melting generally
occurs very close to B, but it is observable when « is
high [7]. Anisotropy in the VL can substantially lower
the 3D melting line [8,9], which is one of the reasons why
it is especially pronounced in high-7, materials.

Layered anisotropic materials are predicted to show
complex melting behavior [10,11], since, apart from the
melting line B, (T), there is also a decoupling line
Bpc(T). Above Bpc(T) vortex segments is adjacent lay-
ers are effectively decoupled. The two curves intercept at
a characteristic point Bp(Tp). For fields above Bp.
decoupling occurs at lower temperature than VL melting
of the 2D individual layers, and the melting transition for
the layered material should be close to the melting transi-
tion for the individual layers at T5pnq(B). For fields
below Bp decoupling occurs at temperatures above the
melting line, which is now of 3D nature. Furthermore, it
was recently argued by Daemen et al. [12] that, because
thermal fluctuations of the vortices induce phase dif-
ferences across the layers, the anisotropy factor y is both
temperature and field dependent. This influences the
melting line in the 3D regime.

Additionally, we will show experimentally that layered
materials with both a small anisotropy and a small total
sample thickness do show a finite size effect. Below Bp
the melting is in principle 3D. However, for a sample of
thickness diy the energetically most favorable tilt defor-
mation has a wavelength 7/dy and at fields smaller than
a typical field B, the energy associated with this tilt de-
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formation becomes larger than the melting temperature
T3b.run, corresponding to 2D VL melting of vortices
straight over the full sample thickness. For fields below
B¢ the layered material then again shows 2D VL melt-
ing, but now at a temperature corresponding to d (pro-
vided do is small enough for 2D melting to occur).
Since the BKT melting temperature scales with the
effective length of the vortices, the 2D melting lines for
fields above Bp and below B, are clearly different.

The NbGe/Ge multilayer system is well suited to test
these new ideas. As was shown in [5], thin NbGe layers
show 2D VL melting in agreement with the BKT theory.
By changing the Ge layer thickness in the multilayers be-
tween 2 and 6 nm, the anisotropy varies in such a way
that crossovers in the melting transitions can be demon-
strated, as well as the effects of finite sample thickness.
We also found indications for the field dependence of y as
predicted in Ref. [12].

Samples were prepared by dc magnetron sputtering at
an Ar pressure of 5% 10 ™3 mbar on Si substrates at room
temperature, in an UHV system with a base pressure of
10 7% mbar. Sputtering rates were calibrated by ion
scattering [Rutherford backscattering (RBS)] on single
films of Nb and Ge and by stylus measurements on single
NbGe layers. From microprobe analysis and RBS, the
exact NbGe composition was found to be Nbe3;Gezr. X-
ray diffraction showed both the NbGe and Ge to be
amorphous. The layered structure of the multilayers was
confirmed by RBS.

Below we discuss current-voltage (/}) characteristics
and ac resistivity (p,c) for two NbGe single layers of
thickness 18 and 90 nm (called S18 and S90), and for
four NbGe/Ge multilayers, consisting of 5 NbGe layers
of thickness d; =18 nm separated by Ge layers of thick-
ness d;. Multilayers were prepared with d; =2.2, 2.6, 3.0,
and 6.0 nm (called M22, etc.). All samples had 60 nm
protective Ge top and bottom layers. 7. was determined
from the midpoints of the resistance transitions; see Table
I. AT, was typically 30 mK. For multilayer M22 we
could estimate the anisotropy factor yo (=&g/&E., with
Eap.Ec the coherence length parallel and perpendicular to
the layers), since it showed the well known crossover in
Beajp from 3D behavior close to T, to 2D behavior at
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TABLE I. The derived sample parameters.

Tc Bpl(o) éab(o)
Sample (K) M (nm) K )
S90 3.16 5.63 6.36 78.5
S18 293 4.82 6.87 733 s
M22 294 491 6.80 83.4 4.6
M26 295 6.35 5.98 97.4 5.8
M30 2.91 6.03 6.14 96.3 7.3
M60 2.94 7.21 5.62 104.7 42
lower temperatures. Both the slope S = —09B.,|/dT at

T. and the crossover temperature T can be used to find
&, yielding yo=4.6. All other multilayers showed 2D be-
havior in By for all temperatures. For these, we es-
timated ¥ by using the relation [13] y§=(a/A)?
xexp(d;/dy), with a a constant and A the multilayer
periodicity. Inserting a tunneling length of dp=0.8 nm
for amorphous Ge [13] and yo from M22 yields yo for the
other multilayers, shown in Table I. These estimates only
take into account the Josephson coupling, neglecting
magnetic coupling.

As shown in Refs. [5,14], the resistive transition of thin
NbGe layers in perpendicular field substantially broadens
due to VL melting. This was analyzed by comparing the
ac resistivity p,c to the flux-flow resistivity pgg, which was
determined from 7V characteristics and defined as 9V/d1
in a current regime where the vortices move uniformly
with velocity v =E/B. The melting field B, is found as
the field at which p,. merges with pgr. The reasons for
this choice for B, instead of, e.g., p,.— 0, were dis-
cussed extensively in [14]. Below B, p. drops exponen-
tially, while ppr remains finite. We found this same
characteristic behavior of p,.(B) and pgr(B) for both the
thin monolayers and the multilayers, and used it to deter-
mine B,,.

The experimental parameters for p,. were ac driving
currents of typically 0.05 A/cm?, at a frequency of 120
Hz, while pgr was determined at a voltage corresponding
to a flux line velocity v = 0.1 m/s. Typical results for p,.
and ppr at T=2.1 K for several multilayers are shown on
a linear scale in Fig. 1(a), and on a semilogarithmic scale
in Fig. 1(b), where we also show the result for S18. We
observe [Fig. 1(a)] that just below B., the ppr(B) is
linear over a relatively large B interval, as expected when
fluctuations are neglected [15]. Extrapolating this behav-
ior to p, defines By, as illustrated in Fig. 1(a). All sam-
ples show a pronounced rounding of p close to B.,, which
becomes stronger for higher 7. For monolayers it was
shown that this is due to fluctuations [14], and this will
also be of importance in the multilayers. The definition
of the melting field B,, is made apparent in the logarith-
mic plot of Fig. 1(b). The figure also makes clear that
Bm/B.; is lowest for S18 and increases for the multilayers
with decreasing d;. The implications are discussed below,
where we systematically give the B-T phase diagrams for
all samples.
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FIG. 1. (a) prr (open symbols) and p, (filled symbols) vs b
at 7=2.10 K for M30 (0) and M22 (O) on a linear scale. In
(b) the same data and the results for M26 (0 ) and S18 (V)
are shown on a semilogarithmic plot. The construction for B,
is shown in (a) and for By, in (b). The inset shows pac vs T data
in Arrhenius fashion for S18 at fields B of (from left to right)
0.1, 0.4, and 0.95 T. The points T*(B), defined by the con-
struction shown for B=0.95 T, coincide with the B,(T) line
constructed via the p,c =prr method; see Fig. 2(a).

Starting with the single layer results [Fig. 2(a)l, we
can fit B.,(T) to the theoretical expression for s-wave su-
perconductors [16], which is shown by the upper line.
Good agreement is found, yielding B.>(0) (see Table I).
Since the NbGe layers are weak-coupling amorphous su-
perconductors, the experimental values for the slope
S=—0B.2/0T at T. and for p,(0) can be used [17]
to determine k (=3.54x10*[p,(0)S1"2) and A4 (0)
[=1.63k&£,,(0)]. All parameters thus determined are
in accordance with previously reported values for a-
Nbl_xGex.

Next we concentrate on the melting fields for the
monolayers as shown in Fig. 2(a). The BKT melting cri-
terion for a 2D VL reads [1,2]

Acesadd/kg TP T =475 . )

The shear modulus ces is given by ces=[B.(t)*/4uol
xb(1—0.586+0.2962)(1 —b)% 18], b=B/B.>, =T/
T., and A =0.64 is a renormalization factor for c¢¢ due
to nonlinear lattice vibrations [2,19]. The BKT melting
line TBXT(B) crucially depends on the thickness d of the
2D sample. Figure 2(a) shows that the experimental
data for the melting curves for both S18 and S90 agree
nicely with the theoretical expression for the BKT melt-
ing, Eq. (1), i.e., for =18 nm and d =90 nm, respec-
tively.

3251



VOLUME 72, NUMBER 20

PHYSICAL REVIEW LETTERS

16 MAY 1994

075 T e osw
I e AL M2
P e * O M26 |

S 0.50 * B +,m,0 818
~ [ o, i
¥ ' . B
@ 9.25 ¢ R LY
L (a) \}‘ 3\.\‘5& i
N
0.00 W
0.4 0.6 0.8 1.0
T/T,

050« : * M26
ELB”"\ . B.s w M30 |
| S90° A + M60

) Lo os8 !
o025 "
o .
R N
i (b) * T . i
0.00 e R A
0.50 0.75 1.00
T/T,

FIG. 2. Phase diagram for monolayers and multilayers. (a)
Bc2(T)/B.2(0) (open symbols) for S18 (O), S90 (0), M22 (A),
and M26 (O), compared with the theoretical expectation
(upper solid curve) from Ref. [16]. The Bm(T)/B.2(0) data
(filled symbols) are also shown, together with the theoretical
expectation [Eq. (1)] for B, (T) for S18 (lower curve) and S90
(middle curve). The (4) symbols indicate T*(B)/T, data for
S18 constructed from the Arrhenius plot shown in the inset of
Fig. 1(a). In (b) the B, data for M30 (¥) and M60 (+) are
shown, together with replotted data for M26 (¢ ), S18 (O), and
the theoretical curves described under (a).

A comment on the role of pinning induced disorder in
the VL on the BKT melting is needed. Yazdani ez al. [6]
showed experimentally that in a-MoGe films the BKT
melting is not strongly influenced by pinning when the or-
der in the VL, measured by the transverse correlation
length R, [20], is sufficiently large (R./ao= 10). Strong
deviations from BKT behavior are observed in small fields
and in very thin films (6.0 nm), when R./ag becomes of
order unity [6,21]. In our NbGe samples, where critical
current densities are typically a factor of 100 less than in
MoGe, the role of pinning is even smaller. Analyzing
critical current measurements with 2D collective pinning
theory (see, e.g., [17]) we determined that for S18 at
T=1.55 K, where the role of disorder should be most
predominant, R./ao was about 18 for B just below By
This result is in accordance with previous estimates for
thicker films [15], for which R./a¢ (c d'?) is even larger
(here d denotes the film thickness). Therefore we believe
that the BKT melting fields in all our samples are not
markedly influenced by the pinning. The nice agreement
between theory and experiment shown in Fig. 2(a)
confirms this.

Next we turn to the multilayers. The experimental
B.»(T) data again fit standard theory [16], as shown for
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M22 and M26 in Fig. 2(a). Concentrating on b,
=B,,/B.2(0) for M22 we see that it practically coincides
with the results for the almost equally thick sample S90.
indicating that in M22 the vortices in the different layers
are strongly coupled and are straight over the whole sam-
ple on the melting line, which in our notation is the
T5b.can(B) line. Close to T, b (1) for M26 also coin-
cides with the results for S90 [i.e., the T3b.run(B) linel.
However, at _Iower t deviations arise. and [;,,,(1) shifts
closer to the b, (1) curve for the 18 nm monolayer. This
indicates that on the T3p. i (B) line at high r and low b,
the interlayer vortex coupling in M26 is relatively strong,
yielding straight vortices over the whole sample. and
melting of 2D character. At lower 7 on the T3p i (B)
line, tilt deformations in the VL can exist, and the melt-
ing has a 3D character. So, S90 shows 2D melting
whereas M26 shows a 3D type of melting, even though
the total sample thicknesses hardly differ. The reason is
that the layered structure of M26 strongly reduces the tilt
modulus ¢44, favoring tilt deformations.

The crossover in the melting behavior sets in when the
typical energy of the most favorable tilt deformation £p,
with wave vector n/d o, becomes comparable to T5p -
Estimating Etp=cas(n/d o) addio)u?, with wu. the
characteristic displacement of a vortex due to tilt defor-
mations, one needs to take into account the dispersion of
c44(k 1 k-). The most relevant wave vector k  is expect-
ed to be near the Brillouin zone radius Ko, and in circu-
lar approximation Ko=(47B/¢o)"? [11]. Furthermore,
we estimate [8] caa(Ko n/dio) = (B /uo)(1/yH) (1 —b)/
A2K§. According to the Lindemann criterion, the mean
displacement of a vortex at the melting line equals ¢;aq,
with ¢;=0.1. Using this as upper bound for u. and
equating Ep to T3b run leads to a characteristic crossover
field

_ 167 ¢/ 00 s

Bcr(l Bcr/Bcz) }/2 dtzm 4 (2)

We estimate B from Fig. 2(a) by intercepting the

extrapolated 3D melting line with the T%o.ran (B) line.

We find B, =0.64 T (b,,=0.1 at 1 =0.86), which yields

y=10.6, in qualitative agreement with the estimation
y0=35.8 discussed above.

We discuss b, (1) for M30 and M60, _shown in Fig.
2(b). Even for the highest 7 measured, b, (z) for these
multilayers never coincides with the result for S90. This
shows that B¢, for these multilayers is very low, in agree-
ment with the strong y dependence of B according to
Eq. (2). So at high ¢ we only observe a 3D type of melt-
ing. Furthermore, at higher ¢ there is a clear difference
in b(¢) for S18, M30, and M60, which tends to disappear
at low 1, where all 5(1) curves converge to the result for
S18 [22]. Melting at low 7 is therefore of individual lay-
ers, and of a 2D nature.

According to theory [10-12] the 2D to 3D transition in
the melting line should occur at the point Bp(Tp), where
the coupling energy of vortices in adjacent layers, Ej. is
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of the order of the melting temperature for the individual
layers, T3b.ind» OF, €quivalently, where the line Bpc(T) in-
tercepts the T%b.ina(B) line. A self-consistent analysis,
taking into account the 7 and B dependence of y due to
fluctuation induced phase differences across the layers,
shows that for multilayers with moderate anisotropy
factor [£45(0)/d < y9<<Ag(0)/d] the decoupling line
Bpc(T) is given by [12]

2
dn’uokp Tder2y v§

which can be used at the measured point Bp(Tp). Ex-
periment indicates for M30 that bp=~=0.12 at t=0.72,
which yields a predicted yo=7.1, in remarkable agree-
ment with the estimation yo=7.3 discussed above. For
M60 yo(=42) is comparable to A,(0)/d(= 50), and
Eq. (3) is not valid. When using bp =0.057 at t =0.75,
Eq. (3) yields yo = 10, much smaller than expected.

As a matter of fact, the difference in b,,(¢t) for M30
and M60 is relatively small, taking into account the ex-
pected large differences in y¢ assuming Josephson cou-
pling. This might indicate that for M60 magnetic cou-
pling of the vortices is important as well, leading to a
lower effective value for ;. On the other hand, the
Bp(Tp) point for M60 is also poorly described by assum-
ing magnetic coupling only li.e., Eq. (21) of Ref. [12]],
as could be expected, since the criterion yo>>Aig/d is
not met.

Finally we compare our results to the ac resistivity data
of White, Kapitulnik, and Beasley on MoGe/Ge multilay-
ers [23], who found a kink in p,(T) at T=T*(B) (their
notation), which was interpreted as a coupling-decoupling
transition of the vortices is adjacent layers. Our p,.(T)
for both M60 and S18 shows a similar kink at T=T"*(B)
[see Fig. 1(a)]l. As shown for S18 in Fig. 2(a), all T*(B)
data coincide with the melting lines. We therefore be-
lieve that in our case the kink signals a melting transition
rather than a decoupling transition. However, for the
multilayers we cannot rule out the possibility that in a
certain part of the phase diagram the decoupling and
melting line coincide, especially since perpendicular
transport measurements on a-MoGe/Ge multilayers [24]
indicate that interlayer decoupling also can coincide with
T*. We should emphasize that the melting phenomenon
can only be observed when the pin energy is large enough
to prevent thermal depinning below the melting line.
This implies weak disorder, i.e., large Larkin domains,
which does not apply to multilayers with very thin super-
conducting components, as in Ref. [23].

In conclusion, we report dimensional crossovers in the
VL melting for NbGe/Ge multilayers. At high tempera-
tures the coupling between the layers is relatively strong,
leading to a 3D-like melting curve with a field dependent
anisotropy, or, for low anisotropic multilayers, to straight
vortices over the whole sample, yielding a 2D coupled
melting curve. A crossover between these behaviors is
observed. For multilayers with large yo the melting curve

Bpc(T) = (e=2718...), ()

approaches the melting curve for individual layers at low
temperature. The field Bp where the transition from 3D
to 2D single-layer melting occurs is in qualitative agree-
ment with recent theoretical models.
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