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We investigate the coupling between the magnetic and superconducting order parameters in an 8-m-long
meander line �“wire”� made of a La1.94Sr0.06CuO4 film with a cross section of 0.5�100 �m2. The magnetic
order parameter is determined using the low-energy muon spin relaxation technique. The superconducting
order parameter is characterized by transport measurements and modified by high current density. We find that
when the superconducting order parameter is suppressed by the current, the magnetic transition temperature,
Tm, increases. The extracted sign and magnitude of the Ginzburg-Landau coupling constant indicate that the
two orders are repulsive, and that our system is located close to the border between first- and second-order
phase transition.
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I. INTRODUCTION

When cuprates are doped their low-temperature ordered
phase changes from an antiferromagnetic �AFM� to a super-
conducting �SC� one. The transition takes place over a range
of doping levels where, at low enough temperatures, the
samples are both superconducting and magnetic.1–3 It is natu-
ral to expect phase separation due to the inhomogenous dop-
ing. However, a local probe such as muon spin relaxation
indicates that the magnetic volume fraction is 100%, namely,
the magnetic field exists everywhere, even in the SC
regions.1 Therefore, the nature of the presence of SC and
magnetism is puzzling. What is the order of the transition
between the AFM and SC phases as a function of doping? Is
it first order with phase separation or second order with co-
existence? Are the two orders coupled, and if yes, what are
the sign and strength of the coupling?

Here we answer these questions by looking at the effect of
current I on the magnetic phase transition temperature, Tm. A
current, on the scale of the second critical current Ic2, dimin-
ishes the superconducting order parameter. If the two orders
interact, the magnetic order parameter is expected to react to
the current and either increase or decrease depending on the
type of coupling between the two orders. This, in turn, will
increase or decrease Tm, respectively. Therefore, we map the
magnetic phase transition with and without current. Our ma-
jor finding in this work is that with current of about 0.2Ic2 the
magnetic phase transition temperature increases. This is
shown in Fig. 1. It implies that the orders are coupled repul-
sively. Analysis based on the Ginzburg-Landau �GL� model
shows that the phase transition between AFM and SC must
be close to the border between first and second order.

II. EXPERIMENT

A. Sample preparation and characterization

The experiment is done with an 8-m-long wire made of
La1.94Sr0.06CuO4 film. The inset of Fig. 2 shows a magnified
image of one corner of the sample. The film is prepared
using laser ablation deposition on �100� LaAlO3 substrate,
standard photolithographic patterning, and wet acid etching
�0.05% HCl�. The length of the wire is set by the experimen-
tal requirements discussed in Sec. II B. The 6% Sr doping
was chosen since the corresponding bulk material has a Tc
�10 K and Tm�6 K,1,4,5 which makes both critical tem-
peratures reachable in a standard cryostat. The height of the

FIG. 1. �Color online� The magnetic phase transition without
current and with high current �0.2Ic2. Solid lines are guides to the
eye.
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wire is 0.5 �m and is selected so that one of the dimensions
of the wire is on the order of the penetration depth. This
ensures that current flows in the bulk of the wire. The cross
section of the wire is 0.5 �m�100 �m so that a typical
applied current of a few mA is comparable to Ic2. The last
two points are further discussed in Secs. III B and III D,
respectively. Finally, the sample was found to be a bulk su-
perconductor as shown in Sec. III B.

B. Low energy �SR

Probing the magnetic properties of such a thin wire is
achieved by using the low-energy muon spin relaxation
�LE-�SR� technique.6,7 A schematic representation of the ex-
perimental setup is shown in Fig. 2. In this technique, the
muons are first slowed down in an Ar moderator where their
kinetic energy drops from 4 MeV to 15 eV, while their initial
full polarization is conserved. They are then electrostatically
accelerated to 15 keV and transported using an electrostatic
mirror to the sample in ultrahigh vacuum �UHV�. Four
counters collect positrons from the asymmetric muon decay.
One pair of counters, known as forward �F� and backward
�B�, collect positrons emitted parallel or antiparallel to the
initial muon spin direction. The other pair, known as up �U�
and down �D�, collect positrons emitted perpendicular to it.
The muon asymmetry in these directions is calculated by
taking the difference over the sum of the count for each pair,
namely,

Az�t� =
B�t� − F�t�
B�t� + F�t�

, A��t� =
U�t� − D�t�
U�t� + D�t�

, �1�

where ẑ in the initial muon spin direction once it enters the
sample. This asymmetry is proportional to the component of
the muon polarization in each direction: Pz�t��Az�t� and
P��t��A��t�.

The field the muon experiences is either internal, below
Tm, or external �designated by H�, or both. For more details

on �SR in the presence of superconductivity and magnetism
see Ref. 8. The muons beam spot size has a 15 mm diameter
�full width at half maximum�. In order to avoid muons miss-
ing the sample, the wire is folded in the form of a long
meandering line covering a disk 3 cm in diameter.

C. Temperature measurement

The temperature of the sample is measured in a nontrivial
way using a calibration that makes use of the sample as its
own thermometer. Such a procedure is required since the
sample is in a UHV ambient and it is cooled by a cold finger.
Although a Cernox thermometer is attached to the cold fin-
ger, it delivers the temperature of the sample only at very
low currents. This happens because above the first critical
current, Ic1, the superconducting wire acts as a heater and it
is not in thermal equilibrium with either the cold finger or
any attached thermometer. Therefore, the wire’s temperature
can be measured only by an a priori calibration procedure in
a flow cryostat with He ambiant. In such a cryostat the ther-
mal contact between the wire and a thermometer, even at
high currents, is good. In the calibration procedure the volt-
age drop on the wire is determined for each temperature and
current using standard dc four-probe measurement. The
probes are attached to the sample using silver paste and the
measurement is done with a KEITHLEY 2400 Sourcemeter.
The temperature is measured using a calibrated Cernox ther-
mometer and an Oxford ITC501 controller. About 100 data
points of voltage and temperature are taken in intervals of a
few seconds. The statistics of these data points is used to
produce the calibration shown in left-hand side of Table I.

In the LE-�SR experiment the calibration is used in the
following way: we choose the desired current and tempera-
ture for a run. The cold finger is set to a temperature close to
the desired temperature, then the current is applied to the
sample. The voltage on the sample is measured again using
four probes, as in the calibration procedure. Then the cold
finger temperature is lowered until the voltage on the sample
matches the calibrated value for the desired temperature and
current. During the LE-�SR run, the voltage across the wire
is measured in intervals of a few seconds, to produce the
average voltage and its standard deviation. Using the calibra-
tion table this voltage is translated to temperature. This trans-
lation is shown, for each run, in the right-hand side of Table
I. To account for possible drifts we repeated the calibration in
the flow cryostat also after the LE-�SR experiment. It was
found that the V-I-T values did not change in the 3 weeks
time interval in which the calibration and experiment were
done. This proved the temperature uncertainty to be smaller
than 0.01 K, namely, the temperature difference between two
runs at the same desired temperature is smaller than 0.01 K.

D. Transport

The normal-state resistivity of the wire was measured
over different segments of the wire to ensure that it is evenly
distributed and that there are no weak links. The sample was
also examined under a microscope and no shorts between
neighboring lines of the wire or obvious inhomogeneities
were found. The critical current Ic1 where voltage first starts
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FIG. 2. �Color online� A schematic visualization of the experi-
ment. The high-energy muon beam is slowed down by an argon
moderator and the slow muons are stopped in the thin wire. The
wire is folded into a meander line so that the muon beam covers the
whole wire. Top left inset: a magnified image of part of the wire.
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to develop across the wire, and the critical current Ic2, where
the resistivity reaches the normal-state resistivity, are mea-
sured in an He flow cryostat at different temperatures on a
short segment, 1 cm long, of the wire using a dc four-probe
measurement.

E. Bulk �SR

Standard �SR measurements of bulk La1.94Sr0.06CuO4
powder were done on the GPS beamline at PSI with a stan-
dard He flow cryostat capable of cooling to 1.6 K. The same
bulk sample was later used to prepare the wire. These mea-
surements were used to determine the magnetic volume frac-
tion and frozen moment size as discussed in Sec. III C.

III. RESULTS

A. Effect of current

Here we study the effect of the current on the magnetic
order. Figure 3 shows raw muon decay asymmetry data from
the meander wire at several temperatures with no external
field. The open symbols represent measurements at low cur-
rents �used only for temperature determination� and the solid
symbols are measurements at high currents. At T�Tm, the
asymmetry resembles a Gaussian with relatively slow relax-
ation, typical of magnetic fields generated by copper nuclear
magnetic moments. As the temperature decreases, there is a
clear increase in the muon spin depolarization rate indicating
that the magnetic order has set in.

The effect of the current is demonstrated by the T=5 K
measurement �red squares in Fig. 3�. The depolarization of
the muons spin is faster when a higher current is applied. The
difference between the two measurements is emphasized by
the shaded area. The change in the asymmetry line shape
caused by the application of current is equivalent to cooling
by 0.3–0.4 K, although, as mentioned before, the sample
temperature is stable to within 0.01 K. This effect was ob-
served at several temperatures along the magnetic transition.

Above Tm and below 4 K the application of current has no
effect on the asymmetry. This finding is particularly impor-

tant since, a priori, the current might affect the muon asym-
metry directly by means of the magnetic field it produces, or
by colliding with the muons. However, we found that once
the electronic spins are fully frozen the current does not
change the muon asymmetry indicating that there is no direct
current muon coupling. This is in agreement with calcula-
tions showing that the magnetic field the current produces is
very small compared to the internal field. Similarly, the lack
of current effect above Tm rules out collisions between muon
and electron charge.

In order to determine the magnetic phase transition tem-
perature, without assuming a specific spatial field distribu-
tion or temporal fluctuation model, we define the order pa-
rameter in a model-free way. At each temperature the
asymmetry as a function of time is averaged to produce
�Asy�= 1

tm
�0

tmAsy�t�dt, where the measurement time tm

=8 �s. We expect �Asy� to decrease with increasing mag-

TABLE I. Temperature calibration table.

T
�K�

�T
�mK�

I
�mA�

V
�V�

�V
�mV�

�V /�T
�V /K�

V@�SR
�V�

�V
�mV�

T@�SR
�K�

�T
�mK� Symbol in Fig. 3

3.800 1 0.5 0.0506 0.01 0.01 0.0504 0.1 3.785 10 �

3.80 30 5 11.5 100 3 11.5 200 3.81 60 �
4.499 2 0.5 0.07505 0.07 0.03 0.0751 0.4 4.501 12

4.501 2 4.3 9.93 10 0.7 9.936 23 4.507 4

4.999 1 0.5 0.1043 0.1 0.04 0.1045 0.4 5.004 4 -�-

4.995 5 4 10.63 40 6 10.68 100 5.005 10 -�-

5.500 1 0.5 0.1438 0.2 0.06 0.1438 0.2 5.500 1

5.506 3 3.5 10.09 20 2 10.62 60 5.7 10

5.999 2 0.5 0.19271 0.2 0.1 0.1927 0.4 5.999 4

5.994 2 3 9.38 10 5 9.43 40 6.003 8

7.35 10 0.5 0.395 1 0.2 0.3963 0.8 7.35 10 �

FIG. 3. �Color online� Muon decay asymmetry measurements
versus time at low current �open symbols� and high current �solid
symbols�. Different colors and symbols represent different tempera-
tures. The area shaded in yellow marks the effect of the current on
the muon decay asymmetry at 5 K. The horizontal line shows the
expected base line from the substrate.
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netic moment size M�T� and therefore defined

M�T�
M�0�

�
�Asy�−1�T� − �Asy�−1���
�Asy�−1�0� − �Asy�−1���

. �2�

For �Asy���� we take the averaged Asy at T=7.35 K, which
is above the transition. The magnetic phase transition tem-
perature Tm is taken as the onset of the sudden change in
M�T�. The magnetic transition is sharp enough that other,
model-based, analysis methods gave indistinguishable M�T�.
The temperature dependence of M with and without current
is presented in Fig. 1.

We find that the application of a current of about 0.2Ic2�T�
�see Sec. III D� increases the magnetic phase transition tem-
perature by 0.4�0.1 K. The fact that the current increases
Tm and does not broaden the transition rules out the possibil-
ity of temperature inhomogeneities. As mentioned before,
this effect means that the two orders interact repulsively. It is
complementary to the effect of a strong magnetic field on
doped samples, where the magnetic order is enhanced while
the superconducting order is suppressed.9,10 However, since
current, in contrast to magnetic field, does not couple directly
to spins, the effect presented here is more simply analyzed.
For example, it shows that the enhanced magnetism in the
applied field could be a result of supercurrent in the bulk11

and not necessarily due to magnetism in the vortex core.12

B. Superconducting properties

To determine the volume fraction of our sample we used
transverse field of 1 kG measurements. Figure 4�a� depicts
the results from the magnetic phase �T=2.9 K� in a rotating
reference frame using zero-field cooling �ZFC�. The muons
depolarize very quickly and after 3 �s the remaining decay
asymmetry is due to muons that have stopped in the sub-
strate. For comparison, data from a blank substrate, normal-
ized by its effective area, are also shown. We also present the
decay asymmetry in the pure superconducting phase �T
=6 K� using field-cooling conditions. In this case, the muon
polarization is lost exponentially versus time at a rate rsc due
to the magnetic field distribution of the vortices in the super-
conducting phase. After 6 �s the polarization reaches the
level of the substrate and the ZFC run, and thus most of the
muons are affected by vortices.

We fit the function

Asy�t� = Asce
−�rnt�2/2−rsct cos�	sct� + Asbe−rsbt cos�	n−sbt�

+ Ane−�rnt�2/2 cos�	n−sbt� �3�

to the muon decay asymmetry at all temperatures. Here Asc,
Asb, and An represent the respective contributions from the
part of the meander that turns superconducting upon cooling,
the substrate, and the part of the meander that remains nor-
mal upon cooling. rsc, rsb, and rn are the relaxation rates of
muons that land in a superconducting, substrate, and normal
material, respectively. 	n−sb is the rotation frequencies in the
normal material and the substrate �taken to be equal�. 	sc is
the rotation frequency in the superconducting part. The only
parameters that are allowed to vary with T are rsc and 	sc.
The superconducting volume fraction is estimated from
Asc / �Asc+An� and was found to be 90�5%.

Figure 4�b� shows rsc and the resistivity versus tempera-
ture. The midpoint of the resistivity transition to the super-
conducting state and the onset of rsc�T� occur at Tc=16 K.
The London penetration depth 
ab at T=7 K is 500 nm as
estimated from the relation rsc=0.04���0 /
ab

2 , where
�� /2=13.5 MHz /kG is the muon gyromagnetic ratio and
�0 is the magnetic-flux quanta.13 This penetration depth
value is similar to the meander thickness and therefore the
current flows uniformly in the bulk of the meandering wire.

C. Magnetic volume fraction

We show in the Fig. 5 standard �SR measurements on the
bulk powder used for making the film. In this case the mea-
surements could be extended to T=1.65 K, much lower than
in the LEM experiment. We find that the magnetic transition
in the wire is very similar to that of ours and others bulk
samples,1,5 having similar Tm. In addition, the data in the
bulk at low enough temperatures are typical of the case
where muons in the full sample volume experience frozen
magnetism. When this happens 1/3 of the muons, on the
average, experience a magnetic field in their initial spin di-
rection. These muons do not depolarize. Therefore, at long
time the asymmetry as a function of time is flat and near 1/3
of its initial value. If, in contrast, some of the muon do not
experience frozen moments, they will have the same relax-

FIG. 4. �Color online� Determination of the superconducting
volume fraction and penetration depth �a� �SR asymmetry under an
applied field of 1 kG in a rotating reference frame at T=2.9 K with
zero-field cooling, T=6.0 K with field cooling, and at T=5 K from
the substrate. �b� The resistivity and muon depolarization rate rsc as
a function of temperature showing Tc. Below Tm�6 K the muon
relaxation increases rapidly.
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ation of the normal state. Our data shows a flat asymmetry at
long time around 1/3 of the initial value with no observable
relaxation. Therefore, all muons experience a frozen mag-
netic field and the magnetic volume fraction is 100%. More-
over, as demonstrated in the inset of Fig. 5, we find sponta-
neous precession below about 2 K. A fit of the data at T
=1.65 K to a Bessel-type relaxation function14 gives a fre-
quency of f 	3.4 MHz. From the ratio of muon oscillation
frequency between our sample and pure La2CuO4 �Ref. 15�
and the magnetic moment of La2CuO4 �Ref. 16� we find an
average local magnetic moment M =0.33�B in our sample.

D. Ic1 and Ic2 determination

The V-I curves used for critical current determination are
depicted in Fig. 6�a�. They are fitted to the function ��I
− Ic1�ek�I−Ic1�, where � is the Heaviside step function. It is
seen in Fig. 6�a� that, at T=12 K, Ic1 drops to zero and the 1
cm segment of the wire shows Ohmic behavior with a nor-
mal resistance of Rn=60 �. We estimate Ic2 using a varia-
tion in the offset criterion.17 The exponential dependence of
V on I is extrapolated to the value of I that gives a differen-
tial resistance equal to 60 �. The obtained values of both
critical currents as a function of temperature are plotted in
Fig. 6�b�.

IV. DISCUSSION

A simple interpretation of the result can be given in the
framework of the GL model. In this model the free-energy
density near the critical temperature Tm can be written as

F = − a�T��1 − I2/Ic2
2 �
�
2 + Us
�
4 − b�Tm

0 − T�
�
2 + Um
�
4

+ 2Usm
�
2
�
2, �4�

�plus gradient terms� where � and �=M /�v�B are the su-
perconducting and magnetic order parameters, respectively,
Usm is their coupling constant, v is the unit cell volume, b is
a dimensionless parameter, Tm

0 is the magnetic phase transi-
tion temperature for 
�
2=0, a�T�, Us and Um are the stan-

dard GL parameters. All the parameters can be experimen-
tally determined:18,19

a�T� = �2/2m��2,

where �=2 nm is the superconducting coherence length,20

�0
2 = m�/4�0e2
2,

where 
=500 nm is the London penetration depth,

Us = a/2�0
2

according to the minimum condition,

bTm = �2/2m�2,

where �=4 nm is the magnetic coherence length;21,22 the
“magnetic” electron mass can be approximated by the stiff-
ness of the xy model where

�2/mA = J ,

A is the cell area, and J	103 K is the superexchange. This
electron mass is 1.6 larger than the free-electron mass, which
could be used for our calculation equally well. Using the
moment from Sec. III C we have �0

2=0.332 /v, and

Um = bTm/2�0
2

again by the minimum condition.
Usm is obtained from our current-dependent measurement

�neglecting gradient terms at this stage�. Since Tc is higher
than Tm we do not expect 
�
2 to affect 
�
2. Therefore


��I,T�
2 = 
��0,T�
2�1 − I2/Ic2
2 � . �5�

The minimization of F with respect to 
�
2 yields,

FIG. 5. �Color online� Standard �SR measurements on the bulk
powder used for making the film.

FIG. 6. �Color online� Calibration curves used for temperature
determination and for the estimation of Ic1 and Ic2. �a� V-I curves of
a short segment of the wire. Similar measurements on the full wire
are used for the temperature calibration. �b� Ic1 and Ic2 as a function
of temperature were extracted from the data shown in the top panel.
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�
2 = b�Tm
0 − 2Usm
��I,T�
2/b − T/2Um. �6�

Thus, the measured magnetic transition temperature is given
by

Tm = Tm
0 − 2Usm
��I,Tm�
2/b .

We assume that near Tm, �2�0,T�=�0
2, where �0

2 is the
ground-state value of �2. Therefore, the change in the tran-
sition temperature, �Tm�Tm�I�−Tm�0�, caused by the cur-
rent is

�Tm�I� =
2Usm�0

2I2

bIc2
2 . �7�

The interesting parameter is

R �
Usm

�UsUm

=
2e
�MIc2

2 �Tm

�B��I2Tm

�J�0

h
, �8�

where h is the unit cell height. For R�1 the GL model
predicts phase separation and first-order phase transition be-
tween AFM and SC orders. For R�1 the model predicts

coexistence and a second-order phase transition. The R=1
condition is essential for SO�5� symmetry.23 At T=5 K we
found that Ic2=17 mA �see Fig. 6�b� and used I=4 mA in
the LE-�SR. This yields a positive R=1.4. Although numeri-
cal factors can change R, they cannot change its proximity to
unity.

In summary, we demonstrated the presence of interaction
between the magnetic and superconducting order parameters
and measured its sign and strength. We find that phase tran-
sition at zero temperature from magnetic to superconducting
orders, as a consequence of doping, must be very close to the
boarder between first and second order.
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