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Pressure effects on the charge-ordering state in SgpCay gMn;_,Ru,O3 (x=0,0.09
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Transport properties of ypCa gMn; Ry, 05 (x=0,0.04) have been investigated in the temperature range
15-300 K in external magnetic fields up to 1.5 T and hydrostatic pressure up to 1 GPa. The 4% Ru doping in
Mn site converts the low-temperature robust orbital ordered phase observed in the undoped compound to a
two-phasegferromagnetic and charge ordeyepglound state. As a result of such dopiipdpase-separated ground
statg, colossal magnetoresistance, slow relaxation of resistivity with logarithmic time dependence, and pre-
history effects that are enhanced by pressure are observed,isC8@Mng odR Uy 03. In contrast, the above
effects are absent in §¥Ca gMnOs;.

DOI: 10.1103/PhysRevB.64.224410 PACS nunider75.30.Kz, 71.30th, 74.62.Fj

. INTRODUCTION electron-dope®; _,CaMnO; compound§R=Pr, La(Ref.
12), Eu(Ref. 13, Sm(Ref. 14], the CMR effect is observed
Hole-doped perovskite-type manganites of the typepnly within a narrow doping range close to a critical level
R;_xAMnO; (A is a divalent cation, such as Sr C&',  x,=0.80-0.90. This fact has been attributed to the existence
Ba;, or+Pt? »andR is a trivalent rare-earth ion such as of extremely stable CO and AF insulating states for<0¢
La®", PP", Smi*, or Nd") are atiracting a lot of attention —y and the appearance of FM or cluster-glass-like ordering

due to the existence of a metal-insulator transition and th%ccompanied by charge delocalization foF x., which re-
appearance of colossal magnetoresistafiR) in these sponsible for the CMR effect in applied magcnetic fieles®

compundsl. Mn®* ion? 3nd_trr:10béle h0||e§aiﬁ%t.he9 bbanﬁzgf The Sm_,CaMnO; system at 0.5:x<<0.9 constitutes a
manganese are created either by repia 1ons by typical electron-doped manganite CO is observed within

or by introducing a lanthanide deficiency in an appropriate :
heat treatment. Properties of the CMR manganites have beéﬂe doping range 0:5x<0.8, and CMR appears for O:&

interpreted using the double-exchange model betweel Mn <0.9'% The long-range CO disappears at doping levels
and Mrf* ions—3 and the dynamic Jahn-Teller effécEor 9.75<x<0.85, ang only one-.dlmensmnGJD) orbital ordgr—.
example, the end compounds of the most popular CMR sydnd (OO) of the d; orbitals in the C-type AF monoclinic
tem La_,CaMnO; with x=0 andx=1 are antiferromag- Phase persists below the critical temperatlire ! In par-
netic (AF) insulators, while the compounds with an interme-ticular, the doping level of SgyCa, MnO; is close to the
diate doping level (0.2 x<0.5) are ferromagnetidM) and CMR range, but nevertheless, no CMR effect appears in this
metallic at temperatures below the Curie temperaTLgel compound. Remarkably, the disappearance of twin-domain

It should be noted that the number of literature reports orstructures, accompanied by a structural phase transition from
electron-doped manganites is relatively small, in particulathe P2, /m structure with strong monoclinic distortions to a
when compared to the rich variety of publications concern{pure orthorhombic structure, has been observed in this com-
ing the hole-doped materials. The essential difference bggound when the temperature increased above tred téen-
tween the hole-dopedk& 0.5) and electron-dopeck-0.5)  peratureTy~ 150 K.1%** Substitution of Mn by Ru in this
manganites consists in the fact that at low temperatures FMompound induces the appearance of short-range FM order-
ordering is observed in the hole-doped systems, while an Alhg and CMR!® |t was suggested in Ref. 16 that the origin of
and insulating state appears in the electron-doped bAEs. the ordering is the FM superexchange betweefir RRW™,
ordering in the electron-doped compounds is frequently acand Mr** ions.
companied by a transition to a charge-ordet€®) state® In this paper we report on our investigations of the effect
The most investigated CO manganites are those with thef hydrostatic pressuré) and magnetic fieldH) on trans-
doping level close to the commensurate valuesf0.5%-8 port properties of electron-doped §ia, gMnNO; (SCMO)

The insulating CO and AF ground state of electron-dopedand Sng ,Ca, gMng geRUy 003 (SCMRO compounds. This
manganites is characterized by the presence of stripe phastudy is motivated by appearance of a magnetically phase-
consisting of extremely stable pairs of distorted W@, separatedPS ground state of inhomogeneous OO and FM
stripes, which are separated periodically by stripes of a nonerdering in SCMRC?® The enhanced effect of exterraand
distorted Mri* Og octahedror. The length of the stripes was H, when compared to the parent SCMO system, may be
found® to be in the range of a few hundreds of angstromsexpected at the temperature range of the phase separation.
Such paired stripes were observed, for example, irMoreover, the effect of the applied pressure on CO manga-
(BiCa)MnOs,° (PrCaMn0;,° and (SmC#VIn0,. 10 nites has been investigated until now only for hole-doped

It has been demonstrated in the literature that in soméag ¢Sty sMNnOs5,*" Pry Ca, MnO3,*® and for the commensu-
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(NdSm)g St MnO; manganites? At the same time, to the
best of our knowledge, no studies of electron-doped CMR
manganites have ever been reported. FIG. 2. Temperature dependences of the resistivity (@f

Sy Cay MnO;z and (b) Sy ,Ca gMNg odRUp 0403 at various ap-
plied pressures.

Temperature (K)

Il. EXPERIMENTAL RESULTS

The results presented in this work were obtained on polytesistivity of SCMO in the investigated pressure and tem-
crystalline samples of SmCa gMnO; and  perature rangésee Fig. ], excluding a narrow temperature
Sy ,Ca gMNg odRUy 0403 prepared by a standard ceramic interval nearTy. In marked contrast, th&y of SCMRO
route. The procedures of sintering and preliminary characteistrongly decreases with pressure, as illustrated in Rig. 2
ization of the samplefx-ray diffraction (XRD), energy dis-  The coefficientd Ty /dP for this compound was found to be
persive spectroscop§EDS), and scanning electron micros- about 12 K/GPa, see Fig. 3. The effect of the applied mag-
copy (SEM)] are described in Ref. 16. netic field is also more pronounced on SCMRO, as can be

The dc resistivityp was measured using a four-probe s€en in Fig. 1. Moreover, the effect of the applied field is
method. The investigations were performed at ambient prestrongly influenced by the pressure, as shown in Fig. 4.
sure in the temperature range<15<300 K and under hy- It follows from the data shown in Fig. 4 that a significant
drostatic pressure up t®#=1 GPa in the range “T MR of about—20% is observed in SCMRO &=0 in the
<300K. The methodology of measurements performed unvicinity of Ty. Applied pressure enhances the magnitude of
der external pressure is described in detail elsewffefae  the MR to about—45% atP=0.93 GPa. Moreover, with
magnetoresistance (MR), defined as MR [p(T,H) increasing pressure the temperature of the MR minimum de-
—p(T,00)/p(T,H), wherep(T,H) andp(T,0) are the values Creases and the interval in which a negative MR effect exists
of resistivity under nonzero and zero magnetic field, respecbroadens: see Fig. 4. However, the change of the MR mini-
tively, was measured at applied magnetic fields up to 1.5 Tnum temperature with pressure increasing from zero to
oriented perpendicular to the direction of the measuring curabout 1 GPa(about 26 K and corresponding’y change
rent flow. (about 11 K are markedly different as shown in Figs. 3 and

Figure 1 shows the dependences of the resistipityf 4. Observe that an initial, relatively small, pressure increase
SCMO and SCMRO Compounds as a function of temperadramatica”y Changes the temperature of the I'ESiStiVity mini-
ture (recorded under coolingwith and without applied mag-

netic field. At zero applied field, for both compounds, the
conductivity changes from the semimetallic one in the para- . 132 SMy208, Mg 96RUy 0,0,
magnetic(PM) region to an insulatorlike one in the vicinity <
of Ty .1 The resistivity change of SCMO in the vicinity of M
Ty due to the application dfi=1.5T is insignificant, while g
a noticeable MR, up to almost 200% at lowest temperatures, ®
is observed for SCMRO below, consistently with the 3
results published Refs. 10 and 16. qE)
Figure 2 shows the temperature evolution of the zero-field =

resistivity of both compounds for various applied pressures. 0.0 0.2 0.4 0.6 0.8 1.0
SCMO[Fig. 2(a)] demonstrates a very weak decreasd @f
with pressure below the ambient pressure value of 156 K.
The absolute value of the coefficiedf/dP does not ex- FIG. 3. Pressure dependence of théeNé¢emperature of
ceed 2-3 K/GPa. The magnetic field weakly influences th&m, ;Ca gMng oeR Uy 003

Pressure (GPa)
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h . f th f hil furth FIG. 6. Time dependence of the resistivity of
mum and t e magnitude of the MR_ e ect, while a furt erSrrb_ZCag_sMnolgéQLb,opg, under pressur®=0.67 GPa after appli-
increase ofP induces only small variations of these param- .ation ofH=1.5T.

eters: see Fig. 4.

The influence of pressure on the MR effect in SCMRO isviscosity or aftereffedt (Ref. 2) as well as other
further illustrated in Fig. 5, in which the MR v depgn- parameter@-2 of magnetically ordered compounds. In con-
dence(the magnetoresistance logpgecorded under various 4t tg the data presented in Figs. 5 and 6, the MR loops of
pressures af=77K, is presented. One can see that the MRy harent SCMO compound at 77 K are closed: the absolute
effect clearly increases with increasing pressure. At the samg;|ues of the MR effect are very smalhbout 1% atH
time,_the MR Ipops do not close and show .remarkable hys-_ 1.5T) and practically independent &¥. The absence of
teresis, which is also enhanced by the applied pressure. Thg, o qenendent effects in the SCMO resistivity is also re-
hysteretic behavior shown in Fig. 5 may reflect the existence, 5 kaple.
of pressure and field-dependent metastable states as theypq inhomogeneous magnetic ground state of SCMRO
ramping ofH during the recording of MR loops may induce 5 nitests itself also in the magnetic prehistory effectat
a continuous transition between distinct metastable state . see Fig. 7. Here thg(T) curves were measured in

The prominent feature of the discussed metastable states iéro-field-cooled(ZFC) and field-cooled(FC) conditions
the time dependence and relaxation of the measured resisti&-uring a warm-up cycle atl=1.5T with P=0 [Fig. 7(a)]
ity, as shown for the case of the resistivity of SCMROPat - ,,4p_ 93 GP4Fig. 7(b)]. Notice that the relative differ-
=0.67GPaT=77K, andH=15T in Fig. 6. The time de- o0 petween the(T) curves recorded in different magnetic

cay of p In F_|g. 6 obeys a we_ll-pronounced_Iog_anthm|c_law regimes, the prehistory effect, becomes enhanced by the ap-
characteristic also for relaxation of magnetizatiomagnetic
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FIG. 5. Magnetoresistance loops of §8a; gMng geRUy 003 at () andP=0.93 GPab) after (curve 1) ZFC and subsequent appli-
various pressures. cation of H=1.5T atT=77 K and(curve 9 FC atH=1.5T.
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plied pressure, but disappears at temperatures approachipgnsion coefficieit>>when measured in the vicinity of the

TN, see Fig. 7. magnetic first-order phase transition. A large thermal hyster-
esis,AT about 80 K, appearing between the rising and fall-
IIl. DISCUSSION AND CONCLUDING REMARKS ing branches of thg(T) characteristit® in SCMRO strongly

supports speculation that the magnetic transition to the AF

An abrupt change a =Ty of the character of the SCMO (o) state is of first order. The volume of FM metalliclike
resistivity dependence on temperature, from a semimetal- tgomains increases with time, as reflected by the decrease of
an insulatorlike one, is accompanied by structural and mag; with time in Fig. 6, through overcoming energy barriers
netic transitions. Namely, dt= Ty strong monoclinic distor- petween EM and AF regions. In spite of very recent obser-
tion_s of Pnma structure occur and structural twinning d.o— vations of some minute FM ordering in SCMO &t Ty, by
mains are formed?242° Simultaneously, a magnetic g|ectron magnetic resonan®etime-dependent phenomena,
transition from the PM to C-type AF state with 1D OO takes a5 yel| as the enhanced effect of exterRaindH, are absent
place:™ " The AF state of SCMO is extremely robust, and ajp, this compound. This is an additional argument supporting
magnetic field stronger than 25 T is required to flip the anti-he idea that Ru doping is responsible for the above-
parallel spins aff <100K?® This is the reason for the ob- discussed effects. A recent thermodynamic analysis of the
served weak pressure and magnetic field dependendg of pehavior of manganites with two subsequent PM-FM and
and low-temperatureT(<Ty) resistivity of SCMO: Figs. 1  FM-AF (CO) magnetic transitiorf is consistent with our
and 2. results. Namely, the low-temperature transition is claimed to

The doping of the SCMO system with Ru(or R\’*) in pe of first order and the relaxation phenomena were observed
the Mn site destroys the OO state and promotes the ferrqn the temperature range of the coexistence of two phases in
magnetic interaction either by increasing the ¥rtoncen-  accordance with Refs. 17 and 29. The presence of a magnetic
tration and, correspondingly, MA-Mn** FM double ex- field during the cooling of a SCMRO sample through the
change or by developing FM superexchange interactiongrhital ordering temperaturgo enhances the FM volume
with the surrounding MA" species®* At the doping level  on the expanse of the OO phase, Fig. 7. This result agrees
of about 10%, a percolation network of growing FM clustersyith model presented in Ref. 29. Moreover, it can be directly
develops, resulting in the establishment of a FM metalliclikeseen in Fig. 7 that the resistivity of field-cooled SCMRO is
state in SCMRd.ﬁA metallic percolation network is clearly noticeably smaller than that after ZFC. One may argue that
absent in SCMRO compound doped only with 4% of Ru.an applied field aligns magnetic moments in the FM domains
Therefore, an insulatorlike(T) dependence is observed at at the magnetic ordering temperature and thus eliminates
low temperatures: see Fig. 1. Notice that an abrupt decreasgin-disorder scattering contributions to the resistivity. It is
of the resistivity observed at temperature increasing abovgnportant to note that such prehistory effects are also absent
130 K coincides with the structural transition between mono+n the parent, undoped SCMO compound.
clinic P2,/m and orthorhombid®Pnmastructures and with In conclusion, the influence of hydrostatic pressure and
the magnetic transition from the C-type AF phase to themagnetic field on the transport properties of electron-doped
short-ordered FM state. Simultaneously, the phase-separatggn, ,Ca, gMnNO; and Smg ,Cay gMng odR Uy 03 CEramics was
magnetic state appears, as confirmed by the observation ffvestigated. Doping of SCMO by 4% of Ru in the Mn site
two maxima in the ac susceptibility of SCMRO® The  converts the low-temperature robust orbital ordered phase
resulting strong competition between FM and AF interac-into a two-phase (ferromagneti@ntiferromagnetic) ground
tions, as expected within the phase-separation scefidno, state. As a result, the investigated compounds behave mark-
may enhance the sensitivity of SCMRO to external perturbaedly different under the influence of applied pressure and
tions such as field, pressure, etc. It is well knoiithat an  magnetic field. At ambient pressure,
increase in the hydrostatic pressure results in effects similagm, ,Ca, gMn, odRUy 0403 is characterized by(i) colossal
to those of increasing the hole-doping level. Namely, themagnetoresistance in the vicinity of the magnetic ordering
temperature range of existence of the FM phase increase@mperature about 130 K and at lowest temperatufes
while the resistivity and percolation threshold decreases. Itisc 77 K, (ii) slow relaxation of the resistivity, an@i) prehis-
worth noting that for SCMRO the applied pressure restraingory effects (the difference in the values of resistivity ob-
the temperature range of the AF phase, similar to the effectgined after ZEC and FC through= 130 K). The above ef-
of the Ru doping reported in Ref. 24. fects are enhanced, in a nonlinear way, by the external

Doping with Ru results in a coexistence of ABO) and  hydrostatic pressure. In marked contrast, all of the above
FM domains aff<Ty. The coexistence of AF and FM do- effects are absent in SCa, gMNOs.

mains is responsible for the relaxation of the resistivity in
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