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We investigated the in-plane angular magnetoresistance �AMR� of T�-phase La2−xCexCuO4 thin films
�x=0.06–0.15� fabricated by a pulsed laser deposition technique. The in-plane AMR with H �ab shows a
twofold symmetry instead of the fourfold behavior found in other electron-doped cuprates such as
Pr2−xCexCuO4 and Nd2−xCexCuO4. The twofold AMR disappears above a certain temperature, TD. The TD�x� is
well above Tc�x� for x=0.06 ��110 K�, and decreases with increasing doping until it is no longer observed
above Tc�x� at x=0.15. This twofold AMR below TD�x� is suggested to originate from an antiferromagnetic or
spin-density-wave order.
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High-Tc superconductivity in the cuprates can be induced
in the parent antiferromagnetic �AFM� insulator by the dop-
ing of either holes or electrons, corresponding to the forma-
tion of so-called hole- or electron-doped high-Tc cuprates.
Neutron-scattering experiments have revealed that the Néel
ordering is rapidly suppressed in the hole-doped cuprates1

but persists to much higher doping levels in the electron-
doped systems.2,3 For the frequently studied hole-doped
La2−xSrxCuO4 �LSCO� system, the long-range AFM ordering
is completely destroyed at x�0.02 and the superconductivity
appears above x�0.05.1 It is reported that the long-range
AFM ordering in electron-doped Nd2−xCexCuO4 �NCCO�
can extend up to x�0.13 �Ref. 3� or 0.15.2 In electron-doped
Pr2−xCexCuO4 �PCCO� thin films, extensive transport studies
strongly suggest a quantum phase transition at x�0.16
�Refs. 4–6� and a signature of static or quasistatic antiferro-
magnetism up to x�0.15.7

For NCCO and PCCO, the optimal doping is around 0.15
while for electron-doped La2−xCexCuO4 �LCCO�, the opti-
mally doped region shifts to x�0.09–0.11.8–10 This differ-
ence has been suggested to originate from a smaller antifer-
romagnetic exchange interaction in LCCO than that in
NCCO and PCCO.9 However, the magnetic nature of LCCO
has never been determined experimentally because the
T�-phase LCCO has only been synthesized in thin-film form,
where neutron-scattering techniques cannot be used. In this
Brief Report, we show that it is possible to determine the
magnetic order in LCCO by using transport measurements.

In films, it has been shown that in-plane angular magne-
toresistance �AMR� measurements can shed light on the
magnetic order by probing the spin-charge coupling.7,11–17 In
lightly electron-doped Pr1.3−xLa0.7CexCuO4 �PLCCO� �x
=0.01� crystals, a fourfold in-plane AMR has been observed
due to a magnetic-field-induced transition from a noncol-
linear to collinear Cu-spin arrangement in adjacent CuO2
planes, with the “spin-flop” easy axis along the Cu-Cu
��110�� direction and hard axis along the Cu-O-Cu ��100��
direction.11 The fourfold AMR has also been reported in un-
derdoped NCCO �Refs. 12 and 13� and in PCCO up to x
�0.15.7 For PCCO, the temperature at which the fourfold
AMR disappears is consistent with the static or quasistatic
AFM ordering temperature determined by neutron scattering
on large crystals.7

In other systems such as underdoped LSCO,14

YBa2Cu3O6+x �YBCO� �Ref. 15� and the newly discovered
BaFe2−xCoxAs2 �Ba122�,16 a twofold in-plane AMR has been
observed. Additionally, the coexistence of twofold and four-
fold AMRs has been found in Y0.2Pr0.8Ba2Cu3O7−�.17 The
twofold behavior in these systems has also been suggested to
be associated with spin ordering. For Ba122, the temperature
at which the twofold AMR disappears coincides with the
spin-density-wave �SDW� ordering temperature.16

Here, we report the in-plane AMR of LCCO thin films
with x=0.06–0.15. The in-plane AMR in LCCO shows a
twofold symmetry, which is distinct from other electron-
doped cuprates where a fourfold symmetry is found. This
suggests that the spin-flop transition does not occur in
LCCO. This twofold AMR disappears at a certain tempera-
ture, TD. The TD�x� is well above Tc�x� for x=0.06
��110 K�, and decreases with increasing doping until it is
no longer observed above Tc�x� at x=0.15. This characteris-
tic TD�x� is suggested to originate from static AFM ordering
or a SDW transition.

The c-axis-oriented LCCO films were deposited directly
on �100� SrTiO3 substrates by a pulsed laser deposition
�PLD� technique utilizing a KrF excimer laser as the exciting
light source. The films were deposited in an oxygen pressure
of �230 mTorr at 700–750 °C. After the deposition, the
films were annealed in vacuum between 10−5 and 10−6 Torr
for 15–30 min to achieve the highest Tc0 �zero-resistance
superconducting transition temperature� and sharpest transi-
tion width for each doping. The samples used for this study
are �2000 Å and patterned into a Hall-bar shape with the
bridge typically along the a axis. The measurements were
carried out using a Quantum Design PPMS 14 T magnet and
the AMR was measured at temperatures above Tc due to the
large in-plane upper critical field.

As shown in Fig. 1�a�, the resistivity of LCCO films de-
creases with increasing x from 0.06 to 0.15. All the films are
superconducting at low temperatures with the optimal doping
around x=0.10–0.11. Compared with the LCCO films pre-
pared by a dc magnetron sputtering �MS� method,10 a PLD
technique employing BaTiO3 as buffer layer �PLD
+BUFFER�,9 and a molecular-beam epitaxy �MBE�
technique,18 our samples show a broader superconducting
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region and a lower resistivity in the underdoped region. The
Tc0 of the optimal doping ��25 K� in our films is compa-
rable to that found by the PLD+BUFFER method but
slightly lower than that found by MS and MBE methods.
Although different techniques and preparation processes re-
sult in these slight differences, the optimal doping region and
the temperature dependence of resistivity do not change. To
verify the doping concentrations, we also measured the Hall
coefficient, obtained by subtracting the transverse Hall volt-
age in −14 T from that in 14 T �H�ab plane�. The RH
gradually changes from negative to positive with increasing
Ce concentration as seen in Fig. 1�b�, consistent with previ-
ously reported behavior.9,19

For the in-plane AMR measurements, the film was rotated
around the c axis with H �ab. The configurations H � I and
H�I are referred to �=90° and 0°, respectively. Here � is
the angle between H and the direction normal to I �see inset
of Fig. 4�a��. We define the AMR as �����−�min� /�min and
plot it as a function of � for the films with x=0.06–0.15 at
14 T in Fig. 2, where the �min represents the minimum resis-
tivity when � changes from 0° to 360°. Three main features

are clearly seen: �i� only twofold symmetry exists in the un-
derdoped and optimal doped LCCO films �Figs. 2�a�–2�e��,
and it is not observed above Tc at x=0.15 �Fig. 2�f��; �ii� the
peak of AMR for x=0.06 appears at �=90° and 270° corre-
sponding to H � I at certain temperatures �discussed below�
while it shifts 90° for other doping levels, appearing when
H�I; �iii� the magnitude of the anisotropic in-plane AMR,
��max−�min� /�min, is �0.01–0.1 % and decreases with in-
creasing temperature. In PCCO, the anisotropic AMR is of
the same magnitude as in LCCO but shows fourfold symme-
try due to the anisotropic �fourfold� spin-flop field.7

It should be noted that the data shown in Fig. 2 are mea-
sured at 14 T but the twofold AMR is found with smaller
magnitude at lower magnetic fields. In Fig. 3�a�, magnetore-
sistivity curves at �=90° �H � I, defined as longitudinal MR,
LMR� and 0° �H�I, defined as transversal MR, TMR� at 35
K for three dopings are plotted as a function of the magnetic
field. The difference between TMR and LMR increases with
increasing H so that the maximal AMR signal appears at 14
T. The twofold behavior is clear at lower temperatures,
whereas at higher temperatures, it is not distinguishable due
to smaller signal and much higher temperature fluctuations in
the Quantum Design rotator. To probe the temperature at
which the twofold behavior disappears �TD�, we used a
Quantum Design resistivity sample stage and measured the
magnetoresistivity of the samples with x=0.06–0.11 under
the fixed configurations of H�I and H � I.

In Fig. 3�b�, we show the field dependence of the TMR
�solid symbols� and the LMR �open symbols� for x=0.06
sample at different temperatures. At low temperatures, the
TMR is more negative than the LMR. With increasing tem-
perature, the TMR becomes larger than the LMR and finally
they overlap with each other. The difference between TMR
and LMR at 14 T, ���14T�= ����14T�−�//�14T�� /�0 �where
�0 is the zero-field resistivity�, is shown in the inset of Fig.
3�c�. At �80 K, the ���14T� changes from negative to posi-
tive. Thus, the peak of the AMR of x=0.06 sample at T
�80 K shifts 90°, showing a similar shape as that for higher
doping levels. The ���14T� almost reaches zero above TD
�110 K, i.e., the twofold AMR disappears above 110 K.
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FIG. 2. �Color online� The in-plane angular
magnetoresistivity of LCCO films with x
=0.06–0.15 at 14 T. � is the angle between H
and the direction normal to the current ��=0°
corresponds to H�I�. Note that here I is along
the a axis.
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FIG. 1. �Color online� The temperature dependence of resistivity
in �a� zero magnetic field and �b� Hall coefficient in 14 T of LCCO
thin films with x=0.06–0.15.
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Using the same method, we also obtained TD for other
LCCO films. As shown in Fig. 3�c�, the samples with x
=0.07, 0.08, 0.10, and 0.11 show the same behavior: the
difference between TMR and LMR gradually decreases with
increasing temperature and almost disappears above TD�x�.
The TD�x� decreases with increasing doping until it is not
observed above Tc0�x� at x=0.15 as seen in Fig. 3�d�. This is
the most important finding in this study.

We shall now discuss the possible origin of this TD�x�. In
Ba122, the twofold AMR has been ascribed to SDW
ordering.16 We note that although a fourfold AMR has been
reported in PCCO, it is likely that a twofold AMR also ex-
ists, as seen in the Fig. 4 of Ref. 7. Moreover, the twofold
and fourfold AMRs seem to disappear roughly at the same
temperature so the twofold AMR in PCCO may also be
caused by the static or quasistatic AFM ordering.7 Therefore,
it is most likely that the twofold AMR in LCCO originates
from an AFM or SDW order.

Other explanations based on magnetic ordering should
also be considered. Ando et al.15 suggested that field-induced
ordering of stripes in YBCO resulted in the anisotropy of the
in-plane magnetoresistivity. However, there is no clear evi-
dence for stripes in electron-doped cuprates. Another possi-
bility is based on the orthorhombic distortion. In the AFM
ordered state, the crystal structure of lightly doped YBCO
has a small orthorhombic distortion, which may lead to the
in-plane anisotropic magnetoresistance in a magnetic field.20

In cuprates containing only CuO2 planes, a perfect tetragonal
structure forbids this anisotropy.21 For LSCO, there is a
tetragonal-to-orthorhombic transition and the structure is
orthorhombic in the AFM-ordered state.1 The electron-doped
cuprates are known to be in tetragonal structure. If the apical
oxygens are not fully removed after annealing,22 a local
orthorhombic distortion may occur in LCCO as in LSCO,
resulting in a twofold AMR. The LCCO films containing
apical oxygens should be in T-phase structure.18 The magni-

tude of AMR in underdoped LCCO is comparable to that in
underdoped YBCO and LSCO. If the twofold AMR is caused
by the orthorhombic distortion, the T-phase peaks should be
detectable by x-ray diffraction, However, our x-ray diffrac-
tion data only show strong T�-phase �00l� peaks.

We should also discuss possible explanations without
magnetic ordering. First, for our thin films, in which the
in-plane anisotropy is of magnitude �0.1%, one may expect
that, if there is a small angle between the field and the ab
plane, the c-axis field component can cause the difference.
However, no asymmetric component can be resolved from
the field sweep as shown in Fig. 3�a� so we can rule out this
possibility.

Second, it is possible that the twofold AMR is caused by
an extrinsic difference of resistivity for H � I vs H�I. How-
ever, if this was true, we should see twofold AMR in the
films with x=0.15 as well and we do not. Moreover, we
patterned two bridges, one along the a axis and another 45°
offset, on the same sample and measured their in-plane mag-
netoresistivity simultaneously. As seen in Fig. 4, the � is
defined as the angle between H and the a axis. It is clear at
35 K that for both configurations, the magnetoresistivity of
the x=0.08 sample at �=45° is located between that at �
=0° and 90° as seen in Figs. 4�a� and 4�b�. From the corre-
sponding AMR �Figs. 4�c� and 4�d��, we can see that for the
second configuration �bridge along �110��, the AMR at �
=45° �H�I� is almost equal to that at �=135° �H � I�. We
find the same result for other dopings and at other tempera-
tures below TD. So the origin of the twofold AMR is not due
to the angle between H and I.

Third, recent Nernst experiments have revealed that a
large Nernst signal can exist at temperatures above Tc in both
electron- and hole-doped cuprates, suggesting an extended
phase fluctuation region.23,24 However, this fluctuation region
is dome shaped and does not monotonously decrease as dop-
ing increases. Moreover, in electron-doped PCCO and
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FIG. 3. �Color online� �a� The field depen-
dence of the in-plane magnetoresistivity �open
symbols LMR �H � I�, solid symbols TMR
�H�I�� of LCCO with x=0.06, 0.08, and 0.10 at
35 K. �b� The LMR and TMR of x=0.06 at dif-
ferent temperatures. �c� The difference between
LMR and TMR at 14 T. �d� TD�x� and Tc0�x� of
the LCCO. TD and Tc0 represent the temperature
where the twofold AMR disappears and the zero-
resistance superconducting transition tempera-
ture, respectively.
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NCCO, the phase fluctuation temperature extends only up to
�30 K.23,24 Thus, the TD�x� does not originate from super-
conducting phase fluctuations. Tunneling experiments in
PCCO observed that a normal-state gap vanished at a certain
temperature T�.25 This characteristic T� is greater than Tc for
the underdoped region and follows Tc on the overdoped side.
However, the T� is lower than 30 K so it is not responsible
for the twofold AMR.

Fourth, there are two kinds of charge carriers in LCCO.26

However, even if this could result in the in-plane anisotropy,
it has been found that the magnetoresistance caused by the
two-band feature is strongest near the optimal doping,19

similar to PCCO.23 So two kinds of charge carriers are un-
likely to be the origin of the twofold AMR.

Thus, we suggest that the TD�x� originates from a static or
quasistatic AFM or SDW ordering. We note that the RH�T� of
underdoped and optimally doped LCCO films shows a
downturn at certain doping-dependent temperatures but these
temperatures are much lower than the TD�x�. In PCCO films,
the RH�T� also shows a downturn in underdoped and opti-
mally doped regions at certain temperatures,4 and these tem-
peratures are also lower than the AFM temperatures.7 The
origin of the downturn of RH�T� is not understood at this
time but it must be something other than the AMF ordering.
In the LCCO films, the disappearance of TD�x�, the insulator-
to-metal transition,27 and the formation of a large holelike
Fermi surface19 all occur at x�0.15, suggesting a relation
among these behaviors. According to the above discussion,
we infer that the disappearance of an AFM or SDW ordering
causes all these behaviors.

In summary, we investigated the in-plane AMR of LCCO
thin films �x=0.06–0.15� and observed a twofold symmetry.
Unlike other electron-doped cuprates, a fourfold AMR
caused by a spin-flop transition is not observed in the LCCO
system. The twofold AMR disappears above a certain tem-
perature, TD. The TD�x� decreases with increasing doping
�TD�110 K for x=0.06�, falling below Tc0�x� at x=0.15.
This newly disclosed characteristic TD�x� is suggested to
originate from a static AFM or SDW ordering.
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