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The evolution of the magnetic and structural properties gf;Ba, sMnO5 perovskite manganite was studied
as a function of temperature by means of dc magnetic measurements at zero pressure as well as under uniaxial
pressure of 0.1 kbar and neutron-diffraction between 5-370 K. It was revealed that below the Curie point
Tc.=314 K in addition to the main crystallographic phase possessing a rhombohedral stRBtusOMe
amount of the orthorhombibtmmaphase appears in the system. The system undergoes three magnetic phase
transitions in low magnetic field®f the second order at 300 and 250 K and of the first order at 17y&n&
passes via a sharp but not complete structural transRBa— Imma in the vicinity of T,=200 K. The
reduced change of magnetic susceptibility/y under uniaxial pressure displays a sharp minimum at tempera-
ture T,. Below the Curie temperature from 300 to 250 K the magnetic susceptiRilisyindependent of the
temperature, which is considered as an indication of a probable formation Bgle®00 K of a long period
magnetic structuréprobably a sort of low-angle helix
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[. INTRODUCTION the need to consider a strong electron-lattice coupling, due to
dynamic Jahn-Teller distortions of the lattice, in order to ac-
The mixed-valence perovskite manganites A, MnO; count the colossal magnetoresistance effect that these mate-
with A=La, A’=Ca, Sr, Ba, have recently attracted consid-rials exhibit**
erable attention because of a huge negative magnetoresis- The short-range magnetic correlations above lead
tance(a “colossal magnetoresistance”—CMRear the Cu- to the formation of magnetic polaroRswhich are pre-
rie temperature. A number of works has recently beercursors of the developing magnetic inhomogenéjihase
devoted to studying the interplay between structure, magnesegregation'?
tism, and transport in manganese perovsKitég his system Below the Curie temperature a magnetic inhomogeneity is
displays a rich variety of magnetotransport and structuratharacteristic for mixed valence manganites; it was clearly
properties as a function of temperature, applied magnetishown by several techniques such as neutron scattE¥ig,
field, doping, applied pressure, meassite ionic radiug 4 . tunneling microscopy® nuclear magnetic resonant¥&erro-
The main crystal and spin structures of manganitesnagnetic resonand&MR),!’ x-ray-diffraction studies? In-
A1 A;MnO; for different x were found by Wollan and sulating and metallic domains of 10—-50 nm coexist and per-
Koehler by neutron-diffraction study in 1985They were in  colate as a function of temperature and applied magnetic
a good agreement with Goodenofigtalculations and be- field.
came generally accepted. It was shown that increasing the A number of studies has concentrated recently on the ef-
doping brings about a significant change of the magnetidect of the meanA-site ionic radius on the magnetic and
order, of the type AFM-FM-AFM(where FM means, ferro- magnetotransport properti&®*°when the doping of thé
magnetic and AFM means antiferromagngtiEor certain  Site with bivalent ions is kept constant, the main effect of the
values of the electronic doping X< 0.5 these compounds A-site substitution is to change the structural parameters,
are metallic and ferromagnetic at low temperatures, whilesuch as Mn-O-Mn bond angles and Mn-O bond lengths. The
their conductivity displays semiconducting behavior at highionic radii of the constituent ions are known to determine the
temperatures. The metal-insulator transition between thedénd and degree of distortion of the simple cubic perovskite
two states is strongly coupled with the magnetic orderingstru<:ture2.o The T of perovskite manganites;A,A,MnO;
transition: the metal-insulator transition temperature coincan be continuously varied by various substitutions. But the
cides with the Curie temperatuilg.. These compounds dis- Curie temperature is a nonmonotonic functiorr @f reach-
play CMR, and the largest value of the effect is observedng a maximum for the composition bgSr,sMnO; (rp
around thex~0.34 interval of concentrations of the divalent ~1.24 A). The Ba-doped manganites possess the largest
metal. The appearance of metallic ferromagnetism on dopingaluer ,~1.292 A (Ref. 6 among the A_,A;MnO; man-
has been explained by the mechanism of the doubleganites which leads to an intrinsically strained structure with
exchange interaction® Recent theoretical work indicated crystal lattice parameters close to that of the ideal simple
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TABLE |. Refined structural parameters from neutron powder-diffraction data for the phase of the

Lay3Ba;sMNnO3; compound havinglgc space-group symmetry at 5-370 K temperature range. The columns
“Err” present statistical errors, and the last column presents the crystal phase volume per formula unit

(V.= (\/3/12)a%c).

T a Erra C Errc \/

(K) A (x10 % A) R (X102 A) (A3
5 5.5203 3.4 13.483 1.46 59.303
100 5.5215 3.2 13.486 1.25 59.342
140 5.5237 3.5 13.487 1.32 59.394
170 5.5249 2.7 13.491 1.08 59.437
190 5.5269 2.1 13.493 0.90 59.489
210 5.5288 1.2 13.497 0.54 59.548
230 5.5297 0.8 13.500 0.36 59.580
250 5.5308 0.7 13.503 0.28 59.617
300 5.5339 0.7 13.513 0.20 59.728
370 5.5387 0.8 13.531 0.26 59.912

cubic perovskite with the average Mn-O-Mn bond angle in-along the long axis of the crystal lattice, that is about, or
creased towards values closer to 189t was accepted that even less, thah,, see Tables | and I, and Appendix,Bo
the Lay3Bay,sMnO; manganite crystallizes in rhombohedral the requirement>L,, cannot be provided in such systems.
(R3c) crystal lattice at room temperature and in orthorhom-At these circumstances, one of the ways to detect a long-
bic lattice of Imma space-group symmetry at 1.6%The  period magnetic superstructure is to use characteristic fea-
compound seemed to be possessing at the first sight a simpigres of their magnetic behavior. For an antiferromagnetic
magnetic phase diagratat normal pressure LaBa;;sMnO; helix such a feature is connected with an independence of the
was considered to be a paramagnetic insulator abgvend  magnetic susceptibility on temperature and magnetic
a ferromagnetic metal below this temperajusmd had a field>*?° Certain indication of the magnetic behavior of this
magnetoresistance peak in the vicinity Tf .24 type was recently found when studying magnetization of
It is well known, howevef? that manganese oxides are Lay;Ba;,sMnOj;.2° Hence, goal of this paper is to investigate
favorable to a long-period magnetic structutg$c,L, and characteristic features of magnetic behavior of
c are the magnetic superstructure and crystal structure peri-a,sBa;sMnO; by both magnetic and neutron-diffraction
ods, respectivelydue to combined exchange-relativistic in- techniques from the point of view of possibility of realization
teractions. Direct observation of a long-period magnetic suef a long-period magnetic structure in this oxide.
perstructure by conventional techniquéer example, by In general, mixed valence oxides are very sensitive to
neutron diffraction with an acceptable resoluliorquire  applied pressure. The pressure dependence of magnetic prop-
perfect crystals of a size>L,. However, as it was men- erties of various mixed-valence manganites was studied ear-
tioned above, real CMR manganites possess magnetic cluber, but the attention was mainly paid to the hydrostatic pres-
ters of size. ~10-50 nm(i.e., approximately 10-50 periods sure effects neaifc.>® We have used the effect of low

TABLE Il. Refined structural parameters from neutron powder-diffraction data for the phase of
LaysBa;;sMnO; compound havingmmaspace-group symmetry at 5-300 K temperature range. The columns
“Err” present statistical errors, and the last column presents the crystal phase volume per formula unit

(V¢ =abd4).
T a Erra b Errb c Errc Vi
(K) (A) (x10 % A) A (x10 % A) R 104 A (A3®)

5 5.5102 0.9 7.7893 1.6 5.5323 0.7 59.362
100 5.5118 0.9 7.7919 1.7 5.5326 0.8 59.403
140 5.5133 0.9 7.7948 1.7 5.5330 0.8 59.445
170 5.5147 1.0 7.7974 2.0 5.5335 0.9 59.486
190 5.5157 1.1 7.7992 2.2 5.5338 1.1 59.513
210 5.5171 1.7 7.8012 3.2 5.5338 2.0 59.544
230 5.5184 2.7 7.8036 4.7 5.5336 2.9 59.574
250 5.5201 3.0 7.8056 5.1 5.5328 3.1 59.599
300 5.5267 37.4 7.8102 7.4 5.5302 36.0 59.677
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FIG. 1. Two-phase Rietveld refinement of the
neutron powder-diffraction data at=1.594 A of
LaysBay;sMnO; at 210 K. The tick marks below
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uniaxial pressure on magnetic properties to study the stabiis an effective inner magnetic field in the sample. Values
ity of the electron and magnetic systems obgBasMNO;  x(H,T) in Eq. (1) were obtained using the measurements
at low temperatures. with toroidal sample.

In this work, we present a detailed study of the magnetic Temperature-dependent neutron powder-diffraction data

and structural properties of bgBa,,sMnO; perovskite in the  (5=<T=370 K) were obtained using the D1B and D2B dif-
5-370 K temperature region. fractometers of the Institute Laue-Langevin equipped with an

ILL cryofurnace. Data were obtained at wavelengtks

=2.5 A and\=1.594 A, respectively, and the last were re-
[l EXPERIMENT fined using the programuLLPROF?® As an example, the Ri-
etveld plot for Lg;sBa;,sMnO5 at 210 K is shown in Fig. 1.

The studied bulk polycrystalline samples,}s8a;,;MnO; .
were prepared by standard solid-state reaction from stoichio-l—-he refinement of the temperature dependent D1B data was

metric amounts of powders h@;, BaCa, and MOs. Af- complicated because the resolution was not sufficient to see

ter prefiring at 900 °C, the mixture was pressed in the formavl\fjég?&?é?é?ggt'ggven crystal phases and to refine their
of tablet and sintered at 1470 °C for 10 h. The samples were '
cooled slowly with a furnace at a rate of 80RC!. X-ray IIl. STRUCTURAL CHARACTERIZATION

diffraction indicated a single-phase material.

The measurements afc magnetizationM were carried The LaysBayMNO; lattice constants and crystal volumes

out on the toroidal sampl@iemagngtlzatpn factdw=0) by per Mn atom at different temperatures are reported in Table |
means of pulse-induction technique in a low magnetic, 4 Tapie i

gelgs(()).(ilsHs4.2 Oe, the studied temperature range was At high temperaturg370 K), the studied manganite pos-
The eﬁect of uniaxial pressure of 0.1 kbar ondc mag- sesses the rhombohedral unit_ceslbace groupR3c), but

netic susceptibility was measured in the temperature rangglowly” the phase transitionrR3c—Immais starting near
5<T=<270 K in the external magnetic field,=20 Oe by ~Tc and at 300 K about 12% of orthorhombic phdspace
means of superconducting quantum interference device magroupImma was registered simultaneously with the rhom-
netometer. The corresponding installation and experimentdlohedral phase. With further cooling the amount oflthena
technique are similar to those described in Ref. 27. Thé&tystal phase grows nonuniformly and the amount of the
sample size was 2.552.31x1.1 mn?, and the demagneti- R3c phase decreases correspondingfig. 2). Approxi-

zation factor, respectively, wald~5.4 in the short side di- mately, equal phase fractions of tR8c andimmaare found
rection, along which the external magnetic field as well as &t about 200 K. Even at low temperatures there are about

uniaxial pressure were applied. . ... 12% of nontransformed pha&8c (Fig. 2.
The reduced chang&x/y of the magnetic susceptibility The volumes of formula units of LaBa;sMnO; in the

=M/H of Lay;;Bay,sM th iaxial —
g)und/as(;ollg\f\//?ng'lls N0 under the uniaxial pressure was structure phases of tiie3c and Immaspace-group symme-
' try in the 5—-370 K temperature range are presented in Fig. 3.

As one can see, thR3c phase volume changes with tem-
Ax(HT) _ x(H.T)  Axn(Ho(H.T)) (1)  perature less uniformly than that of tfiexma phase. This
x(H,T)  xn(Ho(H, T)) xn(Ho(H,T)) reflects evidently the presence of more strong temperature

changes in the interatomic interactions in this phase. Figure 4

Here, xy is the experimentally measured magnetic susceptidemonstrates the individual sensitivity of taeandc lattice

bility of the sample with the demagnetization facddandH parameters to the above-mentioned interactions.
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FIG. 2. The phase fraction édlnmaand R3c crystal phases for
Lay/3BaysMnO; at 5-370 K.

The temperature behavior dfnma lattice parameters is

shown in Fig. 5. They possess less expressed temperature

anomalies than those of tlR3c phase and tend to become
cubic as the temperature increases.

IV. MAGNETIC PROPERTIES
A. Magnetic susceptibility

The temperature dependence of dc magnetic susceptibility

x=M/H of Lay3Ba;;sMnO; when cooling and heating in
magnetic fieldH=2.2 Oe is presented in Fig. 6. The tem-
perature of magnetic ordering was found to he=314 K
by extrapolation tg¢=0 of the linear part of the dependence
x2=const(T-T¢) above 300 K.

It was revealed that beloW_ low-field magnetic suscep-
tibility of La,3Ba;;sMnO; compound is rather unusuéfig.
6). At 300 K x(T) has a small maximum and between 300

and 250 K they(T) dependence represents an ideal plateau,
which is not characteristic for a simple ferromagnetic struc-

ture. Furthermore, below 300 K the studied manganite un
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FIG. 3. The volumes of formula units of baBa;sMnO; in the

structure phases of thR3c andlmmaspace-group symmetry in the
5-370 K temperature range.
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FIG. 4. Temperature dependences of R lattice constants.

dergoes two magnetic phase transitionsTat= 250 K (of

the second orde¢rmnd atT,=177.5 K (of the first orde). At
T,,=250 K the temperature derivative of low-field magnetic
susceptibility dx/dT has a break; the temperatur§,
=177.5 K was determined as an average point of the 15-deg
hysteresis loop, at both sides of which the susceptibyity
has a break.

The revealed magnetic phase transitions take place at low
magnetic fields only and are not seen in saturation fields
(3-4 kOe*) where the x(T) dependence follows a
Brillouin-like function.

The field dependenceg(H) for the nitrogen and room
temperatures are presented in Fig. 7. The dashed lines repre-
sent an empirical formula for the susceptibilisee Appen-

dix A).

The last gives a magnitude of the susceptibility in an ar-
bitrary point of the field interval considered, that allows to
exclude the effects of demagnetization fields when process-
ing the experimental data and to calculate an effect of
uniaxial pressure in a substance using 9.

As can be seen in Fig. 7, the value does not change
substantially when increasing the magnetic field Ht
>1 Oe(the corresponding magnetization-field cuMgH)
has a zero curvature in this regjormherefore, the depen-
dence y(H) at H>1 Oe describes neither process of the
ferromagnetic domains boundaries movemgat which a
positive curvature’?y/9H? is characteristicnor the process
of the ferromagnetic saturatiofwith a positive curvature
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FIG. 5. Temperature dependences of ltimenalattice constants.

3%x/9H? also. Thus, they(H) curve found has an intrado-
main character, i.e., reflects the behavior of a single-domain
magnetization. But in such a case, magnetic susceptibility
a simple ferromagnetic structure has to be temperature d
pendent only in the region studied because of the temper
ture dependence of the magnetization. For a simple ferro-
magnetic structure, the temperature dependence of the
reduced magnetization in the molecular-field model can b

expressed as

c(A)
[ LaBa, MnO 1
| 2/3 113 3 a 5.540
i imma ® ]
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FIG. 7. The dc magnetic susceptibilityy=M/H of
Lay;sBa;sMNnO; versus magnetic field at the nitrogen and room
temperatures.
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whereBg is the Brillouin function,Sis the spin of the sys-
tem, andM is the spontaneous magnetizationTat0. The
low-field magnetic susceptibility=M/H in some related
oxides(for example, in the LgsCa;sMnO3; manganite with
the polydomain polycrystalline microstructut®similar to
that in the present wojKollows to Eq.(2) type dependence,
and the susceptibility of LgBa;,sMnO;5 in the fields exceed-
ing 3—4 kOe does so as wéflBut the low-field susceptibil-

ity of LaysBay;sMnO;3 cannot be evidently described by the
.dependence like Ed2).

of The experimental value of the magnetic susceptibility of
éhe studied manganite jg~10. Such a value usually is char-
aa_cteristic of soft ferromagnets, but it may be obtained as well
in the framework of a long-period helix modelee Appendix

B). Moreover, in contrast to a simple ferromagnetic case, this
model givesy independent of temperature and magnetic
field 242>31 Since the data obtainethe magnetic suscepti-
bility independent of field and temperature in the certain in-
tervals of their valugscannot be attributed to a simple fer-
romagnetic structure and are characteristic of a magnetic
helix, one can suppose that the magnetic structure of
Lay;sBay,sMn0O; is helical. If such a helix really exists, its
period may be estimated a$~240 A using the experimen-
tal values ofy and T, and also value of the spin and the
number of the nearest neighbors of the Mn i¢see
Appendix B.

B. Neutron diffraction

General picture of Bragg peaks caused by the nuclear and
magnetic scattering of the neutrons with the wavelength
=2.5 A'in Lay3BaygMnO; is presented in Fig. 8 in the co-
ordinates intensity—diffraction angle—temperature. The tem-
perature dependence of the integrated interigity of mag-

LaysBay,sMnO; versus temperature when cooling and heating innetic Bragg peak of LgBa,sMnO; is presented in Fig. 9.

magnetic fieldH =

2.2 Oe.

Neutron-diffraction data clearly show the onset of magnetic
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Nuclear Phase where Al=1(T)—1(370 K), Aly=I1(5 K)—I(370 K), S
) =3/2 is the spin of the Mt ion, andT.=314 K. Such a
Folarons? l behavior is expectable for double-exchange syst®ms.

The experiment carried out had no sufficient conditions to
observe the supposed magnetic helix. Though its parameters
Onset of Ferro- . .
magnetism look enough realistic, they are not appropriate for the present
experimental study since the period of the structure and the
sizes of metallic domains in such syste(h®—50 nm are of

R

Intensity {arb. units)

. the same ordefsee Appendix € The peaks, corresponding
& to a helix with period.,,= 240 A should occur very close to
@0@ the direct beam and very close to the main Bragg reflections.
17 — TR ' The difference to a normal ferromagnetic structure should
26 (Deg) : not be visible. A small-angle neutron-diffraction study could

detect the main satellite close to the 000 position, however,
FIG. 8. General picture of Bragg peaks, caused by the nucleahe small domain size would prohibit a strong coherent sig-
and magn(_atic scattering iu_n bigBayMnO; at th_e Wa\_/elengthx nal from the possible helix and lead at the same time to
=25A, in the coordinates intensity—diffraction angle— nuclear small-angle scattering.
temperature. Thus, a simple model with collinear Mn moments, which
should be considered as an “equivalent” ferromagnetic in
order at 314 K(Figs. 8 and @ For a powder sample such a case if the real magnetic structure represents a long-period
sharp transition indicates the high quality and uniformity ofsuperstructurésee Appendix ¢ was used to describe the
the sample. magnetic scattering. “Effective” magnetic moments of the
At low angles (Fig. 8 a magnetic peak was observed, Mn ions were refined from the data Xt=1.594 A(see Sec.
which disappeared at the Curie temperature. It should b#). In any case, they correspond to the projection of the spin
connected to magnetic polaronghey disappear as the sys- of Mn ion onto a local quantization axis, which is equivalent

tem gets long-range magnetic ordered. to aZ axis of the laboratory frame of reference if the mag-
As can be seen in Fig. 9, except the Curie temperatur@etic structure is simple ferromagnetiee Appendix €
there is only one well visible singular point at 200 (K At 5 K the ordered magnetic moment, based on the

corresponds to the “electronic transition” temperatdrg,  nuclear and magnetic intensities of Bragg peaks, was

being discussed in Sec.)VThe phase transitions at 250 K =3.40-0.03ug, as was expected for the studied

and 175 K are not reflected in the intensity of this diffraction Mn3*/Mn** system. Temperature dependence of the re-

peak. The experimental magnetic Bragg peak intensity goeduced effective magnetic momemnt .., per Mn atom is pre-

higher than the curve described by the Brillouin function  sented in the Fig. 1@) together with curves described by a
modified Brillouin curve®

Al , . 38 T¢ 3S Tc(1+eo?)
Al, 77 S(ﬁ?“)’ © 7=Bs 517 T ) @)
for spin S=3/2, Tc=314 K, and the fitting parameteses

| La Ba MnO. =0, 0.2, and 0.4. Figure 10) presents the temperature de-
s 2" 4 1.0 pendences of the deviations, of wu/ug from the conven-
%’ % A25A ] 08 tional (e=0) and moderately modifiedeE0.2) Brillouin
50 e, 1™ functions.
€6 \1 Y As can be seen in Fig. 14, the general run of the effec-
> | %q% - fm tive magnetic moment with temperature radically differs
2, L T. 'y - 047 from that one represented in Fig. 6. The last dependence is
£ o Intens. \‘“n A supposed to be attributed to the single-domain magnetization
B 5 - B2 € ] 0.2 of a low-field noncollinear magnetic superstructure. The ob-

B : 3’? S o 0.0 served difference between the dependences in Figs. 6 and

10(a) implies that the real low-field magnetic structure in
LaysBasMn0O5 is not collinear ferromagnetic. In the satu-
rating fields exceeding 3—4 kOe, destroying any low-field
FIG. 9. Temperature dependence of the integrated intensity ofOMplex magnetic structure, the magnetization-temperature

magnetic Bragg peak{) in LaysBa;sMnOs, obtained from the dependenc@ looks similar to the dependence in Fig.(a0
neutron-diffraction data at the wavelength=2.5 A. The dashed Another important feature of the dependence in Figall0
line represents square of the Brillouin function for spin B&y.  is a very sharp growth of. just below the Curie point: the
(3)](---). The arrow points out the “electronic transition” tempera- experimental data are well fitted by the strongly modified
ture (see Sec. Y The Bragg peak seen is a combination of the Brillouin curve described by Eq4) with e=0.4. As can be
200/121 peaks ofmmaand of the 110/104 peaks &3c. seen in Figs. 1@ and 1@b), at 300 K theu/uq value is

0 100 200 300 400
T(K)
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FIG. 11. Reduced changky/ y of the dc magnetic susceptibil-
ity x=M/H of LaysBa;;sMnO; versus temperature when heating
under the uniaxial pressufe=0.1 kbar at the effective inner mag-
netic field 0.27 Oe.

plained since pressure increases the Mn-Mn overlap integral
and bandwidth, thereby enhancing, smallerA-site cations
tend to reduce the Mn-O-Mn bond angles, hence diminishing
the transfer integrd.

In the present study, we use low uniaxial press{@rd
kban to reveal temperature regions of the electron structure
instability and phase transitions. A magnitude of the effect
for an unbounded substance was calculated using the magni-
tude of the effect in the studied sample and E({3.and
(Al1). It was found that the reduced change of the magnetic
T(K) susceptibility under the uniaxial pressurdy/y of
Lay;sBaysMn0O; is negative all over the studied temperature
tive’ magnetic moment w/mg (O) per Mn atom in range (Fig. 1) and_ appeare(_ﬂ to be very sensitive to the
Lay;sBaysMNO;, obtained from the neutron-diffraction data at the changes in magnetic and lattice state of the Compoynd. The
wavelengthh = 1.594 A. Solid, dashed, and dotted lines represent éemperature dependence of thg/y has a sharp minimum
strongly €=0.4) and a moderatelyet=0.2) modified Brillouin &t T=200 K. At about 185 K, thel x/x(T) curve demon-
functions Bg(e) [30] for spin S=3/2, and the conventional Bril- Strates a change of a slofféig. 11), it is probably connected
louin function E=0), respectively(b) Temperature dependences With the first-order magnetic phase transitionTat= 185 K
of the deviations\ , of u/u, from the conventional4) and mod- ~ When heatingFig. 6).
erately modified ¥) Brillouin functions.

0 100 200 300 400

FIG. 10. (a) Temperature dependences of the reduced “effec-

V. ANALYSIS OF THE PHASE TRANSFORMATIONS

37% higher tharM/M in La,/iCaysMNnO, system’ which Crystal volume as a function of temperature can be rep-

higher than the corresponding value given by the conven-

tional Brillouin function_[Eq. (4) with e= 0]. A temperature Viu(T)=Vpa(T)+Vimad T),

dependent molecular-field parameter in the double-exchange B

systems, giving similar effects, was considered earlier in th&vhereVp(T) is Debye-Graeisen term, caused by the un-

paper? harmonicity of atomic thermal oscillations for an ideal crys-
tal, and Vy,,(T) is a contribution from magnetic phase
transformationgthey are the main ones in the temperature

C. Uniaxial pressure effect region being consider¢d Supposing, that the low-

The pressure dependence of magnetic properties of variemperature part o? , (T) dependence of thenmaphase
ous mixed-valence doped manganites was studied earlier, bigt less deformed by magnetic phase transitions, one can
the attention was mainly paid to the hydrostatic pressure efchooseVs (5 K) andVy , (100 K) for this phase as param-
fects neafT.. The ferromagnetic state is usually stabilized €ters determining two of three constants in the expression for
by the hydrostatic pressure application, withTc/dP  Voa(T),
~10-30 K/GP& At the same time, the effect oF¢ of hy-
drostatic pressure and chemical presgachieved by substi-

T (6
tution smallerA-site cationg are opposite. It can be ex- VDG:V°+A_D( ) ®

0 | T
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0.02 L — 1 T 1 The study carried out on the uniaxial pressure effect on
' La,Ba,,MnO, o7 the magnetic susceptibility=M/H has shown that the

point T,=200 K is a singular one of the temperature depen-

dence of the y/ y value(Fig. 11), so the third derivative of

the thermodynamic potential,

0.00 |- R3c phase -

(A%

-0.02 | -
g X o / - PP J*M
> 004 | . = : (6)
i | IHIPIT  9PIT
-0.06 ’—\O\o\f . has a break in this point. Such a singularity may be caused

- 1 by a nonanalyticity of the electron states den8I{}E) at the
008 b——»>L L L Fermi level. The crossing of singular point of tN¢E) func-

0 100 200 300 400 tion by the Fermi level, caused by a temperature transforma-
TK) tion of the electronic structure and the Fermi distribution

FIG. 12. The contributiolV,,4 to the volume of the formula funct!qn, ,,;Qaﬂlfeftls |tse!f ?15 a so-.c.alle? electronic
unit of Lay,BayMnO, caused by the magnetic phase transforma-transition. 'T e gectronlc phase transitions” can precede
tions. the conventional first- or second-order phase transitions, or

take place simultaneously with the last oR&&he results
]  as . obtained do not allow to assert unambiguously that there is a
Here, D(6/T) is the Debye functiori; 6p is the Debye direct connection between the singularity of functi@ at
temperatureV, is the volume ak=0, andA is determined the T,=200 K point and the exchange of crystallographic

by 6p, compressibility and the Gneisen constant of the phases around 200 K. They do not exclude such a possibility
substance. Supposirtig, =400 K (Ref. 39 in Eq. (5), we get  as well.

A=0.8867 R and V,=59.362 R. Subtracting Vpg(T) A possible cause of the complex temperature behavior of
from the V¢, (T) for the R3c phase, we geV¥m,(T) pre-  magnetic and lattice parameters ofkBa;,sMnOs, which
sented at Fig. 12. differs radically from that of the related compound

As can be seen in Fig. 12, tHe3c crystal volume con- LaysCaysMn0O5°° can be connected with a peculiarity of the
tains two regions(140—210 K and 250 K reflecting the electron structure of B4 ion. The energies of #orbitals of
magnetic phase transitions shown in Fig. 6. The steplikéhis ion(which are vacant ones in a free Baion) are some-
change ofVy,,, between 140 and 210 K reflects the first- times very sensitive to the crystal-field potential values in
order transition aff,=177.5+7.5 K, whereas the singular oxide compoundé’ The appearance of above-mentioned sin-
point at 250 K reflects the second-order transitionTat gularity of the N(E) function at the Fermi level could be
=250 K. supposedly caused by a crossing of the Fermi level by the

The main contribution to the change Wf,,5at 140-210  bottom of the “falling” vacant states band when the crystal
K is coming from the crystal lattice paramet&rwhile for ~ potential of compound changes with temperature.
the corresponding contribution at 250 K the lattice parameter
c is responsible. V]. CONCLUSION

Taking into account the possibility of a helical magnetic ] ) ]
structure below 300 K, and at the same time, a similar to (1) The uniform state of LgsBa,sMnO; with the high-
ordinary ferromagnetic behavior of betweenT. and 300 témperature crystallographic rhombohedral structure of the
K, we are obliged to suppose that=300 K is a point of R3c space-group symmetry becomes unstable below the Cu-
order-to-order phase transition of the second type. rie point Tc=314 K and a small amount of the crystallo-

The rather sharp steplike shapes of the curves in Fig. graphic phase of thBmmaspace-group orthorhombic struc-
mean that the studied compound undergoeRBe—Imma  ture appears in the system. _ _
structural transformation in the vicinity of 200 K. At the first  (2) The system undergoes two magnetic phase transitions
sight, this phase transition looks like a normal first-orderin low magnetic fields below 300 K: of the second order at
phase transition. It has, however, some specific features: bothi=250 K and of the first order aff,=177.5 K. The
phases are simultaneously present in different proportions ofifSt-order transition shows 15 K clockwise temperature hys-
both sides far from 200 K and the relative content of thel€resis.
phases is only changing rather sharply in the 200 K region. (3) The compound passes via an exchange of the main
This reminds of a martensitic phase transition. structure phas®3c«—Immain the vicinity of 200 K. The

A peculiarity in the temperature range under discussion igghenomenon looks as if the compound as a whole undergoes
seen rather well at the general picture of Bragg peaks causgHe first-order structural phase transiti®8c—Imma at
by the nuclear and magnetic scattering in,488,sMnO;  ~200 K, though both phases are present simultaneously in
(Fig. 8). The integrated intensity of the first strong magneticditferent proportions on both sides far froff,. In some
Bragg peak in Fig. 9 shows a change of slope at around 20Ratures this reminds of a martensitic phase transition.

K. One can suppose that it is induced by the accelerated (4) The reduced change of magnetic susceptibility/ y
nuclear phase transformatid®®B8c« Imma at this tempera- under uniaxial pressure displays a sharp minimunil at
ture (Fig. 2). =200 K temperature.
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(5) The temperature as well as field magnetic behavior ofest of the parameters can be phenomenologically qualita-
the compound in the temperature region between phase tratively characterized on their function in the forming of the
sitions T¢ and T,(314-250 K) is quite unusual for a collin- y(H) curve:H, is the minimal local coercive force deter-
ear ferromagnet, its magnetic susceptibility is independent ofining the initial running of susceptibility in a multi-domain
temperature between 300 K and 250 K with good accuracgaseH ,, is the maximal local coercive force determining the
as well as of the applied low magnetic field, whereas itmoment of a transition to the single-domain stgieis an
would have to change in the case of collinear magnets. Thisdex of the curvature of the initial part of thgH) curve, it
fact may be explained by the supposition that the magneticharacterizes lability of the domain structugds an index of
structure of the system is not a collinear one and representhe field distribution of the local coercive forces, it charac-
rather a long-periodof the order of several hundreds of ang- terizes an effective width of the field interval separating
stromg helix. The direct observation of such a complex minimal and maximal magnitudes of the local coercive
structure meets a problem because of the large helix periofdrces; ¢ is an index of the maximal susceptibility of the
and the small size of the metallic domaid®-50 nminthe  multidomain structurey (jointly with £) determines the sus-
system. ceptibility of the system in a single-domain state in weak

(6) The revealed anomalies of the properties ofmagnetic fields(before a flipping of the supposed helical
Lay,sBa;sMnO; (i.e., strong distinction from the properties structure by the applied magnetic figld
of LaysCaq,sMnO5 and Lg,sSr,sMnO3) can be caused by
the peculiarity of the complex electronic structure of’Ba
ion, the 4f shell of which(being vacant in the free atom APPENDIX B

tends to a sharp lowering of the energy and decreasing of on a microscopic model level, the appearance of helical
radius(so called “collapse] at certain values of the crystal- magnetic structures is usually being explained by the com-

. ol i H ,38 e .. .
field potential in oxide compound: petition between the positive exchange of the nearest atomic
neighbors and the negative exchange between the next to the
APPENDIX A nearest neighborsthis is provided, for example, by the

Ruderman-Kittel-Kasuya-Yosida indirect exchange model,
which was among others also proposed for mangafijteSo
magnetic susceptibility may be written as follot/s?

An empirical formula for the susceptibility(H) repre-
senting the dashed lines at Fig. 7 looks as follows:

H\P
1+§tan|‘(H—K) 9/~LZB
X(H)=xo——— 1. (AD  xm — —
1+wtan"(H—) 16kaf_u_|J2|<1— S 1+ —
7 4|3, ZINPY 4|3,
(B1

It is obtained using low-field dataH<0.1 Oe) for the ac
magnetic susceptibility of LaBa; sMn05.3 Here, x, is the _ _
initial susceptibility,H,., H,, £ #, p, andq are considered Hereus is Bohr magnetonkg is Boltzmann constanyy ,,
as model parameters and are found by fitting @d.) to the S the volume of a formu!a unit of the sub§tand§>0 and
experimental curve at Fig. 7. It was found thaj=1.4, & J2<O_are_ the exchange mtegr_als for the f|r§t and t_he second
—23.7, andyy=1.7 atT=290 K. The corresponding values coorgllnatlon spheres, _respectlvely. The helix angles de-
for T=78 K are 1.1, 16.9, and 1.2. The valugs, termined by the equation
=0.0846 OeH ,=0.399 Oe,p=1.7, andg=0.65 appeared
to be equal for both temperatures. J;

The dependence in the form of E@\1) describes general cosa=— 5. (B2

- 2

features of the low field y(H) dependence of the
Lay;sBay;sMnO3 compound. The main objective of EGAL)
is to obtain a magnitude of the susceptibility in the arbitrary If one evaluates the exchange integl using the
point of the field interval considered, which is necessary formolecular-field model as
calculation of the effect of uniaxial pressure in a substance
using Eq.(1) and the experimental data. At the same time, 3kgTe
since the magnitudes of the parameters of &d4.) may be lem,
of particular interest because they represent gquantitative
characteristics of the compound, it is a simple representation . o
of the magnetic system of the compound. In this picture ofvhere the number of the+n_ear_est neighbors of the Mn ion is
the nonuniform system in weak fields<H,, a long-range 2=6, the spin of the MA" ion is S=3/2, andTc=314 K,
magnetic order exists in the boundaries of separate magnetigenJ;~24.5 K. Using Egs(B1) and(B2) and taking into
domains, but in a certain interval of the fields higher thanaccount valuesy=13.67 (from the experiment and J;
H,, the system can be considered as a single-domain orie24.5 K [from Eq. (B3)], we getJ,~—6.16 K, a~5.8°,
with a high enough field induced magnetization. Physicand the period of the helical structure of about 238 A, i.e., of
sense ofy, is transparen(it was mentioned aboyeand the about 18 for the R3c structure or 3B for the Imma one.

(B3)
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APPENDIX C structure and thus it is rather smatj~2#/L,<G~27/c.
Intensity| of the Bragg magnetic diffraction peak is con- Tgking, however! into account that magnetically ordergd re-
nected with magnetic structure by the following wHy? gions in manganites are very sméliey are clusters of sizes

L~Ly orevenL<L,, see Introduction and Appendix Bve

cannot expect an observation of a resolved diffraction peak
<SZ><SEK>- (Cy corresponding to a magnetic structure with the propagation

vectorg~2m/L,, because of too high uncertainhG of the

Here a,B=X,y,Z are the coordinate axes indices,is a vector G of the reCiprocal magne.t.iC lattic]AG=2x/L
transferred momenturd,,  is the Kronecker delte*(x) is ~ ~27/Ln~4. Instead, in such conditions we can see only a
a Fourier transform of electron spins, and the angular brackunified magnetic peak indistinguishable from a “coarse”
ets denote statistical average. Nonzero valudscofrespond ~ Magnetic structuré} i.e., from the ferromagnetic one€2).
to k=G, whereG is a vector of the reciprocal magnetic The temperature dependence of the square roétiofEq.
lattice. (CD) will reflect the thermal average of the projection of the

In a simple ferromagnetic structure, we ha&" site spin onto local quantization axisl %< (Sf). For a true
H K H 1/2 1
=575, 7 (Z is an easy magnetization axis or a direction offerromagnetic structurégy (S, as it follows from Eq.

K(IKB
| o 8,5~
azﬁ ( wh 2

2

an infinitesimal external magnetic field in case of a zero(C2- For small enough magnetic clusters, there is no visible
magnetic crystalline anisotropyG=g (g is a vector of the difference between the_dlffractlon spectrum of a long-period
reciprocal crystal lattice so, the Eq(C1) is simplified to superstructure and a simple ferromagnetic. So we can con-
sider an effective ferromagnetic structure instead of a sup-
K- posed superstructure. Thus, the square root of the intensity in
leme (S92 [ ()2 1—(7 Or,g (C2)  Eq.(C1) can be considered as a value reflecting projec-

g tion of an atomic spin in an “equivalent” ferromagnetic
wheref(g) is a magnetic form factor. For a long-period mag- structure, i.e., as an “effective{responsible for the total
netic superstructurgeriodL,, of which is much more than a intensity of a possible unresolved pgaktomic magnetic
lattice constant), representing a long-wave modulation of moment. It may differ from a real thermal average of the
the “initial” ferromagnetic structure, we havé&=g+q, atomic spinZ projection if the magnetic structure is not a
whereq is of order of the propagation vector of the super-simple ferromagnetic one.

*Corresponding author. Elena L. Fertman, Institute for Low Tem-'*M. Fath, S. Freisen, A.A. Menovsky, Y. Tomioka, J. Aarts, and
perature Physics and Engrg., 47 Lenin Avenue, Kharkov 61103, J.A. Mydosh, Scienc@85, 1540(1999.
Ukraine. Email address: Fertman@ilt.kharkov.ua; FAX: 38-0572-18G. Papavassiliou, M. Fardis, M. Belesi, T.G. Maris, G. Kallias,

335593. M. Pissas, D. Niarchos, C. Dimitropoulos, and J. Dolinsek,

1E. Dagotto, T. Hotta, and A. Moreo, Phys. R&ad4, 1 (2001). Phys. Rev. Lett84, 761 (2000.

2J.M.D. Coey, M. Viret, and S. von Molnar, Adv. Phy48, 167 7S E. Lofland, S.M. Bhagat, H.L. Ju, G.C. Xiong, T. Venkatesan,
(1999. and R.L. Greene, Phys. Rev.3, 15 058(1995.

3V.M. Loktev and Yu.G. Pogorelov, Low Temp. Phyg6, 171 185 J.L. Billinge, Th. Proffen, V. Petkov, J.L. Sarrao, and S. Kycia,
(2000. Phys. Rev. B62, 1203(2000.

4M.B. Salamon and M. Jaime, Rev. Mod. Phy8, 583 (2001). 19N. Moutis, I. Panagiotopoulos, M. Pissas, and D. Niarchos, Phys.

5J.M. De Teresa, M.R. Ibarra, P.A. Algarabel, C. Ritter, C. Mar- Rev. B59, 1129(1999.
quina, J. Blasco, J. Garcia, A. del Moral, and Z. Arnold, Nature?°w. Archibald, J.-S. Zhou, and J.B. Goodenough, Phys. R&3,B

(London 386, 256 (1997). 14 445(1996.

®P.G. Radaelli, G. lannone, M. Marezio, H.Y. Hwang, S-W.2!S.N. Barilo, G.L. Bychkov, L.A. Kurnevich, S.V. Shiryaev, L.A.
Cheong, J.D. Jorgensen, and D.N. Argyriou, Phys. Re%6B Kurochkin, J.W. Lynn, and L. Vasiliu-Doloc, J. Cryst. Growth
8265(1997). 211, 480(2000.

"E.O. Wollan and W.C. Koehler, Phys. Re00, 545 (1955. 22|.0. Troyanchuk, D.D. Khalyavin, S.V. Trukhanov, and H. Szym-

8J.B. Goodenough, Phys. Red00, 564 (1955. czak, J. Phys.: Condens. Mattkt, 8707 (1999.

9C. Zener, Phys. Re2, 403(1951). 23| E. Dzyaloshinsky, Zh. Eksp. Teor. Fi#6, 1420(1964); 47, 336

0p\W. Anderson and H. Hasegawa, Phys. R&0, 675 (1955. (1964); 47, 992 (1964).

A.J. Millis, B.I. Shraiman, and R. Mueller, Phys. Rev. Létf, 24A. Herpin and P. Meriel, Compt. Ren@50, 1450(1960; J. Phys.
175(1996. Radium?22, 337 (1961).

12F Cordero, C. Castellano, R. Cantelli, and M. Ferretti, Phys. Rev?°K.P. Belov, M.A. Belyanchikova, R.Z. Levitin, and S.A. Nikitin,
B 65, 012403(2001). Rare-Earth Ferromagnets and Antiferromagnéiauka, Mos-

13JM. De Teresa, C. Ritter, M.R. Ibarra, P.A. Algarabel, J.L. cow, 1965 (in Russian.
Garcia-Munoz, J. Blasco, J. Garcia, and C. Marquina, Phys. Re#®A.B. Beznosov, E.L. Fertman, V.A. Desnenko, and D.D.

B 56, 3317(1997. Khalyavin, J. Magn. Magn. Mate241, 69 (2002.
¥JW. Lynn, R.W. Erwin, J.A. Borchers, Q. Huang, A. Santoro, >’V.A. Desnenko, A.S. Panfilov, and A.l. Smirnov, Low Temp.
J.-L. Peng, and Z.Y. Li, Phys. Rev. Left6, 4046(1996. Phys.21, 424(1995.

054109-10



MAGNETIC AND NEUTRON DIFFRACTION STUDY C-. .. PHYSICAL REVIEW B 68, 054109 (2003

283, Rodriguez-Carvajal, Physica B2, 55 (1993. 36| M. Lifshits, zh. Eksp. Teor. Fiz38, 1569 (1960 [Sov. Phys.
29H.L. Ju, J. Gopalakrishnan, J.L. Peng, Q. Li, G.C. Xiong, T. Ven-  JETP11, 1130(1960].
katesan, and R.L. Greene, Phys. Re\6B 6143(1995. 3’N.G. Stoffel, J.M. Tarascon, Y. Chang, M. Onellion, D.W. Niles,

OA.B. Beznosov, B.l. Belevtsev, E.L. Fertman, V.A. Desnenko, and G. Margaritondo, Phys. Rev. 35, 3986(1987.
D.G. Naugle, K.D.D. Rathnayaka, and A. Parasiris, Fiz. Nizk. *V.V. Nemoshkalenko, V.Kh. Kasyanenko, B.G. Nikitin, L..

Nikolaev, Yu.G. Pogorelov, G.A. Klimenko, and P.V.
Temp.28, 774 (2002 [Low Temp. Phys28, 556 (2002].
’ 41 (1 -
31A.B. Beznosov, E.L. Fertman, and P.P. Pal-Val’, J. Magn. Magn. Gel', SverkhprovodimostKIAE) 2, 41 (1989 [Superconduc

tivity 2, 47 (1989].

- Mater. 192, 111(1999. 39A.B. Beznosov, V.V. Eremenko, E.L. Fertman, V.A. Desnenko,
C.W. Searle and S.T. Wang, Can. J. PH@.2073(1970. and D.D. Khalyavin, Fiz. Nizk. Temp28, 1065 (2002 [Low
%L.D. Landau and E.M. LifshitsStatistical Physic§Nauka, Mos- Temp. Phys28, 762 (2002)].
cow, 1976 (in Russian. 40E | . Nagaev, Usp. Fiz. Nauk66, 833(1996 [Phys. Usp39, 781

343.J. Hamilton, E.L. Keatley, H.L. Ju, A.K. Raychaudhuri, V.N. (1996].
Smolyaninova, and R.L. Greene, Phys. Rev.58 14 926  41G.E. Bacon,Neutron Diffraction 3rd ed.(Clarendon Press, Ox-

(1996. ford, 1975.
35J.W. Christian,The Theory of Transformations in Metals and Al- “°R.M. White, Quantum Theory of MagnetisiiSpringer-Verlag,
loys (Pergamon Press, Oxford, 1965 Berlin, 1983.

054109-11



