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Evidence for canted antiferromagnetism in lightly doped La1ÀxSrxMnO3
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We present magnetization measurements on lightly doped La12xSrxMnO3 single crystals with 0.06<x
<0.15 in external fields up to 14 T at temperatures between 4.2 and 180 K. In contrast to the ferromagnetic
behavior which is found forx>0.11, the samples withx50.06 andx50.09 exhibit a pronounced hysteresis
and a constant high-field susceptibility. By analyzing this particular behavior we can rule out a phase separation
into ferromagnetic and antiferromagnetic regions. On the other hand, a model of a canted antiferromagnet can
account for the main experimental features.
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I. INTRODUCTION

In the last years the manganites have attracted rene
interest because of their rich physics and possible app
tions. In particular, lightly doped La12xSrxMnO3 shows a
great variety of intriguing phenomena originating from
pronounced interplay between lattice, electronic, magne
and orbital degrees of freedom.1–5As a result many phenom
ena like charge order,6,7 orbital order,8,9 and phase
separation10–12have been recently observed in this regime
the phase diagram and discussed intensively. One of the
teresting questions related to lightly doped La12xSrxMnO3,
which certainly is crucial for a deeper understanding of th
materials, is how the introduced holes behave at low te
peratures. At present, there is a controversial debate
whether a homogeneous phase with constant hole conce
tion or an inhomogeneous phase develops.11–20 If there is a
spatially inhomogeneous phase, i.e., if phase separation~PS!
occurs, both antiferromagnetic and ferromagnetic areas c
ist. In contrast, in the presence of a homogeneous pha
canted antiferromagnetic~CAF! spin order19 is expected. Un-
fortunately, from the experimental data it usually is difficu
to decide whether or not there is phase separation. For
ample, neutron scattering experiments revealed spat
varying magnetic properties, whereas recent NMR exp
ments suggest a homogenous phase.13,15A clear-cut discrimi-
nation is even more difficult from macroscopic propertie
such as the magnetization, because in most cases the ex
mental observations can be explained by both an inhomo
neous or a homogeneous phase.

In this paper we present magnetization measurement
lightly doped La12xSrxMnO3 single crystals with x
50.06,0.09,0.11,0.125, and 0.14. In the case of 6% and
strontium doping our measurements indicate the coexiste
of ferro- and antiferromagnetic correlations. We presen
detailed analysis of the magnetization data for
La0.94Sr0.06MnO3 single crystal from which we can rule ou
an inhomogeneous phase with coexisting ferromagn
~FM! and antiferromagnetic~AFM! regions.
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II. EXPERIMENTAL TECHNIQUES

The measurements of the magnetization were perform
using a vibrating sample magnetometer. The magnetom
was designed for measurements in high external fields
order to access the temperature regime from 4.2 K up
about 200 K and magnetic fields up to 14 T a liquid heliu
cryostat with a superconducting solenoid was used.

The La12xSrxMnO3 single crystals have been grown u
ing the traveling solvent floating zone~TSFZ! method which
is described in detail elsewhere.21 As a result of the structura
phase transition from a quasicubic to an orthorhombicPbnm
symmetry at high temperature the crystals are twinned. T
means that the@001# direction of one domain can coincid
with the @110# direction of another. Moreover, thea and b
axes can be interchanged, leading to six possible orientat
for the different twin domains.

III. MAGNETIZATION VERSUS TEMPERATURE

Figure 1 shows the magnetization versus tempera
curve of the La0.94Sr0.06MnO3 single crystal. The curve wa

FIG. 1. FC magnetization measured at increasing temperatu
an external field of 0.05 T. The inset shows the corresponding
verse magnetization vs temperature curve.
©2001 The American Physical Society30-1
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obtained by cooling down the sample from about 200 to
K in an applied magnetic field of 0.05 T@field-cooled~FC!
mode22# and taking the data with increasing temperatu
Above the magnetic transition temperatureTC.132 K a
paramagnetic susceptibilityx5]M /]HuH50 following a
Curie-Weiss law with positive Curie temperature ofQ
5(10461.5) K is measured. BecauseQ is proportional to
the average coupling constant, the experimental observa
that 0,Q,Tc signals the presence of antiferromagnetic
well as ferromagnetic correlations. As a result of this co
istence, an unusual magnetic transition is observed atTC ,
which is neither purely ferromagnetic nor purely antiferr
magnetic. This is demonstrated by the inset of Fig. 1. I
evident that the inverse magnetization suddenly devia
from the expected mean-field behavior of a ferromagnet.
ditional measurements of the ac susceptibility lead to
conclusion that this transition is also not a usual antifer
magnetic transition.17

Another important feature of the FC curve in Fig. 1 is t
small magnetic moment of only 0.33mB /Mn at 4.2 K. This
value has to be compared to (4 –0.06)mB /Mn
53.94mB /Mn in the case of parallel spin alignment. In th
context we note that demagnetizing fieldsHD5NM do not
play an important role, because of the small susceptib
and the small magnetizationM of La0.94Sr0.06MnO3 at 4.2 K
andm0Hext50 T ~see Fig. 3!. Therefore, the presence of
small magnetic moment at low temperatures also sign
competing ferro- and antiferromagnetic correlations as
ready mentioned above. Assuming that there is a homo
neous phase this can be understood as follows: by intro
ing holes into the undoped, antiferromagnetic LaMn3
compound, the isotropic ferromagnetic double-excha
~DE! mechanism23 becomes more important. In a homog
neous phase this alters the antiferromagneticA-type structure
by canting the magnetic moments of adjacent lattice plan
This canting leads to a small effective magnetization a
therefore represents a possible explanation of the obse
small magnetic moment. On the other hand, the small m
netic moment also can be understood within the phase s
ration scenario. Here, both ferromagnetic and antiferrom
netic areas with different hole concentrations are assume
develop atTC . It is obvious that this results in a small e
fective magnetic moment. This point will be discussed
more detail in the next section, where the field dependenc
the magnetization is presented.

Figure 2 shows magnetization versus temperature cu
recorded at different applied magnetic fields. The cur
have been measured at increasing temperature after co
down in zero magnetic field@zero-field-cooled ~ZFC!
measurements22#. Below TC a surprising behavior is ob
served. For the three different magnetic fields of 0.05, 0.
and 0.08 T the magnetization was found to sharply incre
at around 44, 56, 81, and 113 K, resulting in the stepl
structure in theM vs T curves. As shown by Fig. 2, thi
feature is still preserved if a high negative magnetic field
28 T is applied after cooling down at zero field before t
magnetization is recorded at low field~0.05 T! with increas-
ing temperature@after negative field~ANF! measurement#. It
is most likely that such unusual temperature dependenc
14443
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the magnetization results from magnetic domains presen
the sample. In this case the steplike shape is expecte
originate from a change in the domain structure, i.e., fr
collective changes of spin directions. The presence of
mains is also signaled by the difference between the ZFC
the FC measurement as shown in the inset of Fig. 2.

Moreover, the comparison of the ZFC and the ANF me
surements clearly demonstrates that the temperatures va
at which the steplike changes of the magnetization occ
are not influenced by applying external magnetic fields. F
ure 2 clearly shows that these temperatures values are
same for the ZFC and the ANF measurements. This stron
suggests that the magnetic domain structure is tightly link
besides to magnetic fields, to another sample property.
likely possibility is the coupling to the lattice, mediated b
the presence of twin domains: Due to a significant magn
anisotropy, which is known to exist in the investigated m
terial from recent neutron scattering experiments,13,16 differ-
ent twin domains correspond to different spin orientatio
resulting in a magnetic domain structure. Within this pictu
the steplike features in the magnetization versus tempera
curves are related to the collective spin reorientation of d
ferent twin domains. Such an orientation change is expec
to occur, when the external magnetic field together with
thermal energy is sufficient to overcome the energy bar
due to the magnetic anisotropy. This scenario is strongly s
ported by a comparison of our data with magnetization m
surements on an untwinned LaMnO3 single crystal.17 In the

FIG. 2. Magnetization vs temperature curves~ZFC measure-
ments! measured at different applied magnetic field obtained w
increasing temperature~open symbols!. The ANF curve~solid sym-
bols! was obtained after applying a field of28 T at 4.2 K. The
inset shows a FC and a ZFC measurement form0H50.05 T.
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EVIDENCE FOR CANTED ANTIFERROMAGNETISM IN . . . PHYSICAL REVIEW B64 144430
FC mode the temperature dependence of the magnetizati
qualitatively the same for the untwinned LaMnO3 single
crystal and our sample. However, in the ZFC mode the m
sured magnetization versus temperature curves of the
twinned sample show no steps. This comparison stron
suggests that the steplike features found in our measurem
indeed result from the existence of different twin domains24

IV. MAGNETIZATION VERSUS APPLIED MAGNETIC
FIELD

We now discuss the magnetic field dependence of
magnetization at low temperatures. The magnetization ve
applied magnetic field curve of La0.94Sr0.06MnO3 measured
at 4.2 K in the field range from28 to 18 T is shown in
Fig. 3. The data were taken after cooling the sample in z
magnetic field. Figure 3 shows a pronounced hysteresis l
which is continuously reduced with increasing temperat
~see inset of Fig. 3!. At 4.2 K the measured remanent ma
netization is MR50.27mB /Mn and the coercive field is
m0Hc50.611 T. Such a high coercive field at 4.2 K cann
be caused by the pinning of magnetic domain walls alo
since the typical coercive field due to this effect is less th
0.03 T.25 Therefore, we can conclude that the strong coerc
force mainly results from the magnetic anisotropy. Magne
anisotropy also can naturally explain the steplike increas
the magnetization at the critical fieldm0Hcrit561.2 T ~see
Fig. 3!. It is obvious that the system can overcome the
ergy barrier originating from the anisotropy at the appli
field for whichm0HcritM;K, whereK represents the aniso
ropy energy. We mention again that a magnetic anisotr
also generates a coupling to the lattice domain structure,
does also qualitatively explain the unusual temperature
pendence of the magnetization discussed in the previous
tion.

We first discuss the experimental observations within
PS scenario. In this scenario the shape anisotropy of the
romagnetic regions is expected to result in a high coerc
force, since the magnetization curves of the ferromagn

FIG. 3. Magnetization vs applied field curve o
La0.94Sr0.06MnO3 at T54.2 K. The inset shows the temperatu
dependence of the remanent magnetization.
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samples with larger doping level do not show any hystere
behavior at 4.2 K as demonstrated in Fig. 4. Therefore, in
following we take only into account shape anisotropy.

Starting from the antiferromagneticA-type structure con-
sisting of ferromagneticab planes coupled antiferromagnet
cally along thec axis, it is most reasonable to assume co
fined ferromagnetic areas, which have the shape of ob
spheroids~disks!. This is also suggested by recent neutr
scattering experiments, which give evidence for a sh
elongated in the ferromagneticab plane and compresse
along thec axis.13 However, the magnetization curve of suc
a ferromagnetic region shows no hysteresis.25 In the case of
an oblate spheroid, the magnetization direction would
within the equatorial plane, i.e., perpendicular to its po
axis. If the magnetic field is applied along the polar axis, t
would produce a reversible rotation of the magnetizat
vector out of the equatorial plane. Moreover, if one appl
the field perpendicular to the polar axis, the magnetizat
vector can rotate freely in the equatorial plane when the m
netic field reverses its direction. As a consequence, the m
netization versus applied magnetic field curve of a obl
spheroid can only show a jump atm0H50 T, but no hys-
teresis. Let us now consider the case of a prolate sphe
~cigar!. If the ferromagnetic regions would have this shape
hysteresis in the magnetization curve could be observe25

For a prolate spheroid with polar axisA and equatorial axisB
the maximum coercive force is given by

Hc
max5~NB2NA!M0 ,

whereNA,B are the demagnetization coefficients correspo
ing to the axesA,B andM0 is the saturated magnetization o
the ferromagnetic region. With this equation it is possible
estimateHc

max using NA12NB51 for the general spheroid
with principal axesA andB. One obtains

m0Hc
max<m0

1

2
~123NA!M0<

1

2
m0M0<0.4T,

FIG. 4. Comparison between the magnetization vs applied fi
curves of La12xSrxMnO3 with x50.06, 0.09, 0.11, 0.125, and 0.1
at T54.2 K. In contrast tox50.06 andx50.09 the higher-doped
ferromagnetic samples do not show any hysteretic behavior.
0-3
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if M054mB /Mn is assumed for the ferromagnetic regio
This value is well below the measured coercive field a
corresponds to the limit of an infinitely thin and long ro
with the field applied parallel to its axis. For any more is
tropic shape the expected value ranges between these
extreme limits~plane and rod!. That is, the coercive field du
to the corresponding shape anisotropy should be always
than 0.4 T. Therefore, our analysis demonstrates that the
served coercive field cannot be explained within the fram
work of an inhomogeneous phase consisting of antiferrom
netic and ferromagnetic regions. We hence can conclude
the presence of such a PS is very unlikely in the investiga
sample.

We next discuss the experimental data within the C
model, which naturally can explain the experimental obs
vations. In order to demonstrate this in detail, we first disc
a mean-field model for CAF with anisotropy atT50 K. For
this model the effective energy density for a single domain
reduced units is given by

h5acosQ2hDE cos
Q

2
2hextM̂•Ĥ cos

Q

2
1sin2q.

Herea is a constant describing the antiferromagnetic cor
lations between the adjacentab planes,Q the angle between
the magnetization of adjacentab planes, andhDE the effec-
tive field describing the DE. The reduced fieldhext represents
the applied magnetic field,M̂ and Ĥ are the unit vectors o
the magnetization and the applied field, andq is the angle
between thec axis and the magnetization direction~see inset
of Fig. 6!. In the above expression the first term describes
antiferromagnetic coupling between adjacentab planes,
which leads to theA-type AF structure of LaMnO3. The sec-
ond term describes the DE interaction, which is introduc
by doping. The third term stands for the interaction with t
external field and the last term describes the anisotropy. T
form for the anisotropy energy is chosen in order to obtai
resulting ferromagnetic moment in thec direction, which is
found in neutron investigations.16

A first result which follows from the model is the relatio

]

]hext
cos

Q

2
5

1

4A
,

i.e., a constant high field susceptibility atT50 K. This was
also found in the analysis of De Gennes19 and is in agree-
ment with our experimental result obtained atTÞ0 K
shown in Fig. 5. In particular, the measurement at 4.2
shows an almost linear field dependence of the magne
tion for m0Hext.8 T.

For a further analysis of the CAF model we have calc
lated the magnetization curve resulting from the minimiz
tion of h. The result obtained by applying numerical tec
niques is shown in Fig. 6. We note that the theoretical cu
was obtained by considering a twinned crystal. As alrea
mentioned above the@001# direction, the@110# direction, as
well as thea andb axes, can be interchanged and the res
ing magnetization is the sum of these different contributio
The parameters of the above mean-field model are de
14443
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mined by fitting the susceptibility in high-field regime, th
remanent magnetization, the coercive field, and the fi
strengthHcrit .

26 The fitting procedure gives an anisotrop
energy of

K50.1 meV/Mn,

which is in fair agreement with the value of 0.15 meV/M
found for La0.95Ca0.05MnO3 in neutron scattering
experiments.16 Furthermore, the mean-field calculation lea
to different susceptibilities in the low- and high-field re
gimes. These different susceptibilities are the result of diff
ent processes contributing to the magnetization change~see
insets of Fig. 6!.

In the low-field regime the canting angleQ is almost
constant and the main contribution to the susceptibility ori
nates from a reversible change ofq in the domains, where
the @110# direction is parallel to the applied field. In th
high-field regime, where the resulting magnetization is
most parallel to the applied field, the susceptibility is due
the change ofQ.

FIG. 5. Magnetization vs applied magnetic field curves
La0.94Sr0.06MnO3 up to high-field values recorded at different tem
peratures. ForT54.2 K a nearly linear field dependence is foun

FIG. 6. Calculated magnetization vs applied magnetic fi
curve for a twinned single crystal using the CAF model with a
isotropy. The insets show the two different processes causing
dominating magnetization change in the low- and high-field
gimes as indicated by the arrows.
0-4
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EVIDENCE FOR CANTED ANTIFERROMAGNETISM IN . . . PHYSICAL REVIEW B64 144430
The result of our calculation is in good agreement w
the measurement shown in Fig. 3. In the low-field regim
~below 1 T! we observe a higher susceptibility than in th
high-field regime~above 5 T!. Furthermore, we have foun
reversible processes below 1 T, which can be attributed to
reversible changes inq mentioned above.

The pronounced kink in the calculated magnetization v
sus applied field curve at about 2 T originates from the s
cific form Ksin2q of the anisotropy energy and the fact th
the theoretical curve is calculated forT50 K. Further dif-
ferences between theory and experiments, such as the o
vation of two different critical fieldsHcrit in the measured
curve, can be attributed to the presence of further magn
domains, which are not included in the calculations.

Finally, we mention that the hysteresis loop at 4.2 K of t
sample with 9% strontium doping is quite similar to the o
of La0.94Sr0.06MnO3. In particular, the magnetization versu
applied field curve of La0.91Sr0.09MnO3 shows also a hyster
esis~Fig. 4!. Moreover, as demonstrated in Fig. 7, the diffe
ential susceptibility]M /]H versus applied field curves ar
almost the same above 1.5 T, including the nearly cons
high-field susceptibility which is characteristic for the CA
state. Moreover, the temperature-dependent inverse mag
zation of La0.91Sr0.09MnO3 and La0.94Sr0.06MnO3 is qualita-

FIG. 7. Comparison between the differential susceptibilities
La12xSrxMnO3 with x50.06 andx50.09 which are almost con
stant above 8 T. The inset displays the temperature dependen
the inverse magnetization forx50.09 ~compare Fig. 1!.
en
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tively the same, as can be seen by comparing the data sh
in the insets of Fig. 1 and Fig. 7. These striking similariti
of the field- and temperature-dependent magnetiza
strongly suggest that the sample with 9% strontium dopin
also in a CAF state at low temperatures. The observed c
cive force ofm0Hc.0.2 T, i.e., the smaller anisotropy, an
the increased magnetization compared to the sample with
strontium doping can naturally be explained by the fer
magnetic isotropic double-exchange mechanism which
creases with growing strontium content.

V. CONCLUSION

Focusing on a La0.94Sr0.06MnO3 crystal we have investi-
gated the temperature and magnetic field dependenc
lightly doped manganites. In case ofx50.06 the comparison
between ZFC, FC, and ANF measurements recorded a
creasing temperature gives clear evidence for the existe
of different magnetic domains. Furthermore, our measu
ments strongly suggest that the magnetic domains
strongly coupled to the twin domains of the lattice.

We have presented a detailed analysis of the corresp
ing magnetization curve at 4.2 K, which shows a pronoun
hysteresis. From this analysis we can conclude that this
teresis is not caused by domain wall motion, since in t
case a much smaller coercive field is expected. Furtherm
we can rule out a phase separation into ferromagnetic
antiferromagnetic regions for the same reason. On the o
hand, we have shown that a CAF model reproduces the m
features of the measured magnetization versus applied m
netic field curves, namely, a constant high-field suscepti
ity, a remanent magnetization, a large coercive force, an
jumplike increase of the magnetization at the critical fie
Hcrit . Therefore, our analysis strongly suggests the prese
of a homogeneous CAF phase. The doping regime of
homogenous CAF phase extends at least up to 9% stron
doping, as demonstrated by the magnetization versus ap
field curves of La12xSrxMnO3 with 0.06<x<14.
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