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Crystal structure and magnetic properties
of the unique Jahn-Teller system154Sm0.6Sr0.4MnO3

I. D. Luzyanin, V. A. Ryzhov, D. Yu. Chernyshov, A. I. Kurbakov, V. A. Trounov, A. V. Lazuta, V. P. Khavronin,
I. Larionov, and S. M. Dunaevsky

Petersburg Nuclear Physics Institute, Gatchina 188350, St. Petersburg, Russia
~Received 5 June 2000; revised manuscript received 28 March 2001; published 14 August 2001!

Structural neutron diffraction investigations as well as data on resistance, linear susceptibility, and second
harmonic of magnetization are presented for154Sm0.6Sr0.4MnO3 manganite. The structural studies reveal the
unique Jahn-Teller~JT! character of this compound which is established to exhibit aPbmn space group.
Unusual large coherent JT distortions are found to develop belowTJT'180 K and remain even in a metallic
ferromagnetic phase below the Curie pointTc'120 K. In the paramagnetic region the resistance is consistent
with polaron hopping. A field hysteresis of the second harmonic is observed aboveTc . This evidences the
existence of the macroscopic ferromagnetic regions in the paramagnetic matrix. In contrast, temperature de-
pendence of the linear susceptibility reveals a plateau atT.Tc . These conflicting peculiarities of the magnetic
properties can be explained by assuming the ferromagnetic behavior to be associated with the antiferromag-
netic regions possessing a weak ferromagnetism. The ordered regions appear as a result of first order transition
at T'160 K, destroy atT* '137.5 K and reveal a characteristic three-critical behavior forT→T* 10.
Change in a balance between the ferromagnetic double exchange hopping ofeg electrons and the antiferro-
magnetic interactions oft2g spins, which caused by the cooperative JT effect, and the charge ordering corre-
lations are supposed to account for the anomalous magnetic behavior aboveTc .

DOI: 10.1103/PhysRevB.64.094432 PACS number~s!: 75.40.Gb, 75.60.2d, 61.66.Fn
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I. INTRODUCTION

Doped manganite perovskites have been extensively s
ied because of their interesting physics.1 Some of these com
pounds reveal the colossal magnetoresistance properties
R12xSrxMnO3 (RSr) manganites withR5Sm belong to this
group. Their magnetic phase diagram obtained by magn
transport, and electron diffraction measurements shows
general, a rather typical behavior with increasingx.2 Ferro-
magnetic insulating state, replacing antiferromagnetic in
lating ~AFI! phase, is found for 0.1<x<0.3. For 0.3,x
,0.52, ferromagnetic metallic state is observed, an A
phase occurs forx.0.6, and these two ranges are san
wiched by an intermediate zone 0.4<x<0.6, where the co-
existence of the several phases are found. At the same
the SmSr possesses a number of the peculiarities in a
doped region (x,0.5) distinguishing it even from the NdS
and PrSr compounds in which Nd31 and Pr31 radii are the
nearest to that of Sm31 and whose phase diagrams are t
same character as that of SmSr in this area.2,3 The first im-
portant feature is a low Curie temperatureTc which does not
exceed 130 K for x50.4, whereas the maximumTc
'280 K (x'0.4) is found in the NdSr and PrSr. The mo
remarkable peculiarity is an unusual magnetic behav
aboveTc for x<0.4. In the paramagnetic state the data o
nonlinear response revealed the regions with a weak spo
neous magnetization forx50.25, 0.3, and 0.4.4 A hysteresis
of magnetization was also found in the relatively large m
netic fields forx50.35 aboveTc which disappears at high
temperatures.5

The manganites containing Sm have been poor studie
neutron diffraction due to a very large absorption cross s
tion of natural Sm. In particular, there are no detailed data
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the crystal structure of SmSr system which are of great
portance for clarifying a role of the lattice effects. Only r
cently, character of a magnetic ordering belowTc for x
50.4 has been established by neutron diffracti
experiment.6

We report here the systematic investigations ofx50.4
SmSr compound which include the structural neutron d
fraction measurements as well as the data on resistivity,
namic magnetic susceptibility, and nonlinear response.
studies suggest that the very large cooperative Jahn-T
~JT! distortions of LaMnO3 type, which develop belowTJT

'180 K and only slightly reduce in the metallic ferroma
netic state belowTc'120 K, underlie the peculiarities o
this system.

We present evidence for the existence of the regions p
sessing a weak ferromagnetism~WF! in the paramagnetic
phase. This property is attributed to the formation ofA-type
AF domains exhibiting the WF due to the Dzyaloshinsk
Moriya coupling. The ordered phase originates with a sm
finite magnetization belowTJT at T'160 K, indicating a
first order transition. Its nonlinear response is found to
hibit a strong enhancement at decreasing temperature, s
ing a three critical anomaly atT* '137.5 K where this or-
dered state completely destroys. Then atTc5120 K, the
system undergoes transition into a new state which can
considered as a mixture of the charge-delocalized ferrom
netic and AFI phases. In addition, a small volume fraction
the CE-type AF phase is found to appear belowTJT, and
persist down to 1.5 K without the noticeable temperatu
changes. Since theCE structure is associated with the char
ordering atx;0.5, this observation is consistent with th
findings of the work2 where the local appearance of th
charge ordering was found by electron diffraction below 1
©2001 The American Physical Society32-1
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K. In addition, these studies are in general agreement w
our results on the coexistence of the several phases in
compound belowTJT. Note, that the several features of th
magnetic behavior aboveTc and a number of the structura
peculiarities for our compound are similar to those
(Nd12ySmy)0.5Sr0.5MnO3 (y50.94) ~Ref. 7! and
Nd0.25La0.25Ca0.5MnO3.8

Some preliminary data on the crystal structure and a c
acter of magnetic ordering belowTc has been reported fo
this manganite earlier.6 This work presents new data on Mn
O1~O2!-Mn bond angles, findings on a temperature hys
esis of the lattice constants, the more accurate results
Mn-O1~O2! bond lengths and evidence concerning the ex
tence of theCE-type AF phase.

II. SAMPLE AND METHODS

The sample was prepared by multistage solid state syn
sis from a stoichiometric mixture of MnO2, SrCO3, and
Sm2O3 ~using isotope154Sm) with intermediate grinding an
pressing at 10 000 kg/cm2. Synthesis was carry out into co
rundum crucible at 1200 °C for 48 h at one stage in air.

Sintered sample was certified for a content of the me
components, employing complexonometrical titration for d
termination of Sm, Mn with error<1% and Sr with error
<2%. The content of Sm was also determined photome
cally. The correctness of this test was confirmed by an an
sis of the artificial solutions and comparison of titration a
photometry. Thus, the isotope powder sample of composi
154Sm0.590(6)Sr0.410(8)Mn1.00(1)O3 was prepared completel
enriched with154Sm. The 154Sm isotope has a rather sma
neutron absorption in comparison with a natural isotope m
ture that allows us to perform the neutron diffraction expe
ments. According to our EPR data, there were no trace
the magnetic impurities in the sample. The magnetoresis
ity was measured by the conventional four-probe method

The neutron powder diffraction experiments o
154Sm0.6Sr0.4MnO3 in a temperature range from 1.5 to 300
were performed using G4.2~LLB, France! high-resolution
diffractometer. The programFULLPROF9 was employed for
the crystal structure refinement. A diffraction patterns
room temperature and at 1.5 K are shown in Fig. 1.

The dynamical linear susceptibility measurements w
carried out by the same manner as in Ref. 10 in a freque
range 103–105 Hz; an ac field amplitude wash0'1 Oe. A
field hysteresis of the resistance and the susceptibility w
studied in the weak constant magnetic fieldsH<500 Oe.

The measurements of the second harmonic of the long
dinal component of magnetizationM2 were performed in
parallel dc- and ac-harmonic magnetic fieldsH1h sinvt(h
<35 Oe, f 5v/2p515.7 MHz). The real and imaginar
parts of the second harmonic of magnetization ReM2(H)
and ImM2(H), were simultaneously recorded as the fun
tions of the steady magnetic fieldH at various sample tem
peratures. This field was scanned symmetrically relative
the pointH50 for detecting a field hysteresis of the sign
An installation and a method of separation of theM2-phase
components have been described previously.11 Sensitivity of
this measurements was about 1029 emu.
09443
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III. RESULTS AND DISCUSSION

A. Neutron diffraction data

Some details related to the diffraction experiments and
refinement procedure as well as the preliminary results h
been reported earlier.6 The measured diffraction profiles ar
found to be comparably well fitted by the orthorhomb
space groupPbnm. The results on the lattice constants~Fig.
2! and MnO bond lengthsdMn-O , ~see Table I! show thata
5b.c/A2 and all dMn-O are equal (O phase! at T
5180 K–300 K. A remarkable splitting of the lattice con
stantsa andb as well as the Mn-O distances develops bel
TJT'180 K (O2O8 structural transition!. This typical co-
herent Jahn-Teller~JT! splitting is preserved down to 1.5 K
The lattice constants exhibit a temperature hysteresis
large temperature rangeT'90–175 K, that is due to a prox
imity of the two transitions of the first order: structural an
metal insulator. A lattice response to the latter is clearly s
from the data obtained on heating, when the lattice distan
display the kinks atT'90 K with following nearly linearT

FIG. 1. Diffraction pattern, calculated profile, and residual cur
for Sm0.6Sr0.4MnO3 (Pbnm, room temperature!. The inset shows
the same forT51.5 K. Magnitude of the residual curve is close
zero. It is placed below zero for convenience.

FIG. 2. Temperature dependencies of the lattice constants
Sm0.6Sr0.4MnO3 (Pbnm) in heating and cooling regimes. The sol
lines are a guide for the eyes.
2-2
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TABLE I. Selected structural parameters for sample of Sm0.6Sr0.4MnO3. All the refinements were carried
out using the orthorhombicPbnmspace group. The numbers in parentheses are the statistical errors
last significant digits.

T a b c Mn-O1 Mn-O2 Mn-O2 Mn-O2-Mn Mn-O1-Mn

~K! (Å) (Å) (Å) (Å) (Å) (Å) ~deg! ~deg!

300 5.4415~6! 5.4419~9! 7.6730~7! 1.951~2! 1.96~2! 1.94~2! 160.0~2! 158.7~4!

144 5.4376~9! 5.446~1! 7.670~1! 1.938~2! 2.10~2! 1.81~2! 160.2~2! 163.3~5!

125 5.4376~9! 5.446~1! 7.669~1! 1.936~2! 2.12~2! 1.78~1! 160.3~1! 163.9~5!

106 5.4344~8! 5.445~1! 7.672~1! 1.937~2! 2.06~2! 1.86~2! 158.2~2! 163.8~5!

50 5.4297~8! 5.440~1! 7.673~1! 1.934~2! 2.07~2! 1.84~2! 157.8~2! 164.8~5!
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dependencies up toTc'120 K. This behavior is in a
close correspondence with that observed
(Nd0.06Sm0.94)1/2Sr1/2MnO3.7 The lattice constants show th
largestT hysteresis atTc that reflects a peculiarity of the
metal-insulator transition in the strong JT system. As s
from Table I, the equatorial~Mn-O2! bonds exhibit the
abrupt changes, whereas an apical~Mn-O1! bond reveals the
smallest variation across the JT transition as it occurs
LaMnO3.12 The cooperative JT distortions are also sensit
to metal-insulator transition. A difference between the t
Mn-O2 bound lengths reduces fromd50.34(3) Å at T
'125 K ('Tc) to d50.20(4) Å at T'106 K. Surpris-
ingly, the distortions of the MnO6 octahedron in the metallic
state are the same character as those in LaMnO3,12 namely,
the Mn-O1 bond length lies between the Mn-O2 bo
lengths. Moreover,d'0.2 Å in this state is not far fromd
'0.3 Å in the insulating state atT'144 K which is nearly
the same asd in LaMnO3.

Thus, the metallic ferromagnetic state of this compou
reveals the unusually large coherent octahedral distorti
This is the new unexpected phenomenon for the doped m
ganites. Such a behavior may be related to adiabatic~above
Tc) and nonadiabatic~below Tc) motions of the carriers.13

An assumption of this scenario is that in the insulating st
the mobility of the electrons is slow compared with the fr
quencies of the JT active phonons. If the Mn31O6 /Mn41O6
octahedrons are fully distorted/undistorted in the insulat
state, they relax completely during electron hopping fro
Mn31 to Mn41 site. In the metallic phase the carriers a
more mobile and the octahedrons do not exhibit full rela
ation. The local distortion of the Mn31O6 octahedron may
decrease in the metallic state, whereas the distortion
Mn41O6 octahedron may increase, so that the average la
structure reveals the strong distortions.

The bond angles, shown in Table I, also exhibit the te
perature changes. The Mn-O1-Mn bond angle increases
ticeably in the JT phase, compared to room temperature.
Mn-O2-Mn bond angle is sensitive to the insulator-me
transition displaying a reduction belowTc .

It is worth to present here the data on the magnetic st
ture below Tc partly reported earlier.6 Neutron diffraction
spectra at low temperatures reveals the ferromagnetic~F! and
antiferromagnetic contributions. The F component is direc
along thec axis. The AF component lying along theb axis
orders ferromagnetically in theab plane with AF alignment
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of the subsequentab planes formingA-type AF structure.
The F and AF reflections appear simultaneously belowTc
'120 K. The components of the magnetic moment per
site at 1.5 K are found to bemc5mF52.46(5)mB and mb
5mAF50.54(3)mB . These findings can be interpreted
evidence for the coexistence of the F and AF phases in
manganite since the so large predominance of the ferrom
netic component is unlikely can be provided by a stable
state with the smallmAF . Indeed, hole doping in the manga
nites leads, as a rule, to the uniform F state atx less thanx
50.4. In this compound a corresponding value was found
be x'0.3.2 An alternative possibility, the homogeneou
canted AF state with a comparably small ferromagnetic co
ponent, may occur at a low doping near a border between
AFI and ferromagnetic insulating phases wherex;0.1. The
findings on this matter were reported, for instance, in Ref.
where La12xCaxMnO3 with x50.05 and 0.08 was studied b
neutron scattering.

A careful examination of the diffraction pattern revea
the small additional peaks corresponding to theCE-type AF
ordering as Fig. 3 shows. This phase is observed belowTJT.
Although theCE-type spin structure is characterized by tw
independent magnetic moments for Mn31 and Mn41 sites,
their difference is within the statistical errors. The avera
magnetic moment of Mn ions lying along theb axis is found
to bemCE50.31(2)mB at 1.5 K.

At last, it is important to stress that the structuralPbnm
model corresponds to an average diffraction pattern. T
phases mentioned above are expected to be characterize

FIG. 3. Neutron diffraction spectra for different temperature
The arrows indicate the changes corresponding to the antiferrom
netic,CE, and ferromagnetic phases.
2-3
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the different structural parameters. Consequently, a str
anisotropic broadening of the diffraction lines observed
this sample can be attributed to some distribution of the
tice constants. On the other hand, the relatively good fi
the diffraction pattern by this model suggests that th
phases belong to thePbmn space group and possess t
comparably close structural parameters.

B. Resistance and linear magnetic susceptibility

ResistanceR(T) has a maximum atTm'119 K ~see the
inset in Fig. 3! with ratio R(Tm)/R(300 K)'103. In the
ferromagnetic phase it reveals metallic behavior down t
lower temperature border of the measurements~60 K!. Ac-
cording to the data obtained in the magnetic fields vary
from 100 to 500 Oe,R(H) is practically linear function ofH
at Tm that is usually associated with the F state. TheH hys-
teresis of the resistance is only observed belowTc . The
ln(r/T) versus 1/T curve ~Fig. 4!, wherer is the resistivity,
shows three intervals of the linear dependencies aboveTc
that suggests polaronic character of the conductivity with
different hopping energies. Increase of the hopping ene
below TJT'180 K may be associated with the coherent
dering of the distorted MnO6 octahedra which leads to long
range polaron localization. A following reduction of this e
ergy occurs below 160 K. Lack of any structural anomaly
this temperature suggests that this effect is probably cau
by development of an AF ordered phase as the data on
nonlinear response given below show.

Temperature dependence of the linear susceptibilityx is
measured atH50 in a temperature range from 60 to 230

FIG. 4. Plot of ln(r/T) versus 1/T aboveTc . The inset presents
the dependence ofr on T.
09443
g

t-
f
e

a

g

e
y

-

t
ed
he

~Fig. 5!. The Curie point is defined as the temperature
sharp rise ofx ~Ref. 15! that gives a value which approxi
mately coincides with that obtained from neutron diffracti
(Tc'120 K). The imaginary part of thex was rather weak
and observed only at frequency 100 kHz. It is worth to po
out that aH hysteresis of linear susceptibility is found on
below Tc as for the resistance.

In the paramagnetic region,x is practically independen
of T between 130 and 240 K. This can be interpreted as
effect of short range AF fluctuations developing at these te
peratures. The plateau inx(T) appears aboveTJT that can be
explained by influence of the short range charge-order
correlations which promote theCE-type AF ordering.7,8

Then, belowTJT, the JT effects come into play intensifyin
significantly the tendency to the antiferromagnetism so t
the AF ordered regions appear atT'160 K. Such unusua
peculiarities are a consequence of the cooperative JT e
which controls a relationship between the ferromagne
double exchange and the AF superexchange coupling ot2g
spins. This effect is driving mechanism for orbital orderin
which in turn influences strongly, first of all,eg-electron
hopping.16 The latter accounts for the one-electron ba
width and, consequently, the double exchange arising fr
itinerancy of the doped holes. The AF couplings are not
pected to be modified so strongly by the JT ordering. Th
the decrease inTc and the unconventional character of th
magnetic behavior aboveTc can be attributed to the reduc
tion in the double exchange caused by the coherent JT e
and the charge-ordering correlations. Note that in the m
ganites withx;0.5 a relationship between the charge a
magnetic correlations seems to persist up to very h
temperatures.17

C. Second harmonic of magnetization

The measurements of the second harmonic of magne
tion M2, is performed in a temperature range from 135
230 K. ReM2 is only detected, no ImM2 is found. We ob-
serve a field hysteresis up to 160 K which is much high
thanTc , the signal being found atH50. ReM2(T) reduces
monotonically as temperature increases so that the accu

FIG. 5. The temperature dependence of 4px8. Insert shows the
dependence of 1/4px8 versusT. The solid lines are a guide for th
eyes.
2-4
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CRYSTAL STRUCTURE AND MAGNETIC PROPERTIES . . . PHYSICAL REVIEW B 64 094432
measurements are impossible above 160 K. Below 140
magnitude of the signal increases sharply and a strong
pression of a radio frequency power is needed to record
response without saturation. At the same time, at low leve
the power we could not register correctly the phase com
nents of the signal. Therefore, our possibilities for an ana
sis of the data were limited by the temperature range ab
135 K. The typical hysteresis loop atT'154 K is presented
in the insert of Fig. 6~b!. We characterize these hysteres
loops by means of~i! a maximal value of ReM2(H); ~ii ! the
positions of this maximumHm ; ~iii ! M2m coercivity, Hc .
Figures 5~a!, 5~b! present these quantities as the functions
temperature.

The existence of the response atH50 provides clear evi-
dence of a spontaneous magnetizationM sp of a sample. In-
deed,M2 is a pseudovector and an even function ofh. There-
fore,M2(H) is odd inH with M2(0)50 in the paramagnetic
phase. Consequently, this signal is very sensitive to the

FIG. 6. The temperature dependence of the ReM2 parameters.
Panel~a! presents data on the coercive fieldHC and the positionHm

of the ReM2(H) extremum. Panel~b! does it for the extremum
value ReM2m of the ReM2(H). The inset in panel~b! shows a
typical dependence of the ReM2 on H. The solid lines in panel~a!
are a guide for the eyes. The solid line in panel~b! presents the fit
of the experimental dependence of the ReM2m(T) in a rangeT
5142.6 K–160 K which is described in the text.
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pearance ofM sp, because in this caseM2Þ0 at H50.18 In
the present study, the slowly scannedH forms the quasistatic
hysteresis loop of magnetizationM with a remanent magne
tization Mr and a coercive field. The high frequencyh(t)
perturbs weakly this state that leads toM2 generation which
reveals the hysteresis as a function ofH with M2(0)
}6Mr .

We concentrate first on a magnetic type of a phase wh
can possessM sp. The M sp found in the insulating state ca
be attributed to the AF ordered regions with a WF comp
nent due to small Dzyaloshinskii-Moriya coupling. This in
terpretation agrees with the main peculiarities of the da
First of all, it allows us to clarify a relationship betwee
x(T) behavior and the occurrence of the ferromagneti
aboveTc . According to the argumentation given above, t
plateau inx(T) is related to the development of the AF co
relations throughout the sample that is sufficient to mod
the typicalT dependence ofx aboveTc . In addition, a part
of the sample can exhibit the long-range AF ordering. As
will be seen, this ordering is not so easy to be observed
neutron diffraction. At the same time, the WF due
Dzyaloshinskii-Moriya coupling is often too small to be d
tected byx measurements used here. For instance, the n
linear response evidenced such a WF associated with a p
separation of extra oxygen in La2CuO41d , whereas thex
measurements failed to reveal it.19

We believe that the WF is related to theA-type AF state
since the orthorhombicc/A2 axis is the shortest one for thi
structure,3 and, namely, such an AF phase can coexist w
the F state belowTc , with a volume fraction being compat
ible with that of the F phase. TheCE-type charge ordered
AF state can also occurs for the observed crystal structu3

However, a similar nonlinear response was found in Sm
manganites withx50.3 andx50.25 ~Ref. 4! that cannot be
connected to any charge ordering. At the same time, the v
weak reflections, which can be attributed to theCE-type
state, are observed in the neutron diffraction pattern fox
50.4. This phase appears belowTJT and persists down to 1.5
K exhibiting no noticeable temperature changes. These
servations correlate with the appearance of an extrem
weakM2 signal atT'170 K which is distinguishable from
that presented above. It reveals anotherH dependence show
ing a maximum at a smallHm'61 Oe, its position and
maximum magnitude being practically independent on te
perature. There is no such a signal in the SmSr compou
with x50.25 and 0.3.4 These fundings suggest that theCE
phase cannot account for the WF.

It is interesting to compare the properties of our co
pound with those of Nd12xSrxMnO3 for x50.49 and 0.51
which display theIbmmcrystal structure below 400 K.3 This
space group is very close to thePbnm. The essential differ-
ence between them is coincidence of two Mn-O bond leng
in the ab plane for theIbmm symmetry. In the NdSr (x
50.4) manganite a metallic F ordered state, which devel
below Tc5280 K, coexists withCE-type AF structure be-
low TN

CE'160 K, theCE phase dominating at 15 K. With
decreasing temperature, thex50.51 sample exhibits the F
transition atTc'240 K, thenA-type AF ordering develops
2-5
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I. D. LUZYANIN et al. PHYSICAL REVIEW B 64 094432
below TN
A'200 K, and theCE-type appears atT,TN

CE

'150 K. In this case the F,A andCE-type AF phases co
exist in narrow temperature range belowTN

CE . At T510 K
only A andCE structures are observed, theA-type dominat-
ing.

In our sample the ‘‘incipient’’ AF ordering definitely ap
pearing belowTJT is taken over by the F state belowTc , so
that at low temperature AF phase coexists with the F ph
the later dominating. A small amount (<10%) of the
CE-type AF phase, which is observed atT,TJT, also pre-
sents in the ground state.

The comparison shows that the coexistence of the th
magnetic structures~F, A, and CE! for x;0.5 is the com-
mon feature of these systems exhibiting thePbnm and
Ibmm symmetries. The combination of these phases, t
relative volume fractions and the temperature regions
which they occur depend on the level of doping and
space group. For instance, theCE phase reduces in our sys
tem compared to NdSr. As important differences between
NdSr system and our manganite we note that, first, in
former the spins are ordered along the longestb axis ~in our
notations! for all the types of manganite ordering, whereas
our sample ferromagnetic moment is directed alongc axis.
Second, our manganite shows another character of cha
of the lattice constants at the magnetic ordering in addition
the strong coherent JT distortion in theab plane.

We consider now the peculiarities of theA-type AF re-
gions which can lead to the WF. LaMnO3 is the reasonable
reference point. In this system the WF is due to t
Dzyaloshinskii-Moriya interaction of the nearest Mn31 spins
Si and Sj in the adjacent ferromagnetic planesdi j @Si3Sj #,
wheredi j 5(da ,db,0) for some fixedi andj, and direction of
di j is determined by the tilting of the MnO6 octahedron.20–22

For the ferromagnetic moments of two neighboringab
planes,M1,2, oriented alongb axis with AF mutual align-
ment, we get the WF magnetization alongc axis: Mc
'(Jbc /J')Lb for Jbc /J!1. Here L5(M1-M2)/2 is the
staggered magnetization,Jbc5da andJ' is the AF isotropic
superexchange of the neighboring Mn31 spins in the adja-
cent planes. The magnetization of the planes is direc
along the longest crystalline axis (b in our notation! in all the
manganites exhibiting theA-type AF state in Pbnm
structure3 that suggests the same orientation in our case.
LaMnO3, this is due to the JT distortions of MnO6 octahe-
dron which gives rise to the dominating single ion anisotro
along the longest Mn-O bond.12,22 This factor is likely to be
responsible for the anisotropy of the doped compounds
For the same direction ofL , coincidence of the tilting pattern
of the MnO6 octahedron leads to that of their canted A
states.

The close qualitative resemblance of the crystal struc
of these systems and the same type of the magnetic orde
may be thought to provide a similar magnetic behavior. C
sidering the nonlinear response of these magnets, one sh
take into account the peculiarities of our measurements
data. The former suggests thatM2}h2 and, according to the
results, ImM2(v,H) is not observed in the present manga
ite. When M2}h2, the response can be written a
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M2(v,H)}x2(v,H)h2, where x2 is the susceptibility of
second order which has a static limitx2(0,H)5Rex2(0,H)
51/2]2M /]H2, whereas Imx2(0,H)50.18 The inequality
uIm x2(v)/Rex2(v)u[r (v)!1 means at low v that
Rex2(v,H)'Rex2(0,H) is detected. This is, in fact, a con
sequence of the general properties of the susceptibilities
can be checked forx2 using a simple relaxation approxima
tion in which r (v)}v/G at v/G!1, whereG is the relax-
ation rate ofM.18,19 Thus, it is enough to elucidate a reaso
of nonlinearity ofM (H) to understand theM2 generation.

Since magnetization data in a steadyH and measurement
of ac susceptibility have revealed an anisotropic critical
havior of monocrystalline LaMnO3,22 the noticeable nonlin-
earity in this system is expected to occur in the vicinity ofTN
for H directed along thec axis. As will be seen in detai
below, the Dzyaloshinskii-Moriya interaction connectingLb
andMc leads to influence ofHc on Lb . TheLb , as a critical
variable, exhibits a nonlinearH dependence in a relativel
small H that, in turn, gives rise to a nonlinearity ofMc(H).
The nonlinear response will reveal a critical enhancem
aboveTN with M2}H for H→0. BelowTN , M2(H) has to
show a field hysteresis withM2Þ0 at H50. TheM2 gen-
eration will be anisotropic, the major effect being foun
along thec axis.

Note that the response with the above characteristic p
erties was observed in La2CuO41d single crystals.19 The pe-
culiarities of a distribution of extra oxygen made it possib
to relate theM2 generation to a nonlinear critical behavior
a CuO2 plane with uncompensated WF. Using this assum
tion, theH dependence ofx2(v,H) was described quantita
tively in the paramagnetic critical region, the nonlinearity
M (H) being, in fact, the reason of theM2 generation.

The response of the present manganite, however, rev
no the traces of the paramagnetic behavior because theM2
generation is accompanied by theH hysteresis. This indi-
cates that the phase accounting for the response appears
jump, as a result of first-order transition atT'160 K,TJT
'180 K, when the JT distortions reach a definite lev
Then, at decreasingT, the signal shows a strong enhanc
ment belowT'150 K @Fig. 6~b!#. This behavior suggests
critical anomaly related to destabilization of the ordering.

Analyzing this transition, we employ a mean-field theo
Since the present AF phase has the same symmetry as th
LaMnO3, one can use a free energyF for the latter23 with an
usual additional term to allow first-order transition. For t
two relevant variables describing the ordering, the stagge
magnetizationLb and magnetizationMc , theF reduces to a
two sublattice expression which forHic is written as

F51/2ALb
211/4BLb

411/6PLb
62DbcLbMc11/2x0

21Mc
2

2McH. ~1!

In the case of LaMnO3 exhibiting the second order tran
sition, A,B andx0 are determined by the exchange intera
tions P50 and Dbc introduces the Dzyloshinskii-Moriya
coupling. If Lb andMc are measured in the units ofgmB per
Mn, A(T);TNt, t5(T2TN)/TN , B;x0

21;TN , and Dbc

;Jbc , whereTN5140 K andJbc'0.4 K.12,22
2-6
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The sixth-order term in Eq.~1! allows one to describe th
first-order transition which can occur for negativeB. The
modification of the transition is a result of the complicat
relationships between spin, lattice, orbital, and charge
grees of freedom. Since this transition occurs during de
opment of the structural transition, the JT effects are m
likely to play a leading role in it.

Now, minimizingF, we get

AL1BL31PL55H̃, ~2!

H̃5dH, d5Dx0 ,

M5x0H1dL. ~3!

Here the axes indices have been omitted. We have
ployedA2D2x0'A in Eq. ~2! because an easy-axis aniso
ropy Jan>Jbc has been included inA and Jan@JbcDx0,
whereDx05d!1 is the usual small parameter for the W

According to Eqs.~2!,~3!, the appearance of a spontan
ous Lsp at H50 generatesM sp5dLsp. For HÞ0, they de-
termineM (H), with a nonlinearity ofL(H) leading to that of
M (H).

Consider the first-order transition. ForH50, a free en-
ergy corresponding to Eq.~2! is given by Eq.~1! at Mc50,
and we obtainF(L) with a well known phase diagram cha
acterized by the parametersA andB.24 The first-order transi-
tion occurs in a regionA.0 andB,0 when2B reaches a
value 2B54(PA/3)1/2 determined from the condition
F(L)50 and ]F/]L50. This relation betweenB and A
gives a line of the diagram where two phases withL50 and
Lsp

2 523B/4P are in an equilibrium to each other; forB2

.16PA/3 the ordered phase dominates.
In the magnetic state Eqs.~2!,~3! give for H→10

M sp5dLsp5d@2B1~B224AP!1/2#1/2, ~4!

with B2>16PA/3.
Let us turn to behavior ofL(H) andM (H) in the ordered

phase. It is clear, that these functions exhibit the jumps fr
2Lsp(2M sp) to Lsp(M sp) at H50 when H varies from
H2,0 to H1.0. At the same time,]L/]H and susceptibil-
ity x determined from Eqs.~2!,~3!

]L~H !

]H
5d@A13BL2~H !15PL4~H !#21, ~5!

x~H !5
]M ~H !

]H
5x01d

]L~H !

]H
5x01xWF~H !, ~6!

are the continuous functions ofL2 and, consequently,H. It
can be checked that]L/]H is finite and]L/]H.0. ThexWF
in Eq. ~6! is the WF component of the susceptibility. Th
Eqs.~5!,~6! give
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x2~H !5
1

2

]2M ~H,t!

]H2

52L~H !@10PL2~H !13B#S ]L~H !

]H D 3

. ~7!

The x2(H) has a discontinuitynx2}Lsp5M sp/d in go-
ing acrossH50. It can be verified that]x2(H)/]H.0.

The H behavior of this system characterized by the fun
tions M (H),x(H), and x2(H) is qualitatively the same a
that of a weak ferromagnet or a ferromagnet below sec
order transition. However,T behavior of these magnets ca
be quite different. According to our data,M2 increases
sharply with decreasingT. We will show that Eq.~7! for x2
can describe this effect ifA(T) andB(T) tend to zero simul-
taneously forT→T* whereT* is the three-critical point.24

On the contrary, the magnets exhibiting second-order tra
tion cannot reveal such a behavior in an ordered phase.

ConsideringT dependence ofx2, we employ a generally
accepted suggestion in the mean field theory:B(T)}t5(T
2T* )/T* for T→T* 10. ParameterA can be assumed to
vary asA}tq with q52 to satisfy inequalityB2>16PA/3. If
q.2, this coefficient becomes unessential nearT* . It is
convenient to introduce a parametrization:2B/P5bt,
4A/P5ãt2, and ã/b25a(a<3/4 from the above inequal
ity!, whereb, ã anda are the dimensionless coefficients asL
andM are measured in the units ofgmB per Mn. This system
of the units will be also used below.

In the introduced notations Eqs.~4!,~5! yield

M sp~t!5dLsp~t!5dCspb
1/2t1/2, ~8!

Csp5@11~12a!1/2#1/2/A2;

]L

]H U
H50

5CL8dP21b22t22, ~9!

CL85$@11~12a!1/2#~12a!1/2%21.

We presentx2(H,t) in a weakH>0 which is deduced from
Eqs.~7!–~9!

x2~H,t!5x2~t!S 12Cd

dH

P~tb!5/2D 5x2~t!@12dx2~H,t!#,

~10!

Cd56CL8FCsp
2 C0

2CL82S 11
5

4
~12a!1/2D G~CspC0!21;

x2~t!52Cx2
d3P22~tb!29/2,

~11!

Cx2
5CspCL8

3 C0 , C052S 11
5

2
~12a!1/2D .

In this regimeL induced byH, L;H̃/P(bt)2 Eq. ~9!, is
much less thanLsp;(bt)1/2 so thatH̃/P(bt)5/2!1 in Eq.
~10!. In a strongH as H̃/P(bt)5/2@1, x2 is mainly deter-
2-7
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mined byH: x2}H29/5. At last, we give an expression fo
M2(t) at H→10 which is obtained from Eqs.~8!,~11!

M2~t!52CM2
M sp~t!S dh

P~bt!5/2D 2

,

~12!
CM2

5CL8
3 C0 .

As should be expected, the magnitude ofM2 is reduced
by the weak-field factor in square in comparison withM sp.
The coefficientsCsp,Cd , andCx2

in Eqs.~8!, ~10!, ~11! vary

with a as follows. The factorCsp reduces weakly from 1 to
A3/2 whena increases from zero to 3/4. The same change
a leads to monotonous increasingCx2

from 7/8 to 9.23 and

Cd from 8.6 to 35.
The parametera controls a distance from the border of th

first order transition determined by the conditiona53/4.
Equation~8! shows thatb accounts for the magnitudes ofLsp
andM sp. A value ofLsp at saturation given formally by Eq
~8! at t51 restricts that ofb: Cspb

1/2<S0, whereS051.7 for
a mixture of Mn31 and Mn41 ionic states corresponding t
our manganite withx50.4. The parameterP determines the
scale of the magnetic field effect onL and M as it is clear
from Eqs.~9!, ~10!, ~12!. Since three critical behavior is no
effected by interaction of the fluctuations,24 the obtained re-
sults can be directly compared with the experimental dat

Although there is not any deep physical sense in a co
parison of the three critical indices with those of the seco
order transitions in the 3D isotropic magnets, it seems us
to do it. TheM sp andLsp scale as (T2T* )b with b51/2 Eq.
~8! so that this index coincides with that of the mean fie
results forM sp ~F-paramagnet transition,T→Tc20) or Lsp
~AF-paramagnet transition,T→TN20). Note that scaling
theory givesb'1/3 for these transitions.24 An index g of a
staggered susceptibility determined by Eq.~9! and xWF Eq.
~6! is g52, whereas scaling prediction isg'4/3 for the
compared systems. At last, a magnetic fieldHcr dividing the
regimes of the weak and strong fields obeys a lawHcr
}tb1g with b1g55/2 andb1g'5/3 for our case and 3D
isotropic magnets, respectively.

Let us proceed to the experimental findings. In a r
magnet the steplikeM2(H) dependence transforms into
hysteresis curve due to domain formation. One can comp
the x2(H,t) dependencies with behavior of the branch
~1-2! and (18-28) of ReM2(H) hysteresis loop displayed i
the inset of Fig. 6. These branches can only reveal the
pendencies which may be similar to those obtained for
uniform state. The~1-2! branch shows a minimum whos
absolute value sharply increases at decreasingT, its field
position Hm monotonically decreasing from 200 Oe dow
approximately to 50 Oe. This behavior is similar to that e
pected in the weakH, whereM2}t24.5 Eqs. ~10!,~11!. Ac-
cording to Eq.~10!, M2(H) has to increase with raisingH. In
our case, however, it occurs forH.Hm . This peculiarity
may be understood ifHm is the border for formation of the
near-uniform state. In the weak ferromagnets, in contras
the conventional ones, so homogeneous state can be
vided by a relatively weakH in virtue of the small magni-
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tudes ofM sp and susceptibility, the latter remaining not to
large even nearT* as following estimations show.

Thus, theT dependence ofM2m can be compared with the
prediction M2(t)}t2g2 with g259/2 for T→T* . Figure
6~b! shows, that this expression fits well theM2m(T) data,
with a fitting three critical temperatureT* being found to be
T* '137.5(2) K. Note that the fit of the data atH50 gives
practically the sameT* with a close value of mean-square
deviation of the data to the fit. Thus, heterogeneity of
magnetic state in a range betweenH50 andHm is not so
significant to modify the temperature dependence ofM2. It is
worth indicating that the fit ofM2m(T) data including the
two relevant parametersT* and g2 gives T* 5134.5(9) K
andg256.7(5).Although the formal result of this kind can
not be interpreted unequivocally, it seems to support in
rectly the presence of the three critical anomaly atT*
'137.5 K since the sinqularity in this point gives the val
of g254.5 which is physically justified and maximal close
that obtained in the two parametric treatment.

In the vicinity ofT* at T'140.8 K, the response in a fiel
region 0,H,Hm'64 Oe is about five times less thanM2
calculated from the expression obtained in the fit. Since
this intervalM2(H) depends very weakly onH, this effect
cannot be attributed to theH influence and means change
the critical behavior which manifests itself in a very stro
suppression ofM sp and, consequently,Lsp. Modification of
the temperature dependencies of the critical variables in
close proximity of a critical temperature is known pheno
ena which usually occurs in a region oft where some weak
interactions become strong enough.24 In the present phase
corresponding coupling is most likely to be the interacti
between the fluctuations ofM and L which is, in fact, con-
trolled by a parameter (d/t)2 and becomes strong asxWF
}(d/t)2 Eqs.~6!,~9! exceedsx0. The estimations given fur-
ther confirm this assumption. The additional careful inves
gations are certainly needed to elucidate the peculiaritie
the critical behavior in this narrow temperature region ju
aboveT* . Thus, the presented theory describes well theT
dependence ofM2 in a large range of changingM2(T),
about three orders of magnitude, using the single relev
fitting parameterT* .

Now consider the parametersP, d, andb. Since each of
them cannot be determined from the data, we first seP
5T* that is the natural assumption in the critical regio
From Eqs.~11!,~12! with a correction on an angle averagin
needed for the polycrystalline magnets and the data
ReM2m obtained at h'35 Oe, we find a relation
@ f WFCx2

(a)#1/3d/b3/2'431022 where f WF is the volume
fraction of the sample occupied by the ordered phase. T
expression, however, is insufficient to estimate the para
eters of the phase. An additional relationship betweenb and
d can be obtained by using the influence ofH on M2 given
by Eq. ~10!. Introducing the quantities

m25uM2uP2t9/2/h25Cx2
f WFd

3/b9/2, ~13!

@see Eqs.~8!,~11!,~12!# and

dx̃25dx2~Pt5/2/H !5Cdd/b5/2 ~14!
2-8
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@see Eq.~10!#, we get

d5CdS m2

f WF
D 5/6

dx̃2
23/2,

~15!
Cd5Cd

3/2/Cx2

5/6;

C̃sp5Cspb
1/25Csp* F S m2

f WF
D 1/3

dx̃2
21G1/2

,

~16!
Csp* 5Csp~Cd /Cx2

1/3!1/2.

Here we present coefficientC̃sp determining the full mag-
netization of the materialLsp5C̃spt

1/2 Eq. ~8!. A remarkable
peculiarity of Eqs.~15!,~16! is that the coefficientsCd and
C̃sp, unlikeCx2

andCd , change weakly witha; at increasing

a from 0 to 3/4, they increase slightly:Cd from 30.5 to 32.5
andC̃sp from 3 to 3.5. An angle averaging, which should
made for a polycrystalline magnet, leads to replacem
M2→4M2 in Eq. ~13! and dx2→5/4dx2 in Eq. ~14! since
M2}h2 at H50 and dM25dx2h2}Hh2. As it was men-
tioned, theH effect described by Eq.~10! is modified by
influence of the domain structure. An examination ofM2(H)
dependence shows that this influence reduces with dec
ing T but, nevertheless, exists even at the minimal availa
T5142.6 K. Therefore, one can only obtain an estimat
dx2<0.2 atT5142.6 K andH5100 Oe. As a result, Eqs
~15!,~16! give d>1.831022/ f WF

5/6 and C̃sp>0.8/f WF
1/3 . If a

considerable part of the sample is ordered, for instancef WF

50.5, we find d>3.231022 and C̃sp>1. The values of
d'3.231022 is close tod'4.531022 of LaMnO3 ~Ref.
22! that seems to be reasonable for the systems with ne
the same JT distortions. The value ofC̃sp'1 corresponds to
about 60% of the fully magnetized phase (Lsp't1/2

'0.6S0t1/2,S051.7) if factort1/2 is ignored. This reduction
appears to be rather natural for the phase which originate
the finiteT due to the interactions of spin degrees of freed
with other ones. In contrast, iff WF50.1, we getd>12
31022 and C̃sp>1.7. The so larged and maximal allowed
C̃sp suggest that this situation is unlikely to occur.

Thus, according to the estimations, the large volume fr
tion of the sample is expected to exhibit the ordering. F
definiteness, the possible parameters of the phase ca
f WF;0.5, d;331022 andC̃sp;1. This conclusion does no
contradict the neutron diffraction data andx measurements
Indeed, a relative magnetization per Mn isdLsp5Lsp/S0

with S051.7. For 50% ordered sample withC̃sp'1, we have
dLsp'0.5C̃spt

1/2/S0'0.1 at T5160 K. This result shows
that it is not so easy to reveal the AF peaks of the relativ
small intensity which, in addition, unexpectedly quickly di
appear with decreasing temperature.

As regards tox exhibiting the plateau in the considerin
temperature range where 4px51022 ~Fig. 5!, the WF con-
tribution to it is small besides a close vicinity ofT* because
the critical enhancement is compensated by the smallnes
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d, xWF}(d/t)2 Eqs. ~6!,~9!. Calculation of maximaldxWF
5xWF/3x ~1/3 is a result of averaging! for the chosen pa-
rameters givesdxWF'2.731023 at T5160 K and dxWF
'0.1 at T5141 K where the maximalCL8 /b2'0.75 has
been used.

It is interesting to comparex of the sample andx0 of our
phase. There are two different susceptibilities in the orde
phase:x' andx i measured perpendicular and alongLsp cor-
respondingly. In an above expressionsx0 is x' . The x' ,
being independent ofT in AF state, coincides with its para
magnetic limit atTN . Exploiting the single energy scale o
our problemT* , x0 can be presented asx0

5C@(gm)2/a0
3#T

*
21 ~the conventional units!, where a0

'3.8 Å is the structural constant of the pseudocubic latt
of the manganite andC is the numerical factor. It gives
4px050.6431022 compared to 4px51022 of the sample,
if C5S(S11)/351.55 is simply the paramagnetic factor fo
the mixture of Mn31 and Mn41 ionic states corresponding t
x50.4. SinceLsp is small,x i is expected to be close tox'

and, therefore, the both components of the susceptibility
the phase are comparable tox of the sample. This means tha
the phase can occupy a considerable part of the sampl
agreement with above conclusion.

At last, spin-flop transition, which occurs in this phase f
HiL sp, is characterized by spin-flop fieldHSF. This field can
be roughly estimated asgmHSF;(T* Jan)

1/2t1/2 where we
employ x05x'}T

*
21 and t1/2 determines the reduction o

Lsp. It gives HSF'5 at 160 K and 1.5 T atT5140 K if
Jan'2 K as in LaMnO3.22 This evaluation excludes the spi
flop as a possible reason of theM2 generation in so weakH
used in our study. Note that the close values ofHSF
were observed in the similar mangani
(Nd0.06Sm0.94)1/2Sr1/2MnO3, Hsp reducing with decreasing
T.7 These findings support correctness of our analysis.

Consider briefly the (28-1) and (2-18) branches of the
loop in the inset of Fig. 6 which appear due to domain f
mation. TheM2 generation here is mainly related to domai
wall motion. A characteristic scale of this nonlinearity is d
termined by the coercive fieldHc which shows a smoothT
dependence displayed in Fig. 6~a!. The corresponding non
linear behavior was considered on the basis of the simp
one dimension model of a nonlinear oscillator describing
domain-wall vibrations within the pinning wells.25 This dy-
namics will not be analyzed here.

The unusual magnetic behavior aboveTc suggests an un
conventional type of the phase transition in this system
Tc . In a temperature range betweenTc and T* , the AF
fluctuations are most likely to remain great and, at the sa
time, the F fluctuations grow atT→Tc10, so that one may
expect a strong interaction between them. This can effect
transport properties, especially the magnetoresistance,
may lead to the new peculiarities of insulator-metal tran
tion.

IV. CONCLUSION

The structural neutron diffraction study o
Sm0.6Sr0.4MnO3 powder sample shown that in this syste
the strong coherent JT distortions developed belowTJT
2-9
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'180 K and remained even in the FM phase. This structu
ordering modifies the transport and magnetic properties
the paramagnetic phase aboveTc'120 K. The transport
measurements revealed the polaron character of conduc
aboveTc with the hopping energy which increases shar
below TJT. The x(T) exhibited the unusual plateau abo
Tc , and the nonlinear response indicated the appearanc
regions possessing the spontaneous magnetization below
K. The latter phenomenon is attributed to the formation
the A-type AF domains with the WF due to th
Dzyaloshinskii-Moriya interaction. The ordered regions we
found to appear by a jump atT'160 K and gave the re
sponse with the characteristic temperature dependence w
suggests the three critical anomaly atT'137.5 K corre-
sponding to destruction of the ordering. The volume fract
of this phase, its magnetization and AF order parameter w
estimated. In addition, the small amount of theCE-type AF
phase was found belowTJT by neutron diffraction measure
ments. These magnetic data evidence the dominant char
of the AF and, to a lesser extent, charge fluctuations betw
Tc and TJT. This phenomenon is explained by changing
the subtle balance between the ferromagnetic double
change and the AF interactions oft2g spins caused by the
cooperative JT effect. The definite orbital ordering due
this effect is assumed to lead to a reduction of the effec
eg hopping that favors the AF peculiarities in the magne
behavior. Note that the short range charge ordering fluc
tions in this manganite are expected to develop aboveTTJ, at
least, atT;230 K where we start to observe the plateau
x(T).
rop
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A role of the cooperative JT effect in physics of the ma
ganites is not well understood even in the case of the
doped compounds since the strong Coulomb interaction
produce the similar influence on the ground state. Some
the theoretical works have stressed the importance of
coherent JT distortions,16,21,26 whereas a conclusion on th
dominant effect of the electronic mechanism has been m
in other studies.27,28 For the doped manganites situation
more complicated. The materials exhibiting the met
insulator transition show typically collapse of the coope
tive JT distortions as it occurs in La12xSrxMnO3 for x
.0.16.29 Some aspects of this phenomenon have been
lyzed in work~Ref. 30!. Although the Coulomb interaction is
undoubtedly important in the compounds withx;0.5 which
reveal no the coherent JT effect,31 another scenario can tak
place in the opposite case. It has been recently shown th
strong coupling between electron and JT phonon systems
stabilize the charge ordering forx50.5, with the competing
F andA-type AF states also appearing in the calculations32

The presented compound is expected to be an importan
ample of this type.
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