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Exchange interactions in the perovskites Ca_,Sr,MnO 3 and RMnO 5 (R=La,Pr,Sm)
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Measurement of the variation of the &l@éemperaturdy, with pressureP and the compressibilitx of the
orbitally ordered Mn(ll1)Q array of theRMnO; family (R=La,Pr,Sm) and of the Mn(IV)@array of the
Ca _,Sr,MnO; system have enabled the determination for each of a systematic increaghérmagnitude of
the Bloch parameteaz=dIn Ty/dInV, and Ty with decreasing bending of th€80°«) Mn-O-Mn bond
angles. The data demonstrate that the anomalously high valuergt=5.5 reported previously for LaMnQO
is not due to orbital order and its attendant anisotropic magnetic order. A Higglethan 3.3 and an increasing
compressibility characterize a system on the approach from the localized-electron side to a first-order transition
from localized to itinerant electronic behavior. Moreover, the puzzling empirical relatiofighig co ¢) for
the m-bonding Mn(IV)GO; array is rationalized by dominance of a semicovalent exchange term over the
superexchange term in the perturbation theory for the spin-spin interatomic interactions. The data also provide
indirect evidence for a transition from in-phase to out-of-phase stacking alongakis of the(001)-plane
orbital ordering that has been predicted by Mizokawa, Khomskii, and Sawatzky.
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I. INTRODUCTION We report pressure experiments oRMnO; (R
=rare-earth) andAMnO; (A=alkaline-earth) perovskites
Transition-metal oxides may haw#” manifolds and a that were designed to explore the evolution of theeNem-
Fermi energy located between filled, predominantly @ 2 peratureT), as the localized to itinerant electronic transition
bands and empty, primarily catic) p and—on rare-earth s approached from the localized-electron side. In the
ions—5d bands. This situation allows study of the inter- RMnO; family, the t3 configurations on the Miil) ions
atomic d-d interactions without interference from electrons remain localized, and it is the-bonding e electrons that

in overlapping, partiglly filled broad .bands. . approach the transition to itinerant-electron behavViorthe

In the pseudocubi& MO; perovskl_tes, a geometric toler- system Ca_,Sr,MnOs, it is the m-bondingt? configuration
?nr;;i;:tig;ort; ('fr\;eO)e/ ‘/?ul(lk';/:m(r)n) Rt(g)'dzsng naz/(le_aé;uebgl;éhe that may become delocalized as a result of screening from
q their nuclei by back transfer of electrons from the oxygen

lengths. At<1 is accommodated by cooperative rotations of . . . .
the?\/l Og» Octahedra that bend tme-)(l)—M Eond angles from gtoms to the empty: orbitals on their neighboring MiV)
ions.

180°. A key parameter regulating the strength of the inter- . . .
yp g g d Our strategy is based on the observation that thel Ne

atomic (180°«) M-O-M interactions is the angle. This
( \ ge femperatures of localized-electron perovskite antiferromag-

angle can be modified by isovalent chemical substitutions o 2 ,
the A sites of ions of different ionic radius; small@esite  Nets vary asly~(cos' ¢), where the average is taken over

cations reducd to give a larger anglep and therefore a the three distinguishabl€180°¢) M-O-M bonds in an
smaller interatomio180°«4) M-O-M d-d interaction, and orthorhombic perovskite, the distortion from cubic symmetry
the M-O-M interactions are the dominantd interactions being created by cooperative rotations of the corner-shared
within the MO, array for 3d-block transition-metal atoms M Og, Octahedra about a cubfit10] axis. Explanation of the
M. In addition, the strength of th@80°~) M-O-M interac-  origin of this empirical relation is deferred to the discussion
tions can also be varied by the application of hydrostaticof the Ca_,Sr,MnO; system. Moreover, the perturbation
pressure. theory for localized spin-spin interatomic interactions pre-
Some single-valeritl O; arrays retain localized" mani-  dicts adTy/dP>0, whereas the theory of band antiferro-
folds in which the spin-spin interactions can be described bynagnetism predicts dTy/dP<0 (Ref. 2. The observation
perturbation theory, whereas otHdiO; arrays have itinerant that SrCrQ is a Pauli paramagnetic metal and Cagi®an
3d electrons. Moreover, sonld O; arrays have both local- antiferromagnetic insulator with dTy/dP<0 was inter-
ized and itinerand electrons. For instance, the Fe(I\V)O preted to signal band antiferromagnetism in CaCoD the
arrays have localized-bondingt® configurations with spin approach to the transition from localized to itinerant elec-
S=3/2 coexisting with a single itinerant electron per Fe atomtronic behavior from the itinerant-electron sitl&vVhether it
occupying a partially filleds* band ofe-orbital parentage. is possible to find a smooth change frond & /dP<0 to a
In contrast, the Mn(1l1)Q arrays have localizetf configu- dTy/dP>0 has remained an open question, and the recent
rations and a single localized electron per Mn atom ofargumert from the virial theorem that the transition from
e-orbital parentage occupying a locally distorted octahedralocalized to itinerant electronic behavior should be first order
site in which the distortions lift thes-orbital degeneracy suggests that this quest may prove impossible.
(Jahn-Teller distortions In addition, we have calculated the Bloch parametgr
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=dInTy/dInV from our experimental data. Blotthas ex- 6.5 -y — - 15x10°
amined numerous localized-electron antiferromagnets and E A_A_ %% [
found the empirical ruleng~—3.3. We find a systematic z 64_§ A i
increase in the magnitude afz as the transition from local- s 3 a 8 SmMnO; 10 gz
ized to itinerant electronic behavior is approached from the % 3 4 L @
localized-electron side in the single-valeAtMO; perovs- s 63 I E
kites, and we attribute this behavior to the breakdown of the EI -5
perturbation description of the spin-spin interactions. 6 2j

The relationTy~(cog ¢) has been predicted for superex-
change interactions betweembonding orbital® and ob- 0
served to hold in the perovskite famiRMnO; where the
rare-earth ionR3®" is large enough to stabilize the ortho-

rhombic perovskite structure and in the system 8004 1500
Ca _,Sr,MnO; for 0=x=<0.6 (Ref. 7). In theRNiO5 family, ) =
the linear relationship betwedh, and({cos ¢) is interrupted g 600 | 10002A~
by an intersection offy with an insulator-metal transition 35 g
temperatureT, in the Sm_,Nd,NiO3 system, and a two- g 400 E
phase regime has been found between SmNi metallic "’ 200§ StMnO; | 59
LaNiO; (Ref. 8. The end members with the highely of 3 ' i

each series are promising candidates to demonstrate any tran- ™ . T ‘ . T '
sition from localized to band antiferromagnetism. The low- 0 50 100 Tlslg 200250300

spin Ni(Il):t®e! configuration has allowed investigation of ®

the transition among only-bondinge electrons in the ab- FIG. 1. Temperature dependence (af dc magnetization in 5
sence of a localized-electron spin on thebonding kOe and ac magnetic susceptibility of SmMn&nd (b) dc magne-
electrond whereas the RMnO; family contains tization in 5 kOe andi In o/d(1/T) of resistivity p for SrMnO;.
Mn(lll): t3%e!  configurations in which a localizedt®

m-bonding configuration has a spB=3/2. In LaMnG;, a  the sample does or does not exhibit a weak ferromagnetism.
partial disproportionation 2Mn(llEs Mn(1l) +Mn(lV) set-  The powder diffraction under pressure has been performed in
ting in aboveT* =600 K on some of the Mn atoms sug- a diamond anvil cell mounted on a four-circle goniometer.
gested that, in this compound, tkeelectrons approach the The x-ray bean{2.0 kW) is generated from a Mo target in a
transition to itinerant behavidrHowever, orbital ordering sealed tube and monochromated by a graphite crystal. Two
introduces an anisotropic typ®magnetic ordefferromag- disks each with a 0.5-mm-diam pin hole are placed at both
netic (001 planes coupled antiparallel along theaxis|,  ends of a collimato(150 mm length in order to improve
which raises the concern that the anisotropic magnetic ordgyarallelism of the beam. NaCl or Au powder mixed with the
may be responsible for the large value af; that we sample powder and epoxyo hardener componeris used
reported® Therefore, we have chosen to investigate othems the pressure manometer. Powder diffraction peaks show
members of theRMnO; family in order to demonstrate a no broadening in pressures up to 5 GPa; they are collected by
systematic trend in the deviation from the Bloch rule witha Fuji image plate and integrated into a one-dimensidnal
increasingTy that shows that the anisotropic magnetic order~ 26 curve with the prograrmiT2p. The diffraction pattern is

is not the cause of the deviation from the Bloch rule inanalyzed with the prograrmbE.

LaMnGs.
B. Material preparation
Il EXPERIMENT Single-crystal samples d®RMnO; (R=La, Pr, Nd! Sm,
_ Eu, Gd, Th, and Dy and CaMnQ@ were grown in an
A. High-pressure equipment infrared-heating image furnace from ceramic bars. A gas

The measurements of ac susceptibility and resistivity unflow at 1 atm of argon was used in the crystal growth of
der pressure were carried out in a self-clamped Be-Cu cylinRMNO; (R=La, Pr, Nd, Sm, and Buand air was used for
der with internal primary and secondary coils and silicon oilth€ RMnO; (R=Gd and Tb crystals; 2 atm oxygen pressure
as the pressure medium. A 5-kHz ac current in the primaryvas used for growing CaMnO The procedure to synthesize
coil generates a magnetic field of about 4 Oe at the samplétbic STMnQ has been published previoudill samples
position. The pressure inside the pressure cell was monitoredf€ Single phase to x-ray powder diffraction. The coefficient
with a manganin pressure manometer. Depending on the si§.Tn/dP is extremely sensitive to the oxygen stoichiometry
nal quality, the measurements of dc susceptibility or resistivin the Mott-Hubbard oxide insulators as has been demon-
ity under pressure have been used to track down the pressutgated, for example, in LaTiQ = (Ref. 10. Therefore, oxy-
dependence of the Teetemperature. Correlation between the gen stoichiometry has been checked carefully to within 0.1%
dc magnetization and the ac susceptibility, Figa)lor by measurement of thermoelectric power for LaMnO
dIn p/d(1/T) obtained from the temperature dependence oPrMnQ;, SmMnQ;, and CaMnQ; it was within 0.3% for
the resistivityp(T), Fig. 1(b), are used, respectively, where SrMnQ;.
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FIG. 2. Neel temperaturdy vs (cog ¢) for the Rl\_/InO3 family at 17 kbar. The second run gave @linTy/dP=2.6
(top curve and the Ca ,Sr,MnO; system(open trianglek after %103 (kbar)"! in the range 9 P<18 kbar. These values
Ref. 7. of dInTy/dP are significantly smaller than the:n Ty/dP

II. RESULTS AND DISCUSSION =3.9x10 3 (kbar)"! of LaMnO;. More interesting is a
change in slope ta Ty /dP<0 above 18 kbar. From these
data, it is clear that the effect ohy of lowering ¢ with

The anisotropic typék antiferromagnetic order found in hydrostatic pressure is different from that with chemical sub-
LaMnO; is a consequence of ordering of the occupied Stitution.
orbital on the Mn(ll)t3e* ionst* below T;1=750 K (Ref. In order to understand the features of thg versusP
12). The orbital-ordering temperatufg; increases as La is curve of PrMnQ@, we measured the structural changes with
replaced by smaller rare-earth ioHsA neutron-diffraction ~ pressure shown in Fig. 4. The orthorhombiaxis in Pbnm
Studyl4 has revealed a sine-wave magnetic order innotation shrinks more dramatically wifd than either thea
Tan03 A|th0ugh a transition from typa_ to sine-wave orc aXiS, which is similar to the IattiCE'parameter Changes of
antiferromagnetic order takes place with increasing atomié-aMnO; under pressuré The factors=2(b—a)/(b+a)
number of theR®" ion of the RMnO; family, refinement of Mmeasures the total structural distortion due to both
structural data for both single crystals and powders hag§ctahedral-site tilting and the Jahn-Teller-site distortions due
shown that aTy~(cog ¢) relation holds from LaMn@to 1O orbital ordering. In LaMn@), the site distortions changed
SmMnO,, Fig. 2 (Refs. 15-1F, which suggests that a little with pressure?® so the decrease in thefactor from
magnetic-ordering transition occurs between SmMmd 0.69 to 058 Undep': 42 kbar reflects a reduction of the
TbMnO,. The L&" ion is the largesR®* ion, and LaMnQ  Octahedral-site rotations under pressure. Therefore, we as-
has the highest value dfy in the RMnO; family; hydro- ~ Sume that changes in tlefactor in PrMnQ under pressure
static pressure is required to incredkg further. We have are S|m|lgrly the result of a reduction of the octqhedral—5|te
reported evidence in LaMnQOof a disproportionation Cooperative rotations under pressure. Phsite cations are
2Mn(111) —Mn(ll) + Mn(lIV) on some Mn atoms setting in

A. RMnO ; perovskites

aboveT* =600 K and increasing discontinuously on heating i 756

throughT ;7 (Ref. 1), which we found to be consistent with 5.44 i_754

an unusually highd In Ty/dP=3.9<10"° (kbar) * and an € | i ! : S

ag~—5.5 (Ref. 9. In order to test whether this apparent 542 T 47s2™

breakdown of the Bloclwg~ — 3.3 rule is due to the aniso- ’ }

tropic typeA magnetic order, we have investigated the pres- ] 4

sure dependence offy for isostructural PrMng@ and 5801 <

SmMnQ;, which have lower values oF. < ] -
Figure 3 compare$y versusP for LaMnO; and PrMnQ =575 (25

over the range & P=<20 kbar. Although repeated measure- i

ments of PrMnQ gave nearly identical curves fdrn versus 570 : —_ t 230

P in the range 8<P<12 kbar, the second run provided more 0 20 40 0 20 40

. ) P kb
data points above 12 kbar. In the first run, an average ressure (kban)

dInTy/dP=1.9x 102 (kbar) ! was found within the range FIG. 4. Pressure dependence of lattice parameters for PsMnO
0<P=12 kbar; an anomalously large valueTg§ was found  The lines are linear fitting to the data.
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displaced from their position in the cubic structure by the 536+ ~7.48
cooperative octahedral-site rotations, and a decrease i the g{{

factor under pressure reduces the displacement of the Pr 3347 { 746,
ions in PrMnQ. Mizokawaet al'® have calculated that the °§5 2] 3 } { 0
cooperative orbital ordering responsible for typentiferro- ] ﬁ H} -
magnetic order may switch from on “out-of-phase” arrange- 5.3 | 234
ment of the(001)-plane orbital ordering in successiy@01) 5.844 S ’
planes(a-type ordey to an “in-phase” arrangemen(d-type 2582 ¢ 22 <
ordenp as the magnitude of the cooperative octahedral-site 5 5 230 %
rotations(their tilting) increases. Although clear experimen- 5807 o

tal evidence to show how the orbitals are ordered in LayinO  5.78+ fm

is not available to us, a significant reduction of the tilting o 0 0 0 2 " 40

from PrMnQ; to LaMnG; (Ref. 17 suggests that tha-type Pressure (kbar)

orbital ordering or a structure having a modulation between

the a type andd type along thec axis is stabilized in FIG. 5. The same as in Fig. 4 for SmMpO

LaMnO;. An in-phase orbital order in PrMnQOmay change
to an out-of-phase orbital order as increasing pressure déap integralb, than LaMnQ once the(180°¢) Mn-O-Mn
creases the octahedral-site tilting. If this phase change occut®nd angle is straightened by pressure.
and is first order, we should find evidence of a two-phase The Ty versusP curve for SmMnQ in Fig. 3 shows a
region in theTy versusP curve of PrMnQ. nearly pressure-independeny; in the range 8<P<7 kbar
From this perspective, we return to Fig. 3, which shows &ollowed by ad In Ty/dP=1.9x 10 2 (kbar) 1. A decrease
plateau in theTy versusP curve of PrMnQ in the interval  in the tolerance factor translates to a larger tilting of the
4<P<11kbar, a feature indicative from the Gibbs phaseMnOg,, octahedra, so any two-phase region associated with a
rule of a two-phase region. In support of this inference, thechange from in-phase to out-of-phase orbital order should be
ac susceptibility peak afy as in Fig. 2a) is broadened in shifted to higher, not lower, pressures. On the other hand,
this pressure range, which is consistent with the coexistencBmMnO; appears to be at the threshold of a transition from
of two antiferromagnetic phases of slightly differeny;. type-A to sine-wave magnetic order as discussed in connec-
More compelling is the observation with x-ray diffraction in tion with Fig. 2. Since the phase with sine-wave magnetic
this pressure range of two phases of close lattice parameteder has a slightly larger volume beloly (Ref. 14, the
the volume fraction of the high-pressure phase increasingvo-phase region in this case may be associated with a
monotonically with pressure on traversing the pressure rangehange from sine-wave to type-antiferromagnetic order.
of the plateau in th& y versusP curve of Fig. 3. Although Whether the orbital ordering giving typ&antiferromagnetic
the resolution of our high-pressure x-ray diffractometer wasrder is in phase or out of phase, the data for Pri¥lsGg-
not sufficient to allow determination of the structural param-gest that there is little difference in the valuesddh Ty/dP
eters of the two phases, we conclude that the two-phase réor the two types of orbital ordering, so we believe we are
gion probably represents a first-order transition from in-justified in comparing the values dfin Ty /dP for LaMnQs,
phase to out-of-phase orbital order, each phase giving BrMnGO;, and SmMnQ. From the structural data of Figs. 4
type-A antiferromagnetic order below By of similar mag- and 5, we obtain the compressibilities and hence the Bloch
nitude. As pressure increases the cooperative tilting of thparametersag| shown in Table I. Thexg for SmMMnQ; is
octahedral sites to stabilize the out-of-phase orbital ordering;omparable to that predicted by Bloch, whereas there is a
comparison should be made betweendhe Ty /dP and the  systematic deviation from the Bloch rule dg, increases
ag of the high-pressure phase of PrMa@ the range 11 from SmMnG, to PrMnG; to LaMnQO;. There is no indica-
<P<19 kbar and of LaMn@. The pressure dependence of tion that the deviation found is due to the anisotropic mag-
Ty below 7 kbar in LaMnQ@ would resemble that of PrMnO  netic order, and therefore we conclude, as in our earlier
in a narrow pressure range near 10 kbar. The change to @aper that the deviation is due to an approach to the local-
dTy/dP<0 atP=19 kbar in PrMnQ would appear to sig- ized to itinerant electronic transition from the localized-
nal a transition from localized to itinerant-electron antiferro-electron side in LaMn@. This conclusion is consistent with
magnetic order. Although @Ty/dP>0 is found for all pres- the observation of a fluctuating partial disproportionation re-
sures in LaMn@, we note that PrMn@has a smaller lattice action 2Mn(lll)=Mn(ll) + Mn(lV) above 600 K in
parameter at ambient pressure and would have a larger ovdraMnO;.

TABLE |. Parameters measured and coefficiest —d In Ty/d In V for the perovskite oxides studied.

CaMnG; SrMnG; SmMnG; PrMnG; LaMnG;

TydTy/dP (1072 kbar 1) 2.79 3.98 1.9 2.9 3.9
V~idv/dP (1073 kbar 1) 0.68 0.71 0.59 0.61 0.1
a=—dInTy/dInV 4.1 5.6 3.2 4.7 5.5

8 rom Ref. 18.
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B. Ca,_,Sr,Mn0O, system found it necessary to reintroduce the second term in(Eq.

The Mn(IV)O; array of the system Ga,Sr,MnO; con- to explain the trend of the N temperatures in the monox-
tains localizedt® configurations at the Mxn(lx\/)3e03 ions ides. The semicovalent-exchange term was also derived later

and the spin-spin coupling between half-filled orbitals with?Y Zhang and Ric€ from a two-band model for L&LuO,.

spin S=3/2 is antiferromagnetic to all six near-neighbor 1 N€ Physics involved in Eql) is quite simple:  we il-

. 3 0 3 O . . .
Mn(IV) to give typeG antiferromagnetic order. As shown in 1UStraté it for thet’e™-O-t"e” interactions in a Mn(IV)@
Fig. 2, aTy~(co€ ¢) holds in Ca_,S,MnO; for 0=x array. The Andersdr superexchange involves a virtual elec-
. 2, —xlx =

<0.6 where the structure is orthorhombic. The larg&"Sr tron transfer from a half-filledr-bondingt orbital on one
ion increases the tolerance factor, and the cooperativ tom to a half-filled: orbital on the neighboring Miv) ion.

MnOg), octahedral-site rotations change to give tetragonal:)he spin of_the tran_sferred e.'ec”"” Is conserved, an(_j the
symmetry and then cubic symmetry asincreases in the auli exclusion principle restricts transfer to a state antipar-
range 0.6sx=1.0. The deviation oT from a linear depen- aII_eI to the spin 22 the acceptor ion. The energies involved in
dence on(co€ ) for x>0.6 is associated with the change tNis transfer ar@_“andU ... Bending theM-O-M angle has

from orthorhombic symmetry. Nevertheless, tieconfigu-  N° effect on the overlap integrals involved in omebond
rations remain localized, and the magnitudeddf Ty, /dP is transfer and a competition between increasing and decreas-

highest for the compound with the largdgg in the system, ing overla_p of the othew—ocrfnal transfgr. The seml_covalent
changing from 2.&10° 3 (kbar)! in CaMnO; to 4.0 tr_ansfe_rs |_nvolve both thb; " and theb,”. The Paul! exclu-
X103 (kbar)™ in SIMnQ;, Fig. 3. In this system, there is sion prlnc_lple favors tra_nsfer of O, elect_ror_ls antlpara_llel
no orbital degeneracy to be removed by a local Jahn-Tellgi© the spin on the cations; ferromagnetic intra-atomic ex-
deformation as occurs in tHRMnO; family, and the unusu- change favors transfer of Opg electrons to the empty
ally high dInTy/dP found in the cubic phase of SrMrO orbitals that are parallel to the I\(W.)-lon.spms. Since the O
creates a new puzzle. As can be seen in Fig. 3, a saturatidhr @1d Op,; orbitals are each spin paired, electrons of op-
(or plateall in the Ty versusP curve atTy=250K atP _posne spin are prefe_rentlally transferred_ to the _twq r_1e|ghb0r—
=15 kbar appears to signal a phase transition that cannot B89 cations overlapping the same @ 2rbital. An individual
related to orbital order and is not expected to reflect a changgchange interaction becomes
in the magnetic order unless next-near-neighbor interactions canan —2r -1 - cana .
become sufficiently large to induce stabilization of a spiral- ~ J~4(D7) A TTUL+(2A,) 1+ (b;) " Ae/AG, (2)
spin configuration propagating alond Hl1] axis. , ) ) i

To begin the discussion, we note thal g~ (cog ¢) for wher_eAeX is the intraatomic exchange energy. S_lmple geo-
£3-0-t° interactions, as occurs in €aSrMnOs, does not m%grlg considerations make thebonding over!ap mtegrals_,
follow naturally from the Anderson theory of superexchange (Po) /A s~ €0S¢, so thes-bond component gives a contri-
In fact, the perturbation theory for interatomic exchange in-pution to Ty that is proportional to(cos’ ¢). The m-bond
teractions in a single-valent MOarray contains two component, on the other hand,_should have little d.ependence
terms: a superexchange term containing the on-sit®n ¢. Therefore, the observation _Of-ENN<0052 ¢>_ in the
electron-electron Coulomb enerdy required to excite an System Ca ,SrMnOj; signals an important semicovalent-
electron from one d” manifold to another and a €xchange component; in fact, 2A<U, in the
semicovalent-exchange term containing the energp ex-  Ca-xSKMnO; system makes dominant the semicovalent
cite an electron from an OpRorbital to the lowest unoccu- €xchange term.
piedd orbital of thed" manifold. The Nel temperature of an
antiferromagnetic is then given by C. Bloch rule

The overlap integral varies with théA-O) bond lengthr
Ta~ 2 (b%®)4A-2[U~14(24)7 1], (1)  asr™", and calculatioff?® has givenb®®~r~" with n
=2.5-3, which makeJy~r 1~V 33 and the Bloch pa-
whereb®® is the cation-anion electron-energy transfer inte-rameterag=d In Ty /dIn V~—3.3 provided the values df
gral and the sunX is over all virtual charge transfers in- andA do not change with the volume. From the compress-
volved in a pair interaction as well as over all nearest-ibility data measured as in Figs. 4 and 5 and TheversusP
neighbor interactions. The factor of 2 in the denominator ofdata of Fig. 3, we obtained the data of Table I. The magni-
the semicovalent-exchange term reflects the need to transferdes ofag for LaMnO; and SrMnQ are both clearly larger
two electrons from the oxygen, one to each neighboring catthan predicted by the Bloch rule. Moreover, both the com-
ion, to obtain an interatomic spin-spin interaction betweerpressibility and— ag are seen to increase systematically with
the cations. The semicovalent-exchange mechanism was inl, for both the Mn(ll1)O; and Mn(1V)0; arrays. This be-
tially proposed® in 1955 and was subsequently given math-havior could signal a decreaseAn, and/orA , with increas-
ematical form by Neshét-??After identification of a charge- ing pressure with a breakdown of the assumption of a con-
transfer gapA, Geertsmaf? obtained a more explicit stantU andA, which would simply be a breakdown of the
formula. Since both terms in E@l) give the same rules for mathematical model. On the other hand, it could also signal
the sign of the exchange interactithit became customary the influence of a double-well potential for the equilibrium
to apply only the Anderson formulation for a qualitative dis- (Mn-O) bond length on the approach to a first-order phase
cussion of the interatomic interactions. However, Sawatzky transition. This second option becomes plausible for
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LaMnO; because of the onset of a fluctuating partial dispro- IV. CONCLUSIONS

portionation reaction abové* ~600 K. Moreover, theTy

for SrMnO; saturates above 14 kbar, Fig. 3, which signals Investigation of the effect of pressure on théelNeem-
the onset of a first-order phase change where there can be perature and the compressibility of the orbitally ordered
possibility of orbital reordering; the possibility of a first- RMnO; family (R=La,Pr,Sm) and the Ga,Sr,MnO; sys-
order change in the O®admixture in theM-O bonding tem have revealed the following:(1) In the orthorhombic
could, however, enhance next-near-neighbor interactions tsamples,Ty~(cos ¢) holds for both the Mn(lll)Q and
induce a change in the antiferromagnetic order. Moreovemn(IV)O; arrays; a discontinuous decreasefimn passing
the higher compressibility of the LaMn@nd SrMnQ crys-  from orthorhombic to cubic structure found in SrMp@ives
tals is consistent with the approach to the crossover of gge to a discontinuous increaseTr,. (2) A systematic in-
double-well potential of théMn-O) bond. A similar system-  .rease in the magnitude of the Bloch parametes
atic enhancement of a and compressibility was observed _ 4y T, /dInv with increasingT, from its normal value
in the RNiO5 family asTy increases to that of SmNQ the — az=3.3 to 5.5 and 5.6, respectively, in both tRMnO,

compound on the threshold of the transition from localized tofamily and Ca_,StMnO, system shows that the anoma
—xlx 3 3

iinerant electronic behavidr. lously high value of- ag for LaMnO; previously reported is
In the two-phase region at the crossover from localized to y g 98 b yrep

itinerant electronic behavior in theRNiO5 family and in the not du? to (;he30r§|tatl ordtt_ar _and the r_estL;]Itlng amsotrpbp;c
La; _,Sr,MnO; system, the thermal conductivity is strongly magnetic order(3) Systematic increases in the compressibil-

suppresse® Both the single-valenRNiO, family and 'ty @nd in|ag| asTy increases in both thRMnO; family
mixed-valent La_,Sr,MnO; system show a complete cross- 21d the Ca,SrMnO; system are not simply due to a
over from localized to itinerant electronic behavior; suppresPréakdown of the mathematical description of the inter-
sion of the phonon contribution to the thermal conductivity istomic interactions; they also reflect the existence of a
confined to the crossover region where a dynamic phase sefouble-well potential for the equilibrium(Mn-O) bond
regation is realized by locally cooperative bond-length fluc-length on the approach to a first-order crossover from local-
tuations. It is, therefore, significant that the thermal conducized to itinerant electronic behavids) Interpretation of the
tivities of LaMnO; and SrMnQ are lower than other variation of Ty with P is made complex for th&kMnO,
members of theRMnO; family or the Ca_,Sr,MnO; sys-  family because changes in orbital ordering and in the mag-
tem just as was found for SmNiQwhich is known to be at netic order can each give rise to first-order phase changes
the threshold of the crossover from the localized-electrorbefore any crossover from localized to itinerant electronic
side. behavior occurs(5) The TN~<cos2 ¢) dependence found in
Finally, a word of caution about extrapolation of thesethe orthorhombic structure having Mn(IV}Garray and the
findings to other perovskite systems. For example, thenomalously highd In Ty/dP of SrMnO; both provide fresh
itinerant-electron antiferromagnet Lalj@xhibits an unusu-  evidence for the dominance of the semicovalent-exchange

ally high d InTy/dP=4.9x 10°° (k_bar)‘l (Ref. 10, butTn  term in perovskites with a charge-transfer gag U _.
decreases as the bending angléncreases until there is a

change to ferromagnetic order at Gd{i@ith T. increasing
with ¢ for the heavier rare eartfiSIn this case, competition
between antiferromagnetic and ferromagnetic order at the
crossover from itinerant-electron antiferromagnetism to fer- ) _ ) .
romagnetic order results from &* band that is less than Ve thank J. Yan for his effort in programming, which
half-filled, and the composition with the highe®t,—viz, made the data transfgr in the x-ray diffraction pQSS|bIe, Pro-
LaTiOs—is not at the threshold from localized to itinerant fessor B. Dabrowsk| for providing the ceramic SrMnO
electronic behavior. Broadening of the* band of LaTiQ sample, and the financial support of the NSF, the TCSUH of
with pressure lowers the competition from ferromagnetic in-Houston, Texas, and the Robert A. Welch Foundation of
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