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Structural neutron diffraction investigations as well as data on resistance, linear susceptibility, and second
harmonic of magnetization are presented ¥&iSm, (Sr, MnO; manganite. The structural studies reveal the
unique Jahn-TellefJT) character of this compound which is established to exhibRbamn space group.
Unusual large coherent JT distortions are found to develop b&lgw 180 K and remain even in a metallic
ferromagnetic phase below the Curie pdiRt=120 K. In the paramagnetic region the resistance is consistent
with polaron hopping. A field hysteresis of the second harmonic is observed dQovEhis evidences the
existence of the macroscopic ferromagnetic regions in the paramagnetic matrix. In contrast, temperature de-
pendence of the linear susceptibility reveals a platedu=af . . 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 afT,~137.5 K and reveal a characteristic three-critical behaviorTes T, +0.

Change in a balance between the ferromagnetic double exchange hopggp@lettrons and the antiferro-
magnetic interactions df4 spins, which caused by the cooperative JT effect, and the charge ordering corre-
lations are supposed to account for the anomalous magnetic behavior Bhove
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[. INTRODUCTION the crystal structure of SmSr system which are of great im-
portance for clarifying a role of the lattice effects. Only re-
Doped manganite perovskites have been extensively studently, character of a magnetic ordering beldw for x
ied because of their interesting phystcSome of these com- =0.4 has been established by neutron diffraction
pounds reveal the colossal magnetoresistance properties. Tegperiment
R;_SrMnO; (RSr) manganites witliR=Sm belong to this We report here the systematic investigationsxef0.4
group. Their magnetic phase diagram obtained by magneti&mSr compound which include the structural neutron dif-
transport, and electron diffraction measurements shows, ifraction measurements as well as the data on resistivity, dy-
general, a rather typical behavior with increasingFerro-  namic magnetic susceptibility, and nonlinear response. Our
magnetic insulating state, replacing antiferromagnetic insustudies suggest that the very large cooperative Jahn-Teller
lating (AFI) phase, is found for 0x=<0.3. For 0.3x (JT) distortions of LaMnQ type, which develop below ;7
<0.52, ferromagnetic metallic state is observed, an AFI=180 K and only slightly reduce in the metallic ferromag-
phase occurs fox>0.6, and these two ranges are sand-netic state belowl.~120 K, underlie the peculiarities of
wiched by an intermediate zone 6&4=<0.6, where the co- this system.
existence of the several phases are found. At the same time, We present evidence for the existence of the regions pos-
the SmSr possesses a number of the peculiarities in a hoessing a weak ferromagnetistwF) in the paramagnetic
doped region X<<0.5) distinguishing it even from the NdSr phase. This property is attributed to the formationAetype
and PrSr compounds in which Rid and P?* radii are the ~AF domains exhibiting the WF due to the Dzyaloshinskii-
nearest to that of S and whose phase diagrams are theMoriya coupling. The ordered phase originates with a small
same character as that of SmSr in this dré@he first im-  finite magnetization belovl ;1 at T=160 K, indicating a
portant feature is a low Curie temperatdigwhich does not  first order transition. Its nonlinear response is found to ex-
exceed 130 K forx=0.4, whereas the maximunT, hibit a strong enhancement at decreasing temperature, show-
~280 K (x=~0.4) is found in the NdSr and PrSr. The mosting a three critical anomaly af, ~137.5 K where this or-
remarkable peculiarity is an unusual magnetic behaviodered state completely destroys. ThenTat=120 K, the
aboveT, for x<0.4. In the paramagnetic state the data on asystem undergoes transition into a new state which can be
nonlinear response revealed the regions with a weak spontaensidered as a mixture of the charge-delocalized ferromag-
neous magnetization for=0.25, 0.3, and 0.4 A hysteresis  netic and AFI phases. In addition, a small volume fraction of
of magnetization was also found in the relatively large magthe CE-type AF phase is found to appear beldw;, and
netic fields forx=0.35 aboveT. which disappears at high persist down to 1.5 K without the noticeable temperature
temperatures. changes. Since theE structure is associated with the charge
The manganites containing Sm have been poor studied byrdering atx~0.5, this observation is consistent with the
neutron diffraction due to a very large absorption cross sedindings of the work where the local appearance of the
tion of natural Sm. In particular, there are no detailed data orharge ordering was found by electron diffraction below 140
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K. In addition, these studies are in general agreement with 20000 ——F———T——T——T—"—T—r—T T
our results on the coexistence of the several phases in this L T=300K | T=15K }L

compound belowT ;7. Note, that the several features of the
magnetic behavior abovE. and a number of the structural
peculiarities for our compound are similar to those of
(Nd;—ySm)sSlhsMNO;  (y=0.94) (Ref. 7 and
Ndo 24-80 8Ca MNO3.°

Some preliminary data on the crystal structure and a char- 20 2 ?:;)egree) €0
acter of magnetic ordering beloW, has been reported for 000 = .
this manganite earliérThis work presents new data on Mn- = A E h § L
01(02)-Mn bond angles, findings on a temperature hyster- oL e ot A
esis of the lattice constants, the more accurate results or
Mn-O1(02) bond lengths and evidence concerning the exis- I . for iy »

tence of theCE-type AF phase. s000 b—m—t— L — b L
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II. SAMPLE AND METHODS

. . FIG. 1. Diffraction pattern, calculated profile, and residual curve
The sample was prepared by multistage solid state synthes, Sy ¢St MNO; (Pbnm room temperatuje The inset shows

sis from a StQiChiomgtriC mixture of MnQ SrCQ;, and  the same fof=1.5 K. Magnitude of the residual curve is close to
Sm,0; (using isotope'>*Sm) with intermediate grinding and  zero. It is placed below zero for convenience.

pressing at 10000 kg/cmSynthesis was carry out into co-

rundum crucible at 1200 °C for 48 h at one stage in air. Il RESULTS AND DISCUSSION
Sintered sample was certified for a content of the metal
components, employing complexonometrical titration for de- A. Neutron diffraction data
termination of Sm, Mn with erro<1% and Sr with error Some details related to the diffraction experiments and the

=2%. The content of Sm was also determined photometrirefinement procedure as well as the preliminary results have
cally. The correctness of this test was confirmed by an analypeen reported earliéThe measured diffraction profiles are
sis of the artificial solutions and comparison of titration andsgynd to be comparably well fitted by the orthorhombic
ﬁ)gotometry. Thus, the isotope powder sample of compositiongpace groufPbnm The results on the lattice constarig.
“Smy s00(65T0.410(8MN1.00(1/0s Was prepared completely 2) and MnO bond lengthdy.o, (See Table)l show thata
enriched with*>*Sm. The'>Sm isotope has a rather small —=p>¢/y2 and all dy,, o are equal © phase¢ at T
neutron absorption in comparison with a natural isotope mix—=180 K-300 K. A remarkable splitting of the lattice con-
ture that allows us to perform the neutron diffraction experi-stantsa andb as well as the Mn-O distances develops below
ments. According to our EPR data, there were no traces of .~180 K (O— O’ structural transition This typical co-
the magnetic impurities in the sample. The magnetoresistivherent Jahn-TellefJT) splitting is preserved down to 1.5 K.
ity was measured by the conventional four-probe method. The lattice constants exhibit a temperature hysteresis in a
" The neutron powder diffraction experiments onjarge temperature rande~90-175 K, that is due to a prox-
*Simy ¢S1p.aMNO; in a temperature range from 1.5 to 300 K imity of the two transitions of the first order: structural and
were performed using G4.@.LB, France high-resolution  metal insulator. A lattice response to the latter is clearly seen
diffractometer. The prograriuLLPROF was employed for  from the data obtained on heating, when the lattice distances

the crystal structure refinement. A diffraction patterns atgisplay the kinks aT~90 K with following nearly linearT
room temperature and at 1.5 K are shown in Fig. 1.

The dynamical linear susceptibility measurements were

carried out by the same manner as in Ref. 10 in a frequency s.445k i
range 16—-10° Hz; an ac field amplitude was,~1 Oe. A -
field hysteresis of the resistance and the susceptibility were °§ s.q40k i
studied in the weak constant magnetic fieltiss500 Oe. A
The measurements of the second harmonic of the longitu- & s5.435F i

) : : ) =
dinal component of magnetizatioM, were performed in S
parallel dc- and ac-harmonic magnetic fields-h sinwt(h % 5430k i
<35 Oe, f=w/27w=15.7 MHz). The real and imaginary §
parts of the second harmonic of magnetizationM3€H) 5‘5425_ bt i
and ImM,(H), were simultaneously recorded as the func- ) M

tions of the steady magnetic field at various sample tem- . '0 — -1(']0 1i2 ‘-1"0-1" 2(')0.25 2'0-
peratures. This field was scanned symmetrically relative to 5078 Temser:turZ(SK) 5 25
the pointH=0 for detecting a field hysteresis of the signal. P

An installation and a method of separa_tion of M_ijhase FIG. 2. Temperature dependencies of the lattice constants for
components have been described previotis8ensitivity of  Smy, (Sr, MnOs (Pbnn) in heating and cooling regimes. The solid
this measurements was about 20emu. lines are a guide for the eyes.
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TABLE I. Selected structural parameters for sample of, §8n, ,MnO;3. All the refinements were carried
out using the orthorhombiPbnm space group. The numbers in parentheses are the statistical errors of the
last significant digits.

T a b c Mn-O1  Mn-O2 Mn-O2 Mn-O2-Mn  Mn-O1-Mn
(K) (R) (R) (R) (R) (R) (R) (deg (deg

300 5.441%6) 5.44199) 7.673q7) 1.9512) 1.962) 1.942)  160.02) 158.74)
144 5.437€9) 5.441) 7.6701) 1.9382) 2.102) 1.812)  160.22) 163.35)
125 5.437€9) 5.4461) 7.6691) 1.9362) 2.122) 1.7841)  160.31) 163.95)
106  5.43448) 5.4451) 7.6721) 1.9372) 2.062) 1.862)  158.22) 163.85)
50  5.42978) 5.4401) 7.6731) 1.9342) 2.072) 1.842) 157.82) 164.85)

dependencies up td.~120 K. This behavior is in a of the subsequerdb planes formingA-type AF structure.
close  correspondence  with  that observed inThe F and AF reflections appear simultaneously belgw
(Ndo 06SMb 00 1/2511,MNO3.” The lattice constants show the ~120 K. The components of the magnetic moment per Mn
largestT hysteresis afl . that reflects a peculiarity of the sjte at 1.5 K are found to ben,=mg=2.46(5)ug and my
metal-insulator transition in the strong JT system. As seer=m,-=0.54(3)ug. These findings can be interpreted as
from Table |, the equatorialMn-O2) bonds exhibit the evidence for the coexistence of the F and AF phases in this
abrupt changes, whereas an api®ah-O1) bond reveals the manganite since the so large predominance of the ferromag-
smallest variation across the JT transition as it occurs imetic component is unlikely can be provided by a stable AF
LaMnO;.*? The cooperative JT distortions are also sensitivestate with the smalin,r. Indeed, hole doping in the manga-
to metal-insulator transition. A difference between the twonjtes leads, as a rule, to the uniform F statex &ss tharx
Mn-O2 bound lengths reduces frod=0.34(3) A atT  =0.4. In this compound a corresponding value was found to
~125 K (=Tc) to §=0.20(4) A atT~106 K. Surpris- pe x~0.32 An alternative possibility, the homogeneous
ingly, the distortions of the Mn@octahedron in the metallic canted AF state with a comparably small ferromagnetic com-
state are the same character as those in Laj{R@amely,  ponent, may occur at a low doping near a border between the
the Mn-O1 bond length lies between the Mn-O2 bondAF| and ferromagnetic insulating phases where0.1. The
lengths. Moreover§~0.2 A in this state is not far frond  findings on this matter were reported, for instance, in Ref. 14
~0.3 A in the insulating state ati~144 K which is nearly where La_,CaMnO; with x=0.05 and 0.08 was studied by
the same a$ in LaMnOs. neutron scattering.

Thus, the metallic ferromagnetic state of this compound A careful examination of the diffraction pattern reveals
reveals the unusually large coherent octahedral distortionghe small additional peaks corresponding to @E-type AF
This is the new unexpected phenomenon for the doped mamrdering as Fig. 3 shows. This phase is observed balgw
ganites. Such a behavior may be related to adialtaiove  Although theCE-type spin structure is characterized by two
T,) and nonadiabati¢below T;) motions of the carrier§}  independent magnetic moments for ¥nand M sites,

An assumption of this scenario is that in the insulating stateheir difference is within the statistical errors. The average

the mobility of the electrons is slow compared with the fre-magnetic moment of Mn ions lying along theaxis is found
quencies of the JT active phonons. If the M®/Mn** O to bemez=0.31(2)ug at 1.5 K.

octahedrons are fully distorted/undistorted in the insulating At last, it is important to stress that the structuPdnm
state, they relax completely during electron hopping frommodel corresponds to an average diffraction pattern. The

Mn®* to Mn** site. In the metallic phase the carriers arephases mentioned above are expected to be characterized by
more mobile and the octahedrons do not exhibit full relax-

ation. The local distortion of the M Oy octahedron may v
decrease in the metallic state, whereas the distortion °f§14ooo- AF CE F ]
Mn**Og octahedron may increase, so that the average lattice’E 5900k i l l ]
structure reveals the strong distortions. _: 10000 - 3300k
The bond angles, shown in Table I, also exhibit the tem- & goo0k y, — (1
perature changes. The Mn-O1-Mn bond angle increases no-z, goook A 4ok
ticeably in the JT phase, compared to room temperature. The'g 4000F _%3?5
Mn-02-Mn bond angle is sensitive to the insulator-metal £ ,qp0F———n— 2 — -
transition displaying a reduction belo. - ~ y rhu LS

10 15 20 25 30 35 40 45 50 55
20 (degree)

It is worth to present here the data on the magnetic struc-
ture below T, partly reported earliét.Neutron diffraction
spectra at low temperatures reveals the ferromag(ietiand
antiferromagnetic contributions. The F component is directed F|G. 3. Neutron diffraction spectra for different temperatures.
along thec axis. The AF component lying along tlieaxis  The arrows indicate the changes corresponding to the antiferromag-
orders ferromagnetically in theb plane with AF alignment netic, CE, and ferromagnetic phases.
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FIG. 5. The temperature dependence @fy4. Insert shows the
dependence of 1My’ versusT. The solid lines are a guide for the
= eyes.

In(p/T) [In(@emK")]
A

(Fig. 5. The Curie point is defined as the temperature of
sharp rise ofy (Ref. 15 that gives a value which approxi-

195meV| 125 meV mately coincides with that obtained from neutron diffraction

6 f ( 137lmey . i \ ] (Te=~120 K). The imaginary part of thg was rather weak
e and observed only at frequency 100 kHz. It is worth to point
40 4.5 5.0 55 6.0 6'15 7.0 7.5 out that aH hysteresis of linear susceptibility is found only
1000/T (K™) below T, as for the resistance.

) In the paramagnetic regioty, is practically independent
FIG. 4. Plot of Inp/T) versus 1T aboveT,. The inset presents of T between 130 and 240 K. This can be interpreted as an
the dependence gf on T. effect of short range AF fluctuations developing at these tem-

the different structural parameters. Consequently, a stron eratgres. Thg plateau y(T) appears abové,r that can be.
xplained by influence of the short range charge-ordering

anisotropic broadening of the diffraction lines observed in lati hich h derind.8
this sample can be attributed to some distribution of the latSOTTelations which promote th€E-type AF ordering.®
tice constants. On the other hand, the relatively good fit of "€N: PelowTyy, the JT effects come into play intensifying

the diffraction pattern by this model suggests that thessignificantly the tendency to the antiferromagnetism so that

phases belong to thBbmn space group and possess thethe AF c.)(dered regions appear B&160 K. Such_unusual
comparably close structural parameters. peculiarities are a consequence of the cooperative JT effect

which controls a relationship between the ferromagnetic
double exchange and the AF superexchange couplirtgyof
) ) spins. This effect is driving mechanism for orbital ordering
. Resistanc&(T) has a maximum al,~119 K (see the which in turn influences strongly, first of algg-electron
inset in Fig. 3 with ratio R(T)/R(300 K)~1C°. In the  hopping!® The latter accounts for the one-electron band
ferromagnetic phase it reveals metallic behavior down to §yidth and, consequently, the double exchange arising from
lower temperature border of the measureme6@K). Ac- jtinerancy of the doped holes. The AF couplings are not ex-
cording to the data obtained in the magnetic fields varyingyected to be modified so strongly by the JT ordering. Thus,
from 100 to 500 OeR(H) is practically linear function oH  the decrease iff, and the unconventional character of the
atTp, that is usually associated with the F state. Thys-  magnetic behavior abovE, can be attributed to the reduc-
teresis of the resistance is only observed bew The tion in the double exchange caused by the coherent JT effect
In(p/T) versus 1T curve (Fig. 4), wherep is the resistivity, and the charge-ordering correlations. Note that in the man-
shows three intervals of the linear dependencies aliQve ganites withx~0.5 a relationship between the charge and
that suggests polaronic character of the conductivity with thenagnetic correlations seems to persist up to very high
different hopping energies. Increase of the hopping energyemperatured’
below T;7~180 K may be associated with the coherent or-
dering of the distorted Mngoctahedra which leads to long-
range polaron localization. A following reduction of this en-
ergy occurs below 160 K. Lack of any structural anomaly at The measurements of the second harmonic of magnetiza-
this temperature suggests that this effect is probably causdwn M,, is performed in a temperature range from 135 to
by development of an AF ordered phase as the data on tH230 K. ReM, is only detected, no Invl, is found. We ob-
nonlinear response given below show. serve a field hysteresis up to 160 K which is much higher
Temperature dependence of the linear susceptibiliig ~ thanT., the signal being found & =0. ReM,(T) reduces
measured ati=0 in a temperature range from 60 to 230 K monotonically as temperature increases so that the accurate

B. Resistance and linear magnetic susceptibility

C. Second harmonic of magnetization
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140 145 150 155 160 pearance oMg,, because in this cadd,#0 atH=0."%In
&2 ARRAESESRELRANEANERE AN the present study, the slowly scanrtédorms the quasistatic
i ( a ) hysteresis loop of magnetizatidvi with a remanent magne-
: 200 p - tization M, and a coercive field. The high frequenbyt)
X perturbs weakly this state that leadsMg generation which
8 150 k . reveals the hysteresis as a function ldf with M,(0)
c+M,.
o E " We concentrate first on a magnetic type of a phase which
. 100 - can possesM,. The Mg, found in the insulating state can
3} L ¢4 be attributed to the AF ordered regions with a WF compo-
= 50 m - nent due to small Dzyaloshinskii-Moriya coupling. This in-
M terpretation agrees with the main peculiarities of the data.
i First of all, it allows us to clarify a relationship between
0 ww—&h&#m-__ﬁ_'_uﬂ-n x(T) behavior ar_1d the occurrence of_ the _ferromagnetism
~ 400 F =~ ) 1! ReM. |J aboveTq . Accordmg to the argumentation given above, the
20 _ T=1531?( plate_au iny(T) is related to the develo_pment_ qf the AF cor-
= d Zr 2 11 relations throughout the sample that is sufficient to modify
B g0 (b ) E - the typical T dependence of aboveT,. In addition, a part
v B IS m\ ) of the sample can exhibit the long-range AF ordering. As it
«g L E . will be seen, this ordering is not so easy to be observed by
= @ neutron diffraction. At the same time, the WF due to
- 200 F <L 2 17 Dzyaloshinskii-Moriya coupling is often too small to be de-
—_ L % >H \ 111 tected byy measurements used here. For instance, the non-
= &~ C linear response evidenced such a WF associated with a phase
~. 100 | NS B b separation of extra oxygen in b@uQ,, 5, whereas they
s I -300-150 0 150 300 | measurements failed to reveal$t.
o H (Oe) We believe that the WF is related to tletype AF state
~ or . exper. ] since the orthorhombic/ 2 axis is the shortest one for this
PP PR EPEP R EP AT EPRP AP structure® and, namely, such an AF phase can coexist with
140 145 150 155 160 the F state below ., with a volume fraction being compat-
Temperature (K) ible with that of the F phase. Th8E-type charge ordered

AF state can also occurs for the observed crystal struture.
FIG. 6. The temperature dependence of theMBeparameters.  However, a similar nonlinear response was found in SmSr
Panel(a) presents data on the coercive fiéld and the positiof ,, manganites withx=0.3 andx=0.25 (Ref. 4 that cannot be
of the ReM,(H) extremum. Pane(b) does it for the extremum  connected to any charge ordering. At the same time, the very
value ReMy, of the ReM,(H). The inset in panelb) shows a  \yeqk reflections, which can be attributed to BE-type
typical dependence of the R, on H. The solid lines in pandl) — gia40 are observed in the neutron diffraction patternxfor
are a guide for the eyes. The solid line in paf®lpresents the fit —0.4. This phase appears beldw: and persists down to 1.5
of the experimental dependence of the Mg, (T) in a rangeT N ) :
—142.6 K-160 K which is described in the text. K exh!b|t|ng no notlcea_ble temperature changes. These ob-
servations correlate with the appearance of an extremely

measurements are impossible above 160 K. Below 140 K WweakM; signal atT~170 K which is distinguishable from
magnitude of the signal increases sharply and a strong sufat presented above. It reveals anotHetependence show-
pression of a radio frequency power is needed to record th&g @ maximum at a smalH,~61 Oe, its position and
response without saturation. At the same time, at low level ofmaximum magnitude being practically independent on tem-
the power we could not register correctly the phase compoPerature. There is no such a signal in the SmSr compounds
nents of the signal. Therefore, our possibilities for an analywith x=0.25 and 0.3. These fundings suggest that t&

sis of the data were limited by the temperature range abovghase cannot account for the WF.

135 K. The typical hysteresis loop &t=154 K is presented It is interesting to compare the properties of our com-
in the insert of Fig. ). We characterize these hysteresispound with those of Nd ,Sr,MnO; for x=0.49 and 0.51
loops by means ofi) a maximal value of RM,(H); (ii) the ~ Which display thebmmcrystal structure below 400 KThis

positions of this maximunH,; (i) My, coercivity, H.. ~ Space group is very close to tikonm The essential differ-

Figures %a), 5(b) present these quantities as the functions ofence between them is coincidence of two Mn-O bond lengths

temperature. in the ab plane for thelbmm symmetry. In the NdSrx
The existence of the responsetit0 provides clear evi- = 0.4) manganite a metallic F ordered state, which develops

dence of a spontaneous magnetizatidg, of a sample. In-  below T,=280 K, coexists withCE-type AF structure be-
deed M, is a pseudovector and an even functiomoThere-  low T(F~160 K, theCE phase dominating at 15 K. With
fore, M,(H) is odd inH with M,(0)=0 in the paramagnetic decreasing temperature, tlxe=0.51 sample exhibits the F
phase. Consequently, this signal is very sensitive to the agransition atT,~240 K, thenA-type AF ordering develops
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below TA~200 K, and theCE-type appears aT<TSE ~ Ma(w,H)xxo(w,H)h? where x, is the susceptibility of
~150 K. In this case the A and CE-type AF phases co- Se€cond order which has a static limyg(QH) =Rex(0H)
exist in narrow temperature range bel@§E. At T=10 K~ 1/20°M/JH", whereas Inx,(0H)=0." The inequality

only A and CE structures are observed, tAetype dominat- |ImX2(w)/ReX2(w)|Er(“.’)<l means at low o that
ingy yp Rex,(w,H)~Reyx,(0,H) is detected. This is, in fact, a con-

In our sample the “incipient” AF ordering definitely ap- iggube;ii;;(tgg Eeneurglnprc;psei:]tq'efeorfetlgiastilfnczpt'?gi'iiqsa‘:’md
pearing belowT ;7 is taken over by the F state beldw, so o2 9 b bp

. . tion in whichr(w)>w/T" at /I'<1, wherel is the relax-
that at low temperature AF phase coexists with the F phas%ttion rate ofM.1819Thus, it is enough to elucidate a reason
the later dominating. A small amount<(10%) of the ) '

o of nonlinearity ofM(H) to understand th&1, generation.

CE-type AF phase, which is observed Bt T,r, also pre- Since magnetization data in a steadyand measurements
sents in the ground state. _ of ac susceptibility have revealed an anisotropic critical be-

The comparison shows that the coexistence of the thregayior of monocrystalline LaMng? the noticeable nonlin-
magnetic structureg~, A, andCE) for x~0.5 is the com-  earity in this system is expected to occur in the vicinityTgf
mon feature of these systems exhibiting tRé&nm and  for H directed along the axis. As will be seen in detail
Ibmm symmetries. The combination of these phases, theipelow, the Dzyaloshinskii-Moriya interaction connectihg
relative volume fractions and the temperature regions irandM, leads to influence ofi. onL,. Thel,, as a critical
which they occur depend on the level of doping and thevariable, exhibits a nonlinedd dependence in a relatively
space group. For instance, tid phase reduces in our sys- smallH that, in turn, gives rise to a nonlinearity . (H).
tem compared to NdSr. As important differences between th&he nonlinear response will reveal a critical enhancement
NdSr system and our manganite we note that, first, in th@boveT, with M,xH for H—0. Below Ty, M,(H) has to
former the spins are ordered along the londeakis (in our  show a field hysteresis witM,#0 atH=0. TheM, gen-
notations for all the types of manganite ordering, whereas ineration will be anisotropic, the major effect being found
our sample ferromagnetic moment is directed aleraxis.  along thec axis.
Second, our manganite shows another character of changes Note that the response with the above characteristic prop-
of the lattice constants at the magnetic ordering in addition t@rties was observed in L&uQ,, 5 single crystals® The pe-
the strong coherent JT distortion in taé plane. culiarities of a distribution of extra oxygen made it possible

We consider now the peculiarities of thetype AF re- o relate theM, generation to a nonlinear critical behavior of
gionS which can lead to the WF. LaM@@ the reasonable a CUQ p|ane with uncompensated WE. Using this assump-
reference pOiﬂt. In this system the WF is due to thetion, theH dependence Cﬁ/z(w,H) was described quantita_
Dzyaloshinskii-Moriya interaction of the nearest #nspins  tively in the paramagnetic critical region, the nonlinearity of
S and S in the adjacent ferromagnetic plangs[SXS],  M(H) being, in fact, the reason of tHd, generation.
whered;; = (d,,d,,0) for some fixed andj, and direction of The response of the present manganite, however, reveals
d;j is determined by the tilting of the Mn@octahedrori’®* g the traces of the paramagnetic behavior becaus#lthe
For the ferromagnetic moments of two neighboria@  generation is accompanied by the hysteresis. This indi-
planes,M, ,, oriented alongo axis with AF mutual align-  cates that the phase accounting for the response appears by a
ment, we get the WF magnetization alomgaxis: M. jump, as a result of first-order transition B&=160 K<T;r
~(Jpc/I )Ly for Juc/I<1. Here L=(M1-M,)/2 is the ~180 K, when the JT distortions reach a definite level.
staggered magnetizatiod,.=d, andJ, is the AF isotropic  Then, at decreasing, the signal shows a strong enhance-
superexchange of the neighboring Mnspins in the adja- ment belowT~150 K [Fig. 6(b)]. This behavior suggests a
cent planes. The magnetization of the planes is directedritical anomaly related to destabilization of the ordering.
along the longest crystalline axib (n our notation in all the Analyzing this transition, we employ a mean-field theory.
manganites exhibiting theA-type AF state in Pbnm  Since the present AF phase has the same symmetry as that of
structuré that suggests the same orientation in our case. FaraMnOs, one can use a free enerdyfor the lattef® with an
LaMnQ;, this is due to the JT distortions of Mpdctahe-  usual additional term to allow first-order transition. For the
dron which gives rise to the dominating single ion anisotropytwo relevant variables describing the ordering, the staggered
along the longest Mn-O bond:?* This factor is likely to be  magnetizatiorL,, and magnetizatioM, thed reduces to a
responsible for the anisotropy of the doped compounds toawo sublattice expression which fét|c is written as
For the same direction af, coincidence of the tilting pattern
of the MnQy octahedron leads to that of their canted AF <I>=1/2AL§+ 1/4BL§+ 1/6pLg_DbC|_b|v|C+ 1/2X51M§
states.

The close qualitative resemblance of the crystal structure —MH. (1)
of these systems and the same type of the magnetic ordering
may be thought to provide a similar magnetic behavior. Con- In the case of LaMn@ exhibiting the second order tran-
sidering the nonlinear response of these magnets, one shouilion, A,B and y, are determined by the exchange interac-
take into account the peculiarities of our measurements anons P=0 and Dy, introduces the Dzyloshinskii-Moriya
data. The former suggests thdb>h? and, according to the coupling. IfL, andM_ are measured in the units gftg per
results, ImM,(w,H) is not observed in the present mangan-Mn, A(T)~Ty7, 7=(T—T\)/Tn, B~X51~TN, and Dy,
ite. When M,xh? the response can be written as ~J,., whereTy=140 K andJ,.~0.4 K122
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The sixth-order term in Eq1) allows one to describe the 1 #M(H,7)
first-order transition which can occur for negatie The X2(H)=5 ————
modification of the transition is a result of the complicated 2 gH
relationships between spin, lattice, orbital, and charge de- JL(H)\3
grees of freedom. Since this transition occurs during devel- =—L(H)[10P LZ(H)+SB]( ) i (7)
opment of the structural transition, the JT effects are most JH

likely to play a leading role in it.

Now, minimizing®, we get The x,(H) has a discontinuityA y,xL ¢;=Mg,/d in go-

ing acrossH=0. It can be verified thady,(H)/dH>0.

The H behavior of this system characterized by the func-
AL+BL3+PL%=H, (2)  tions M(H),x(H), and x»(H) is qualitatively the same as
that of a weak ferromagnet or a ferromagnet below second
order transition. HowevefT behavior of these magnets can

H=dH, d=Dxo, be quite different. According to our datdl, increases
sharply with decreasing. We will show that Eq(7) for x,
M = yoH +dL. &) can describe this effect &(T) andB(T) tend to zero simul-

taneously forT—T, whereT, is the three-critical point’
On the contrary, the magnets exhibiting second-order transi-
Here the axes indices have been omitted. We have emion cannot reveal such a behavior in an ordered phase.
ployedA—D?x,~A in Eq. (2) because an easy-axis anisot-  ConsideringT dependence of,, we employ a generally
ropy Ja=Jpc has been included i and J,>JpDxo,  accepted suggestion in the mean field the®@¢T)« 7= (T
whereD yo=d<1 is the usual small parameter for the WF. —T_)/T, for T—T, +0. ParameteA can be assumed to
According to Egs(2),(3), the appearance of a spontane-vary asA« 79 with q=2 to satisfy inequalityB?=16P A/3. If
ousLgp,at H=0 generatedMg,=dLg,. ForH#0, they de- q>2, this coefficient becomes unessential n&ar. It is
termineM (H), with a nonlinearity ol (H) leading to that of  convenient to introduce a parametrizatior:B/P=br,

M(H). 4A/P=ar?, anda/b?=a(a<3/4 from the above inequal-

Consider the first-order transition. Fof=0, a free en- ity), whereb, a anda are the dimensionless coefficientslas

ergy corresponding to E@2) is given by Eq.(1) atM =0, . . .
and we obtainb (L) with a well known phase diagram char- andM are me:_isured in the units gfug per Mn. This system
of the units will be also used below.

acterized by the parametetsandB.?* The first-order transi- . . .
tion occurs in a regiod>0 andB<0 when— B reaches a In the introduced notations Eqe),(5) yield

value —B=4(PA/3)"? determined from the conditions Mgy 7) =dLef T):dcspb1/27_1/2, @)
®(L)=0 and 9d/dL=0. This relation betweeiB and A
gives a line of the diagram where two phases withO and Co=[1+ (1—a)1’2]1’2/\/§'
L§p=—3B/4P are in an equilibrium to each other; f@? b
>16P A/3 the ordered phase dominates. L
In the magnetic state Eq&2),(3) give for H— +0 H =CLdP ™22, 9)
H=0
Mgp=dLgp=d[ — B+ (B>~ 4AP)"7]"2, 4 Co={[1+(1-a)¥?|(1—a)¥3 1,
with B2=16P A/3 We presenj,(H, ) in a weakH=0 which is deduced from
Let us turn to behavior df (H) andM (H) in the ordered Egs. (1))
phase. It is clear, that these functions exhibit the jumps from
—Ls—Msp) 10 LsfMs) at H=0 whenH varies from X2(HyT):X2(T)(1_Ca‘—5,2 =x2(1)[1=6x2(H, 7],
H_<0 toH,>0. At the same timejL/dH and susceptibil- P(7b)
ity ¥ determined from Eqg2),(3) (10
5
AL(H) ) A . c(s=ecL{c§pcch,— 1+—(1—-a)'? }(CS Co) 5
= - 4 P
p d[A+3BL5(H)+5PL*H)] -, (5)

Xo2(7)=— CX2d3P_2( h) 972,

Gy M) : (@9
X(H)= = Xot+d—===xot xwe(H),

9H 0 IH 0 XWF CXZZCspCﬁ/C01 Co=2 1+§(l—a)l/2

are the continuous functions &f and, consequentiy. It . . . ~ 2 .
can be checked that./dH is finite anddL/dH>0. The x\ye In this regimeL. mducelollzbyi-l, LiH/P(b?/z Eq._(9), 1S
in Eq. (6) is the WF component of the susceptibility. The Much less than.g;~(b7)™* so thatH/P(b7)*"<1 in Eq.
Egs.(5),(6) give (10). In a strongH as H/P(b7)%%>1, x, is mainly deter-
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mined byH: x,H™ 9% At last, we give an expression for tudes ofM sp and susceptibility, the latter remaining not too

M(7) atH— +0 which is obtained from Eq<8),(11) large even neaf, as following estimations show.
2 Thus, theT dependence d¥1,,,, can be compared with the
Ma(7) = — Coy Mo 7 dh prediction M,(7)c 7~ 72 with y,=9/2 for T—T, . Figure
2 M2™s P(br)5?2 6(b) shows, that this expression fits well thé,(T) data,

(12) with a fitting three critical temperatufg, being found to be
Cwm :CE/CO- T,~137.5(2) K. Note that the fit of the data ldt=0 gives
2 practically the sam&, with a close value of mean-squared
As should be expected, the magnitudeMdj is reduced deviatio_n of the_ data to the fit. Thus, heteroggneity of the
by the weak-field factor in square in comparison with,. ~ Magnetic state in a range betwein=0 andHy, is not so
The coefficient<Cs,,C 5, andC,_ in Egs.(8), (10), (11) vary significant to modify the temperature dependencklef Itis
with a as follows. The factoCg, reduces weakly from 1 to worth indicating that the fit oM.n,(T) data including the

J3/2 whena increases from zero to 3/4. The same change o%wo relevant parameters, andy, givesT, =134.5(9) K

a leads to monotonous increasi@, from 7/8 to 9.23 and and y,=6.7(5).Although the formal result of this kind can-
2 ' not be interpreted unequivocally, it seems to support indi-
C; from 8.6 to 35.

) rectly the presence of the three critical anomaly Tat
The parametea controls a distance from the border of the _ 137 5 K since the sinqularity in this point gives the value

first order transition determined by the conditias 3/4.
Equation(8) shows thab accounts for the magnitudes lof,,
andMg,. A value ofL, at saturation given formally by Eq.
(8) at 7=1 restricts that ob: Cgp?<S;, whereSy= 1.7 for
a mixture Of,M”?’JT and Mrf " ionic states corresponding 10 cajcylated from the expression obtained in the fit. Since in
our manganite withx=0.4. The parameteP determines the g intervalM,(H) depends very weakly oHl, this effect

scale of the magnetic field effect dnandM as it is clear  cannot be attributed to the influence and means change in
from Egs.(9), (10), (12). Since three critical behavior is not he critical behavior which manifests itself in a very strong
effected by mtgractlon of the fluct_uatmﬁ‘éthe optalned e~ suppression oM « and, consequently,,. Modification of
sults can be directly compared with the experimental data. ihe temperature dependencies of the critical variables in the
Although there is not any deep physical sense in a coMg|ose proximity of a critical temperature is known phenom-

of y,=4.5 which is physically justified and maximal close to
that obtained in the two parametric treatment.

In the vicinity of T, atT~140.8 K, the response in a field
region O<H<H,~64 Oe is about five times less tham,

to do it. TheM g, andL g, scale asT—T,)* with =1/2 Eq. corresponding coupling is most likely to be the interaction
(8) so that this index coincides with that of the mean fieldpanveen the fluctuations off and L which is, in fact, con-
results forM, (F-paramagnet transitioT,—T;—0) orLs,  trgjled by a parameterd({r)2 and becomes strong agyr
(AF-para_lmagnet transitionT—>TN—_(_)). Note that scaling «(d/7)2 Egs.(6),(9) exceedsy,. The estimations given fur-
theory givesg~1/3 for these transition.An indexy of 8 ther confirm this assumption. The additional careful investi-
staggered susceptibility determined by E®). and xwr EQ.  gations are certainly needed to elucidate the peculiarities of
(6) is y=2, whereas scaling prediction ig~4/3 for the  the critical behavior in this narrow temperature region just
compared systems. At last, a magnetic figlg dividing the aboveT, . Thus, the presented theory describes well The
regimes .of the weak and strong fields obeys a ldyy dependence oM, in a large range of changinil,(T),
<7777 with B+ y="5/2 andB+ y~5/3 for our case and 3D  apout three orders of magnitude, using the single relevant
isotropic magnets, respectively. fitting parametefT, .

Let us proceed to the experimental findings. In a real Now consider the parameteRs d, andb. Since each of
magnet the steplika,(H) dependence transforms into a them cannot be determined from the data, we first Bet
hysteresis curve due to domain formation. One can cOmpare t_ that is the natural assumption in the critical region.
the x»(H,7) dependencies with behavior of the branchesgrom Egs (11),(12) with a correction on an angle averaging

(1-2) and (1'-2") of ReM,(H) hysteresis loop displayed in npeeded for the polycrystalline magnets and the data on
the inset of Fig. 6. These branches can only reveal the dEReMZm obtained at h~35 Oe, we find a relation

pendencies which may be similar to those obtained for th?fWFC (a)]¥3d/b32~4Xx 102 where fy is the volume
uniform state. The(1-2) branch shows a minimum whose X2
absolute value sharply increases at decrea3ings field
position H,, monotonically decreasing from 200 Oe down
approximately to 50 Oe. This behavior is similar to that ex-
pected in the weald, whereM,x 7~ 4° Egs. (10),(11). Ac-
cording to Eq(10), M,(H) has to increase with raisirtg. In
our case, however, it occurs fet>H,,. This pe_:culiarity m2=|M2|P279’2/h2=CX2fWFd3/b9’2, (13)
may be understood ifl, is the border for formation of the

near-uniform state. In the weak ferromagnets, in contrast tfsee Eqs(8),(11),(12)] and

the conventional ones, so homogeneous state can be pro-

vided by a relatively weald in virtue of the small magni- Sx2=Ox2(PT4H)=C 4d/b%? (14

fraction of the sample occupied by the ordered phase. This
expression, however, is insufficient to estimate the param-
eters of the phase. An additional relationship betwe@md

d can be obtained by using the influencetbon M, given

by Eqg. (10). Introducing the quantities
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[see Eq.(10)], we get d, xwe=(d/7)? Egs. (6),(9). Calculation of maximaldyye
56 = xwe/3x (1/3 is a result of averagindor the chosen pa-
d=cC M2 | ™" = a2 rameters givesSywr~2.7<10"3 at T=160 K and Sxwe
Tt X2 o ~0.1 atT=141 K where the maximaC, /b?>~0.75 has
(15)  beenused.
Cd=Cf§’2/C)5(’6; It is interesting to comparg of the sample ang, of our
phase. There are two different susceptibilities in the ordered

3 U2 phase;x, and x| measured perpendicular and aldng cor-
2 ) ~ -1
oX2 } J

”(;Sp: Cspb1/2: C:p[(fm_ respondingly. In an above expressiogsis x, - The x, ,
WF

being independent of in AF state, coincides with its para-
(16)  magnetic limit atTy . Exploiting the single energy scale of

Co= Csp(Czs/C,l(lz3 Ve, our probleniT, , xo can be presented ag
=C[(gu)?/a3]T ' (the conventional uni)s where a,
Here we present Coefﬁcie&sp determining the full mag- ~3.8 A is the structural constant of the pseudocubic lattice

netization of the materidls,):ESprl’z Eq. (8). A remarkable of the manganite andC is the numerical factor. It gives

o - L 41ryo=0.64x 102 compared to 4 y=10"2 of the sample
eculiarity of Egs.(15),(16) is that the coefficient€, and Xo P X ple,
P Y 4s(19),(16) d if C=S(S+1)/3=1.55 is simply the paramagnetic factor for

Csp, unlike C,, andC,, change weakly witla; atincreasing o miyiyre of M+ and M ionic states corresponding to
afrom O to 3/4, they increase slightl4 from 30.5t0 32.5 y—.4. SinceL g, is small, x| is expected to be close tp,
and(~3Sp from 3 to 3.5. An angle averaging, which should be and, therefore, the both components of the susceptibility of
made for a polycrystalline magnet, leads to replacementhe phase are comparablexof the sample. This means that
M,—4M, in Eq. (13) and dx,—5/45x, in Eq. (14) since  the phase can occupy a considerable part of the sample, in
M,xh? at H=0 and éM,= §y,h?xHh? As it was men- agreement with above conclusion.

tioned, theH effect described by Eq10) is modified by At last, spin-flop transition, which occurs in this phase for
influence of the domain structure. An examinatiorvbf(H) HI|L s, is characterized by spin-flop fields. This field can
dependence shows that this influence reduces with decreadse roughly estimated aguHse~ (T, Jan) Y272 where we

ing T but, nevertheless, exists even at the minimal availablemploy yo=y, =T, ! and 7*’2 determines the reduction of
T=142.6 K. Therefore, one can only obtain an estimation_,. It givesHge~5 at 160 K and 1.5 T aT=140 K if
dx2,<0.2 atT=142.6 KandH=100 Oe. As a result, Egs. J,~2 K asin LaMnQ.? This evaluation excludes the spin
(15),(16) give d=1.8x10 %/fy2 and C,,=0.8f2. If a  flop as a possible reason of thM, generation in so weakl
considerable part of the sample is ordered, for instajge used in our study. Note that the close values g
=0.5, we findd=3.2x10? and Cs;=1. The values of Weré observed  in  the  similar ~ manganite
d~3.2x10°2 is close tod~4.5<10 2 of LaMnO; (Ref. ~ {NJ0.065Mb.0d12512MNOs, Hsp reducing with decreasing

. T.” These findings support correctness of our analysis.
22) that seems to be reasonable for the systems with nearly Consider briefly the (21) and (2-1) branches of the

the same JT distortions. The value@f;~1 correspondizto loop in the inset of Fig. 6 which appear due to domain for-
about 60% of the fully T,?gn?’t'ze‘j phasd. =7 mation. TheM, generation here is mainly related to domain-
~0.6577,S=1.7) if factor 7“ is ignored. This reduction \y4|| motion. A characteristic scale of this nonlinearity is de-
appears to be rather natural for the phase which originates gt nined by the coercive fielll, which shows a smootfi
the finite T due to the interactions of spin degrees of freedo”l:lependence displayed in Fig(ah The corresponding non-
with other ones. In contrast, ifyz=0.1, we getd=12  |inear pehavior was considered on the basis of the simplest
%102 and Cs>1.7. The so largel and maximal allowed one dimension model of a nonlinear oscillator describing the
Csp suggest that this situation is unlikely to occur. domain-wall vibrations within the pinning welfS. This dy-
Thus, according to the estimations, the large volume frachamics will not be analyzed here.
tion of the sample is expected to exhibit the ordering. For The unusual magnetic behavior abdvesuggests an un-
definiteness, the possible parameters of the phase can benventional type of the phase transition in this system at
fwe~0.5,d~3x 1072 andCg,~ 1. This conclusion does not Tc- IN @ temperature range betwedp and T, , the AF
contradict the neutron diffraction data agdmeasurements. fluctuations are most likely to remain great and, at the same
Indeed, a relative magnetization per Mn & o=L /S time, the F fluctuations grow at—T.+0, so that one may

. ~ expect a strong interaction between them. This can effect the
= 0, ~
with Sp=1.7. For 50% ordered sample wi;~1, we have transport properties, especially the magnetoresistance, and

~ ~ 1/2, ~ _ H .o . .
OLsg~0.5Csm"7Sy~0.1 at T=160 K. This result shows 3y |ead to the new peculiarities of insulator-metal transi-
that it is not so easy to reveal the AF peaks of the relativelyjo,

small intensity which, in addition, unexpectedly quickly dis-

appear with decreasing temperature. IV. CONCLUSION
As regards tgy exhibiting the plateau in the considering '
temperature range wherer4 =102 (Fig. 5), the WF con- The structural neutron diffraction study on

tribution to it is small besides a close vicinity ®f, because Sy ¢Sy /MNO; powder sample shown that in this system
the critical enhancement is compensated by the smallness tife strong coherent JT distortions developed belbyy
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~180 K and remained even in the FM phase. This structural A role of the cooperative JT effect in physics of the man-
ordering modifies the transport and magnetic properties i§anites is not well understood even in the case of the un-
the paramagnetic phase aboVg~120 K. The transport doped compounds since the strong Coulomb interaction can

measurements revealed the polaron character of CondUCtiVi&gdtl;g(})rtgt?cz:mvvg:k?fLu;vr:acest?Qs;Z% %L%u?ﬂpséit:hczog}etﬁ;

aboveT, with the hopping energy which increases sharply o ent 37 distortion$:22% whereas a conclusion on the
below Tyr. The x(T) exhibited the unusual plateau above yominant effect of the electronic mechanism has been made
Tc, and the nonlinear response indicated the appearance f other studie$”?® For the doped manganites situation is
regions possessing the spontaneous magnetization below 1ffhre complicated. The materials exhibiting the metal-
K. The latter phenomenon is attributed to the formation Ofinsu|ator transition show typically collapse of the coopera-
the A-type AF domains with the WF due to the tive JT distortions as it occurs in La,Sr,MnO; for x
Dzyaloshinskii-Moriya interaction. The ordered regions were>0.162° Some aspects of this phenomenon have been ana-
found to appear by a jump dt~160 K and gave the re- lyzed in work(Ref. 30. Although the Coulomb interaction is
sponse with the characteristic temperature dependence whicimdoubtedly important in the compounds witk 0.5 which
suggests the three critical anomaly Bt137.5 K corre- reveal no the coherent JT effétanother scenario can take
sponding to destruction of the ordering. The volume fractionplace in the opposite case. It has been recently shown that a
of this phase, its magnetization and AF order parameter wersirong coupling between electron and JT phonon systems can
estimated. In addition, the small amount of tB&-type AF  stabilize the charge ordering far=0.5, with the competing
phase was found beloW,r by neutron diffraction measure- F andA-type AF states also appearing in the ca]culati%?ns.
ments. These magnetic data evidence the dominant charactBe presented compound is expected to be an important ex-
of the AF and, to a lesser extent, charge fluctuations betweedmPple of this type.

T. and Tj7. This phenomenon is explained by changing in
the subtle balance between the ferromagnetic double ex-
change and the AF interactions tf; spins caused by the The authors would like to thank A.P. Nechitailov and A.A.
cooperative JT effect. The definite orbital ordering due toNechitailov for the sample preparation and I.A. Kiselev for
this effect is assumed to lead to a reduction of the effectivaassistance in the nonlinear response measurements. The neu-
ey hopping that favors the AF peculiarities in the magnetictron diffraction experiment was supported by the State Pro-
behavior. Note that the short range charge ordering fluctuagram of Neutron Investigationd\I). We also acknowledge
tions in this manganite are expected to develop agyeat  the support of the Russian Foundation for Basic Research
least, afT~230 K where we start to observe the plateau in(Grant Nos. 00-02-16729 and 00-02-81205 Bel200Gna
x(T). the magnetic and transport investigations.
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