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The magnetotransport and magnetostructural properties pf Ca _ySr) o qMnO; (0<y=<1) are studied.
We investigate the variation in magnetoresista(d®) with y and the field-induced structural transition at
y~0.5 by using single crystals prepared by the floating-zone method. With the incregsbencolossal MR
behavior aty~0 is transformed to a rather canonical MR MR free from lattice effecisat y=1. The
coefficientC in the empirical relation thai(M)/p(0)=exg —C(M/Mg?] (M and M, being the magnetization
and its zero-temperature saturation valslkeows a significant change wish attainable for example, from 7.6
at y=0.1 to 2.3 aty=0.7. As an example of the magnetoswitching of a crystal structure around room
temperature, the structural-phase transition induced by an external magnetic field is investigated for crystals
with y~0.5. Structural-phase diagrams of the magnetic field vs temperature plane are given.
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[. INTRODUCTION strate the variation of magnetotransport wjttthat is, from
a typical CMR behavior ay=0 to a rather canonical MR
Manganese oxides with perovskite structures show versdthe MR free from lattice effect§) aty=1. In the canonical
tile phenomena due to a close interplay among the spifMR, as indicated in Ref. 16, the magnitude is dependent only
charge, and orbitglattice), which show up as magnetostruc- on the density of conduction carrie(s) as such a manner
tural phenomen;® colossal magnetoresistand€MR),*  that Cen™ 2 in the approximation ofAp/p=C(M/Mg)?
and melting of charge/orbital ordering in magnetic fields, (Ms being a saturation magnetizatjorAnother issue de-
for example. A key parameter in controlling the physical scribgq in this paper i§ the magnetic—field-indgced structural
properties of these materials is the transfer interaction of aHansmlCYJans a close interplay among the spin, charge, and
eg-orbital carrier between the neighboring Mn sites. Inlattice. "™ Lag A Cay _St)oMNnO; undergoes a structural
R, ,AMnO; (R and A being rare-earth and alkaline-earth transition between orthorhombic and rhombohedral struc-
elements, respectivelya lattice distortion, or a tilting of

tures as the temperature varf@g® At y~0.5, both the tem-
MnOs octahedra, depends on the averaged ionic radi® of peratures of the ferromagnetic transitioij and structural
andA cations. ThgR, A-site composition controls an effec-

transition (Tg) are so close around room temperature that the
tive one-electron bandwidt, because with a smaller aver- ,[S;?rj];tlur;a; érnaerlilt;?é} dcan be induced by application of an ex-
aged Tad‘”S of theR, A site the tran;fer interaction of an The experimental procedures, including preparation of
eg'toLb'?l ellect:_on gecl\(ﬂ)mgs sm>acl)le3r n atne.t\N(l)rk of Mlno LagACay,SK,)oMnO; crystals by the floating-zone
octahedra. 1N La xohMNbs (x>0.3), a typical example method, are first described in Sec. II. In Sec. Ill, an overview
with a relatively largeW," the eg-orbital carriers tend to be of the electronic{(and structural phase diagram and mag-
itinerant, and due to the strong ferromagnetic interactiometotransport properties are presented. In Sec. IV, a struc-
(Hund's-rule coupling,),;) between local, and |t'|neran_e% tural transition fory~0.5 induced by an external magnetic
electrons, the ferromagnetic and metallic state is stabifiZed. field is presented. For a crystal with~0.5, a structural-

The ferromagnetic and metallic state has been well interphase diagram is demonstrated on the magnetic field vs tem-
preted by the double-exchangBE) mechanisnt”*When  perature plane. A summary is given in Sec. V.
the W is narrowed, on the other hand, the DE ferromag-
netism suffers from other competing instabilities, e.g., an
antiferromagnetic interaction between lotg] spins, charge/
orbital ordering, and electron-lattice couplingollective Single crystals of Lg/Ca _Sr)3MnO; were prepared
Jahn-Teller distortions™® In a distorted perovskite mangan- by the floating-zone method. Powders of,08, SrCGQ,
ite, Prp_,CaMnO; (0.3=x<0.75), for example, charge/ CaCQ, and MO, were mixed at the prescribed ratio and
orbital ordering overcomes the ferromagnetic and metalliccalcined in air at 1200 °C for 24—48 h. The obtained powders
state!*'®and the ground state is an antiferromagnetic insuwere then pressed into a rod 5 mm in diameter and 80 mm in
lating state. length. The rod was then sintered in air at 1350—1450 °C for
In this paper we report on the magnetotransport propertie30 h. Crystal was grown in a stream of air at a growth rate of
and magnetostructural phenomenon in single crystals d8—10 mm/h with rotating feed and seed rods in opposite
Lag ACa _ySr)oMnO;, in which the W is increased by directions.(For y<0.3 the growth rate was set at less than 5
substitution of Ca with Sr, while the hole-doping leved ( mm/h because a faster growth rate was not successful for the
=0.3) used to maximizd is kept constant. We demon- formation of the single crystalPart of the crystal boule was

Il. EXPERIMENTAL PROCEDURES
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TABLE I. Results of analysis of the compositions for single crystals qf L&Ca ,Sr,),MnO; prepared
by the floating-zone method with the prescribed composition.30 andy=0-1.

y X y Mg(us/ Crystal Po
(nomina) (Cat+Sr/lLatCa+Sr)  SrnCa+Sn  T.(K) Mn site?  systeml (e Q cm)©
0 0.274 0.000 223 3.31 ortho. 143
0.1 0.303 0.105 240 3.36 ortho. 153
0.3 0.286 0.313 278 3.34 ortho. 154
0.45 0.295 0.450 309 3.45 ortho. 160
0.5 0.299 0.507 326 3.46 ortho. 112
0.55 0.306 0.542 331 3.46 rhombo. 127
0.7 0.298 0.711 341 3.46 rhombo. 71.9
1.0 0.300 1.000 369 3.50 rhombo. 45.1

#The saturation magnetizatioviy, measured at 5 K and 0.5 T.
®The crystal system at room temperat(@e0 K).
“The residual resistivity at 10 K.

pulverized and characterized by powder x-ray diffraction,rhombohedralR) one (y>0.5). As a result, a discontinuity
which confirmed that the melt-grown crystal was singlein T(y) is clearly seen ay~0.5.

phase. Lattice parameters and crystal structures were exam- Figure 2 shows the temperature profiles of the resistjpity
ined by Rietveld refinement of the diffraction pattern. The(lower panel and dp/dT)/p (upper panel for
formation of the single crystal was also confirmed by anlLa, ACa _,Sr)MnO; crystals with varying y. The
x-ray Laue reflection method. The cation ratios analyzed byanomaly at~370 K in the resistivity of they=0.45 crystal is
inductively coupled plasma spectroscopy are listed in Table tlue to a structural transition between thend theR phase.
together with the ferromagnetic transition temperature, thef - is manifested as a peak in thed/dT)/p curve or a
saturation magnetization, the crystal system at room temdecrease in resistivity, and increases with the increase in
perature, and  the residual resistivity  for The singular-peak feature in theg/dT)/p curve for lowy

Lag ACa ySK)oMnO;. As Table I indicates, the analyzed (Ca-rich crystals indicates the almost discontinud(isst-
ratio of Ca(La+Cat+Sr) for y=0 was slightly but distinctly ~ order-like phase change. The transition becomes more
smaller than the prescribed one, which suggests that an imradual with increasingy. Because lattice distortion de-
congruent melting occurs upon substitution of La by Ca in acreases and the Mn-O-Mn bond angle increa®esw in-
melt-grown process. For>0.3, however, the analyzed cat-
ion ratio coincides with the prescribed one, and the defi-

! . ; e 400 ———TTT T
ciency of Ca in a melt-grown crystal disappears, as indicated ' '

in Table I. The observed for the y=0 single crystal is [ Rhombohedral ]
distinctly lower by about 15 K than those of the correspond- L L 4
ing polycrystal reported in the literatufé Off-stoichiometry 350 Lo

of the oxygen content from 3.0 might reduce thge of ay
=0 crystal?>?*although the apparent oxygen nonstoichiom-
etry was not detected for the present 0.3, y=0 single
crystal?*

The magnetization was measured by using a supercon-
ducting quantum interference device magnetometer. The re-
sistivity in the magnetic field was measured by using a su-
perconducting magnet up 7 T employing a standard four-
probe method with the current parallel to the direction of the La0‘7(Ca1_ySry)o.3Mn03

external magnetic field. ool v 1 v
0 02 04 06 08

y

Fiqure 1 shows a maanetic- and structural-phase diagram FIG. 1. An electronic- as well as structural-phase diagram for

f Lg c S M Og A . hp f 9 Lag ACa _ySK)oMnO;. The ferromagnetic transition temperature

Y _a0-7( ‘?1_—y r)/)0-3 Nns. S y mcreases., the ferromag- T¢ is denoted by open circles, while the structural transition tem-
netic transition temperatuig. increases, while the structural

- peratureTg in the temperature-increasing and -decreasing runs are
transition temperaturd's decreases. Th@c and Ts Cross  genoted by open and closed squares, respectively.yTtepen-

each other ay~0.5. Fory>0.5, Ts immediately decreases dence of T is approximated by the relatior§c(y)=222.3 K
with the increase iy, and goes to zero at 6:5/<<0.55. The  +(188.1K)y (0<y<0.5 in the orthorhombic forinand 282.9 K
Tc depends almost linearly oy althoughdTc/dy in the  +(85.6K)y (0.5<y<1 in the rhombohedral forimwhich are de-
orthorhombic(O) region (y<0.5) is steeper than that in the noted by dashed lines.
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FIG. 2. (@) Temperature profiles ofdp/dT)/p for various
Lag ACa _SK) 0 sMNO; crystals. The ferromagnetic transition tem-
perature is manifested as a peak dp{(dT)/p. (b) Temperature
profiles of resistivity for LgACa_,Sr)oMnO; crystals with
varying y. The anomaly at~370 K for the resistivity of they
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FIG. 3. Temperature profiles of resistivity in several magnetic
fields for y=0 (Lay CaysMnO;) and y=1(Lay ;S sMn0Os) crys-
tals, as the prototypes of the bandwidth-controlled system of
Lag ACa _ySrK)oMnO;z. The anomalously large MR or CMR at
y=0 is transformed to a rather canonical MRyat 1.

square of reduced magnetizatiom (M) for y=0.1, 0.3,
and 0.7 crystals, which are taken just abdvg (1.02T.
<T<1.17T¢). As indicated by the broken lines, the MR
magnitudep(M)/p(0) is well approximated over a fairly
large M region by the following empirical relatiof®2°

@

This formula was originally proposed assuming that the re-
sistivity in a ferromagnetic semiconductor obeys the thermal-
activation-type law, and that the activation energy is reduced
in proportion toM?2.252% In Ref. 26, Bebenin and Ustinov
applied this formula to the MR of low-doped semiconducting

p(M)/p(0)=exid —C(M/M)?].

=0.45 crystal is due to a structural transition between orthorhombid-21-xSKMnO; Refs. 8 and 9 by assuming that the mobility

(low-temperature and rhombohedralhigh-temperatune phases.
The inset shows inverse susceptibility V5T for y=0, 0.1, 0.3,
and 0.7 crystals.

edge present within the conduction band shows the energy

creaseswith Sr doping, the DE interaction is strengthened
and the ferromagnetic and metallic state is stabilized with the
increase iny. In other words, other competing instabilities
against the DE interaction become relevant with the decrease
in y. Correspondingly, the deviation in inverse susceptibility
from the Curie-Weiss law is pronounced with a decrease in
y, as shown in the inset of the lower panel in Fig. 2. These
features suggest that an antiferromagnetic interaction exists
just aboveT ¢ for y~0. Another noteworthy aspect of Fig. 2
is that the resistivity at the lowest temperature takes almost
the same value for€y=0.45 where the crystal structure is
orthorhombic, while it decreases with the increasey ifor
y=0.7 where the crystal structure is rhombohedral.

Figure 3 shows the temperature profiles of resistivity in
magnetic fields fory=0 (LayCaMnO;) and y=1
(Lay /St aMnO3) crystals. The anomalously large MR or

p(M)/p(0)

CMR aty=0 is transformed to a rather canonical MRyat
=1. The variation in the magnetotransport property with

FIG. 4. Normalized resistivity on a logarithmic scale as a func-
tion of the square of reduced magnetizationyer0.1, 0.3, and 0.7

as shown in Fig. 3, i§ further quanti_fie.d. by_ isothermal Meacrystals of La {Cay_SK)o.MnO;. Thep(M)/p(0) was analyzed
surements of magnetization and resistivity in magnetic fieldsby using Eq.(1) (see text, and the variation of (a slope of this
Figure 4 shows the normalized resistivity as a function of theplot) with y is shown in the inset.
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shift in proportion toM?. In reality, such an activation-type o —

behavior can be seen fgr<0.3, but not fory>0.5, and the t La,,(Ca, Sr), MnO,

starting assumption for Ed1) is not everywhere valid for 0.014 - (y=0.47)

the present series of crystals. Nevertheless, this empiriceg g1 _*" 3047

formula reproduces well the MR behavior with=2—-7 for o EE oo

the region of M/M)?<0.2. In Ref. 27, the coefficier€ is S oo rZ ]

further related with the magnetic barrier contribution in a £ o008 [£00 3

theoretical modé? based on variable range hopping with g ]

barriers due to magnetic disorder. @ 0008 F &0 o = s .
The variation of the coefficien€ with y is shown in the @ 0.004 C P — = 0Tocooling |

inset of Fig. 4. TheC value shows a distinct decrease for 0 T —=— 0T warming ]

<y<0.5 where the crystal structure is orthorhombic, while it 0.002 | —— 3T cooling ]

is almost constant~2) for 0.5<y<1 where the crystal — L T 8Twaming|

structure is rhombohedralA nonsystematically largeC 0200 250 300 350 400

value aty=0.1 than aty=0 may be due to an effect of the Temperature [K]

local disorder by a distinct difference of ionic radii between

Sr and Ca. According to the theory by Furukawa?® the FIG. 5. Temperature profiles of resistivity at Ocag T for ay

coefficientC [in the lowM/Mg region, namely, in the region =0.47 crystal Tc~303K). Open and closed symbols indicate
wherep(M)/p(0)= 1—C(M/MS)2] depends on the ratio of cooling e_md warmi_ng_ runs, respectively. The inset shows tempera-
Jy /W and can increase from unity in a weak-coupling limit ture profiles of resistivity &1 T of the samerystal.

(Jy/W~1) to 4 in a strong-coupling regimd,( /W>1). In

Lag ACa —ySK)oMnO;, as shown in the inset, & value

lower than 4 is seen foy>0.3. Considering that the above- scattering of conduction carriers. Such a field-induced low-
Tc resistivity shows a metallic temperature dependence imesistive state may stabilize a rhombohedral structure, result-
the rhombohedral regiofsee Fig. 1, the MR withC~2 for  ing in a decrease ifig (<T¢) at 3 T. The thermal hysteresis
y>0.5 is considered as the canonical MRand can be ba- of Tgis most pronounced at 1 T, which is indicated by the
sically interpreted in the framework of the DE mod&f® hatched area in the inset. Due to the enhanced first-order
For y<0.3, on the other hand, other explicit factors arenature of the structural transition via coupling with the mag-
needed to interpret the huge MR effect wi@i>4. As a  netic transition,Tg in the cooling run decreases down to
possible cause of the CMR effect fgrc0.3, a Jahn-Teller- ~274 K, while that in the warming run increases up-t829
type electron-lattice coupling on the transport propetfigs K. For y<0.47 andy=0.5, the structural transition tempera-
may be considered. In other prototypical CMR systems, suckures are too high and low, respectively, to induce a field-
as (Nd, SmSroMnO; (x=0.5),** Smy 5SSk 4MNnO; (x  induced structural transitiotat least forugH<7 T).

=0.45) 3 and La ,Sr; Mn,0; (x=0.4) 3* strong x-ray dif- For ay=0.47 crystal, the structural transition induced by
fuse scattering features with incommensurate peaks hawan external magnetic field has further been confirmed by iso-
been observed abovk-, indicating the short-range orbital/ thermal resistivity in magnetic fields. Figure 6 shofasthe
charge order or the spatial correlation of Jahn-Teller pomagnetization andb) the resistivity for ay=0.47 crystal
larons. Although a concrete pattern of orbital ordering is notaken at 290, 305, and 325 K. At 305 K, steep changes in
clear for the present lower-doped case, these features impipagnetization are observed @gH=1.4 and 0.5 T in field-
that a strong charge/orbital correlation coupled with localincreasing and field-decreasing runs, respectively. In accord
lattice distortion as well as macroscopic lattice strain and itith the changes in magnetization, a resistivity drop and
field-induced suppression are responsible for such a larg@mp are seen at the corresponding magnetic fi¢klg.

coefficientC or CMR. 6(b)]. Since the crystal structure at 305 K fgr=0.47 is
orthorhombic at zero magnetic field, the application of an

IV. STRUCTURAL TRANSITION INDUCED BY AN external magnetic field causes @rto-R transition. Another
EXTERNAL MAGNETIC FIELD noteworthy aspect of Fig. 6 is that the field-induced transi-

tion becomes irreversible in a restricted temperature region

As shown in Fig. 1, the transition temperatuiigsandTs  because of the first-order nature of the transition. In the case
become comparable arougd-0.5. In this compositional re- of the runs at 325 K, the sample was first cooled below the
gion, the coupling among spin, charge, and lattice becomestructural transition temperatufe.g., to 250 K, and then the
so strong that application of an external magnetic field canemperature was raised to 325 K. At this stage, @hstruc-
induce a structural transition. Figure 5 shows the temperaturgire is maintained as the superheated stsee also Fig. b
profiles of resistivity at 0 ah 3 T for ay=0.47 crystal Then, application of an external magnetic field causes an
(Tc~303K), and the inset exemplifies the most hystereticO-to-R transition at~1.3 T in the field-increasing run. In the
resistivity at 1 T. At 0 T,Tslocates at 323 and 331 K in both subsequent field-decreasing run, however,Rreructure is
cooling and warming runs, respectively, while&T it de-  kept down to zero field as the supercooled state because the
creases to 269 and 284.5 K, respectively. As shown in théemperature of 325 K at zero field is in the hysteresis region,
data at 3 T, the application of an external magnetic fieldas indicated in Fig. 5. Also at 290 K, an irreversible transi-
decreases the resistivity négg in terms of the reduced spin tion from O to R structure occurs at about 1.5 T in the field-
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FIG. 6. (&) Magnetization andb) resistivity at 290, 305, and FIG. 7. Structural-phase diagrams p£0.45, 0.46, and 0.47
325 K for ay=0.47 crystal. In the experimental run at 325 K, the crystals in magnetic field vs temperature planes. The hysteresis re-
sample was first cooled below the structural transition temperaturgyion is shown by the hatched area. The critical temperafimes-
and then the temperature was raised to 325 K. Irreversible behavietetic field$ from an orthorhombic to a rhombohedral structure and
is seen in the data at 290 and 325 K. vice versa are denoted by open and closed trian@igsarey re-
spectively, which are determined by the temperature dependence of
resistivity in respective magnetic fiel@féeld dependence of isother-
mal resistivity at respective temperature€losed circles indicate

increasing run. However, this irreversibility is likely due to .
dCurle temperatures.

the supercooling effect characteristic of the field-induce
first-order transition.

These measurements of the field-induced structural tran-
sition provide the structural phase diagram of the magnetic
field vs temperature plane shown in Fig. 7 for e 0.45, We have studied magnetotransport properties and the
0.46, and 0.47 crystals. The hysteresis region is shown by tHgeld-induced = phenomenon  for the system  of
hatched area. With the increaseyifrom 0.45 to 0.46 in this  LagACa Sk )0 sMNnO3. By utilizing single-crystal samples,
figure, the decrease ifig in the magnetic fields seems to be we have investigated the variation in MR withand the
pronounced. Foy=0.45 and 0.46, howevefl g is always field-induced structural transition attainedyat 0.5. With an
higher thanTc at least foruoH<7 T. Fory=0.47, on the increase iry, the CMR behavior ay~0 is transformed to a
other hand, theD-R transition temperature decreases fromrather canonical MRthe MR free from lattice effec}saty
~330K at0 T to~275 K at 7 T, showing a steep change at = 1. The coefficientC in the empirical relation that

. . . — _ 2 -

1 T<uoH<1.5T. In Fig. 7, a temperature hysteresis exists?(M)/p(0)=exg—C(M/My?] was estimated for several
between 327 and 337 K at zero field, and a field-scannin%ryStaIS with varyingy. The C value decreases witfy say

process at 325 K, thus traces a hysteresis region below abo{ipm 7.6 ay=0.11t0 2.3 ay=0.7. For ay=0.47 crystal, we
1.2 T. As a result, an irreversible feature is seen as shown byave demonstrated the structural-phase transition induced by
the data at 325 K in Fig. 6. an external magnetic field. Structural-phase diagramg of

The coupled phenomenon among spin, charge, and lattice 0.45, 0.46, and 0.47 crystals_ around room temperature
as shown in Fig. 7 is quantitatively explained by a LandauVere obtained on the magnetic field vs temperature planes.
free-energy expansion with coupled order parameters, mag-
netization(M), and lattice distortio(Q).3®> Phenomenologi-
cally, a transition fromO to R structure in magnetic fields
takes place due to a free-energy gain in the Zeeman-term This research was supported by NEDKew Energy and
MH, since magnetization in thR phase is larger than that in Industrial Technology Development Organization of Japan
the O structure. A magnetostructural phenomenon similar teand was carried out under the joint research agreement be-
that in La,_,SrMnO; (x~0.17) (Refs. 1 and 2 has thus tween the National Institute for Advanced Interdisciplinary
been confirmed as an even more pronounced feature arouesearciNAIR) and the Angstrom Technology Partnership
room temperature in the system ofl-&Ca _,Sr)osMnO;  (ATP). The authors thank T. Okuda of JRCAT for helpful
(y~0.5). discussions.
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