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Hydrostatic-pressure-induced magnetic structure transformation in polycrystalline
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Electrical and magnetic properties of dg€a MnO;_ 5 (6=0.01) sampledl, Il, Il ) prepared under dif-
ferent conditions are investigated under varying magnetic fig@led43 T) and hydrostatic pressuréd and 13
kban. All the samples show thermal hysteresis in resistivity. Sample | prepared in oxygen shows antiferro-
magnetism and insulator behavior at temperatures below the hysteretic region, while sample Ill prepared in air
shows ferromagnetism and metal-like conductivity behavior. Sample Il, which is also made in air, shows an
intermediate behavior with an unusual insulator-metal transition in the ferromagnetic state. On applying hy-
drostatic pressure resistivity jumps at low temperatures during cooling and the thermal hysteresis in resistivity
increases dramatically on warming for both samples Il and Ill. The origin of anomalous behavior of sample I
and Il is discussed in terms of coexistence of two magnetic structures and the transformation of the magnetic
structure by the application of hydrostatic press{g&0163-182609)02945-8

[. INTRODUCTION increasing magnetic field, new metastable states have been
detected by Xiaet al°
Mixed-valent perovskites n;_,D,MnO;, whereLn and We have noticed that the low-temperature effective mag-

D are trivalent rare-earth and divalent-alkaline-earth ions, renetic moments of the LaCa, sMnO; samples prepared by
spectively, show interesting physical properties.These them and other groups are much larger than is expected for
properties can be tuned by controlling several parameterdi¢ AFM phase. Also, the moments at low temperature var-
such as doping levek), A-site average ionic radiugi(,)),  1€d significantly between the repofts-*2In certain case the
and so on. For example, in the composition range 925 magnetic moment at low temperatures was found to increase
<0.5, La_,CaMnO; exhibits paramagnetitPM) to ferro- with decreasing temperatures at low applied magnetic fields.

magnetic (FM) transition on cooling, accompanied by a We considered it worth investigating the low-temperature

sharp drop in the resistivity due to the dominant double-transport properties of 1;3CaMnO; by preparing the

exchange interactichWhen x>0.5, the ground state is an- samples in differ(_ent conditions. We fqund that even slight
tiferromagnetic(AFM). and insulét}ng due to the superex- oxygen nonst0|ch|orr_1etr_y coyld dramatically change the low-
> . . ._temperature properties in this system.
change interaction between the Mn ions. The behavior
corresponding tx=0.5 composition is of particular interest
because of the competition between FM double-exchange
and AFM superexchange interactions. With decreasing tem- The samples were prepared by the conventional solid-
perature, LasCa sMnQ; first undergoes a PM-FM transition state reaction method. The raw materials@a CaCQ, and
around 220 K followed by a simultaneous AFM and charge-MnO, were mixed in stoichiometric proportion and calcined
ordering (CO) transition near 150 K. The AFM-CO state at 1273 and 1473 K for over 50 h with intermediate grind-
disappears at 180 K while warmirigrhe large difference in ings. The resultant powder was pelletized and sintered.
the AFM-CO transition temperatures between warming andsample | was sintered at 1673 K in flowing oxygen. The
cooling cycles symbols the first-order nature of the CO transintering temperature for sample Il was 1573 K, followed by
sition. annealing at 1273 K for 12 h. Sample Il was sintered at
It is determined by neutron diffraction that the magnetic1673 K and cooled to room temperature at the rate of 5
structure of LgsCaMnO; is of the charge-exchange Kmin 1. Calcination and sintering for both samples Il and
(CE)-type® Along the ac plane (Pnma setting Il were carried out in air.
the Mrf" and Mrf* ions alternate forming The final product was examined by powder x-ray diffrac-
-Mn3*-0-Mn*"-0-Mn*"-O-Mn**- zigzag chains. The intra- tion using a Mac Science MXPRef. 1§ x-ray diffracto-
chain magnetic spins are ordered ferromagnetically, whileneter with CuK , radiation. Oxygen content was determined
the interchain magnetic spins antiferromagnetically. Electrorby redox titration. Resistivity was measured by the standard
hopping along a chain is impeded by the Coulomb repulsiorfour-probe technique under varying magnetic figlgis13 T)
from the neighboring electrons. This makes the material inand hydrostatic pressur€® and 13 kbar The hydrostatic
sulating in the CO state. Recently, Goeigal® have reported  pressure(P) was generated with a self-clamp—type Cu-Be
unusually high magnetoresistance in k@a, sMnOs in the  piston cylindet® and monitored by a manganese resistor. Re-
AFM-CO state. The large value of magnetoresistance wasistivity under external magnetic fieltH) was measured in
attributed to the field-induced first-order AFM-FM transition. the following sequencédl) Cooling the sampleot5 K under
As the canting angle is changed from the AFM phase withzero field.(2) Applying field to the selected valu€3) Field

II. EXPERIMENT
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FIG. 1. The temperature variation (6 magnetic moment un- FIG. 2. The temperature variation G magnetic moment un-

der 5 and 150 G(b) magnetic moment under 2 T, 5(ZFC and ~ der 5 and 150 G(b) magnetic moment under 2 T, 5 (ZFC and
FC), and (c) resistivity of sample 11 under varying magnetic fields. FC), and(c) .re3|st|V|ty of_sample 1] l_md_er varying magnetic fields.
Inset shows the resistivity data recorded on warming after zero-fiel@Pen and filled arrows ia) and (b) indicate T and Ty, respec-
cooling. Open and filled arrows ifa) and (b) indicateT¢ and Ty, tively.

respectively. low-temperature rangeT 140 K). Whereas, on cooling

. . . _ and within temperature range 140-170 K, unusual metal-like
warming to 280 K.(4) Field cooling to 5 K.(5) Field warm- 3 jation is observed. Hysteresis in resistivity vanishes under
ing to 280 K again. Mag_net|c measqrements were carried O4he 13-T field on ZEC and under 9-T field on FC, implying
using a Quantum Design magnetic property measuremeffe complete suppression of the CO state. As a result of the
system(MPMS) superconducting quantum interference de-gradual suppression of the CO state, resistivity decreases
vice (SQUID) magnetometer. Both zero-field-cooliigFC)  drastically with increasing field. Magnetoresistaridefined
and field-cooling(FC) data were recorded during warming as [ p(0)-p(H)]/p(0)] reaches~90% around 175 K just

run. with 2-T field.
Under magnetic fields lower than 150 G, sample Il shows
IIl. RESULTS AND DISCUSSION PM-FM transition only{Fig. 2@]. No FM-AFM transition is

observed. However, when fields highernta T are applied,

X-ray-diffraction profiles show that all the three samplesthe FM-AFM transition appearfFig. 2(b)]. The transition
are single-phase orthorhombic perovskites with space groughifts to low temperatures with increasing fields and is com-
Pnma Oxygen deficiencie$o) of all the three samples are pletely suppressed by a 5-T magnetic field on FC. Contrary
determined by redox titration method to be less than 1%. Seo sample I, sample Ill shows higher magnetic moment and
the gross ratio of M#/Mn** is 1:1. The resistivity behavior metal-like resistivity behavior at low temperatures.
of sample | agrees well with the earlier repérten The effects of hydrostatic pressure on the resistivity of
Lag sCa sMnO3. Sample Il as well as sample IlI also exhib- sample Il and Ill are shown in Figs(&® and 3b), respec-
its a thermal hysteresis in resistivity indicative of first-ordertively. The data obtained under 0 kbarda@ T are given in
transition arising from charge ordering. However, several unproken line for comparison and the ZFC data for sample Il is
usual features are obvious. given in the inset of Fig. @&). For sample II, on applying

Temperature variation of magnetic momew) and resis-  13-kbar hydrostatic pressure, a sharper AFM-CO transition,
tivity (p) for sample Il is shown in Fig. 1. On cooling, an enhanced hysteresis and a resistivity jump around 80 K
sample Il undergoes PM-FM transition @=220K and during cooling is observed. Like under ambient pressure,
FM-AFM transition at Ty=185K [Fig. 1(@]. The AFM  magnetic fields suppress the hysteresis and shift AFM-CO
transition is shifted to lower temperature by external mag+ransition to low temperatures. For sample I, under 13-kbar
netic field[Figs. X&) and 1b)]. p exhibits semiconductorlike pressure and O-T fielgh increases with decreasing tempera-
behavior at both high-temperature range>170 K) and ture first, and then a jump around 50 K appears while cool-
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Tt T T external pressure increasgsvia volume contraction. CO is
H=2T zre suppressed by the pressure-enhanced carrier itinerancy. The
effects of pressure on the CO transition are reported almost
equivalent to that due to magnetic field: shiftiligg to low-
temperature and depressing hyster&sislowever, in the
present study, magnetic field and hydrostatic pressure are
found to have opposite effects on CO. Rather than being
suppressed, hysteresis is enhanced by hydrostatic pressure.
The fact suggests that, other than the double-exchange inter-
action, there must be additional mechanisms that are respon-
sible for the unusual behavior of samples Il and Ill under
hydrostatic pressure.

Earlier research reveals that transport properties of man-
ganates are closely related to the magnetic structure of
samples. RSy sMnO3, resembling to LgsCa gMnOg, un-
dergoes a PM-FM transition at high temperature and a FM-
AFM transition at low temperature, tddThe magnetic struc-
ture for PpsShhpsMnOz; sample prepared in oxygen is
reported to be of CE-type and the CO occurs simultaneously
5T with the FM-AFM transition'® Whereas the magnetic struc-
= . ture for the Pg Sty sMNnO3 sample prepared in air is reported

‘ to be ofA type, the CO is absent and resistivity is fairly low
102 . . . . ‘ (~102Q cm) even around 5 K. The different magnetic
0 100 200 300 structure is attributed to a slight off-stoichiomefdifferent
T x and/or oxygen contehbetween the samplés.
Neutron-diffraction experiment reveals that for the

FIG. 3. The temperature variation of resistivities(af sample ~ La1-xCaMnO3 (0=x=1) system, magnetic structure varies
I, (b) sample Ill under 13-kbar hydrostatic pressure and varyingdccording to the doping region. In some doping regions, two
magnetic fields. Resistivity data obtained under ambient pressurdagnetic structures could coexistCareful synchrotron
and 0 T are shown by broken lines for comparison. Inset shows th¥-ray-diffraction found that in NglsSty gMnQOs, the FM state,
resistivity data recorded on warming after zero-field cooling. the CO state, and probably the orbitally ordered state coexist

aroundT o= 150 K. At low temperaturesT<Tcg), a small
ing. During warming,p increases steeply at 50 K, reaches afraction of the FM state persists along with the CO and or-
maximum around 115 K, and decreases with a change ihitally ordered phase?sO.Since three samples have the same
slope around 180 K. Compared to the result under ambiergharge-carrier density, stimulated by the above-mentioned
pressure, the hysteresis is drastically enhanced. The eexperiment results on half-dopea0.5) manganates, we
hanced hysteresis is suppressed by external magnetic fieldonsider the anomalous behavior of the samples Il and Il at
progressively, but remains visible to the maximum appliedow temperatures to have relation with magnetic inhomoge-
magnetic field of 9 T. neity. The fairly low-resistivity value{7x 102 Q c¢m) and

It is noticed that the low-temperature magnetic moment othe relative high-magnetic momefit 0.07ug /per Mn under
three samples varies in the order Mfi<M,;<M,,. The 150 G of sample Il at low temperatures suggest that the
lower the oxygen partial pressure when sintering and/or thelominant low-temperature magnetic structure for it is differ-
shorter the annealing time after sintering is, the higheiMhe ent from that for stoichiometric laCa, sMnOs (CE type. It
is. As both low-oxygen partial pressure and short annealings a magnetic structure with stronger ferromagnetic interac-
time tend to make oxygen nonstoichiometric, the low-tion. Noticing the preparation atmosphere, we speculate that,
temperature magnetic moment is evidently related to oxygesimilar to the PgsStjsMnO; sample prepared in air, the
off stoichiometry. We have annealed sample Il in flowing dominant phase for sample Il is @&-type magnetic struc-
oxygen for 24 h and found that the oxygenated sample llture and charge disorderétThe high resistivity of sample
showed similar properties as that of stoichiometricll arourd 5 K suggests that the dominant magnetic structure
Lag Cay MnO;. The low-melting field of CO for sample Il for it is still of CE type. But the intermediate resistivity be-
(5 T, FO and the high magnetoresistance under low maghavior hints the existence of another magnetic strudiunasy
netic field for sample I[~90% around 175 K with 2-T fie)d be of A type) to some extent.

(a) sample 1T

p (L cm)

10° | P=0kbar, H=0T |

P=13kbar, H=0 T}

p (Q cm)

also favor the oxygen off stoichiometry5£0.01) in the According to the discussions above, we suggest the fol-
samples? lowing explanations for our experiment results. Samples I
According to the double-exchange model, the effective-and Il are subtle oxygen nonstoichiometric. Slight oxygen
transfer integrat of the g4 carrier is expressed as nonstoichiometry causes the coexistence of two phases in the
samples. One phase is @ftype magnetic structure and
t=tycog A 6/2), charge disorderetphase ) and the second phase is of CE-

type magnetic structure and charge orddgthse ). Physi-
wheret, is the bare transfer integral without spin scatteringcal properties are governed by the dominant phase. In sample
andAg s the relative angle of the neighboribg, spins. The 1lI, phase | dominates. So, it shows metal-like resistivity be-
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havior and high-magnetic moment at low temperaturesto CE-type magnetic structure transformation was observed.
Sample II, which is dominated by phase II, shows similarThe apparent contradiction could mean that, for a half-doped
behavior like that of stoichiometric LaCa)sMnO;. How-  manganate, the balance between the ferromagnetic double-
ever, phase | manifests itself via the anomaldpgd T>0 exchange and the antiferromagnetic superexchange interac-
range while cooling and the almost constartielow 60 K.  tions is very sensitive to even extremely low-oxygen defi-
On applying hydrostatic pressure, theype magnetic struc- ciencies ¢=0.01). To describe the half-doped manganates
ture is transformed to CE type. The resistivity jump aroundfully, it is necessary to takeS as one of the independent
50 K for sample 1l during cooling corresponds to the trans-parameters.

formation of magnetic structure. The lowafter the trans-

formation (T<50K) implies that charges still remain in the

disordered state, probably because the temperature is too low IV. CONCLUSIONS

gnd carriers do not have enough energy to MOVe. On warm- We have examined the electrical and magnetic properties
ing to above 50 K, thermal energy helps carriers to move angf three La Ca, MnO;_, samples prepared under different

eCnOh;angésh gg::?sug n;%’s:gnr\c,reedas-?ﬁedsrﬁ)m:t?ﬁgz ant ?goc?nditions. It is found that two phases, which are due to
y ’ P 9 Ight oxygen off stoichiometry, coexist in samples Il and IlI.

durlnl% warming e_wdences the dlsappearanc_e .Of the C hydrostatic-pressure-induced CO and magnetic structure
state.” The same is true for sample Il. The resistivity jump tra

around 80 K during cooling under 13-kbar pressure and en- nsformation(A type to CE typgare observed. The present

hanced hysteresis are evidences of the transformation of tI'}S]éUdy suggests that the competition between the ferromag-

A-type magnetic structure to CE-type magnetic structure. A etic double-exchange and the antiferromagnetic superex-

in the case of other manganaf@snagnetic field melts the Sthoailtr:lgiinl]rgterractlons Is sensitive to even slight oxygen off
CO state and the hysteresis in resistivity is suppressig Y
3.

For half-doped manganates, the layeradype AFM
structure is favored by a wide one-electron bandwitfth.’
On increasing/V via the application of hydrostatic pressure, Part of this work was financially supported by JSPS re-
a transformation of the CE-type magnetic structurdtiype  search for the Future Program in the Area of Atomic-Scale
magnetic  structure was reported in polycrystallineSurface and Interface Dynamics and a Grant-in-Aid for Sci-
(Nd; —yLay)1/2Sr,,MnO; (y=0.4) 1> On the contrary to the entific Research from Ministry of Education, Science, and
above results, in the present study, a pressure-indigde  Culture.
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