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Competing Instabilities and Metastable States if(Nd, Sm);/2Sr1/2MnO3
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Competition between the ferromagnetic double-exchange interaction and the antiferromagnetic
charge-ordering instability gives rise to thermally as well as magnetic fi€ddnduced insulator-metal
transitions in distorted perovskitésd, ,Sm,);,,Sr;,>,MnO; with a controlled one-electron bandwidth.

A systematic study on the metal-insulator phase diagram irT'ti& plane with varyingy as well as a
high-pressure study has revealed the metastable nature of the undercooled ferromagnetic metallic state.

PACS numbers: 71.30.+h, 71.27.+a, 71.28.+d, 75.30.Kz

Due to the versatile phenomena of colossal magnetaarrowerW is [18,19]. This is becaus® for the hole-
resistance [1] and magnetic field induced structuradoped manganese oxides is governed by the degree of the
changes [2—4], there is increasing interest in the barelfybridization between the MAd e, state and Q2p o
metallic ferromagnetic state of hole-doped manganesstate which approximately scales as’#s The double-
oxides with perovskite structurRE;_,AE.MnO; where exchange interaction arises from the itineracy of the doped
RE and AE are trivalent rare earth and divalent alkaline holes, and, hence, the reductionihdestabilizes the fer-
earth ions, respectively. The ferromagnetic interactiorromagnetic state [19]. The competition between the fer-
in those compounds is mediated by the so-called doublelomagnetic and charge-ordered states is so sensitive to
exchange mechanism [5—8]: Itinerant doped holes caW that we need to controW to reveal the whole sys-
align the local spins of théd t,, state ferromagnetically tematics. For this purpose, we have prepared a series of
via a strong on-site exchange interaction (Hund coupling)crystals with finely controlled ionic radii of tha sites,

In the real manganese oxide systems, however, thet@d,;-,Sm;);,»Sr,»MnQs, in which the relative change of
are many other instabilities which are competitive withthe W value is expected to be (5-7)% judging from a dif-
the double-exchange interaction, such as the antiferrderence of the Mn-O-Mn bond angld 6 = 3°) intheA =
magnetic superexchange, Jahn-Teller, orbital-ordering\d,»Sr, (y = 0) andA = Sm;,Sr;; (y = 1) crystals
and charge-ordering interactions. Among them, thd20]. The crystals were grown by the floating zone method
charge-ordering transition, i.e., the real space orderingvith the use of a lamp-image furnace [21]. The electron-
of the doped holes, shows up in many of the hole-dopegrobe microanalysis, as well as the inductively coupled
manganese oxides [3,4,9-15] as in other (layeredplasma mass spectroscopy (ICP) on the respective crystals,
perovskite-type transition metal oxides [16,17], which oc-indicated that the stoichiometry is accurately in accord with
casionally accompany the spin and orbital ordering (andhe prescribed one within a relative error06.01.

perhaps Jahn-Teller distortion) as well. In this Letter, We show in Fig. 1 the temperature dependence of
we report on novel metal-insulator phase diagrams in théhe resistivity in(Nd; -, Sm,); 2Sr ,MnO; crystals(y =
temperature—magnetic field plane and their systematioy 0.5, 0.75, and0.875) under various external magnetic
with the one-electron bandwidth of the, state as a fields. (The current direction with respect to the crystal-
consequence of competition between the double-exchandegraphic axis was not specified.) In the N&r,,MnO;

and charge-ordering interactions. (In our nomenclature(y = 0) crystal, the resistivity shows a decrease at about
the term “charge ordering” stands for the accompanyin@55 K which corresponds to the onset of the ferromag-
lattice distortion as well.) netic state. With further decrease of temperature, the re-

The system investigated here (sld;—,Sm,);»Sr,,  sistivity shows an abrupt jump at 150 K. This resistivity
MnO; with an orthorhombically distorted perovskite struc- anomaly corresponds to the phase change from the ferro-
ture (of the GdFe@type), where the nominal hole con- magnetic metal to antiferromagnetic insulator due to the
centrationx is fixed at1/2, i.e., onee,-state hole (or onset of the charge-ordered (CO) state in which the Mn
electron) per two Mn sites, and, hence, the charge-orderesites are occupied by the nominal Mnand Mrt* species
state tends to be most stabilized [10,12]. We have systenwith 1:1 ratio [3,4]. A recent neutron scattering study [22]
atically controlled the hopping interaction of tlag elec- has confirmed that the charge- and spin-ordering pattern
tron or its one-electron bandwid{f¥) with varying ionic  is the same as in LigCa;,MnO; [23] and Py;Ca;;,MnO
radius of the perovskitd site [the (Nd, Sm, Sr) site in [9]: There is alternating charge density on the (001) plane
the present case]. Depending on the averaged ionic rand the unit cell for the ordered spinstis< 4 X 2 (of the
dius of the perovskitel site, the bond angléd) of Mn-  CO type) in the pseudocubic setting of the perovskite.
O-Mn shows a deviation from 180n the orthorhombic Application of an external magnetic field for the
lattice. The smaller the ionic radius of tiesite is, the y = 0 crystal reduces the resistivity around the Curie

3184 0031-900796/76(17)/3184(4)$10.00 © 1996 The American Physical Society



VOLUME 76, NUMBER 17 PHYSICAL REVIEW LETTERS 22 ARIL 1996

transition temperaturélco), at which the compound un-
dergoes the FM to AFI transition showing a resistivity
jump, appears to approadh with increasingy up to

y = 0.75. The observed continuous decreasd gfwith

y can be understood in terms of a decrease of the one-
electron bandwidthw [19]: The increased Mn-O-Mn
bond distortion withy reducesW, as described above,
which weakens the ferromagnetic double-exchange inter-
action but may relatively enhance the charge-ordering in-
stability. Forthey = 0.875 crystal, however, the FM state
below T = 115 K appears to persist down to zero tem-
perature and there is no trace of the FM-to-AFI transition
at lower temperatures. Such a sudden disappearance of the
; E low-temperature CO state betweer= 0.75 and 0.875 is,

0% 1 therefore, apparently against the simply expected behavior.

i ] We have to consider the metastable nature of the FM state
as discussed in the following.

The magnetic field effect on the FM-to-AFI transition
(i.e., the charge-ordering phase transition) is even more
critically dependent on the lattice form than the transition
temperature itself. The low-temperature AFI phase with
larger y is more amenable to an external field which
tends to stabilize the FM phase. For example, the AFI
10 i ] state disappears at a field above 4 T for= 0.5 and

0 50 100 150 200 250 300 ~ O 50 100 150 200 250 300  gbove 1 T fory = 0.75 and is absent even at zero field
Temperature (K) Temperature (K) for y = 0.875, as seen in the resistivity curves shown in

FIG. 1. Temperature dependence of resistivity under vari-FIg' 1. Thus, the systematics withseem to hold good

ous magnetic fields foNd, ,Sm,);»Sr,,MnO; with y = @S far as we consider th¥-1 (metgl—msulator) phase
0, 0.5, 0.75, and0.875. A pair of curves allotted to each mag- diagram in the temperature—magnetic field plane.
netic field correspond to the cooling and warming runs, and the We exemplify in Fig. 2 the change of the resistivity
hatched area represents a thermal hysteresis. with an external magnetic field (isothermal magnetore-
sistance) at several temperatures for the- 0.75 crys-

temperaturel'c (= 255 K) due to the reduced spin scat- tal. Corresponding to the collapse of the CO state, the
tering by the field induced alignment of the local spins,field induced/-M transition takes place accompanying a
which is similar to the case of La,Sr,MnO; [21]. A  change of the resistivity by several orders of magnitude.
more remarkable field effect is that the charge-orderingJpon this transition, the magnetization was observed to
phase transition (associated with a change in the latticeshow a metamagnetic transition, and, hence, the transi-
parameters [24]) is suppressed while the ferromagnetitton can be viewed as a field induced AFI-FM transition
metallic (FM) region is extended to lower temperature.[3]. The respective magnetoresistance curves show criti-
Under a field above 7 T, the charge-ordered antiferrocally temperature-dependent hystereses. The two curves
magnetic insulating state (AFI) is totally extinguishedat 115 K (within the thermal hysteresis region at zero
down to zero temperature. Apart from a difference in thefield) in Fig. 2 corresponds to the runs starting from the
hysteretic behavior, the observed behavior for, p#t,,- FM state and the AFI (once cooled below 90 K and then
MnO5; (y = 0) resembles that for RgSri,MnO5 [3]  warmed) state, respectively. TheV transition becomes
which has recently been known to show a similar chargeireversible neaf’¢ (e.g., at 115 K) and also at lower tem-
ordering phase transition. peratures below 40 K (e.g., at 10 K).

A change in thet-site compositiory in (Nd; -, Sm,); /»- On the basis of such isothermal magnetoresistance data
Sr,2,MnO; causes a remarkable variation in the temperafor a series of crystals(Nd,—,Sm,);,>Sr ,MnOs;, we
ture dependence of the resistivity and magnetoresistanaietermined theM-I phase diagrams in th&-H planes
as seen in Fig. 1. The resistivity drop at 197(K =  (Fig. 3) for they = 0, 0.5, 0.75, and 0.875 crystals. (The
0.5), 148 K (y = 0.75), and 115 K(y = 0.875) corre- M-I phase diagram is least affected by the direction of
sponds to the transition to the FM state. The resistivityd.) Open and closed circles in Fig. 3 represent the criti-
immediately abovel'¢ remarkably increases with (per-  cal fields for the AFI-to-FM and FM-to-AFI transitions, re-
haps due to the enhanced electron-lattice coupling, e.gspectively. With a decrease in temperature, the hysteretic
dynamic and collective Jahn-Teller coupling [25]), andfield region is remarkably expanded as typically seen in
the resistivity drop is hence remarkably enhanced, whiléhe diagram fory = 0. This is perhaps a generic fea-
Tc decreases witly. As a result, the charge-ordering ture for the first-order phase transition occurring at low
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FIG. 2. Isothermal magnetoresistance and its hysteretic be=|G. 3. The metal-insulator phase diagrams in the tempera-

havior for (Nd;_,Sm,);2Sn ,MnO; (y = 0.75) crystal. The  tyre—magnetic field plane fofNd,-,Sm,),;»Sr,,MnO; with

two curves at 115 K within the thermal hysteresis corresponi =0, 0.5, 0.75, and 0.875. Open and closed circles repre-

to the runs starting from the metallic state (a dotted line) ancsent the critical magnetic fields for the transitions from charge-

the insulating state (once cooled below 90 K and then warmedsrdered antiferromagnetic insulator to ferromagnetic metal and

a solid line). vice versa,respectively. Open squares for the= 0.75 and
0.875 crystals represent the first-order phase change to the fer-

temperatures: When the potential barrier between the FNPmMagnetic metallic state accompanying a change in lattice pa-
and AFI states is high enough compared to thermal e@ﬁgﬁg@naﬁﬁﬂﬁfsg&z gget;‘?sgg?ggted boundary for the
ergy, the transition probability of the metastable state (ei- ’
ther FM or AFI) is reduced as a result of suppression of
thermal fluctuation, producing a sort of undercooled statéransition also disappears since only the FM state shows
as observed [4]. The dashed lines in the phase diagram in the low-temperature region, as observed Yo
of Fig. 3 represent the postulated true phase boundaries for875 in Fig. 1. However, this does not necessarily mean
the thermodynamically stable state, which was tentativelyhat the FM state is thermodynamically stable belBw
taken as the midpoirfftH, = (H; + H,)/2] of the lower We have roughly estimated the averaged critical fig|d
(H,) and uppefH;) critical fields at a fixed temperature. as a true phase boundary (indicated by dashed lines in
The M-I phase diagrams in th&-H plane shows a Fig. 3) for they = 0.875 crystal by extrapolating thé/.
characteristic variation witly, as shown in Fig. 3. With values at lower values at each temperature. According
an increase iry, the M-I phase boundary shifts toward a to the phase diagram fgr = 0.875 (Fig. 3), the FM state
lower field as a whole, and hysteretic behavior becomeat zero field is mostly (at least below 100 K) metastable in
even more prominent: The lower critical field; for the  nature. In other words, the FM state below about 100 K
M-to-I transition (indicated by closed circles) decreasepersists down to zero temperature as an undercooled state.
and becomes zero at some finite temperature; e.g., at The appearance of the metastable state seems to be
10 Kfory = 0.5 and at 40 K fory = 0.75. Below these generic for the phase transition with two competing order
temperatures, the field inducddM transition becomes parameters, that is, the ferromagnetic magnetization and
irreversible, accompanying an almost permanent (on ¢e charge ordering in the present case. In fact, it has
laboratory time scale) change of the resistivity by severabeen shown in terms of Landau theory [26] that the
orders of magnitude. With an increaseyinthe insulator  biquadratically coupled (and strongly competing) order
phase region is restricted to a lower field region andparameters can give rise to a first-order transition line
narrower temperature region, and finally disappears invhen one order parameter (say, the magnetization in the
the T-H plane, e.g., fory = 0.875. It is worth noting present case) orders first at higher temperature, but the
that below this criticaly value the upper critical field free energy is lower for the ordering of the other parameter
(indicated by open circles in Fig. 3) for the AFI-FM (say, the charge ordering) at lower temperature. Such an
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FIG. 4. Temperature dependence (in the cooling run) of12]
resistivity under quasihydrostatic pressures fdd; ,Sm,),
Sn,MnOs (y = 0.875). The inset exemplifies thermally [13]
hysteretic behavior under pressure.

undercooled nature of the low-temperature ferromagneti[:ml
phase shows up also in the “inverse” pressure effect on t 5]
M-I transition in the present system. We have measure
the resistivity under quasihydrostatic pressures forthe
0.875 crystal with use of a piston cylinder type pressure
cell. The results of the cooling runs are shown in Fig. 4[17]
(A thermal hysteresis is observed, as exemplified in the
inset of Fig. 4, similarly to the case shown in Fig. 1.) The[18]
T¢ for the FM transition, which shows up as a distinct edge

of the resistivity curve in Fig. 4, steadily increases with[19]
pressure, 115 K at 0 GPa to 145 K at 0.7 GPa, indicatin(l;zo]
that the pressure increas#s as expected. On the other
hand, application of pressure induces Mieo-/ transition

at low temperature; namely, the low-temperature CO state
is revived by pressure. We should notice again here
that the FM state in the present case is metastable in
nature and that pressure appears to induce the decay of
this metastable state into the thermodynamically stabl¢?1]
state (namely, AFI). Thus the metastable state and its
transitions sensitive to temperature, magnetic field, and
pressure are the key to novdt! phenomena (or so-called
colossal magnetoresistance effects) in the present syst
and perhaps also in many other perovskites of mangane ]
oxide with such competing double-exchange and chargei-23]
ordering interactions.
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