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Orbital order-disorder transition in single-valent manganites
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The temperature dependence of the resistance and the thermoelectric power have been measured to high
temperatures on single-crysRMnO; (R=La, Pr, Nd and LaMn _,Ga0; (0<x<0.5). The data reveal two
well-defined transition temperaturé$ andT;r; atT<T*, a cooperative Jahn-Teller ordering of the occupied
gy Orbitals of the Mn@), octahedra stabilizes an antiferromagnetic-insulator phase, and 8§, short-range
orbital fluctuations stabilize a conductive, ferromagnetic phaiseand T ;7 vary linearly with({cos ¢), as does
the Neel temperatureTy, in the RMnO; family where ¢ is the bending of thé180°—¢) Mn-O-Mn bond
angle. All three critical temperatures vary linearly within the LaMn,_,Ga 05 systems for 6=x<0.4. The
phase diagrams for tiRMnO; andRNiO5 families show common features; differences in their properties are
due to a Hund intra-atomic exchangeRMnO; that is not present iRNiO5 perovskites and to a larger 2
component in the, orbitals of theRNiO3 family.
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INTRODUCTION Teller fluctuations. A change in slope of the temperature
dependence of the resistivip(T) and of the thermoelectric
Perovskites AMO; with a tolerance factor t power a(T) at T*~600 K is due to nucleation of an orbit-
=(A-0)/V2(M-0)<1 adjust to the mismatch of their ally disordered phase in a volume fraction of the high-
(A-O) and M-0) equilibrium bond lengths by a coopera- temperature phase; this volume fraction grows monotoni-
tive rotation of the M-0)g/, octahedra. A coopeartive rota- cally with increasing temperature in the intervaf <T
tion about a cubi¢110] axis results in théd orthorhombic  <T,y, but it increases discontinuously on heating across
phase of GdFeQ which hasc/a>v2. An octahedral-site  T;r. Raman spectroscopy has revealed the existence of
M=Mn3" ion has a high-spinggeé configuration, and a orbital-disorder fluctuations in the interval <T<T ;.
Jahn-Teller distortion of the octahedral site to tetragonal or An abrupt jump in the Weiss constant of the paramagnetic
orthorhombic symmetry lifts the twofold energy degeneracysusceptibility on heating througfi;r signals a change to
of the g, level. In the perovskite LaMnQ a cooperative three-dimensiona(3D) ferromagnetic interactions from the
Jahn-Teller distortion of the Mng) octahedra below a tem- 2D ferromagnetic coupling withii001) planes and antifer-
peratureT;r orders at long range the occupieg orbitals ~ romagnetic coupling between these plaftgpe-A antiferro-
within the (001) planes of arD orthorhombic structure so as magnetic order found below a W temperatureTy) in
to minimize the elastic energy; the orbital ordering produceghe O’ orthorhombic phas&.The existence of real charge
an O’ orthorhombic structure witli/a<v2.! On heating to  transfer in theO* orthorhombic phase abov&;r intro-
T>T;=780K, a first-order change from static long-rangeduces the possibility of ferromagnetic double-exchange inter-
orbital order to disordered, fluctuating local Jahn-Teller dis-actions in addition to ferromagnetic vibronic-superexchange
tortions results in a pseudocubf®* -orthorhombic phase interactions.
with c/a~v2.? The proposed vibronic state associated with dynamic
It has been widely accepted that, in LaMnQhe coop-  Jahn-Teller distortions and real charge transfer alloyéas
erative Jahn-Teller distortion enhances the on-site Coulomkecently been confirmed by x-ray absorption spectros€opy.
energyU separating the localized-electron #rMn3* and  Moreover, the spectral weight of optical conductivity moves
Mn®**/Mn?* redox energies. On heating throu@hr, a de-  to lower energy on heating throughyr.” However, there is
crease in the resistivity and an abrupt drop in the thermoeleaio Drude peak in the optical conductivity, which confirms
tric power to a nearly temperature-independent, small valugnhat the mobile electrons aboWg; do not have a momentum
signal a lowering ofU to give a partial overlap of the two described by a well-definekl vector as is to be expected for
redox energied Neverthelessy.4 does not change on cross- mobile localized electrons.
ing T,r,% which signals that the electrons remain localized as  The electronic state in th©* orthorhombic phaser
a result of a strong intra-atomic-exchange couplipyind  >T;; remains poorly understood, as is evident from these
exchange fieldbetween the localized spi®=3/2 of thetgg documented data. In this paper, we report the dependence of
manifold and the mobile, electrons. Therefore, the partial T*, T;r, and the transport properties of tR&nO; perov-
overlap of the redox energies has been represented as a flugkite family, whereR is a lanthanide, in order to understand
tuating charge disproportionation 2¥h=Mn?"+Mn** on  better how these evolve with increasing Mn-O-Mrbond
some of the Mn atoms. The disproportionation reaction beeverlap integral. Because the highest overlap integral occurs
comes possible in the orbitally disordered phase where bonda LaMnQO;, it is not possible to access by chemical substi-
length fluctuations permit breathing-mode as well as Jahntution the transition from an orbitally ordered, antiferro-
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magnetic insulator to a Pauli paramagnetic metal. However, Temperature (K)

the cooperative Jahn-Teller distortion can be suppressed by

. . 3+ . . - _
diluting Mn™™ with a nonmagnetic ion such as Ca Sup LnMnO; single-crystal samples with lznLa, Pr, Nd and a ceramic

pression ofT 37 by Ga substitutior_1 en_ables access to ferro-salrnIDIe with Lr=Lag Pry; (b) LaMn,_,Ga0s (0=<x=0.5). The

mag_netlc ordering Qf th_e Mn spins na ph_ase having qy'much higherp in Ln=Lag sPry 5 appears to be due to heavy grain

namic Jahl_"n-TeIIer dl_stor_tlons. C_:omparlson with th(_e eV°|Ut'°rboundary scattering in this polycrystalline sample.

of electronic properties in the single-valent famitiNiO; (R

denotes rare-earth metals, including yttrjuhaving a low- ]

spin t3,e} electronic configuration on the Wi ions high- ~ Correspondence betweelt obfained from the change of

lights the role of the Hund intra-atomic-exchange couplingS/oPe of a(T) and a change from a linear dependence of

between the mobile, electrons and the localized spB In(p/T) versus 1T holds also for the other members .of the

—3/2 of thet3, configuration on the Mt" ions, a coupling RMnOs family and the system LaMn,Ga,0;. The activa-

that prevents the, electrons from becoming delocalized in tion energy has been obtained from a linear fitting in a

the paramagnetic state. In(p/T) versus 1T plot and the temperature for this fitting is
limited to the range where changes gradually fof <T*
andT>T;r. The expression gb=pyT expE,/KT) has been

EXPERIMENTS AND RESULTS derived in the calculation of phonon-assisted hoppth@n

Single crystals of LnMn@ (Ln=La, Pr, Nd, and Sm the other hand, a Ip versus 1T plot of our data gives a
were grown in an argon atmosphere from ceramic bars in aR&Irower range of linear temperature dependence than that
infrared-heating image furnace. The ceramic bars were preabtained with the Ing/T) versus 1T plot. Although theO’ to
pared by solid-state reaction from the constituent oxides. A transition atT ;; changes from first order to higher order
ceramic sample of LaPr,-MnO; was synthesized at With decreasing mean size of thesite lanthanide ion in the
1250 °C and then annealed at 1000 °C in argon; the cerami@MnO; family, Fig. 2a), and with increasingx in the
sample was used for measurement because a stable meltihgMn, _,GaO; system, Fig. &), neverthelesd ;r remains
zone could not be achieved in an attempt to grow awell defined in all samples but=0.50. In all the samples, a
Lag sPrysMnO5 crystal. The procedure for growing crys- large drop inp occurs in the interval* <T<T;; but the
tals of LaMn_,GaO; has been reported elsewhére. temperature dependence of the resistivity retains a semicon-
All samples were single phase as observed by x-ray powdetuctive dependence with the intrinsic activation enelgy
diffraction and, as determined by the value of the thermogiven in Table I.
electric power at room temperature, close to oxygen sto- Table | also shows thE, values obtained from Ip(T) vs
ichiometry. Measurements of the transport propertiesl/T below T* in the O’ phase. Except for LaMnQand x
were carried out in vacuum (I8 atm) on a homemade =0.35, theO* phase has a higher apparéh than theO’
setup as described elsewhér&he contribution from the phase belowl* even though its resistance is much lower. A
Pt leads was subtracted from the results. The dc magnetizeeproducible room-temperature before and after a high-
tion was obtained with a SQUID magnetomeft@uantum temperature run rules out the possibility that the oxygen
Design. stoichiometry changes at>T;r. E, in both theO’ and

Plots versus T/ of the In(/T) and of the thermoelectric O* phases increases with decreasing size of th&' Lion;
power «(T) for LaMnO; are superimposed in Fig. 1; they it increases less with increasing in the LaMn _,GaO;
show clearly defined critical temperatur€s andT,;. The  system.

FIG. 2. Temperature dependence of the resistivity (af
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TABLE 1. The activation energy obtained from the plot of i) vs 1T for RMnO; and
LaMn; ,GaO5. The error bar ist0.01 for those not labeled.

R or x La LaPrd  Pr Nd 01 015 025 035 05
E, (eV) (T<T*) 0.33 0.49 036 041 033 044 044 066 058
+03 =+.03
Ea(eV) (T>Ty) 032 0.61 077 123 049 045 056 059 061
+07 =*.07 +.03

aCeramic sample.

Figure 3 shows that the thermoelectric powiT) for all
samples, except=0.50 of the LaMn_,Ga O3 system, ex-
hibits a well-definedr* . In the RMnO; family, both T ;; and

dependent of whether the orbital ordering in t661) planes
is in phase or out of phase on traversing thexis. Mi-
zokawaet al® have calculated that decreasingtabilizes

the interval T* <T<T,; are seen to increase systematicallythe in-phase arrangement.

with decreasing size of th&-site cation, i.e. with decreasing

We summarize our results in Fig. 4 where we plot for the

equilibrium (A-O) bond length and therefore with decreas-LnMnO; family not only Ty, but alsoT* and T;; versus

ing tolerance factot. In the LaMn _,GaO; system,T* and
Ty decrease with increasing, but the interval T* <T
< T4y changes little withx.

DISCUSSION

The Mn-O-Mn overlap integral for the-bondinge, or-
bitals is proportional tgcos¢), where ¢ is the bending of
the (180°—¢) Mn-O-Mn bond angle resulting from the co-
operative rotations of the Mng) octahedra about a cubic
[110] axis to accommodate a tolerance facterl.}* The

(cog ¢); for the LaMn, _,Ga,05 system, we plot these criti-
cal temperatures versus A striking feature of Fig. 4 is the
linear variations with(cos ¢) or x of all three critical tem-
peratures. Becaus€* marks the onset of orbital-disorder
fluctuations andT;; the long-range orbital order-disorder
transition, T* can be expected to vary wittcos ¢) in a
manner similar toT ;1. A Ty~(cog ¢) is due to a virtual
charge transfer across the energy gdp between the
Mn**/Mn3* and Mrf*/Mn?* redox couples; perturbation
theory introduces the square of an overlap integral. A linear
decrease of* and T, with increasing(cos ¢) means that

strength of the spin-spin interactions between localizedthe orbital-ordering temperature may be describedT gs

electron configurations is dominated by #dond superex-

~ a—Bb?/U, whereb~(cos¢) is the electron-energy trans-

change in the(001) planes and by semicovalent exchangefer integral.

along thec axis!? so aTy~(cos ¢) can be anticipated in-
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The existence of a disproportionation fluctuation on a
fraction of the Mn atoms in the orbitally disordered phase
shows that in the manganites having a redox-energy band-
width W, the energyU separating the MW /Mn3* and
Mn3*/Mn?* couples decreases fronta>W in the orbitally
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FIG. 4. Phase diagram of the transition temperatures as a func-
tion of (co€¢) and x for LnMnO; and LaMn_,Ga0;. The
anomalous value of* for LaygPrysMnO; was obtained from a
ceramic sample. The anglg has been taken from the refinement
from single-crystal diffraction(Refs. 25 and 26and from powder

FIG. 3. Temperature dependence of the thermoelectric power odiffraction (Ref. 27. The angle¢ of Lay sPr, sMNO; was taken as

the same samples as Fig. 2.

an average value of LaMnand PrMnQ.
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ordered phase to a finitd <W in the orbitally disordered phase abovd ;; appears to be retention of a finitd<<W.
phase. The virtual charge transfers across the energyJgap _Table | shows thaE,~AH,, for T<T* increases progres-

in the orbitally ordered phase become real charge transfers ilvely as the size of the lanthanide ion decreases, i.e., as the
the orbitally disordered phase, and the associated breathingslerance factot decreaseqThe variance of thé-site cat-

mode oxide-ion displacements disrupt the cooperativity ofon sizes in the ceramic laPr, sMnO; sample may influ-
the static Jahn-Teller deformations. The order parameter fasnce itsg, value. For T>T,;, the larger value of, in

the transition is the volume fraction of the orbitally ordered prMnO, and NdMnQ than that for T<T* implies E,

phase. In LaMn@, t_he order pararn_eter drops discontinu- ~AH,+(E4/2) in the temperature range> T of mea-
ously to zero in a first-order transition @tr; in PrMnO;  surement;E, would be the energy required to create addi-
and NdMnQ the transition is second order, and a nonper-tional disproportionation fluctuations.
colating volume of the ordered phase appears to persist We note that the structure abovg;; changes from
aboveT ;7 in analogy with a temperature range of short-rangepseudocubi®®* with c/a~v2 to O orthorhombic withc/a
order. >v2 on passing from LaMn@to PrMnQ; and NdMnQ

Substitution of G&" for Mn®* in LaMn, _,GaO; weak- (Ref. 15 and that the transition af;; changes from first
ens the cooperativity not only of the spin-spin interactionsto second order a$; increases. The short temperature in-
but also of the Jahn-Teller distortions of the Mpbctahe-  terval of measurement aboVgr in the case of PrMn@and
dral sites; thereforé[* andT;; decrease with increasingin ~ NdMnO; may represent a smooth decrease in the volume
a manner similar toly. Nevertheless, &;;~580K is re- fraction of the orbitally ordered phase aboWgr, this
tained atx=0.4 whereas Figs. 2 and 3 provide no sharplyfraction disappearing at higher temperatures. In the
definedT* or T,r at x=0.5. This disappearance & and @M -xGa0s system; the activation energiés,~AH,
T, at high temperature is due to a spinodal phase separatioffMain similar forT<T* and T>T,r, but AHy, increases
In the range 0.4x<0.5, the system contains a ferromag- With X as the number of Mn near neighbors decreases.
netic, orbitally disordered phase coexisting with an antifer- | ne orbital ordering below rin LaMnO; introduces an-
romagnetic, orbitally ordered matrixX-ray diffraction from  ISOtropic spin-spin interactions thatlresglt in typenagnetic
a powder obtained by crushing a small piece of xhe0.5  Order below the Nel temperaturdy .~ This typeA magnetic
crystal showed retention of a matrix of the orbitally ordered®rder is found for all theRMnO; compounds of this study,
O’ phase at room temperature. The crystal was a magnetic¢€ for Ln=La, L& Pros, Pr, and Nd. However, a helical
glass in low magnetic fields; it converted to a ferromagneSPin configuration has been found in TbMa& and a type-
with a complete spin-only magnetization in a field of 5 kOe, E Spin configuration in HoMn@consists of an unusual up-
which reveals the presence of a ferromagnetic, orbitally disUP-down-down spin ordering on successid 1) planes.
ordered minority phase that grows in an applied magnetit.G'Vf+” an increase in 2t+he splitting)  between the
field at the expense of the orbitally ordered antiferromagnetin”" /Mn>" and MR */Mn couples as the tolerance fac-
matrix. Note that thex=0.5 sample is an insulator; double tor t<1 decreases, these changes in the long-range magnetic
exchange is not operative and the ferromagnetic couplin@rder appear to rgflect an increase in the next-near-neighbor
associated with orbital fluctuations demonstrates the exis2Pin-spin interactions as tt{80°~ ¢) Mn-O-Mn bond angle
tence of the ferromagnetic vibronic-superexchange imera(gecreasegf_ . .
tion proposed years agb.Figures 2 and 3 show that the [N an oxide, octahedral-site Ni has the low-spin con-
transport properties of the=0.5 Crysta| vary Smooth|y over figurationtggeé with a Singleeg electron in a twofold orbital
the entire temperature range of measurement; no weldegeneracy; it is, therefore, a Jahn-Teller ion such as high-
defined change of slope in eithe(T) or a(T) is found to  Spin Mr?*: t3,eq, but without the strong Hund intra-atomic-
signal eitherT* or T,; of a percolating matrix, perhaps be- exchange coupling of the, electron to a localized spi§
cause the orbitally ordered matrix does not percolate untik3/2 from a hah‘-filledtgg manifold. Therefore, it is instruc-
temperatures well below ;. tive to compare the phase diagram of Fig. 5 for BRi¢iO5

At temperaturesT<T*, the activation energieg, in  family with that of Fig. 4 for theRMnO; family.
Table | of p/ T~exp(—E,/KT) reflect the motional enthalpy The O’-O* orthorhombic transition af ;7 in Fig. 4 is
AH,, of a small-polaron mobility. In the case of LaMpQ replaced in Fig. 5 by an insulator-metal transition T,
E,~AH,,~0.33 eV forT<T* is essentially the same, 0.32 from monoclinic (P2,/n) to orthorhombic symmetry; the
eV, for T>T;r. E,=0.33 eV forT<T* is close to the en- magnetic order below y is type E in Fig. 5, whereas it is
ergy of the leading edge of the gaf, in optical typeA in Fig. 4 for the lighter lanthanides &MnO;. The
conductivity! Closing up of thisEy at T>T 1 (Ref. 7) indi- relation Ty~ (cog ¢) holds in theRNiO5 family only until it
cates that more charge carriers are available and the activs intercepted byT,,, in the system Nd ,SmNiO; at x
tion energy obtained in this temperature range also reflects-0.4. Okazaket al!® have studied the Nd ,SmNiO3 sys-
the motional enthalpyAH,,,. This observation implies that tem with photoemission spectroscopy and have found the
the bond-length fluctuations perturb the periodic potential sappearance of a pseudogap in the metallic phase abgyve
as to introduce Anderson localized states in band tails thabr x>0.4. We have shown elsewh&tevidence for the co-
overlap atT>T;,r. Although U is reduced, the energy gap existence of strong-correlation fluctuations in a metallic ma-
between mobility edge remains huge. What limits the vol-trix already in LaNiQ, the volume fraction of these fluctua-
ume fraction of disproportionation fluctuations in tia* tions increasing ag,, increases, and we have found the
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o Ty change from metallic to vibronic behavior g, increases
Eu . A Ty with decreasing tolerance factor. Moreover, the transitions
400 - \Sm at T,y and aftT ;1 both change from first order to higher order
. as the tolerance factor decreases in the localized-electron

domain.

T (K)

200 CONCLUSIONS

Measurements on single crystals of the high-temperature
transport properties and the low-temperature magnetic prop-
erties of the RMnO; (R=La, Pr, Nd family and the

0 . Lf‘ LaMn,_,Ga0O; system with G=x<0.5 have revealed the
7 os oo following: (1) An orbital order-disorder transition occurring
<cos’¢> over a temperature intervdl* <T<T; is associated with

marked changes of resistivity and thermoelectric power as
FIG. 5. The phase diagram &NiO3 (R=La, Pr, Nd, Sm, Eu, well as a structural transition fro®’ orthorhombic in the
and Gd. The transition temperatures have been taken from Ref. 2%rbitally ordered phase t0* or O orthorhombic in the or-
and the anglep from Ref. 29. bitally disordered phasé&2) Collapse of the thermoelectric
power over the interval* <T<T;; shows a disproportion-

. ) ) o ) ation reaction occurs on a fraction of the Mn atoms in the
a_ssomated bond-length fluctuations in the V|c!n_|tquN‘,I in orbitally disordered phase, but a finite<W is retained(3)
Fig. 5 where a crossover from localized to itinerant elec-the mobility of the electronic charge carriers remains acti-
tronic behavior occurs: . . vated in the orbitally disordered phase with a motional en-

Measurement of the change f with hydrostatic pres-  thajpy AH,, similar to the activation energi, in the orbit-
sure has shown that the assumption of a pressureyly ordered phased) In LaMnO;, the volume fraction of
independent electron-transfer energy gap in the supereéXan atoms undergoing disproportionation fluctuations re-
change perturbation theory breaks down in LaMi© a  mains unchanged above a first-order transition from@tie
similar conclusion has been obtained for Smpi® As far to theO orthorhombic structure &t,y; the finiteU <W does
as we know, clear evidence of orbital ordering in the mono,qt change with increasing temperatuf8) In the RMnO;
clinic phase belowT,, has not been reported. However, it family, T* and T,y vary linearly with(co€ ¢) as doesTy;
has been arguédithat the two distinguishable Ni sites re- o aﬁgle¢ measures the bending of the (180%) M.
fined in P2, /n may be explained by different orbital order- o_ymn bond angle, and a virtual charge transfer from one
ings instead of a small charge disproportionation as detetsiom to a neighbor varies, in second-order perturbation
mined by other group¥' The difference between Figs. 4 and theory, agcog ¢). T* and T, decrease with increasing vir-

5 reflect a greater degree of delocalization ofégelectrons 5 charge transfer wheredy, increases(6) T*, T,r, and

in the RNiO5 family than in theRMnO5 family. Two factors T, all decrease linearly with in LaMn, ,Ga,Os for 0<x
contribute to this difference(1) the Hund intra-atomic- <0.4, butT* andT,; are not defined by the transport data in
exchange pgu_pling on a Mn ion, which is not presenton a he y=0.5 sample where spin-glass and metamagnetic be-
low-spin NF* ion, .a+nd(2) astronger O p componentinthe  pyior signal the coexistence of an orbitally ordered, antifer-
e93+orb|_t2a+ls of NP than those of MA* because the romagnetic phase and an orbitally disordered ferromagnetic
Ni®"/Ni“" redox couple is pinned at the top of the @ 2 phase in low magnetic fields; the ferromagnetic phase grows
barﬁs, ngreas an on-site Coul+omb 2e+ndﬂg§separates the in an external magnetic field7) Comparison of the phase
Mn**/Mn®" couple from the MA*/Mn?" couple. diagrams for theRMnO; and RNiO; families shows that

~ Consequently, the characters of the two low-temperaturgyege singles,-electron systems exhibit common features on
insulator phase_s are different; the manganese oxides have gy approach, from the localized-electron side, to crossover
O’ orthorhombic structure and require a quite small toler-fom |ocalized to itinerant electronic behavior. However, the
ance factor to stabilize typE- antiferromagnetic order, Hund intra-atomic exchange and a smaller ® @mponent
whereas the nickel oxides have a tfpenagnetic order be- i, the e, orbitals of the M ions restrict theRMnO, fam-

low Ty, for all compositions and a monoclini®@, /n) sym- jy to ocalized-electron behavior, whereas RBIiO; family

metry with two distinguishable Ri sites having different indergoes crossover to itinerant-electron behavior on passing
mean(Ni-O) bond lengths. Spin-spin coupling to next-near f.om SMNIO; to LaNiOs.

neighbors in théRNiO5 family is due to a larger O 2 com-
ponent in theey orbitals as well as a small tolerance factor.
On the other hand, the conductive phases aligyandT,,
appear to be similar; in both families, the conductive phases
have properties characteristic of the coexistence of itinerant The authors would like to thank the NSF, the TCSUH of
and localized electronic states although the manganites eXxtouston, Texas, and the Robert A. Welch Foundation of
hibit an activated electronic mobility and the nickelatesHouston, Texas for financial support.
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