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Zener versus de Gennes ferromagnetism in La ,Sr,MnO,
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Measurement of the transport properties of single-crystalgdSt, 1,MNO; as a function of temperature
under different hydrostatic pressurBs< 18 kbars has revealed a discontinuous change in the ferromagnetic
Curie temperaturél, at P~3 kbars where it crosses the first-order orbital-ordering transition, arf, at
~11 kbars where it crosses a first-order transition from vibronic to met@koer to de Genngderromag-
netism. On cooling below . within the vibronic phase, a second-order vibronic-insulator transition occurs at
a Ty, that increases with pressure B=P,; the first-order low-temperature insulator-metal transition is
contiguous with the first-order vibronic-metallic transition occurring?gt=11 kbars. The distinction between
Zener and de Gennes ferromagnetism in this system and the role of orbital ordering are clarified.

The manganese-oxide perovskites exhibit a colossal mag3-0-t® interactions; but along the axis, the antiferromag-
netoresistanc€CMR) at the crossover from localized to itin- netic interactions prevail to give a typeantiferromagnetic
erant electronic behavior. It is now generally recognized thagyder below a Nel temperaturdy .° The long-range orbital
the phenomenon is associated with an electron segregatiqﬁdering, which empties-electron density along the axis,
into a more conductive ferromagnetic phase and a less CoRq;nsforms an O-orthorhombic structure with/2>a into
ductive paramagnetic phaseDouble exchange has been an O -orthorhombic phase wittt/vZ<a<b. On heating

widely invoked to explain _the conn_ection bet\/\_/een ChargeaboveTJT= 750K, the long-range orbital ordering changes
transport and ferromagnetic order in these oxides, but th short-range, dynamic orbital ordering in a conductive
distinction between the original double-exchange model o seudocubic p,haéethat on doping with Sr, becomes an
Zenef and the de Gennédormulation is rarely discussed; O* -orthorhombic phase; with/v2<b=a ’
the Zener m(_)del has been_ ig_nored. In this paper, we_demon- T;1 decreases sharply with increasirgMoreover, the
strate the existence of a distinguishable ferromagnetic phaﬁﬁnejlh for an e electron of a Mill) to hop to a Mrﬁ’IV)
found below th(_a Curie temperatufie. for composition O'.l near neighbor at the magnetic-ordering transitignor T,
<hx<0.2 that “eé lbetw?en the typ!e-ar:jnferroma}lgn?ztlc decreases with increasingfrom 7,>wg * for x<0.1 to 7,
phase occurring beloWy for 0<x<0.1 and a metallic fer- ) '

<wg - for x=0.2. A change ak~0.1 from a second-order

romagnetic phase occurring far=0.2. We argue that the . ) - .
intermediate phase contains the two-manganese polaro ansition atTy to a first-order transition at a ferromagnetic

originally envisaged by Zener; the metallic ferromagnetismCUrie temperaturd . S|gnaI§, stab|I|zzition below . of an-
found forx=0.2 is well described by the de Gennes model.Other conductive O phase’® As 7,/ wq decreases with in-
The Zener ferromagnetism is made possible by a short-rang€/€asing«in the interval 0.%xx<0.2, T, increases dramati-
dynamic orbital ordering at Miil ) ions that was not envis- Cally and crosse ,r nearx=0.15. Moreover, a first-order
aged by either Zener or de Gennes; dynamic, locally cooptransition from vibronic conductionr{,~ w, *) to itinerant-
erative distortions introduce an isotropic ferromagnetic su€lectron behavior ,<wg ') in an x=0.15 crystal under
perexchange interaction between M) ions of the matri%  pressure has been not¥dOkudaet al! have identified the
within which the Zener polarons move, afg increases transition at anx,~0.16. On cooling belowT in the vi-
sharply with the mobility of the Zener polarons since long-bronic phase, a transition di, to an insulator phase was
range double-exchange interactions depend on a polarageriginally postulated to signal an ordering of small-polaron
transfer time that is short relative to a spin-relaxation thne. Mn(lV) into alternate(001) planes on the basis of an ob-
Ordering of the Zener polarons orders the double-exchanggerved c-axis structural modulatiott. However, Endoh
interactions along the axis and the superexchange interac-ét alX® could find no evidence for small-polaron ordering, so
tions within the(001) basal planes. We show that the transi-they conjectured that it was an orbital-ordering transition.
tion from a modified Zener to a de Gennes ferromagnetism is Although careful studies of the phase diagram in the com-
first order. positional range 0&£x<0.2 have been made on ceramic
In the system La_ ,SrMnOs, the o-bonding e orbitals  samples with compositional increments as small fas
are twofold degenerate, and the single-electron spin of & 0.005™ the sensitivity ofT;r, T, oo to x makes it diffi-
high-spin M(l1l') is coupled parallel to the localized spin of cult to monitor howT, changes on crossint andx.(T) or
the t® configuration by a strong intra-atomic exchange. Co-how Ty approacheg.(T). We have circumvented this prob-
operative orbital ordering at MHI) ions in LaMnQ, re- lem by studying the temperature variation of the resistivity
moves thes-orbital degeneracy and localizes teelectrons  p(T) under different hydrostatic pressurss18 kbars of a
to make LaMnQ an insulator; it also introduces ferromag- single crystal of LggeSry 14MNO;. Hydrostatic pressure de-
netic e'-O-e° superexchange interactions between(Mn  creases the bending angl¢ of the (180°)) Mn-O-Mn
ions in the(001) planes that dominate the antiferromagneticbonds, thereby decreasirag}l. In this respect, hydrostatic
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FIG. 1. (@) Magnetization in an applied = 100 Oe and 10 kOe, 30 100 150 200 250 300
x(T) "% in 10 kOe andb) resistivity p(T), dp/d T, and thermoelec- TX)

tric power a(T) for single-crystal LggeSto.1MnOs. FIG. 2. Resistivity p(T) and dp/dT for single-crystal

Lag geShy 14MNO3 under different hydrostatic pressurés, 1 bar,(b)
2.5 kbars,(c) 4.8 kbars,(d) 6.5 kbars,(e) 7.3 kbars, andf) 14.0
kbars.

pressure is equivalent to increasirngbut without changing
the chemical composition; it increas@s, lowersT;t, and
decreasesx (T).871%15 The single-crystal compositiorx
=0.14 was chosen because, under ambient presEyrdéies in our high-pressure experiments. Similarly, the sharp maxi-
about 20 K abovd ;. The transition al o= 190K is second ~mum indp/dT, which corresponds to a dramatic increase in
order in this crystal, whereas it is first order xt0.12,  x(T), is used to label the ferromagnetic Curie temperature; it
changing smoothly to second order with increasingnd IS associated with a sharp decreasepifil) on cooling
pressurd®!2 Neutron-diffraction datf have shown that the throughT.. We defineTq, as the temperature whepgT)
structure belowT , is identical whether the transition is first €xhibits a minimum below .. The temperature dependence
or second order. of the thermoelectric powe#(T) of Fig. 1(b) shows impor-
The La, gST 1MNO; crystal, grown in an image furnace, tant changes in the concentrations of mpblle charge carriers
was first characterized under ambient pressure. The critic tTe and Too, but not aTyr. Finally, Fig. 1a) shows a
temperatured 7, T,, andToo evident in the data of Fig. 1 ifference in the magnetization beloly, between values ob-

th th ted f6¢0.14 Dol talli tained on heating after cooling in the measuring fididld
are the iame.as 0S€ reported x6f 0,14 polycrystalline = ., qjaq (FC)] and in zero magnetic fielfizero field cooled
samplgsl. In Fig. 1(a), the magnetization (_)btalned In a mag- (ZFO)]. The magnetization irH=10kOe approaches the
netic fieldH = 100 Oe shows an anomaly in the paramagnetiG, o oretical spin-only value of 3.86,/Mn, but the shape of

phase af;r similar to that observed &y in I__aMnQ3;7 the  the M(T) curve in 100 Oe is similar to that of a spin glass,
x(T) ! data for the @ phase exhibits a Curie-Weiss behav- yhich is evidence of two magnetic phases belBwin low

ior with a 6 nearT,7. It appears that the transition to the magnetic fields. There is no anomaly in the magnetization at
orbitally ordered O phase suppresses the onset of ferromagT,.

netism about to occur atB,(O*)~T;t, lowering the mea- Our high-pressure experiments were performed with a
suredT.(QO") that occurs in the Ophase. The transitions in correction for the pressure variation with temperature as de-
the p(T) data of Fig. 1b) are much sharper than those found scribed elsewher®. The pressure in the self-clamped cell

in polycrystalline samples. On cooling, the resistivity showswas changed at room temperature. Moreover, measurements
a sharp upturn &t ;1 andTyg, a downturn afl .. The tran-  were also carried out after reducing the pressure at room
sition at T, is abrupt and has a thermal hysteresis charactemperature from 18 kbars to different values in order to
teristic of a first-order phase change. However, the derivativeletermine any pressure hysteresis. After total release of the
analysisdp/dT of the transition afl' ;7 shows two minima. pressure, measurements were again taken on the same crystal
The higher-temperature transition is discernible as a smallith increasing pressure; the initial results were duplicated
shoulder on the lower-temperature peak in the 100-Oe magprecisely, which demonstrated that no permanent change oc-
netization data. We identify ;- with the lower-temperature curred in the crystal during the pressure and temperature cy-
minimum indp/dT, and we use this feature to identifyy;  cling.
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FIG. 3. Comparison ofp(T) and dp/dT for single-crystal

Lag geSrh1AMNO; on (@) increasing pressure from ambient to 4.8

kbar, (b) decreasing pressure from 18 kbars to 4.5 kbars.

Figure 2 illustrates typical changes i(T) and dp/dT
with pressure.T;+ and T. are clearly separated &®
=1 bar, Fig. 2a). At P=2.5kbars, Fig. &), the structural
and magnetic transitions overlap. Figure)2shows that the
crossover ofT ;1 andT, is completed at 4.8 kbars. However,
the structural change on cooling throu@h; does not cause
an upturn inp(T) where it occurs belowl; the orbital
ordering belowT;7<T, retains a longc-axis Mn-O bond
characteristic of an Orather than an Ostructure, ang(T)

0 2 4 6 8 10 12 14 16
P ( kbar)

FIG. 4. Pressure-temperature phase diagram below room tem-
perature for LggeSry 14MNO;. The lines are guides to the eye.

variations of the critical temperature®) T, increases sen-
sitively with hydrostatic pressuréb) T, jumps discontinu-
ously as it crossed ;1 and P~11kbars; the jump aP,
~11 kbars signals a first-order electronic phase change at
and is to be distinguished from the jump whéfg crosses
the O-R transition temperatur¥. (c) The slopedT./dP
changes aP.. (d) Ty increases with pressure as dokEs
until it reaches its maximum value of 198 KRt~ 11 where

continues to decrease sharply with decreasing temperaturi¢.meets the vibronic-itinerant electronic transition occurring

However, the first-order character of the transitiorT gt is
retained. With a further increase in pressurggcontinues to
increase and ;7 to decrease; the structural transitionTgt
retains its first-order character, whereas the transitioh.at
changes smoothly from first to second order ndar

=11 kbars.Tg increases with pressure until a critical pres-

at P, and the insulator-metal transition &ty . T,y falls
sharply with increasing pressur@) With decreasing pres-
sure, a maximuni o= T;7=208 K was found at 4 kbarsf)
Where T,y meetsT,y, , the transition changes abruptly from
second to first order(g) The system remains ferromagnetic
below T, on crossingl 7, Tgg, andT;y /P.. (h) The struc-

sureP.~11kbars, where it merges with a sharply decreastural change afl,, /P, appears to be primarily a volume

ing first-order insulator-metal transition &f,, . Figure Zf)
is typical of thep(T) curves found forP>P.. At these
pressures, a sharp drop p(T) on cooling throughT, is

contraction, but static oxygen displacements in {0821)
planes of the charge-density wav€DW) phase disappear
on crossingTy .2

followed by a moderate change with temperature over a To interpret Fig. 4, we begin with a review of the ferro-

broad rangeT,;y<T<T,. and the double minimum associ-
ated with T is suppressed.

magnetic double-exchange interaction for a mixed-valent
system. It involves a rapid real charge transfer ofeaelec-

Although complete release of pressure at room temperaron that preserves the spin angular momentum; a large intra-

ture restores the crystal to its original state, p{&) curves

atomic exchange interaction favors ferromagnetic alignment

obtained with increasing and decreasing pressure showedad the mobilee-electron spin with the localized spirg-= 3.

large hysteresis. Figure 3 shows @(@) curves taken under

Zener postulated fast electron transfer from(Nn to oxy-

similar pressuresP=4.8 kbars for increasing pressure andgen and a same-spin oxygen electron to th&IMpwithin a

4.5 kbars for decreasing pressufg. is the same for both
curves, butT ;1> Ty, for increasing pressure becom@g;

Mn(lI1)-O-Mn(IV) pair; hence, the term double exchange.
The pairs were assumed to diffuse with a mobilj

=Ty at an intermediate temperature on reducing the pres=eDy/kT, where the diffusion coefficient had a motional

sure. This pressure hysteresis disappears Her4 kbars
whereT ;1 and Toy become separate.

enthalpyAH,,=0 in order to account for the metallic tem-
perature dependence p{T) and the long-range ferromag-

The phase diagram of Fig. 4 summarizes the pressumeetic order. This model implies a1~w51. The de Gennes
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model, on the other hand, introduced itineranelectrons  with a r,~w, ' for the holes to change from one M)
having a tight-binding bandwidtiV=2zbcos(;/2), where near-neighbor partner to another to produce a polaron mobil-
z=6 is the number of Mn near neighbors,is the spin- ity; ar,<w,' occurs between ferromagnetically coupled
independent Mn-O-Mn resonance integral, afigl is the  partners of a polaron. Retention of good conductivity and
angle between localized spins on Mn near neighbors. The drromagnetic order belo;7<T, is consistent with reten-
Gennes model appears to be appropriate for the metallic fetion of either isotropic ferromagnetic superexchange and
romagnetic(FM) phase found aP>11kbars. The problem double-exchange interactions or a progressive ordering of
is to account for the ferromagnetism found beldwfor P ferromagnetic superexchange interactions withi@02)
<1lkbars, and in particular beloWw,, where there is no planes and double-exchange interactions alongctlaxis.
long-range rapid motion of the charge carriers. To addres$he former situation applies aboWgy. Therefore, we sug-
this problem, we must consider tieeorbital ordering. gest that the orbital ordering belowTa< T, represents the

In the O phase withc/v2<b<a at temperatureSl  onset of a preferred orientation of Zener pairs along d¢he
>T,r, the orbital ordering is short range and dynamic. Theaxis in response to basal-plane ordering of the(IMhorbit-
hole mobility should be nearly isotropic in this case. Mea-als not involved in Zener polarons. BeloVy,, the orbital
surements ofa(T) on (La_,Nd,)oCaMnO; samples ordering becomes stabilized into a static CDW in which the
have allowed us to identify the presence of two-manganesgener polarons become trapped with their axes oriented
polarons in the paramagnetic phd8d=ast electron transfer along thec axis so as to create a greater hole density in
within a Mn(111)-O-Mn(1V) pair would give a superparamag- alternatg(001) planes. Ordering into a static CDW beldvy,
netic, two-manganese Zener polaron. Moreover, the CMRs consistent with the observation otaaxis modulation and
phenomenon indicates the presence of a more conductivgsuppression of the polaron mobifiyas well as the failure
minority phase within a less conductive matrix, and&{&)  to find evidence for the MV)-ion ordering into alternate
data showed a progressive trapping out of the Zener polaron®01) planes'® Stationary Zener polarons with their axes ori-
from the matrix phase with decreasirig>T.. In our x  ented along the axis introducec-axis double-exchange and
=0.14 sample, the continuity ia(T) at ambient pressure on a longerc axis compatible with an O structure: A Hartree-
cooling throughT;1>T, indicates there is no discontinuity Fock calculation by Mizokawa Khomskii, and SawatZky
in the number of mobile polarons on traversing the first-orderlso orders charge along thexis to obtain ferromagnetism
orbital-ordering transition af ;r; an orbital ordering that below Tyy. Orbital ordering within (001 planes at the
introduces an anisotropy in the mobility does not change thén(lll) ions not involved in Zener pairs would give basal-
statistical contribution tax(T). However, there is a return to plane ferromagnetic superexchange interactions as in the par-
another @ phase on cooling through,;, and a sharp de- ent compound LaMn@ An intimate relation betweeil ;¢
crease irp(T) anda(T) indicates a dramatic increase in the and Tyg is demonstrated by the pressure hysteresis. On low-
concentration of mobile charge carriers on cooling throughering the pressure from 18 kbars toPa=4 kbars at room
T.. This change has been interpreted to signal growth of &emperature, dy= T ;7 is intermediate between thg,, and
more conductive, hole-rich minority phase to beyond its per-T;; found on increasing the pressure from ambient. This
colation threshold,and the evidence for spin-glass behaviorbehavior suggests that =18 kbars at room temperature,
below T in lower fields supports a two-phase model. Thethe axes of the Zener polarons are oriented alongctheis
O* phase belowT ;1 is to be distinguished from that above and the pressure hysteresis is associated with an order-
T;1, which is why an @-O* transition is found at & ;;  disorderc-axis orientation of the Zener polarons in the para-
<T. aboveP=3 kbars. The ® phase in the rang€y,,<T  magnetic phase at room temperature. Pressure stabilization
< T, with T,1<T, is conductive, which means that the Ze- of the c-axis orientation of the Zener polarons is compatible
ner polarons are mobile even though an orbital ordering hawith a continuous increase ify, with pressure, wherea
occurred. Dynamic fluctuations of the occupiedorbitals reaches a maximum in the range 0<14<0.15 at ambient
must be present even if preferentially ordered into (@) pressure.
planes. On the other hand, a relatively longxis indicates In conclusion, pressure experiments on a single crystal
the axes of the Zener polarons are preferentially orderedith a carefully selected composition=0.14 have allowed
along thec axis. The jump inT, at its crossover witfT;ris  us to demonstrate/propose the following A discontinuous
consistent with more isotropic double-exchange and ferroincrease inT. occurs atP~3 kbars whereT. crosses the
magnetic superexchange contributions in tHegbase above orbital-ordering transition temperatug,+ and also atP.
T31. The jump inT, at P~ 11 kbars reflects a stronger long- ~11kbars wherel. crosses a vibronic-itinerant electronic
range double-exchange contribution on changing from vitransition. (2) In the range Too<T<T, and 3<P<P.
bronic to itinerant charge carriers. The change in slop€.of ~11kbars, the vibronic phase contains a ferromagnetic
vs P at P, is consistent with a change from a Zener double-double-exchange contribution from mobile Zener polarons
exchange plus superexchange phase to a de Gennes doulitegether with a ferromagnetic Mihl )-O-Mn(lll) superex-
exchange phase. Significantly, there is also an abrupt deshange coupling that is made isotropic by locally coopera-
crease in the oxygen isotope effect on. near this tive, dynamic Jahn-Teller deformations. We designate this
crossovef>t’ phase a modified-Zener double-exchange ferromag8gt.

Faste-electron transfer within a Zener polaron requiresBelow T, orbital ordering introduces ferromagnetic super-
orientation of the charge density along the axis of the poexchange interactions in tH&01) planes, but the magnetic
laron. A low p(T) and a(T) below T, signals long-range order is antiferromagnetic belowTg, unless Zener polarons
mobility of the polarons in the ferromagnetic, vibronic phaseare present with axes oriented parallel to thexis; these



3838 J.-S. ZHOU AND J. B. GOODENOUGH PRB 62

polarons become trapped in a static charge-density wave beerovskites with a reduced. that show a strong magnon
low a Toe=<T; 1. (4) At a P>11lkbars andl,,<T<T,, coupling to optical phonons. On the other hand, this coupling
itinerant o* electrons ofe-orbital parentage result in a de becomes negligible in manganese perovskites having a
Gennes ferromagnetisr(b) At room temperature, a pressure higher Curie temperature. A strong magnon-phonon coupling
P= 18 kbars orients the axes of the Zener polarons along th&ould be a consequence of the modified Zener double-
C aXiS, and this orientation is retained on removal of theexchange ferromagnetism proposed in this paper.
pressure down to 4 kbars. This hysteresis is reflected at low
temperatures in a pressure hysteresi§ gf and T in the We thank A. Asamitsu and Y. Tokura for providing the
range 4<P<11kbars. single-crystal sampl¥ and the NSF, the Robert A. Welch
Note added in proofRecently, Daiet al?® have reported Foundation, and the TCSUH of Houston, Texas for financial
neutron scattering data on several ferromagnetic manganesapport.
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