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Pressure-induced phase segregation in single-crystal La,, Sr;4+,,Mn,0;(x=0.32
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The temperature dependence of resistiyiff) and of the thermoelectric power(T) of a single crystal of
the ferromagnetic Ruddlesden-Popper compoung 4L&r; , »,,Mn,0O; (x=0.32) have been measured under
different hydrostatic pressures. Pressure induces segregation into antiferromagnetic electron-rich and ferromag-
netic electron-poor MyO; layers. With increasing pressure, the ferromagnetic majority phase exhibits contrac-
tion of the apicalMn-O) bond and spin reorientation from tleeaxis to the basal plane at a critical pressure
P.(6=<P.<7 kbar). The phase segregation appears to reflect a first-order inversion of the exchange coupling
between ferromagnetic M@, layers.

The tetragonal Ruddlesden-Popper systemwas grown in an infraredR) image furnace at the Argonne
La, _,,Sr . »Mn,0O; contains perovskite bilayers separatedNational Laboratory. Inductively coupled plasma analysis of
by a La_,Sr,O rocksalt layer, which makes its physical similar crystals grown by the same method have shown that
properties’ strongly anisotropté. In an oxygen- the actual average composition is close to the nominal com-
stoichiometric samplex is the fraction MdlV)/Mn and  position. Crystals with mirrorlike surfaces were cleaved from
therefore represents the number of holes in the(IMd  the as-grown boule, and the crystal orientation was verified
Mn(lll) couple. Figure 1 illustrates some critical features ofby Laue back diffraction. The susceptibility measurement
the ambient-pressure phase diagram. The spin orientationmderH =100 Oe in a dc magnetomet&Quantum Design
indicated were obtained at 20 KThe Mn,O, layers order shows a single ferromagnetic transition Bt~110K. A
ferromagnetically for alk, but the coupling between M®;  four-probe Montgomery configuration was used in the resis-
layers changes from antiferromagneticxat 0.30 to ferro-  tivity measurements. The resistivity tensors could be calcu-
magnetic atx=0.32. In the range 0.32x<<0.33, the apical lated at ambient pressure, but not under applied pressure be-
Mn-O bond lengths shorten and the ordered spins changeause measurements under pressure were carried out
their orientation from thec axis to the basal plan¥  separately with different current-to-crystal-axis configura-
Whereas the Na temperaturély of the x=0.30 antiferro-  tions.
magnetic phase decreases with increasing pressheeCu- We define ap, the resistivity measurement with curreént
rie temperature of the ferromagnetic=0.40 composition parallel to thec axis, the measurement with currdrgarallel
increases with pressufeOver the range 0.39x<0.40, the to thea-b plane asp,,. The setup used for measuring the
magnetic-ordering temperature increases by about 40 K frorthermoelectric power(T) and a,,(T) can be found in a
a Ty=90K for x=0.30 to a maximum Curie temperature previous publicatioff.The results of measurements on differ-
T.~131K atx~0.36/ Moreover, on cooling througf, ent pieces of crystalline boule were found to be identical.
the c/a ratio decreases in the range 0s32<0.36 and in- Figures 2 and 3 show the resistivitips(T) and p(T)
creases in the range 08&=0.40; there is no change &t  under different hydrostatic pressures. The resistivity scale is
~0.36, whereT. is a maximun'. The x=0.32 composition for the ambient-pressure data; the curves taken at high pres-
is in a unique position between an exchange inversion asure are shifted along the resistivity axis for clarity of pre-
smallerx and a spin flop with changing apical Mn-O bond
length at large. Therefore, we have studied the evolution

with pressure of the transport properties of a single crystal of 140+
this composition. The data reveal a pressure-induced stabili- 1204 //"'ﬂ\
zation of a minority phase in which the MB; bilayers un-
dergo an exchange inversion from ferromagnetic to antifer- £ 100- /
romagnetic coupling to their neighboring bilayers. The ﬁ 804
antiferromagnetic minority phase hasTa~90K that de- § g
creases with increasing pressure as occurxfe0.30; the E 607 oX F é 3
f ) Increa: - g 0w T R
erromagnetic majority phase has'g>110K that increases 4045 o0 é F
with pressure as the fraction of minority phase increases, 20JF Fg %&
which is consistent with a transfer of electrons from the ma- ; ™7
jority to the minority phase. At a critical pressukRe,, an 01 —
abrupt change idT./d P signals a change in the character of 030 032 034 036 038 040
the majority phase. *
A single-crystal sample of nominal compositiar 0.32 FIG. 1. A schematic phase diagram for,La,Sr; ; ,,Mn,O;.
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10° val 0= P=7 kbar with an abrupt decrease to 1.3-1.6 K/kbar
1 lba at higher pressures.

To interpret these results, we note that the perovskite bi-
layers are more conductive than the rocksalt layers. The per-
ovskite bilayers are connected in parallel in the measurement
of pap and in series with one another and with the rocksalt
layers forp.. Therefore we obtain a large anisotropy with
pc!pap>1, andp. should be more sensitive thag, to both
. =38 an exchange inversion between adjacent®bilayers and
i ‘ a collapse of the elongated apical Mn-O bond length with
0 prepart® reorientation of the spins into the basal planesT 90 K
0 50 100 150 200 250 300 is consistent with a transfer of electrons from the ferromag-

TK) netic to the antiferromagnetic layers to give them an electron
occupancy like that in thex=0.30 compound with ary

FIG. 2. The temperature dependenceplinder different pres-  ~ 9o K. The exchange inversion between the perovskite bi-
sures. The inset shows the pressure dependente/Gk for ma-  |avers clearly does not take place globally, but progressively
jority phase and pressure-induced minority phase. Pressure coeffii increasing pressure. In the ferromagnetic phase, a factor
cientdT,/dP is labeled by a symbgB with unit K/kbar. of 3 decrease in the pressure coefficietit,/dP at P,

) _ o ~7 kbar indicates a dramatic change in the sensitivityy of
sentation. At ambient pressure, the resistivity is strongly angith pressure, even though the rate of increase in the fraction
isotropic. The room-temperature raiiQ/pay,~10” is close  of antiferromagnetic phase is not diminished. We conclude
to thqt founa for an x=0.30 crystal, but it is an order of that the pressure dependenceTofchanges aP.. without a
magnitude higher than that found for &r- 0.40 crystaP At diminution of the rate of any charge transfer with pressure
room temperature, all the crystals were paramagnetic, anflom the ferromagnetic to the antiferromagnetic phase. Since
the change in the ratip. / pap, therefore appears to reflect the the c-axis compressibility would be larger for the ferromag-
change in the apical Mn-O bond length. Bqthy(T) and  netic phase with elongated apical Mn-O bonds, we identify
pc(T) show a change of slope on cooling T@~110K; a  the transition atP.~7 kbar with the onset of a collapse of
dramatic change idp/dT occurs aff, and we identifyT.  the apical Mn-O bond lengths and an attendant flop of the
with this change in the curves taken under pressure. Thepins from thec axis to the basal plane. The pressure coef-
behavior ofp(T) on crossingT, is similar to what is ob-  ficient for P=7 kbar is similar to that in ax=0.4 crystal,
served in the pseudocubic manganese-oxide perovskites eyhich supports this argument. The appearance of an anomaly
hibiting a colossal magnetoresistan@vR). near 90 K inp,y, for pressure$>10 kbar suggests that elec-

With the application of a pressufe~4.6 kbar, a second tron scattering at the two-phase interfaces is responsible for
transition is already evident ip(T) at 90 K, Fig. 2, which increasing the resistivity of the majority-phase slabs. The
is the Ty of the antiferromagnetix=0.30 phase, and the concentration of these interfaces increases with the pressure.
fraction of material undergoing the second transition clearly The driving force for the pressure-induced spin flop and
increases witlP. Moreover, the lower transition temperature phase segregation is the greater compressibility of the apical
decreases with increasiyas doesTy, for x=0.30° There-  Mn-O bonds. The spin-flopped phase has shorter apical
fore, we identify the lower transition with a minority Mn-O bonds, and we can expect a shorteaxis Mn-O-
=0.30 phase that develops progressively with increasing)-Mn separation for antiferromagnetic versus ferromagnetic
pressure. Evidence for the presence of the second phase dagsipling between MO, layers having longer apical Mn-O
not appear in thep,,(T) data until pressure®>10kbar.  bonds. Since electron transfer would be confined to a narrow,
From the measurements of bopl, and p., the insets of exchange-inverted hole-poor layer, the coulomb repulsion
Figs. 2 and 3 show a largkT,/dP=3.8 K/kbar in the inter-  associated with a segregation into hole-rich and hole-poor
layers is minimized. Hole ordering into layers is now well-

1 bar o documented for La ,Sr,MnO; with x=1/8 (Ref. 9 and into
P //» e stripes in the superconductive copper oxitfeghe spin-flop

- 1 1 4.6Kkbar
£10° 4 75 kbar
a 3 10.4 kbar
;:0 q 14.0 kbar

-11 g .
T 107 o transition would not require any charge transfer, but we can
a s 7koar -/ expect it to take place in stages; beyond the critical pressure
hh . ar "
2107 s1kbar_ P. for the onset of shorter apical Mn-O bonds, the number of

q s

spin-flopped layers with shorter apical Mn-O bonds is pre-
dicted to increase progressively with increasing pressure. We
also predict that exchange inversion occurs betweepQyin
layers with longer apical Mn-O bonds as a result of an elec-
tron transfer to the layers to give them the ratio
Mn(1V)/Mn=0.30. If this interpretation is correct, we should
find that phase segregation occurs belbw In order to test
this prediction, we measured the thermoelectric powgi)

FIG. 3. The same as Fig. 2 far,,. The inset shows the pres- anda,,(T) under pressure; the data are shown in Figs. 4 and
sure dependence df; and the schematic configurations of spin 5.
orientation for majority phase. At ambient pressure, thg=0.32 composition remains
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FIG. 4. The pressure dependenceaf under different pres-
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FIG. 5. The same as Fig. 4 far,,.

sures. The schematic pictures shows the spin orientation for minor-

ity phase.

single-phase, sa.(T) atP=1 bar provides a measure of the
parent-phase contribution. On cooling Rt 1 bar, a(T)
has a minimum at 230 K an@i,~110K is marked by an
abrupt increase(drop in magnitude of a.(T); below
T.,ac(T) is small and featureless, so any featuresi(T)
that appear under pressure beldwmay be attributed to a
minority phase. AboveT., the crystal appears to remain

single phase under all pressures. However, it is appare

from the data thatx(T) varies systematically with the coher-
ence length of the short-range fluctuations in the strong|

coupled MOy layers;|«(T)| decreases as the spins become

more aligned. Therefore, the changefil) at and belowT

can provide indirect information about the change in the

c-axis coupling between M@, layers.

On the application of pressure to ar0.40 crystal, we
found no anomalous features in(T) below T ;® Figure 4
shows a quite different behavior for tle=0.32 crystal. Un-

der P=3.4kbar, the minimum pressure applied in our ex-

periments, the jump i (T) at T. moves to a higher tem-

perature and already a second feature appears at 90 K; it i
jump of 1.5uV/K in a.(T) on cooling. This second jump in

ac(T) appears at th&y for x=0.30, and we attribute it to a

stabilization of the minority phase only beloWy=90K

<T.; itindicates that phase segregation at 3.4 kbar is drive
by an inversion of the magnetic-exchange coupling betweeﬂ,]

Mn,O; bilayers. The jump at lowers|a(T)| as long-range
ferromagnetic order is established along thexis; the jump
at 90 K raiseg a(T)| due to the introduction of antiferro-
magnetic coupling between some My layers. With in-

creasing pressure, the temperature of the lower anomaly dg;

creases as doegy in x=0.30. Below Ty, the minority
phase makes a positive contributiondg(T) that increases
progressively with pressure as does the fraction of the m
nority phase seen in the(T) data. ForP=6.1 kbar, how-
ever, the jump ina (T) at T, is no longer observed; the
arrows in Fig. 4 markT; as determined fromp(T). Since
P=6.1kbar is close to thé>,~7 kbar for the change of
dT./dP, we conclude that the partial introduction of spin-

flopped layers introduces multiple spin-orientation disconti-

nuities between successive layers, but little within ,&n

layers. The transition from long-coherence-length short-

range order to long-range order in the }n layers gives a

S

sharp change inla,,(T)/dT at T, Fig. 5, but it has little
influence ona(T) if the degree oft-axis ferromagnetic or-
der is not changed significantly. However, a charge-transfer
phase segregation beldly, would introduce a paramagnetic
minority layer in the rangely<T<T,,, which would in-
crease|a(T)|. Because the layers contribute #q,(T) as
parallel circuits, the onset of some paramagnetic layers has
little influence onea,,(T) in Fig. 5. BelowT,, long-range
magnetic order is restored to the minority-phase slabs, so
|a(T)| decreases; but(T)>0 below Ty increases as the
Molume fraction of the minority phase increases with pres-
sure. As predicted, &,,<T, is maintained for all pressures,
nd the data provide indirect evidence for a progressive in-
roduction of the spin-flopped phase with increasing pres-
sure.
In conclusion, a complete set of structural and magnetic
data from neutron-diffraction studie§!*have allowed us to
select for high-pressure transport measurements a crystal of
composition lying between a magnetic-exchange inversion
on one side and a spin flop with collapsing apical Mn-O
bond length in the other side. Our measurements clearly
show a pressure-induced phase segregation between an anti-
ferromagnetic and a ferromagnetic phase as a result of a
p?ogressive transition from ferromagnetic to antiferromag-
netic coupling between M, bilayers having larger Mn-O
bonds. From the magnitude and pressure dependentg of
of the antiferromagnetic phase, we conclude that the antifer-
r|]omagnetic phase has a composition closex400.30 and
erefore that there is an electron transfer from the ferromag-
netic to the antiferromagnetic phase. Moreover, the majority
phase exhibits a transition at a critical pressPg6=<P,
<7 kbar) that we interpret to mark a partial collapse of the
elongated apical Mn-O bond lengths; a spin flop from ¢he
Xis to the basal plane can be expected to accompany locally
this collapse. The thermoelectric poweg(T) below T in-
dicates that the electron-rich minority phase appears at a
IT0n<Tc; the minority phase would be paramagnetic in the
interval Ty<T<T,,. The data are consistent with a larger
compressibility of the apical Mn-O bonds forming the spin-
flopped ferromagnetic phase on one side and antiferromag-
netic coupling between M, bilayers on the other side
with electron transfer occurring to a minority phase that is in
the form of a narrow(001) slab.
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