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Zener versus de Gennes ferromagnetism in La1ÀxSrxMnO3
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Measurement of the transport properties of single-crystal La0.86Sr0.14MnO3 as a function of temperature
under different hydrostatic pressuresP<18 kbars has revealed a discontinuous change in the ferromagnetic
Curie temperatureTc at P'3 kbars where it crosses the first-order orbital-ordering transition, and atPc

'11 kbars where it crosses a first-order transition from vibronic to metallic~Zener to de Gennes! ferromag-
netism. On cooling belowTc within the vibronic phase, a second-order vibronic-insulator transition occurs at
a T00 that increases with pressure toP5Pc ; the first-order low-temperature insulator-metal transition is
contiguous with the first-order vibronic-metallic transition occurring atPc'11 kbars. The distinction between
Zener and de Gennes ferromagnetism in this system and the role of orbital ordering are clarified.
a
-
ha
at
co
n
rg
th

l o
;
o
a

ro
sm
e
ng
-
o
su

g
ar
e
n
c

si

f
f
o

g-

tic

es
ve
n

r
ic

-
r

s
on
-

so
.
m-
ic

-
ity

-

The manganese-oxide perovskites exhibit a colossal m
netoresistance~CMR! at the crossover from localized to itin
erant electronic behavior. It is now generally recognized t
the phenomenon is associated with an electron segreg
into a more conductive ferromagnetic phase and a less
ductive paramagnetic phase.1 Double exchange has bee
widely invoked to explain the connection between cha
transport and ferromagnetic order in these oxides, but
distinction between the original double-exchange mode
Zener2 and the de Gennes3 formulation is rarely discussed
the Zener model has been ignored. In this paper, we dem
strate the existence of a distinguishable ferromagnetic ph
found below the Curie temperatureTc for composition 0.1
,x,0.2 that lies between the type-A antiferromagnetic
phase occurring belowTN for 0<x,0.1 and a metallic fer-
romagnetic phase occurring forx>0.2. We argue that the
intermediate phase contains the two-manganese pola
originally envisaged by Zener; the metallic ferromagneti
found for x>0.2 is well described by the de Gennes mod
The Zener ferromagnetism is made possible by a short-ra
dynamic orbital ordering at Mn~III ! ions that was not envis
aged by either Zener or de Gennes; dynamic, locally co
erative distortions introduce an isotropic ferromagnetic
perexchange interaction between Mn~III ! ions of the matrix4

within which the Zener polarons move, andTc increases
sharply with the mobility of the Zener polarons since lon
range double-exchange interactions depend on a pol
transfer time that is short relative to a spin-relaxation tim5

Ordering of the Zener polarons orders the double-excha
interactions along thec axis and the superexchange intera
tions within the~001! basal planes. We show that the tran
tion from a modified Zener to a de Gennes ferromagnetism
first order.

In the system La12xSrxMnO3, the s-bonding e orbitals
are twofold degenerate, and the single-electron spin o
high-spin Mn~III ! is coupled parallel to the localized spin o
the t3 configuration by a strong intra-atomic exchange. C
operative orbital ordering at Mn~III ! ions in LaMnO3 re-
moves thee-orbital degeneracy and localizes thee electrons
to make LaMnO3 an insulator; it also introduces ferroma
netic e1-O-e0 superexchange interactions between Mn~III !
ions in the~001! planes that dominate the antiferromagne
PRB 620163-1829/2000/62~6!/3834~5!/$15.00
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t3-O-t3 interactions; but along thec axis, the antiferromag-
netic interactions prevail to give a type-A antiferromagnetic
order below a Ne´el temperatureTN .6 The long-range orbital
ordering, which emptiese-electron density along thec axis,
transforms an O-orthorhombic structure withc/&.a into
an O8-orthorhombic phase withc/&,a,b. On heating
aboveTJT5750 K, the long-range orbital ordering chang
to short-range, dynamic orbital ordering in a conducti
pseudocubic phase7 that, on doping with Sr, becomes a
O* -orthorhombic phase withc/&<b<a.

TJT decreases sharply with increasingx. Moreover, the
time th for an e electron of a Mn~III ! to hop to a Mn~IV !
near neighbor at the magnetic-ordering transitionTN or Tc

decreases with increasingx from th.v0
21 for x,0.1 to th

,v0
21 for x>0.2. A change atx'0.1 from a second-orde

transition atTN to a first-order transition at a ferromagnet
Curie temperatureTc signals stabilization belowTc of an-
other conductive O* phase.8,9 As th /v0

21 decreases with in-
creasingx in the interval 0.1,x,0.2, Tc increases dramati
cally and crossesTJT nearx50.15. Moreover, a first-orde
transition from vibronic conduction (th'v0

21) to itinerant-
electron behavior (th,v0

21) in an x50.15 crystal under
pressure has been noted.10 Okudaet al.11 have identified the
transition at anxc'0.16. On cooling belowTc in the vi-
bronic phase, a transition atT00 to an insulator phase wa
originally postulated to signal an ordering of small-polar
Mn~IV ! into alternate~001! planes on the basis of an ob
served c-axis structural modulation.12 However, Endoh
et al.13 could find no evidence for small-polaron ordering,
they conjectured that it was an orbital-ordering transition

Although careful studies of the phase diagram in the co
positional range 0.1,x,0.2 have been made on ceram
samples with compositional increments as small asDx
50.005,14 the sensitivity ofTJT ,Tc ,T00 to x makes it diffi-
cult to monitor howTc changes on crossingTJT andxc(T) or
how T00 approachesxc(T). We have circumvented this prob
lem by studying the temperature variation of the resistiv
r(T) under different hydrostatic pressuresP<18 kbars of a
single crystal of La0.86Sr0.14MnO3. Hydrostatic pressure de
creases the bending anglef of the ~180°-f! Mn-O-Mn
bonds, thereby decreasingv0

21. In this respect, hydrostatic
3834 ©2000 The American Physical Society
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pressure is equivalent to increasingx, but without changing
the chemical composition; it increasesTc , lowersTJT , and
decreasesxc(T).8–10,15 The single-crystal compositionx
50.14 was chosen because, under ambient pressure,TJT lies
about 20 K aboveTc . The transition atT005190 K is second
order in this crystal, whereas it is first order atx50.12,
changing smoothly to second order with increasingx and
pressure.10,12 Neutron-diffraction data12 have shown that the
structure belowT00 is identical whether the transition is firs
or second order.

The La0.86Sr0.14MnO3 crystal, grown in an image furnace
was first characterized under ambient pressure. The cri
temperaturesTJT , Tc , andT00 evident in the data of Fig. 1
are the same as those reported forx50.14 polycrystalline
samples.14 In Fig. 1~a!, the magnetization obtained in a ma
netic fieldH5100 Oe shows an anomaly in the paramagne
phase atTJT similar to that observed atTJT in LaMnO3;

7 the
x(T)21 data for the O* phase exhibits a Curie-Weiss beha
ior with a u nearTJT . It appears that the transition to th
orbitally ordered O8 phase suppresses the onset of ferrom
netism about to occur at aTc(O* )'TJT , lowering the mea-
suredTc(O8) that occurs in the O8 phase. The transitions in
ther(T) data of Fig. 1~b! are much sharper than those fou
in polycrystalline samples. On cooling, the resistivity sho
a sharp upturn atTJT andT00, a downturn atTc . The tran-
sition at TJT is abrupt and has a thermal hysteresis char
teristic of a first-order phase change. However, the deriva
analysisdr/dT of the transition atTJT shows two minima.
The higher-temperature transition is discernible as a sm
shoulder on the lower-temperature peak in the 100-Oe m
netization data. We identifyTJT with the lower-temperature
minimum in dr/dT, and we use this feature to identifyTJT

FIG. 1. ~a! Magnetization in an appliedH5100 Oe and 10 kOe
x(T)21 in 10 kOe and~b! resistivityr(T), dr/dT, and thermoelec-
tric powera(T) for single-crystal La0.86Sr0.14MnO3.
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in our high-pressure experiments. Similarly, the sharp ma
mum indr/dT, which corresponds to a dramatic increase
x(T), is used to label the ferromagnetic Curie temperature
is associated with a sharp decrease inr(T) on cooling
throughTc . We defineT00 as the temperature wherer(T)
exhibits a minimum belowTc . The temperature dependenc
of the thermoelectric powera(T) of Fig. 1~b! shows impor-
tant changes in the concentrations of mobile charge carr
at Tc and T00, but not atTJT . Finally, Fig. 1~a! shows a
difference in the magnetization belowTc between values ob
tained on heating after cooling in the measuring field@field
cooled ~FC!# and in zero magnetic field@zero field cooled
~ZFC!#. The magnetization inH510 kOe approaches th
theoretical spin-only value of 3.86mB /Mn, but the shape of
the M (T) curve in 100 Oe is similar to that of a spin glas
which is evidence of two magnetic phases belowTc in low
magnetic fields. There is no anomaly in the magnetization
T00.

Our high-pressure experiments were performed with
correction for the pressure variation with temperature as
scribed elsewhere.10 The pressure in the self-clamped ce
was changed at room temperature. Moreover, measurem
were also carried out after reducing the pressure at ro
temperature from 18 kbars to different values in order
determine any pressure hysteresis. After total release of
pressure, measurements were again taken on the same c
with increasing pressure; the initial results were duplica
precisely, which demonstrated that no permanent change
curred in the crystal during the pressure and temperature
cling.

FIG. 2. Resistivity r(T) and dr/dT for single-crystal
La0.86Sr0.14MnO3 under different hydrostatic pressures,~a! 1 bar,~b!
2.5 kbars,~c! 4.8 kbars,~d! 6.5 kbars,~e! 7.3 kbars, and~f! 14.0
kbars.
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Figure 2 illustrates typical changes inr(T) and dr/dT
with pressure.TJT and Tc are clearly separated atP
51 bar, Fig. 2~a!. At P52.5 kbars, Fig. 2~b!, the structural
and magnetic transitions overlap. Figure 2~c! shows that the
crossover ofTJT andTc is completed at 4.8 kbars. Howeve
the structural change on cooling throughTJT does not cause
an upturn inr(T) where it occurs belowTc ; the orbital
ordering belowTJT,Tc retains a longc-axis Mn-O bond
characteristic of an O* rather than an O8 structure, andr(T)
continues to decrease sharply with decreasing tempera
However, the first-order character of the transition atTJT is
retained. With a further increase in pressure,Tc continues to
increase andTJT to decrease; the structural transition atTJT
retains its first-order character, whereas the transition aTc
changes smoothly from first to second order nearP
511 kbars.T00 increases with pressure until a critical pre
surePc'11 kbars, where it merges with a sharply decre
ing first-order insulator-metal transition atTIM . Figure 2~f!
is typical of ther(T) curves found forP.Pc . At these
pressures, a sharp drop inr(T) on cooling throughTc is
followed by a moderate change with temperature ove
broad rangeTIM ,T,Tc and the double minimum assoc
ated withTJT is suppressed.

Although complete release of pressure at room temp
ture restores the crystal to its original state, ther(T) curves
obtained with increasing and decreasing pressure show
large hysteresis. Figure 3 shows ther(T) curves taken unde
similar pressures:P54.8 kbars for increasing pressure a
4.5 kbars for decreasing pressure.Tc is the same for both
curves, butTJT.T00 for increasing pressure becomesTJT
5T00 at an intermediate temperature on reducing the p
sure. This pressure hysteresis disappears forP,4 kbars
whereTJT andT00 become separate.

The phase diagram of Fig. 4 summarizes the press

FIG. 3. Comparison ofr(T) and dr/dT for single-crystal
La0.86Sr0.14MnO3 on ~a! increasing pressure from ambient to 4
kbar, ~b! decreasing pressure from 18 kbars to 4.5 kbars.
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variations of the critical temperatures.~a! Tc increases sen
sitively with hydrostatic pressure.~b! Tc jumps discontinu-
ously as it crossesTJT and P'11 kbars; the jump atPc
'11 kbars signals a first-order electronic phase change aPc
and is to be distinguished from the jump whereTc crosses
the O* -R transition temperature.14 ~c! The slopedTc /dP
changes atPc . ~d! T00 increases with pressure as doesTc
until it reaches its maximum value of 198 K atPc'11 where
it meets the vibronic-itinerant electronic transition occurri
at Pc and the insulator-metal transition atTIM . TIM falls
sharply with increasing pressure.~e! With decreasing pres
sure, a maximumT005TJT5208 K was found at 4 kbars.~f!
WhereT00 meetsTIM , the transition changes abruptly from
second to first order.~g! The system remains ferromagnet
belowTc on crossingTJT , T00, andTIM /Pc . ~h! The struc-
tural change atTIM /Pc appears to be primarily a volum
contraction, but static oxygen displacements in the~001!
planes of the charge-density wave~CDW! phase disappea
on crossingTIM .14

To interpret Fig. 4, we begin with a review of the ferro
magnetic double-exchange interaction for a mixed-val
system. It involves a rapid real charge transfer of ane elec-
tron that preserves the spin angular momentum; a large in
atomic exchange interaction favors ferromagnetic alignm
of the mobilee-electron spin with the localized spinsS5 3

2 .
Zener postulated fast electron transfer from Mn~III ! to oxy-
gen and a same-spin oxygen electron to the Mn~IV ! within a
Mn~III !-O-Mn~IV ! pair; hence, the term double exchang
The pairs were assumed to diffuse with a mobilitymp
5eD0 /kT, where the diffusion coefficient had a motion
enthalpyDHm50 in order to account for the metallic tem
perature dependence ofr(T) and the long-range ferromag
netic order. This model implies ath'v0

21. The de Gennes

FIG. 4. Pressure-temperature phase diagram below room
perature for La0.86Sr0.14MnO3. The lines are guides to the eye.
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model, on the other hand, introduced itinerante electrons
having a tight-binding bandwidthW52zbcos(uij /2), where
z56 is the number of Mn near neighbors,b is the spin-
independent Mn-O-Mn resonance integral, andu i j is the
angle between localized spins on Mn near neighbors. Th
Gennes model appears to be appropriate for the metallic
romagnetic~FM! phase found atP.11 kbars. The problem
is to account for the ferromagnetism found belowTc for P
,11 kbars, and in particular belowT00 where there is no
long-range rapid motion of the charge carriers. To addr
this problem, we must consider thee-orbital ordering.

In the O* phase withc/&<b<a at temperaturesT
.TJT , the orbital ordering is short range and dynamic. T
hole mobility should be nearly isotropic in this case. Me
surements ofa(T) on (La12yNdy)0.7Ca0.3MnO3 samples
have allowed us to identify the presence of two-mangan
polarons in the paramagnetic phase.16 Fast electron transfe
within a Mn~III !-O-Mn~IV ! pair would give a superparamag
netic, two-manganese Zener polaron. Moreover, the C
phenomenon indicates the presence of a more condu
minority phase within a less conductive matrix, and thea(T)
data showed a progressive trapping out of the Zener pola
from the matrix phase with decreasingT.Tc . In our x
50.14 sample, the continuity ina(T) at ambient pressure o
cooling throughTJT.Tc indicates there is no discontinuit
in the number of mobile polarons on traversing the first-or
orbital-ordering transition atTJT ; an orbital ordering that
introduces an anisotropy in the mobility does not change
statistical contribution toa(T). However, there is a return t
another O* phase on cooling throughTc , and a sharp de
crease inr(T) anda(T) indicates a dramatic increase in th
concentration of mobile charge carriers on cooling throu
Tc . This change has been interpreted to signal growth o
more conductive, hole-rich minority phase to beyond its p
colation threshold,1 and the evidence for spin-glass behav
below Tc in lower fields supports a two-phase model. T
O* phase belowTJT is to be distinguished from that abov
TJT , which is why an O* -O* transition is found at aTJT
,Tc aboveP53 kbars. The O* phase in the rangeT00,T
,TJT with TJT,Tc is conductive, which means that the Z
ner polarons are mobile even though an orbital ordering
occurred. Dynamic fluctuations of the occupiede orbitals
must be present even if preferentially ordered into the~001!
planes. On the other hand, a relatively longc axis indicates
the axes of the Zener polarons are preferentially orde
along thec axis. The jump inTc at its crossover withTJT is
consistent with more isotropic double-exchange and fe
magnetic superexchange contributions in the O* phase above
TJT . The jump inTc at P'11 kbars reflects a stronger long
range double-exchange contribution on changing from
bronic to itinerant charge carriers. The change in slope oTc
vs P at Pc is consistent with a change from a Zener doub
exchange plus superexchange phase to a de Gennes do
exchange phase. Significantly, there is also an abrupt
crease in the oxygen isotope effect onTc near this
crossover.15,17

Fast e-electron transfer within a Zener polaron requir
orientation of the charge density along the axis of the
laron. A low r(T) and a(T) below Tc signals long-range
mobility of the polarons in the ferromagnetic, vibronic pha
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with a th'v0
21 for the holes to change from one Mn~III !

near-neighbor partner to another to produce a polaron mo
ity; ath,v0

21 occurs between ferromagnetically couple
partners of a polaron. Retention of good conductivity a
ferromagnetic order belowTJT,Tc is consistent with reten-
tion of either isotropic ferromagnetic superexchange a
double-exchange interactions or a progressive ordering
ferromagnetic superexchange interactions within~001!
planes and double-exchange interactions along thec axis.
The former situation applies aboveTJT . Therefore, we sug-
gest that the orbital ordering below aTJT,Tc represents the
onset of a preferred orientation of Zener pairs along thc
axis in response to basal-plane ordering of the Mn~III ! orbit-
als not involved in Zener polarons. BelowT00, the orbital
ordering becomes stabilized into a static CDW in which t
Zener polarons become trapped with their axes orien
along thec axis so as to create a greater hole density
alternate~001! planes. Ordering into a static CDW belowT00

is consistent with the observation of ac-axis modulation and
a suppression of the polaron mobility12 as well as the failure
to find evidence for the Mn~IV !-ion ordering into alternate
~001! planes.13 Stationary Zener polarons with their axes o
ented along thec axis introducec-axis double-exchange an
a longerc axis compatible with an O* structure: A Hartree-
Fock calculation by Mizokawa Khomskii, and Sawatzky18

also orders charge along thec axis to obtain ferromagnetism
below T00. Orbital ordering within ~001! planes at the
Mn~III ! ions not involved in Zener pairs would give basa
plane ferromagnetic superexchange interactions as in the
ent compound LaMnO3. An intimate relation betweenTJT
andT00 is demonstrated by the pressure hysteresis. On l
ering the pressure from 18 kbars to aP>4 kbars at room
temperature, aT005TJT is intermediate between theT00 and
TJT found on increasing the pressure from ambient. T
behavior suggests that atP518 kbars at room temperature
the axes of the Zener polarons are oriented along thec axis
and the pressure hysteresis is associated with an or
disorderc-axis orientation of the Zener polarons in the pa
magnetic phase at room temperature. Pressure stabiliza
of the c-axis orientation of the Zener polarons is compatib
with a continuous increase inT00 with pressure, whereasT00
reaches a maximum in the range 0.14,x,0.15 at ambient
pressure.

In conclusion, pressure experiments on a single cry
with a carefully selected compositionx50.14 have allowed
us to demonstrate/propose the following:~1! A discontinuous
increase inTc occurs atP'3 kbars whereTc crosses the
orbital-ordering transition temperatureTJT and also atPc
'11 kbars whereTc crosses a vibronic-itinerant electron
transition. ~2! In the range T00,T,Tc and 3,P,Pc
'11 kbars, the vibronic phase contains a ferromagn
double-exchange contribution from mobile Zener polaro
together with a ferromagnetic Mn~III !-O-Mn~III ! superex-
change coupling that is made isotropic by locally coope
tive, dynamic Jahn-Teller deformations. We designate
phase a modified-Zener double-exchange ferromagnet.~3!
Below TJT , orbital ordering introduces ferromagnetic supe
exchange interactions in the~001! planes, but the magneti
order is antiferromagnetic below aTN unless Zener polaron
are present with axes oriented parallel to thec axis; these
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3838 PRB 62J.-S. ZHOU AND J. B. GOODENOUGH
polarons become trapped in a static charge-density wave
low a T00<TJT . ~4! At a P.11 kbars andTIM ,T,Tc ,
itinerant s* electrons ofe-orbital parentage result in a d
Gennes ferromagnetism.~5! At room temperature, a pressu
P518 kbars orients the axes of the Zener polarons along
c axis, and this orientation is retained on removal of t
pressure down to 4 kbars. This hysteresis is reflected at
temperatures in a pressure hysteresis ofTJT and T00 in the
range 4,P,11 kbars.

Note added in proof. Recently, Daiet al.20 have reported
neutron scattering data on several ferromagnetic manga
ys
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perovskites with a reducedTc that show a strong magno
coupling to optical phonons. On the other hand, this coupl
becomes negligible in manganese perovskites havin
higher Curie temperature. A strong magnon-phonon coup
would be a consequence of the modified Zener doub
exchange ferromagnetism proposed in this paper.
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