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Evidence for canted antiferromagnetism in lightly doped La _,Sr,MnO4
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We present magnetization measurements on lightly dopgd,SaMnO; single crystals with 0.08x
<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 fok=0.11, the samples witk=0.06 andx=0.09 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 II. EXPERIMENTAL TECHNIQUES

The measurements of the magnetization were performed
In the last years the manganites have attracted renewetbing a vibrating sample magnetometer. The magnetometer
interest because of their rich physics and possible applicavas designed for measurements in high external fields. In
tions. In particular, lightly doped La,Sr,MnO; shows a order to access the temperature regime from 4.2 K up to
great variety of intriguing phenomena originating from aabout 200 K and magnetic fields up to 14 T a liquid helium
pronounced interplay between lattice, electronic, magneticcryostat with a superconducting solenoid was used.
and orbital degrees of freedof As a result many phenom- The La _,Sr,MnO; single crystals have been grown us-

ena like charge ordér orbital orde® and phase ing the traveling solvent floating zori@SF2) method which
separatiol?-2have been ;ecently observed in this regime ofiS described in detail elsewhet®As a result of the structural

the phase diagram and discussed intensively. One of the irﬁ’-hr?f;ﬁ t{?nsltlﬁin r:r?mma qrua;SIrcuttr)]IC torarl olrthc;rhtc\JNl i"nmn Icrin Thi
teresting questions related to lightly doped, LgSr,MnOs, symmetry at nign temperature the crystais are ed. 1his
. o . ' means that th¢001] direction of one domain can coincide
which certainly is crucial for a deeper understanding of these . Lo
materials, is how the introduced holes behave at low tem\—N'th the [110] direction of another. Moreover, theand b
' ) ) axes can be interchanged, leading to six possible orientations
peratures. At present, there is a controversial debate OfY; the different twin domains
whether a homogeneous phase with constant hole concentra- '
tion or an inhomogeneous phase develdp’ If there is a
spatially inhomogeneous phase, i.e., if phase separ&@idn ll. MAGNETIZATION VERSUS TEMPERATURE
occurs, both antlferromagnetlc and ferromagnetic areas coex- Figure 1 shows the magnetization versus temperature
ist. In cont_rast, in the presence of a hgmogeneous phase e of the L8.0.S1.0dMNO; single crystal. The curve was
canted antiferromagneti€AF) spin ordet® is expected. Un-
fortunately, from the experimental data it usually is difficult 0.35
to decide whether or not there is phase separation. For ex | Sy
ample, neutron scattering experiments revealed spatially 0.30
varying magnetic properties, whereas recent NMR experi- I
ments suggest a homogenous phaseA clear-cut discrimi- 23 I - 0.05 T (FC) ]
nation is even more difficult from macroscopic properties, g ¢

such as the magnetization, because in most cases the expeE

! Lao.ossro,94MnO3

// |

mental observations can be explained by both an inhomoge= 0.15 150°
neous or a homogeneous phase. = 10: 100, E— \

In this paper we present magnetization measurements o | m‘z \
lightly doped La_,SrMnO; single crystals with x 0.05 %0 3
=0.06,0.09,0.11,0.125, and 0.14. In the case of 6% and 9% - 120 160 o L
strontium doping our measurements indicate the coexistenc ~ 0.00 : : : —
of ferro- and antiferromagnetic correlations. We present a 0 20 40 60 SOT (11<())0 120140 160 130

detailed analysis of the magnetization data for the

Lao.945ro.od\/|no3 single crystal f.rom Whic_h we can rule out ~ FIG. 1. FC magnetization measured at increasing temperature in
an inhomogeneous phase with coexisting ferromagnetian external field of 0.05 T. The inset shows the corresponding in-
(FM) and antiferromagnetiCAFM) regions. verse magnetization vs temperature curve.
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obtained by cooling down the sample from about 200 to 4.2
K in an applied magnetic field of 0.05 [field-cooled(FC) 0.15
mode?] and taking the data with increasing temperature.
Above the magnetic transition temperatufe=132 K a
paramagnetic susceptibilityy=0M/dH|y_, following a
Curie-Weiss law with positive Curie temperature 6f
=(104+1.5) K is measured. Becaus® is proportional to
the average coupling constant, the experimental observatior
that 0<® < T, signals the presence of antiferromagnetic as  0.00
well as ferromagnetic correlations. As a result of this coex-
istence, an unusual magnetic transition is observed@at g-o.os
which is neither purely ferromagnetic nor purely antiferro- <
magnetic. This is demonstrated by the inset of Fig. 1. It is
evident that the inverse magnetization suddenly deviatess “*1°
from the expected mean-field behavior of a ferromagnet. Ad-
ditional measurements of the ac susceptibility lead to the -0.15
conclusion that this transition is also not a usual antiferro-
magnetic transition’ 020
Another important feature of the FC curve in Fig. 1 is the
small magnetic moment of only 0.33/Mn at 4.2 K. This

0.10

0.05

value has to be compared to (4-0.068YMn 025

=3.94ug/Mn in the case of parallel spin alignment. In this I

context we note that demagnetizing fieldg=NM do not -0.30

play an important role, because of the small susceptibility 0 20 40 60 80 100 120 140 160
and the small magnetizatidvl of Lag .Sty ggMNO; at 4.2 K T &

and ugHe, =0 T (see Fig. 3 Therefore, the presence of a o
small magnetic moment at low temperatures also signals FIG. 2. Magnetization vs temperature CUrv$-C measure-

. . . . mentg measured at different applied magnetic field obtained with
competing ferro- and antiferromagnetic correlations as al-

. . : i The ANF lid -
ready mentioned above. Assuming that there is a homog increasing temperatur@pen symbols The curve(solid sym

. %ols was obtained after applying a field ef8 T at 4.2 K. The
neous phase this can be understood as follows: by introduc ) ppIng

. . . . fhset shows a FC and a ZFC measurementufgif =0.05 T.
ing holes into the undoped, antiferromagnetic LaMnO
compound, the isotropic ferromagnetic double-exchangehe magnetization results from magnetic domains present in
(DE) mechanisrf® becomes more important. In a homoge- the sample. In this case the steplike shape is expected to
neous phase this alters the antiferromagnitigpe structure originate from a change in the domain structure, i.e., from
by canting the magnetic moments of adjacent lattice planegollective changes of spin directions. The presence of do-
This canting leads to a small effective magnetization andnains is also signaled by the difference between the ZFC and
therefore represents a possible explanation of the observede FC measurement as shown in the inset of Fig. 2.
small magnetic moment. On the other hand, the small mag- Moreover, the comparison of the ZFC and the ANF mea-
netic moment also can be understood within the phase sepaurements clearly demonstrates that the temperatures values,
ration scenario. Here, both ferromagnetic and antiferromagat which the steplike changes of the magnetization occurs,
netic areas with different hole concentrations are assumed tre not influenced by applying external magnetic fields. Fig-
develop atT¢. It is obvious that this results in a small ef- ure 2 clearly shows that these temperatures values are the
fective magnetic moment. This point will be discussed insame for the ZFC and the ANF measurements. This strongly
more detail in the next section, where the field dependence afuggests that the magnetic domain structure is tightly linked,
the magnetization is presented. besides to magnetic fields, to another sample property. One
Figure 2 shows magnetization versus temperature curvedikely possibility is the coupling to the lattice, mediated by
recorded at different applied magnetic fields. The curveshe presence of twin domains: Due to a significant magnetic
have been measured at increasing temperature after coolimgisotropy, which is known to exist in the investigated ma-
down in zero magnetic field[zero-field-cooled (ZFC) terial from recent neutron scattering experiments differ-
measurement§]. Below T a surprising behavior is ob- ent twin domains correspond to different spin orientations,
served. For the three different magnetic fields of 0.05, 0.06resulting in a magnetic domain structure. Within this picture
and 0.08 T the magnetization was found to sharply increasthe steplike features in the magnetization versus temperature
at around 44, 56, 81, and 113 K, resulting in the steplikecurves are related to the collective spin reorientation of dif-
structure in theM vs T curves. As shown by Fig. 2, this ferent twin domains. Such an orientation change is expected
feature is still preserved if a high negative magnetic field ofto occur, when the external magnetic field together with the
—8 T is applied after cooling down at zero field before thethermal energy is sufficient to overcome the energy barrier
magnetization is recorded at low fie{@.05 T) with increas-  due to the magnetic anisotropy. This scenario is strongly sup-
ing temperaturgafter negative fiel{ANF) measuremefitit  ported by a comparison of our data with magnetization mea-
is most likely that such unusual temperature dependence @lurements on an untwinned LaMg®ingle crystal’ In the
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FIG. 3. Magnetization vs applied field curve of FIG. 4. Comparison between the magnetization vs applied field

curves of La_,Sr,MnO; with x=0.06, 0.09, 0.11, 0.125, and 0.14
atT=4.2 K. In contrast toc=0.06 andx=0.09 the higher-doped
ferromagnetic samples do not show any hysteretic behavior.

Lag 94Sh.0eMNO3 at T=4.2 K. The inset shows the temperature
dependence of the remanent magnetization.

FC mode the temperature dependence of the magnetizationé'amples with larger doping level do not show any hysteretic

qualitatively the same for the untwinned LaMgGingle behavior at 4.2 K as demonstrated in Fig. 4. Therefore, in the

crystal and our sa.mple. However, in the ZFC mode the meafollowing we take only into account shape anisotropy.
sured magnetization versus temperature curves of the un- Starting from the antiferromagneti-type structure con-

twinned sample ShOW. no steps. This comparison Strongl3§isting of ferromagnetiab planes coupled antiferromagneti-
suggests that the steplike features found in our measuremergguy along thec axis, it is most reasonable to assume con-

indeed result from the existence of different twin domaths. fined ferromagnetic areas, which have the shape of oblate

spheroids(disks. This is also suggested by recent neutron
scattering experiments, which give evidence for a shape
elongated in the ferromagnetigb plane and compressed
along thec axis!®> However, the magnetization curve of such
We now discuss the magnetic field dependence of the ferromagnetic region shows no hysterésig the case of
magnetization at low temperatures. The magnetization versugh oblate spheroid, the magnetization direction would be
applied magnetic field curve of ba,Sr odMnNO; measured  within the equatorial plane, i.e., perpendicular to its polar
at 4.2 K in the field range from-8 to +8 T is shown in  axis. If the magnetic field is applied along the polar axis, this
Fig. 3. The data were taken after cooling the sample in zergyould produce a reversible rotation of the magnetization
magnetic field. Figure 3 shows a pronounced hysteresis loogector out of the equatorial plane. Moreover, if one applies
which is continuously reduced with increasing temperaturghe field perpendicular to the polar axis, the magnetization
(see inset of Fig. B At 4.2 K the measured remanent mag- vector can rotate freely in the equatorial plane when the mag-
netization is Mg=0.27ug/Mn and the coercive field is netic field reverses its direction. As a consequence, the mag-
moH=0.611 T. Such a high coercive field at 4.2 K cannotnetization versus applied magnetic field curve of a oblate
be caused by the pinning of magnetic domain walls alonespheroid can only show a jump atH=0 T, but no hys-
since the typical coercive field due to this effect is less thaneresis. Let us now consider the case of a prolate spheroid
0.03 T?® Therefore, we can conclude that the strong coercivécigan. If the ferromagnetic regions would have this shape, a
force mainly results from the magnetic anisotropy. Magnetichysteresis in the magnetization curve could be obsef¥ed.
anisotropy also can naturally explain the steplike increase dafor a prolate spheroid with polar axdsand equatorial axiB
the magnetization at the critical fiejdgH.==*1.2 T(see the maximum coercive force is given by
Fig. 3). It is obvious that the system can overcome the en-
ergy barrier originating from the anisotropy at the applied
field for which ugH¢,itM ~K, whereK represents the anisot-

ropy energy. We mention again that a magnetic anisoropy, hereN, , are the demagnetization coefficients correspond-

also generates a coupling to the lattice domain structure, "emg to the axes\,B andM, is the saturated magnetization of

does also qualitatively explain the unusual temperature dethe ferromagnetic region. With this equation it is possible to

Egrr:dence of the magnetization discussed in the previous SegétimateH(r:nax usingN,+2Ng=1 for the general spheroid

We first discuss the experimental observations within theWlth principal axesA andB. One obtains
PS scenario. In this scenario the shape anisotropy of the fer-
romagnetic regions is expected to result in a high coercive
force, since the magnetization curves of the ferromagnetic

IV. MAGNETIZATION VERSUS APPLIED MAGNETIC
FIELD

HE**=(Ng—Na)Mo,

1 1
IU/()HrCnaX$,U,0§(1_3NA)M0$ EMOM0$O4T,

144430-3



J. GECKet al. PHYSICAL REVIEW B 64 144430
if Mo=4ug/Mn is assumed for the ferromagnetic region. 2.0 La St MnO,
This value is well below the measured coercive field and 18 1
corresponds to the limit of an infinitely thin and long rod )
with the field applied parallel to its axis. For any more iso- 1.6
tropic shape the expected value ranges between these twc
e . L 14
extreme limits(plane and rog That is, the coercive field due E Mﬂ
to the corresponding shape anisotropy should be always less & 1.2 e

~—

ﬂ@aﬂwm 12K v 9K

than 0.4 T. Therefore, our analysis demonstrates that the ob-

served coercive field cannot be explained within the frame- = 10 ﬂ_d;g;vtﬂ S 60K A 100K
work of an inhomogeneous phase consisting of antiferromag- 0.8 s O 110K 0O 150K
netic and ferromagnetic regions. We hence can conclude that T

. X . . ) 0.6 i i i
the presence of such a PS is very unlikely in the investigated 6 8 10 12 14
sample. uH (T)

We next discuss the experimental data within the CAF
model, which naturally can explain the experimental obser- F|G. 5. Magnetization vs applied magnetic field curves of
vations. In order to demonstrate this in detail, we first discus$ g, 4,Sr, ,MnO; up to high-field values recorded at different tem-
a mean-field model for CAF with anisotropy B0 K. For  peratures. FoT=4.2 K a nearly linear field dependence is found.
this model the effective energy density for a single domain in
reduced units is given by mined by fitting the susceptibility in high-field regime, the
remanent magnetization, the coercive field, and the field
strengthH;;.2° The fitting procedure gives an anisotropy

Q] A 0
n=aco® —hpg coSz —hg,M - H cos= +sird. energy of

2 2

Herea is a constant describing the antiferromagnetic corre- K=0.1 meV/Mn,
lations between the adjacemb planes,® the angle between
the magnetization of adjaceab planes, andye the effec-

tive field describing the DE. The reduced fi¢lg,; represents

the applied magnetic fieldyl andH are the unit vectors of
the magnetization and the applied field, afids the angle
between the axis and the magnetization directi(ee inset
of Fig. 6). In the above expression the first term describes th
antiferromagnetic coupling between adjacealh planes,
which leads to the\—type AF structure of Lal\/_InQ_Tr_le sec- onstant and the main contribution to the susceptibility origi-
ond term describes the DE interaction, which is introduce ates from a reversible change fin the domains, where
by doping. The third term stands for the interaction with thethe [110] direction is parallel to the applied fielci In the
external field and the last term describes the anisotropy. .Thiﬁigh-field regime, where the resulting magnetization is al-
form fpr the anisotropy energy 1s .choserj In (_)rder to obt_am Fnost parallel to the applied field, the susceptibility is due to
resulting ferromagnetic moment in tledirection, which is

found in neutron investigation'§. the change ob.

which is in fair agreement with the value of 0.15 meV/Mn
found for LagoCaqoMNO; in neutron scattering
experiments® Furthermore, the mean-field calculation leads
to different susceptibilities in the low- and high-field re-
gimes. These different susceptibilities are the result of differ-
ent processes contributing to the magnetization chdsee
fhsets of Fig. 6.

In the low-field regime the canting angl@ is almost

A first result which follows from the model is the relation

SIS AR RN RS REREE
2.0 H : H H H H
d 1 I (110) -
coSs =——, 15 f Bty Mo, et
dheyy 2 4A - /
1.0 |- M, /{
i.e., a constant high field susceptibility B0 K. This was 5 05p o O/ H, oo
also found in the analysis of De Genheand is in agree- 2 00l increasing field increasma / s M, M.,
ment with our experimental result obtained at-0 K 5? 0.5 |- 6 nearly constant ’ ( /. i
shown in Fig. 5. In particular, the measurement at 4.2 K = [ }’ 9 ooy
shows an almost linear field dependence of the magnetiza- i ] , o1y
i -1.5 - g field reduces 6
tion for woHeyx>8 T. o b
For a further analysis of the CAF model we have calcu- 20
25

lated the magnetization curve resulting from the minimiza-
tion of ». The result obtained by applying numerical tech-
nigues is shown in Fig. 6. We note that the theoretical curve

was obtained by considering a twinned crystal. As already FG. 6. Calculated magnetization vs applied magnetic field
mentioned above thigd01] direction, thel 110] direction, as  curve for a twinned single crystal using the CAF model with an-
well as thea andb axes, can be interchanged and the resultisotropy. The insets show the two different processes causing the
ing magnetization is the sum of these different contributionsdominating magnetization change in the low- and high-field re-
The parameters of the above mean-field model are detegimes as indicated by the arrows.

14-12-10 -8 -6 -4 2 0 2 4 6 8 10 12 14
B(T)
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0.6

tively the same, as can be seen by comparing the data shown
in the insets of Fig. 1 and Fig. 7. These striking similarities
of the field- and temperature-dependent magnetization
strongly suggest that the sample with 9% strontium doping is
also in a CAF state at low temperatures. The observed coer-
cive force ofugH.=0.2 T, i.e., the smaller anisotropy, and
the increased magnetization compared to the sample with 6%
strontium doping can naturally be explained by the ferro-
magnetic isotropic double-exchange mechanism which in-
creases with growing strontium content.

<
'S

@
(&

u OM/EH (p /T)

0.0 V. CONCLUSION

s 4 6 3 10 1 1 Focusing on a LggsSty odVInO5 crystal we have investi-
gated the temperature and magnetic field dependence of
KH (D lightly doped manganites. In case»f 0.06 the comparison

FIG. 7. Comparison between the differential susceptibilities Ofbetwe_en ZFC, FC, and.ANF measu.rements recordeq at in-
La, ,SEMNO; with x=0.06 andx=0.09 which are almost con- C'€@Sing temperature gives clear evidence for the existence
stant above 8 T. The inset displays the temperature dependence %ﬁ‘ different magnetic domains. Furthermoref' our m?asure'
the inverse magnetization far=0.09 (compare Fig. 1 ments strongly suggest .that thg magnetic QOmalns are

strongly coupled to the twin domains of the lattice.

The result of our calculation is in good agreement with  We have presented a detailed analysis of the correspond-
the measurement shown in Fig. 3. In the low-field regimeing magnetization curve at 4.2 K, which shows a pronounced
(below 1 T) we observe a higher susceptibility than in the hysteresis. From this analysis we can conclude that this hys-
high-field regime(above 5 7. Furthermore, we have found teresis is not caused by domain wall motion, since in this
reversible processes below 1 T, which can be attributed to thease a much smaller coercive field is expected. Furthermore,
reversible changes i mentioned above. we can rule out a phase separation into ferromagnetic and

The pronounced kink in the calculated magnetization verantiferromagnetic regions for the same reason. On the other
sus applied field curve at about 2 T originates from the spehand, we have shown that a CAF model reproduces the main
cific form Ksir?®d of the anisotropy energy and the fact that features of the measured magnetization versus applied mag-
the theoretical curve is calculated foe=0 K. Further dif-  netic field curves, namely, a constant high-field susceptibil-
ferences between theory and experiments, such as the obsfy, a remanent magnetization, a large coercive force, and a
vation of two different critical fieldH.,;; in the measured jumplike increase of the magnetization at the critical field
curve, can be attributed to the presence of further magnetiel ;. Therefore, our analysis strongly suggests the presence
domains, which are not included in the calculations. of a homogeneous CAF phase. The doping regime of the

Finally, we mention that the hysteresis loop at 4.2 K of thehomogenous CAF phase extends at least up to 9% strontium
sample with 9% strontium doping is quite similar to the onedoping, as demonstrated by the magnetization versus applied
of Lag g4Slh odVINO;3. In particular, the magnetization versus field curves of La_,Sr,MnO; with 0.06=x<14.
applied field curve of Lggy:Sry odMNO5 shows also a hyster-
esis(Fig. 4. Moreover, as demonstrated in Fig. 7, the differ-
ential susceptibilityyM/dH versus applied field curves are
almost the same above 1.5 T, including the nearly constant The authors acknowledge useful discussion with S.
high-field susceptibility which is characteristic for the CAF Uhlenbruck and would like to thank B. Herrero-Aldea for a
state. Moreover, the temperature-dependent inverse magnetiitical reading of the manuscript. This work was supported
zation of Lg ;S odMnO3 and Lg 9,51 0dVINO3 is qualita- by the Deutsche Forschungsgemeinschatft.
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