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Pressure-induced phase segregation in single-crystal La2À2xSr1¿2xMn2O7 „xÄ0.32…
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The temperature dependence of resistivityr(T) and of the thermoelectric powera(T) of a single crystal of
the ferromagnetic Ruddlesden-Popper compound La222xSr112xMn2O7 (x50.32) have been measured under
different hydrostatic pressures. Pressure induces segregation into antiferromagnetic electron-rich and ferromag-
netic electron-poor Mn2O7 layers. With increasing pressure, the ferromagnetic majority phase exhibits contrac-
tion of the apical~Mn-O! bond and spin reorientation from thec axis to the basal plane at a critical pressure
Pc(6<Pc<7 kbar). The phase segregation appears to reflect a first-order inversion of the exchange coupling
between ferromagnetic Mn2O7 layers.
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The tetragonal Ruddlesden-Popper syst
La222xSr112xMn2O7 contains perovskite bilayers separat
by a La12ySryO rocksalt layer, which makes its physic
properties strongly anisotropic.1,2 In an oxygen-
stoichiometric sample,x is the fraction Mn~IV !/Mn and
therefore represents the number of holes in the Mn~IV !/
Mn~III ! couple. Figure 1 illustrates some critical features
the ambient-pressure phase diagram. The spin orienta
indicated were obtained at 20 K.3 The Mn2O7 layers order
ferromagnetically for allx, but the coupling between Mn2O7
layers changes from antiferromagnetic atx50.30 to ferro-
magnetic atx50.32. In the range 0.32,x,0.33, the apical
Mn-O bond lengths shorten and the ordered spins cha
their orientation from thec axis to the basal plane.3,4

Whereas the Ne´el temperatureTN of the x50.30 antiferro-
magnetic phase decreases with increasing pressure,5 the Cu-
rie temperature of the ferromagneticx50.40 composition
increases with pressure.6 Over the range 0.30<x<0.40, the
magnetic-ordering temperature increases by about 40 K f
a TN'90 K for x50.30 to a maximum Curie temperatu
Tc'131 K at x'0.36.7 Moreover, on cooling throughTc ,
the c/a ratio decreases in the range 0.32,x,0.36 and in-
creases in the range 0.36,x<0.40; there is no change atx
'0.36, whereTc is a maximum.7 The x50.32 composition
is in a unique position between an exchange inversion
smallerx and a spin flop with changing apical Mn-O bon
length at largerx. Therefore, we have studied the evolutio
with pressure of the transport properties of a single crysta
this composition. The data reveal a pressure-induced sta
zation of a minority phase in which the Mn2O7 bilayers un-
dergo an exchange inversion from ferromagnetic to anti
romagnetic coupling to their neighboring bilayers. T
antiferromagnetic minority phase has aTN'90 K that de-
creases with increasing pressure as occurs forx50.30; the
ferromagnetic majority phase has aTc.110 K that increases
with pressure as the fraction of minority phase increas
which is consistent with a transfer of electrons from the m
jority to the minority phase. At a critical pressurePc , an
abrupt change indTc/dP signals a change in the character
the majority phase.

A single-crystal sample of nominal compositionx50.32
PRB 610163-1829/2000/61~14!/9217~4!/$15.00
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was grown in an infrared~IR! image furnace at the Argonn
National Laboratory. Inductively coupled plasma analysis
similar crystals grown by the same method have shown
the actual average composition is close to the nominal c
position. Crystals with mirrorlike surfaces were cleaved fro
the as-grown boule, and the crystal orientation was verifi
by Laue back diffraction. The susceptibility measureme
underH5100 Oe in a dc magnetometer~Quantum Design!
shows a single ferromagnetic transition atTc'110 K. A
four-probe Montgomery configuration was used in the res
tivity measurements. The resistivity tensors could be cal
lated at ambient pressure, but not under applied pressure
cause measurements under pressure were carried
separately with different current-to-crystal-axis configu
tions.

We define asrc the resistivity measurement with currentI
parallel to thec axis, the measurement with currentI parallel
to the a-b plane asrab . The setup used for measuring th
thermoelectric powerac(T) and aab(T) can be found in a
previous publication.8 The results of measurements on diffe
ent pieces of crystalline boule were found to be identical

Figures 2 and 3 show the resistivitiesrc(T) and rab(T)
under different hydrostatic pressures. The resistivity scal
for the ambient-pressure data; the curves taken at high p
sure are shifted along the resistivity axis for clarity of pr

FIG. 1. A schematic phase diagram for La222xSr112xMn2O7.
R9217 ©2000 The American Physical Society
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sentation. At ambient pressure, the resistivity is strongly
isotropic. The room-temperature ratiorc /rab;102 is close
to that found5 for an x50.30 crystal, but it is an order o
magnitude higher than that found for anx50.40 crystal.6 At
room temperature, all the crystals were paramagnetic,
the change in the ratiorc /rab therefore appears to reflect th
change in the apical Mn-O bond length. Bothrab(T) and
rc(T) show a change of slope on cooling toTc'110 K; a
dramatic change indr/dT occurs atTc , and we identifyTc
with this change in the curves taken under pressure.
behavior ofr(T) on crossingTc is similar to what is ob-
served in the pseudocubic manganese-oxide perovskites
hibiting a colossal magnetoresistance~CMR!.

With the application of a pressureP'4.6 kbar, a second
transition is already evident inrc(T) at 90 K, Fig. 2, which
is the TN of the antiferromagneticx50.30 phase, and th
fraction of material undergoing the second transition clea
increases withP. Moreover, the lower transition temperatu
decreases with increasingP as doesTN for x50.30.5 There-
fore, we identify the lower transition with a minorityx
50.30 phase that develops progressively with increas
pressure. Evidence for the presence of the second phase
not appear in therab(T) data until pressuresP.10 kbar.
From the measurements of bothrab and rc , the insets of
Figs. 2 and 3 show a largedTc /dP53.8 K/kbar in the inter-

FIG. 2. The temperature dependence ofrc under different pres-
sures. The inset shows the pressure dependence ofTc /TN for ma-
jority phase and pressure-induced minority phase. Pressure co
cient dTc /dP is labeled by a symbolb with unit K/kbar.

FIG. 3. The same as Fig. 2 forrab . The inset shows the pres
sure dependence ofTc and the schematic configurations of sp
orientation for majority phase.
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val 0<P<7 kbar with an abrupt decrease to 1.3–1.6 K/kb
at higher pressures.

To interpret these results, we note that the perovskite
layers are more conductive than the rocksalt layers. The
ovskite bilayers are connected in parallel in the measurem
of rab and in series with one another and with the rocks
layers forrc . Therefore we obtain a large anisotropy wi
rc /rab.1, andrc should be more sensitive thanrab to both
an exchange inversion between adjacent Mn2O7 bilayers and
a collapse of the elongated apical Mn-O bond length w
reorientation of the spins into the basal planes. ATN'90 K
is consistent with a transfer of electrons from the ferrom
netic to the antiferromagnetic layers to give them an elect
occupancy like that in thex50.30 compound with aTN
'90 K. The exchange inversion between the perovskite
layers clearly does not take place globally, but progressiv
with increasing pressure. In the ferromagnetic phase, a fa
of 3 decrease in the pressure coefficientdTc /dP at Pc
'7 kbar indicates a dramatic change in the sensitivity ofTc
with pressure, even though the rate of increase in the frac
of antiferromagnetic phase is not diminished. We conclu
that the pressure dependence ofTc changes atPc without a
diminution of the rate of any charge transfer with press
from the ferromagnetic to the antiferromagnetic phase. Si
the c-axis compressibility would be larger for the ferroma
netic phase with elongated apical Mn-O bonds, we iden
the transition atPc'7 kbar with the onset of a collapse o
the apical Mn-O bond lengths and an attendant flop of
spins from thec axis to the basal plane. The pressure co
ficient for P>7 kbar is similar to that in anx50.4 crystal,
which supports this argument. The appearance of an anom
near 90 K inrab for pressuresP.10 kbar suggests that elec
tron scattering at the two-phase interfaces is responsible
increasing the resistivity of the majority-phase slabs. T
concentration of these interfaces increases with the press

The driving force for the pressure-induced spin flop a
phase segregation is the greater compressibility of the ap
Mn-O bonds. The spin-flopped phase has shorter ap
Mn-O bonds, and we can expect a shorterc-axis Mn-O-
O-Mn separation for antiferromagnetic versus ferromagn
coupling between Mn2O7 layers having longer apical Mn-O
bonds. Since electron transfer would be confined to a narr
exchange-inverted hole-poor layer, the coulomb repuls
associated with a segregation into hole-rich and hole-p
layers is minimized. Hole ordering into layers is now we
documented for La12xSrxMnO3 with x51/8 ~Ref. 9! and into
stripes in the superconductive copper oxides.10 The spin-flop
transition would not require any charge transfer, but we c
expect it to take place in stages; beyond the critical press
Pc for the onset of shorter apical Mn-O bonds, the numbe
spin-flopped layers with shorter apical Mn-O bonds is p
dicted to increase progressively with increasing pressure.
also predict that exchange inversion occurs between Mn2O7
layers with longer apical Mn-O bonds as a result of an el
tron transfer to the layers to give them the ra
Mn~IV !/Mn'0.30. If this interpretation is correct, we shou
find that phase segregation occurs belowTc . In order to test
this prediction, we measured the thermoelectric powerac(T)
andaab(T) under pressure; the data are shown in Figs. 4
5.

At ambient pressure, thex50.32 composition remains
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single-phase, soac(T) at P51 bar provides a measure of th
parent-phase contribution. On cooling atP51 bar, ac(T)
has a minimum at 230 K andTc'110 K is marked by an
abrupt increase~drop in magnitude! of ac(T); below
Tc ,ac(T) is small and featureless, so any features inac(T)
that appear under pressure belowTc may be attributed to a
minority phase. AboveTc , the crystal appears to rema
single phase under all pressures. However, it is appa
from the data thata(T) varies systematically with the cohe
ence length of the short-range fluctuations in the stron
coupled Mn2O7 layers;ua(T)u decreases as the spins beco
more aligned. Therefore, the change ina(T) at and belowTc
can provide indirect information about the change in
c-axis coupling between Mn2O7 layers.

On the application of pressure to anx50.40 crystal, we
found no anomalous features inac(T) below Tc ;6 Figure 4
shows a quite different behavior for thex50.32 crystal. Un-
der P53.4 kbar, the minimum pressure applied in our e
periments, the jump inac(T) at Tc moves to a higher tem
perature and already a second feature appears at 90 K; i
jump of 1.5mV/K in ac(T) on cooling. This second jump in
ac(T) appears at theTN for x50.30, and we attribute it to a
stabilization of the minority phase only belowTN590 K
,Tc ; it indicates that phase segregation at 3.4 kbar is dri
by an inversion of the magnetic-exchange coupling betw
Mn2O7 bilayers. The jump atTc lowersua(T)u as long-range
ferromagnetic order is established along thec axis; the jump
at 90 K raisesua(T)u due to the introduction of antiferro
magnetic coupling between some Mn2O7 layers. With in-
creasing pressure, the temperature of the lower anomaly
creases as doesTN in x50.30. Below TN , the minority
phase makes a positive contribution toac(T) that increases
progressively with pressure as does the fraction of the
nority phase seen in ther(T) data. ForP>6.1 kbar, how-
ever, the jump inac(T) at Tc is no longer observed; th
arrows in Fig. 4 markTc as determined fromr(T). Since
P56.1 kbar is close to thePc'7 kbar for the change o
dTc /dP, we conclude that the partial introduction of spi
flopped layers introduces multiple spin-orientation discon
nuities between successive layers, but little within Mn2O7
layers. The transition from long-coherence-length sho
range order to long-range order in the Mn2O7 layers gives a

FIG. 4. The pressure dependence ofac under different pres-
sures. The schematic pictures shows the spin orientation for mi
ity phase.
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sharp change indaab(T)/dT at Tc , Fig. 5, but it has little
influence onac(T) if the degree ofc-axis ferromagnetic or-
der is not changed significantly. However, a charge-tran
phase segregation belowTon would introduce a paramagneti
minority layer in the rangeTN,T,Ton, which would in-
creaseua(T)u. Because the layers contribute toaab(T) as
parallel circuits, the onset of some paramagnetic layers
little influence onaab(T) in Fig. 5. BelowTN , long-range
magnetic order is restored to the minority-phase slabs
ua(T)u decreases; butac(T).0 below TN increases as the
volume fraction of the minority phase increases with pr
sure. As predicted, aTon,Tc is maintained for all pressures
and the data provide indirect evidence for a progressive
troduction of the spin-flopped phase with increasing pr
sure.

In conclusion, a complete set of structural and magne
data from neutron-diffraction studies3,7,11have allowed us to
select for high-pressure transport measurements a cryst
composition lying between a magnetic-exchange invers
on one side and a spin flop with collapsing apical Mn
bond length in the other side. Our measurements cle
show a pressure-induced phase segregation between an
ferromagnetic and a ferromagnetic phase as a result
progressive transition from ferromagnetic to antiferroma
netic coupling between Mn2O7 bilayers having larger Mn-O
bonds. From the magnitude and pressure dependence oTN
of the antiferromagnetic phase, we conclude that the anti
romagnetic phase has a composition close tox50.30 and
therefore that there is an electron transfer from the ferrom
netic to the antiferromagnetic phase. Moreover, the majo
phase exhibits a transition at a critical pressurePc(6<Pc
<7 kbar) that we interpret to mark a partial collapse of t
elongated apical Mn-O bond lengths; a spin flop from thc
axis to the basal plane can be expected to accompany lo
this collapse. The thermoelectric powerac(T) below Tc in-
dicates that the electron-rich minority phase appears a
Ton,Tc ; the minority phase would be paramagnetic in t
interval TN,T,Ton. The data are consistent with a larg
compressibility of the apical Mn-O bonds forming the spi
flopped ferromagnetic phase on one side and antiferrom
netic coupling between Mn2O7 bilayers on the other side
with electron transfer occurring to a minority phase that is
the form of a narrow~001! slab.
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FIG. 5. The same as Fig. 4 foraab .
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