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We report on magnetization measurements performed on a series of FexNi1−xZr2 superconducting metallic
glasses with 0�x�0.5 using the Hall effect of a nearby two-dimensional electron gas �2DEG� in a
GaAs /Al0.33Ga0.67As heterostructure as a local probe. The great sensitivity of the Hall effect of the 2DEG in
such heterostructure is exploited to determine the magnetization of the superconductor due to the Meissner
effect and flux trapping. The data are used to determine the lower critical-field Bc1 of the superconductors as
a function of temperature. Surprisingly large fluctuations in the magnetization are also observed and attributed
to the presence of large flux clusters in the superconductor.
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Various techniques can be used to obtain information
about the local magnetic profile in type II superconductors.
Some, such as muon spin rotation,1,2 neutron scattering,3,4 or
scanning tunneling microscopy,5–7 can provide information
about the ordering of vortices in the superconductor without
directly probing the magnetic field. Others have either suffi-
cient spatial resolution or sensitivity to resolve single-flux
quanta by directly probing the magnetic field of the vortices.
These include for instance Lorentz microscopy, magnetic
force microscopy, Bitter decoration, scanning superconduct-
ing quantum interference device �SQUID� microscopy, and
scanning Hall probes. Of these, scanning Hall probes offer
the best balance between good sensitivity and high spatial
resolution.8 Since the beginning of the 1990s, the Hall resis-
tance of the two-dimensional electron gas �2DEG� that forms
at the interface between GaAs and AlGaAs in GaAs/AlGaAs
heterostructures has been used to probe magnetic flux in
superconductors.9–12 With a sensitivity of about 3
�10−8 T Hz−1/2 and submicron-spatial resolution,8 these can
be used to image the local flux profile in superconductors at
low vortex density. In the past, Hall-probe arrays have been
successfully used to image vortices and vortex bundles in
high Tc superconductors.11 They were also applied to the
study of local magnetic profiles13 and their temporal evolu-
tion in such superconductors.14–16 In these types of experi-
ments, the influence of the inhomogeneous flux profile of the
superconductor on the Hall effect of the nearby 2DEG can
only be detected if the 2DEG-superconductor separation is
very small; this maximal separation is usually approximated
as the distance between vortices, and thus decreases with
increasing magnetic field.17 Such requirements can be quite
stringent, especially in superconductors having large vortices
�large penetration-depth �� resulting in a magnetic-profile
inhomogeneity that is rapidly lost upon increase of the exter-
nal magnetic field.

In this article, we show that using a 2DEG Hall probe
with an active area of 100�50 �m2 and at a distance from
the superconductor’s surface between 1 and 10 microns, we
were able to determine the presence of large vortex clusters
in some of our superconductors. A sketch of the geometry
proposed for this experiment can be visualized in the upper
inset of Fig. 1. In an externally applied magnetic field,
screening currents are induced in the superconductor due to

the Meissner effect. These currents produce the self-field of
the superconductor �its magnetization� which fully �or par-
tially� shields the interior of the superconductor from the
external field. As a result, the magnetic field threading the
nearby 2DEG is composed of the applied field, plus the mag-
netization of the superconductor. Since the vortices in these
metallic glasses are quite large18,19 �close to 1 �m�, no mag-
netic field inhomogeneity due to these is expected to survive
at the 2DEG located over 1 �m away. In this case, the Hall
resistance of the 2DEG reflects the average magnetic field
crossing the active area of the 2DEG defined by the Hall
junction; the portion of this magnetic field due to the super-
conductor is attributable to the Meissner effect and gives the
local magnetization of the superconductor.

Performing magnetization measurements using this tech-
nique, we could determine the temperature dependence of
the lower critical-field Bc1 of the superconductors. In addi-

FIG. 1. �Color online� Hall resistance RH of the 2DEG with a
sample of superconducting Fe0.2Ni0.8Zr2 nearby. From larger to
smaller hysteresis loop: T=0.35, 0.53, 0.72, 0.88, 1.11, 1.26, 1.42,
1.57, 1.79, 2.01, and 2.31 K. Insets: �upper� sketch of experimental
geometry showing the bending of magnetic field lines due to the
Meissner effect of the superconductor. �lower� Schematic represen-
tation of the Hall bar patterned on the GaAs/AlGaAs.
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tion, large fluctuations in the local magnetization in some of
the superconductors were observed and found to correlate
with the Fe content in the superconductors. We believe that
the fluctuations are caused by vortex bundles. A mechanism
is proposed to account for the formation of the vortex clus-
ters.

In detail, we use a GaAs /Al0.33Ga0.67As heterostructure
with a 2DEG sitting 200 nm below the surface with electron-
density ne=1.55�1011 cm−2 and low-temperature mobility
�=2.86�106 cm2 V−1 s−1 to measure the low-field magne-
tization of a series of metallic glasses FexNi1−xZr2 with 0
�x�0.5. This yields a magnetic field sensitivity of about
4 � /mT, independent of size of the Hall probe. On the con-
trary, the spatial resolution of the Hall probe directly depends
on the active area of the 2DEG probe. Therefore, in order to
define the active area, a Hall bar pattern, as shown in the
lower inset of Fig. 1, was scratched on the surface of the
heterostructure. The scratching is performed by a diamond
tip attached to a fixed arm; the stage on which the GaAs/
AlGaAs sample sits is moved horizontally and vertically by
two motors as controlled by a LABVIEW program which pro-
duces the desired Hall bar pattern. This allows for quick and
efficient patterning of 2DEG structures. Indium contacts are
deposited in the contact pads of the Hall bar which is then
heated to 400 °C in a sealed quartz tube under vacuum and
let to diffuse for 25 min in order to contact the 2DEG below
the surface. The superconductor is then placed over the ac-
tive area confined by the scratched pattern in the GaAs/
AlGaAs and held with vacuum grease. We find this tech-
nique very convenient because it allows for easy removal
and exchange of the superconductor without chancing deg-
radation of the 2DEG. Also, as it cools, vacuum grease hard-
ens and contracts and holds the superconductor well in place.
The resulting distance between the 2DEG and supercon-
ductor can be estimated from the capacitance between them;
doing this, we obtain this distance to be from 1 to 10 �m,
depending on the sample.

The FexNi1−xZr2 alloys are prepared by arc melting appro-
priate concentrations of the starting elements Fe �99.9%�, Ni
�99.999%�, and Zr �99.95%� in Ti-gettered atmosphere.
Amorphous ribbons are then obtained from melt spinning in
40 kPa helium onto a copper wheel spinning at 50 m/s; the
absence of crystallinity was confirmed by the absence of
Bragg peaks in Cu K� x-ray diffraction patterns. The ribbons
have a thickness d about 20 �m, and long ��1 cm� samples
of width w between 350 and 550 �m were cut for the mea-
surements.

A set of 2DEG Hall resistance RH curves acquired as
a function of applied magnetic field Bapp on a
2DEG /Fe0.2Ni0.8Zr2 superconductor composite sample is
shown in Fig. 1. The different colored curves correspond to
different temperatures as described in the caption. Above the
critical temperature of the superconductor Tc, the Hall resis-
tance recovers a linear relationship to Bapp, as it should in the
absence of the superconductor. Below Tc, the total magnetic
field Btot threading the 2DEG is composed of Bapp, plus the
demagnetizing field of the superconductor �0M, i.e., �0M
=Btot−Bapp. Btot is obtained from the measured Hall resis-
tance in the presence of the superconductor and the conver-
sion from RH to B field is obtained from the Hall constant
measured above Tc

Btot =
RH

dRH/dB�T�Tc

. �1�

The Hall constant is independent of temperature, any depen-
dence of the Hall resistance on temperature is then attribut-
able to the contacts or to a longitudinal contribution. In our
case, this longitudinal contribution due to a slight contact
misalignment was found to be very small, less than 0.2 � at
B=0 and T=0.33 K, and was thus neglected. The low-field
local magnetization loops thus obtained are computed using
the linear fit of RH vs Bapp for T�Tc to determine Bapp;
results for FexNi1−xZr2 with x=0.1 and x=0.4 are shown in
Figs. 2�a� and 2�b�.

Flux pinning and hysteresis, as well as surface-barrier ef-
fects often render the observation of Bc1 difficult, although
the weak-pinning properties of these metallic glasses should
make it possible here. Indeed, in strongly pinned supercon-
ductors, the magnetization peak at Bc1 is often broad and
shallow;21 this can be contrasted to the very sharp peaks
observed here. The local nature of our magnetization mea-
surement is also responsible for this, since averaging is thus
only performed over a small area located in the middle of the
superconductor. We obtain Bc1 from the position of the mag-
netization peak after rescaling the field according to B
=Bapp−N�0M to account for demagnetizing effects, impor-
tant here due to the sample geometry. In samples with rect-
angular cross sections perpendicular to the applied field, the
demagnetization factor is approximated by N�1− 	d

2w , which
is about 0.92 depending on the sample here. This yields
Bc1�T� as shown in Fig. 3. Alternatively, as discussed by
Brandt,22 one can obtain Bc1 from the first-penetration field
Bp according to
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FIG. 2. �Color online� Local magnetization as a function of
applied magnetic field for �a� Fe0.1Ni0.9Zr2 and �b� Fe0.4Ni0.6Zr2 for
different temperatures and �c� only for T�0.35 K for each x.
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Bc1 �
Bp

tanh�0.36d/w
�2�

for a thin-strip superconductor in perpendicular field, which
takes into account the delay to flux entry caused by geo-
metrical barriers. Doing so, we obtain Bc1 values which dif-
fer by about 4% from those shown in Fig. 3, which do not
take into account geometrical barriers. Our Bc1 values, be-
tween 0.33 and 0.77 mT at T�0.35 K depending on the
superconducting glass, can be compared to the larger Bc1
�1.8 mT and 4.6 mT at T�1.5 K in melt-quenched
Zr70Ni30, obtained from ac susceptibility measurements on
powdered samples packed into cylindrical shapes and long
thin strips in parallel field, respectively.23 However, surface
flux pinning can be very different depending on sample ge-
ometry and orientation with respect to the field, and can re-
sult in large discrepancies in the measured Bc1.

A peculiarity of the magnetization data shown here is the
conspicuous increase in fluctuations in the magnetization sig-
nal with increasing Fe content in the superconductors. This
gradual increase in fluctuations was obtained for supercon-
ductors with Fe content x from 0 �smallest fluctuations� to
x=0.5 �largest fluctuations�. See Fig. 2�c� for a portion of the
magnetization curve at T�0.35 K for each superconductor
measured to see this evolution. We quantify these fluctua-
tions in magnetization by computing the relative size of fluc-
tuations M−�M	

�M	 as a function of Fe content �Fig. 4�. �M	 is
obtained from fitting a fourth-order polynomial to the mag-
netization signal as necessary to determine the mean of a
nonconstant signal. This is computed over the four sections
of the magnetization curve corresponding to both polarities
of the applied field and both sweep directions; the values
shown in Fig. 4 are the mean of these four evaluations for the
lowest temperature probed, and the error bars the statistical
error. The size of fluctuations is observed to be pretty con-
stant with temperature for the six samples measured �see
inset of Fig. 5 for x=0.2�; no particular trend is observed in

M =M − �M	 as a function of temperature.

Since the magnetization represents a sum over magnetic
moments M =
i

Nmi, M depends on both the total number

N=V /a3 of these moments, and on their magnitude mi �V is
the volume of the superconductor, and a3 is the characteristic
size of grains�. Accordingly, from the magnetization fluctua-
tions, one can determine the minimum value for the size of
grains and the characteristic magnetic field B0 of fluctua-
tions. More precisely, since M−�M	

�M	 �
1

�N
, assuming indepen-

dent and maximally fluctuating grains, we obtain a
�13 �m for the x=0.5 alloy. Furthermore, the characteristic
field of fluctuations B0 can be estimated from computation of
the autocovariance function f���= �M�B�M�B+��	− �M�B�	2,
where � is a small magnetic field increment, and �f�0�=

=��M�B�2	− �M�B�	2 is the usual standard deviation expres-
sion; B0 is the value of � at which f���=
2 /2 �inset of Fig.
4�. As expected, f��� decreases with increasing � as correla-
tions diminish. The characteristic magnetic flux of fluctua-
tions can then be computed as �=B0�A where A is the
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active area of the Hall probe perpendicular to the field �Fig.
5� from which it can be deduced that the fluctuations arise
due to the entry and exit of vortex bundles in and out of the
area of the superconductor defined by the Hall probe. In the
samples containing the largest amount of Fe, these correlated
flux movements can be quite large with 70 to 80 vortices.
These processes are visible because our Hall probe provides
a local measurement of the magnetization and averaging of
the signal is performed over only a small part of the super-
conductor; such effects are typically not visible in global
magnetization measurements.

The occurrence of vortex movement in such large corre-
lated bundles and its dependence on Fe content x in the su-
perconductors can be understood as follows: The supercon-
ductor is composed of two different phases, one having
weaker pinning properties than the other, such that vortex
entry and exit would be privileged there. The number density
and size of inhomogeneities would then increase with Fe
content to yield larger fluctuations induced by larger flux
bundles. Such a scenario would be consistent with the pos-
sibility that our superconducting metallic glasses are com-
posed of Ni- and Fe-rich clusters having different short-range
order �SRO�. Since Fe and Ni atoms have very similar sizes,
no change in geometrical short-range order �GSRO� is ex-
pected upon substitution of Ni for Fe in these alloys. This is
however not necessarily true of the chemical short-range or-
der �CSRO�; pertaining mainly to the atomic species of near-
est neighbors, CSRO could vary because Fe and Ni do not
have the same electronic structure. This question is espe-
cially relevant in these metallic glasses because it is known
that the first crystallization products of NiZr2 assume a body-
centered-tetragonal �bct� structure while those of FeZr2 are
face-centered-cubic �fcc�, and because the atomic arrange-
ment in the amorphous phase is assumed to be very close to
that of the first crystallization products,24,25 a transition in
SRO with x in amorphous FexNi1−xZr2 could be expected.
According to this picture, a phase having SRO resembling
the fcc arrangement of FeZr2 could develop with increasing
Fe content in the alloys; most probably having different pin-
ning properties, it could lead to vortex clustering.

Other evidences published elsewhere point to two-phase
superconductivity in the alloys with large Fe content x=0.5
and 0.6, namely, a normal-to-superconducting state transition
showing a double step, and anomalous clockwise hysteresis
at the Bc2 transition.18,19 If the magnetization fluctuations ob-
served here are indeed the hallmark of a two-phase supercon-
ductor, it could lead to the interesting conclusion that a struc-
tural transition exists in these amorphous alloys, although it
has not been seen before despite investigation, for instance
using Mössbauer spectroscopy.26 Such small differences in
the atomic ordering in the amorphous state cannot be high-
lighted easily due to the small scale involved, but for this to
take place, it means that by using the small vortex core ��

�7 nm in these metallic glasses�19,27 as a probe, it is pos-
sible to resolve such small changes. Considering the dra-
matic increase in the size of fluctuations for Fe-content 0.4
�x�0.5, if a structural transition exists in these alloys, it
must be located close to x=0.4, but with a gradual increase
of an Fe-rich phase starting with x=0.1.

However, it is not clear how structural inhomogeneities
could lead to magnetization fluctuations as a function of
magnetic field. It could be the case if the respective sizes of
the Ni- and Fe-rich regions, or the boundary between these
two phases, changed as a function of field, but this should be
invariant. This picture is however consistent with the obser-
vation that 
M does not have a clear dependence on tem-
perature �Fig. 5, inset�, meaning that the fluctuations are is-
sued from a phenomenon constant with respect to that
variable, and not from a thermally dependent process.

In addition, the Fe content modifies the pinning proper-
ties, which are extremely weak in these amorphous alloys.
Indeed, as discussed elsewhere,19,27,28 pinning in these alloys
is from 10 to 1000 times weaker than in other similar
superconductors,29–32 with a critical current-density Jc
�3 A /cm2 at B=0.15Bc2. Also, it has been shown that the
pinning force decreases by almost a factor of 5 when going
from the alloys with a low Fe content �x=0 and 0.1� to the
alloys with a high Fe content �x=0.5 and 0.6�.19 This is
partly due to the larger size of vortices �� and �GL almost
double from x=0 to x=0.6� in alloys with a high Fe
content,18,19 which confers less efficient pinning for pinning
sites of similar size. In addition, the larger size of vortices
favors vortex-vortex interactions, thus enhancing collective
effects, which also contributes to diminishing effective pin-
ning. In these superconductors, it was shown that vortices
arrange in the Bragg glass �BG� phase at driving forces lower
than the depinning threshold and at low vortex density,33

such that even at such low magnetic field ��2 mT� collec-
tive effects are significant; the existence of elastic interac-
tions between vortices is a necessary condition for the BG
phase.34 Therefore, vortices will likely form correlated clus-
ters of increasing size with Fe content, which will induce
fluctuations in the magnetization as bundles enter and exit
the boundary defined by the Hall bar on the superconductor.

To summarize, we have shown that using our Hall probe,
we could measure the low-field magnetization of a series of
FexNi1−xZr2 metallic glass superconductors and the depen-
dence of Bc1 on temperature. We further observed fluctua-
tions in the magnetization signal, the magnitude of which
increases with the Fe content in the superconductors. The
origin of these fluctuations is linked to the presence of large
vortex bundles in the superconductors. These fluctuations are
consistent with an increasingly two-phase system �Fe and Ni
rich� with different SRO and pinning properties leading to an
increased effective vortex-vortex interaction which enhances
collective vortex movement.
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