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Influence of the cooperative Jahn-Teller effect on the transport
and magnetic properties of Lag,gSr;,sMnO 5 single crystals
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Laboratorium voor Vaste-Stoffysica en Magnetisme, Katholieke Universiteit Leuven, Celestijnenlaan 200 D, 3001 Leuven, Belgium

L. Pinsard and A. Revcolevschi
Laboratoire de Chimie des Solides, Univerdraris-Sud, 91405 Orsay @ex, France
(Received 12 July 1999

The low-doped magnetic perovskite 4gor,sMNO; undergoes within the paramagnetic-semiconducting
phase a first-order structural transition due to antiferrodistorsive ordering of Jahn-Teller deformed MnO
octahedra. This allows us to study not only the influence of the spin configuration on the magnetotransport
propertieq colossal magnetoresistan@MR) effect| but also the role of orbital order and disorder. The orbital
ordering transitioiat 269 K in zero magnetic fieldcauses a doubling of the resistivifyegardless of the CMR
effect in applied magnetic fieldsind a drop of the paramagnetic susceptibility. The latter might be interpreted
in terms of a shrinking of spin polarons. External magnetic fields shift the ordering transition to lower tem-
peratures according to the field-induced decrease of the carrier localization. The magnetic-field—temperature
phase boundary line was investigated by means of magnetoresistgnte 12 T and pulsed-fields magneti-
zation measurements up to 50 T. The pronounced magnetization anomalies, associated with the phase transi-
tion, vanish for fields exceeding 20 T. This behavior has been attributed to a field-induced crossover from
antiferrodistorsive order to a nondistorsive/ferromagnetic orbital configuration.

[. INTRODUCTION pounds are antiferromagnetic insulators at low temperature,
and applying magnetic fields destroys the antiferromagnetic
Rare-earth(R) manganites with partial divaleD) sub-  alignment as well as delocalizes the charge carriers, thus
stitution on the rare-earth site, i.d?; _,D,MnO;, show a resulting in a negative magnetoresistance of several orders of
transition from a paramagnetic-semiconducting phase to eagnitude'! At low temperature the L crystals are ferro-
ferromagnetic-quasimetallic state. This insulator-metal tranmagnetic insulators, and the transition to the ordered state
sition can be tuned by an external magnetic field, resulting irshifts to higher temperatures under external fields, giving rise
a negative colossal magnetoresistai€dR) effect’ An  to a slightly positive magnetoresistanée.
overview on the physics of manganite materials in general Another important feature of manganites, besides magne-
and the relevant electronic transitions can be found in théism and charge ordering, is the Jahn-Te([EF) distortion of
review articles by Ramirézand by Imadaet al® The rela- the MP* 0%~ octahedra. A review of the Jahn-Teller ef-
tionship between ferromagnetic spin alignment and enhancef@ct in general can be found in Ref. 16. Its most common
charge-carrier mobility between neighboring #in and  appearance is a volume-conserving elongation of the octahe-
Mn*" ions has been described in terms of the doubledra along one axis and a compression along the other two
exchange modéland its recent extensions, taking into ac- axes. This lifts the energetic degeneracy of tlieed level
count the role of electron-phonon coupling and the existencand stabilizes the &;,2_,2 orbital with respect to the
of a Berry phasé® Also a Mott-type hopping model, in 3d,2_y2 state. In the following we will refer to these orbitals
which the effective barrier depends on the mutual spin orisimply as “3z—r?” and “x>—y2.” At high temperatures
entation at the hopping sites, gives a correct description athe distortion is not reflected in the variation of the lattice
the CMR effect in the paramagnetic and in the ferromagneticonstants due to a mixed occupation of these orbitals, which
state’ The charge carriers are quite close to the localizedan moreover be randomly oriented along the main crystal-
state and the shielded Coulomb repulsion between them rdine axes. There is also a breathing-type oscillation between
sults, for special commensurate substitution ratios, e.g., the elongated type and a compressed version of the JT dis-
=1/8,1/4,1/2, in an additional phase transition to a chargetortion, which favors thex?—y? orbital rather than 2
ordered, poorly conducting state, being commonly described-r?. This disordered and fluctuating state can be described
as “Wigner-” or “charge-crystal.’®® Prototypes of as a “dynamic JT state,” abbreviated as DJT. The JT-
charge-ordering compounds are single crystals of,JNd ordering temperatur@ , is characterized by a preferential
(Pl S MnO; (Refs. 11 and 1R and LaSrMnO;  occupation of 3%—r? orbitals and the distortion becomes
(Refs. 13—1% The superstructure of ordered chardbtn  static with a coherent orientation of the elongated axes
ions of different valencywas in both cases confirmed by throughout the sample. This state is described in the follow-
neutron- and hard-x-ray diffraction. Fundamentally different,ing as “cooperative JT effect” and abbreviated as CJT. Pure
however, is the behavior of these Wigner phases under theaMnO; shows the so-called antiferrodistorsive orbital

influence of external magnetic fields: the 50%-doped comerder:’*which minimizes the increase of elastic energy on
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a macroscopic length scale. This peculiar type of order is
preserved in doped manganites with a maximunf Moon-
tent of x=0.151° at the expense of a lowering @f, €.g.,
from 790 K for the undoped system to 269 K for 1/8.1%1°

The main objective of this article is to investigate the
relationship between the resistive/magnetic properties of
LaygSr,eMnO; single crystals and the orbital configuration
of the ey electrons. These electrons mediate the
transport—as well as the magnetic properties—and the dif-
ference between a random configuration and a static arrange-
ment of electron orbitals should have a significant impact on
charge transfer and magnetic interactions on a macroscopic
scale. More specifically, we found that freezing the orbital
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configuration into a regular pattern enhances the resistivity 0124

by roughly a factor of 2, accompanied by a simultaneous 20104

drop of the paramagnetic susceptibility. Both observations § 0084 ., -
will be analyzed and explained on grounds of an orbital- ~ 0064 2,

ordering model, which is based on the magnetic- and charge- 5 0.04- §\m

transfer interactions between the diluted Mrions and the 5 0024 2. T |

surrounding nearest neighbors of #n 0.00] Temperature(K
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: . FIG. 1. Temperature dependence(@fthe lattice constants of a
Single crystals of LagSr;gMnO3 were prepared from sin-
g 4 18 3 prep hLa7,8Srl,8MnO3 single crystal(according to Ref. 15 (b) the resis-

tered polycrystalline rods by the floating-zone method, wit tivity, and (c) the low-field magnetization. The cooperative JT tran-

the growth direction approximately along thexis?° Dueto .. ; \ Ve
the ?elative smallnessprc;f the orth%rhorr?bic deviation from aSltlon atT,r=269 K results in a doubling of the resistivity and a

. drop of the paramagnetic susceptibilifgee inset in(c)]. The
perfectly cubic structure we cannot, however, exclude th%radual lifting of the cooperative JT distortion below the Curie

possibility of some microtwinning in the crystals. The temperatur€188 K) is associated with the steplike development of
sample used for our measurements was cut to the dimensiogSteromagnetic/quasimetallic, and finally ferromagnetic/charge-

1x2x3 mn, Four gold contacts were evaporated onto theygered state belowco=147 K. The dotted line irb) is a fit to
2X3 mnt top side and annealed in the air for 60 min athe resistivity increase in the charge-ordered state by Shiovskii-
600 °C. The measuring current was flowing in the Lorentz-fros hopping.

force free configuration parallel to the applied magnetic field.

The magnetoresistivity measurements were performed in gom the x-ray and synchrotron radiation studies by Niemo

temperature range between 1.5 K and 300 K in a cryostgy et 4125 and agree with neutron-diffraction results obtained
equipped with a superconducting magnet coil generating, ihe same compound by Pinsardal 13 and by Kawano

fields up to 12 T and magnetization was measured in & SUst 4122 The structure at room-temperature is pseudocubic
perconducting quantum interference deviBQUID) magne-  yith 5 slight orthorhombic distortion, which becomes nota-
tometer in fields up to 5 T. For magnetization studies aly stronger in the antiferrodistorsive state. Thandb axes

higher magnetic fields we employed the pulsed fields setug,q hereby expanded and theaxis becomes compressed.
described in Ref. 21, allowing us to measure magnetizatiof,q expansion oé is much less pronounced than thex-

induced by field pulses up to 50 T on a time scale of 10-2Qy5ngjon, which is somewhat uncommon. This might be re-
ms. The detected signal is hereby the voltage induced ifyeq to an interplay of the JT distortion with the rotation and
highly sensitive pick-up coils, being proportional to the time i of MnO, octahedra with respect to the 1gSr s lattice,
derivative of the magnetizatioaM/dt, which is electroni- o 1o additional lattice distortions induced by the relatively
cally integrated tavl(B). The filling factor and temperature- gmga|| Mrf* jons. At low temperatures there is a reentrant
dependent sensitivity were calibrated according to the absasyrctyral transition to the very same lattice parameters found
lute magnetization values obtained by the SQUID. They; room temperature, and a possible orbital configuration,
nominal temperatures of these pulsed-field measurements iy sistent with these structural data, will be suggested be-
the considered temperature ran@getween 200 K and 300 oy, The two structural transitions, together with the mag-
K) are accurate within=4 K. netic transition, allow us to distinguish four different tem-
perature regime¢see Fig. 1
Ill. RESULTS AND DISCUSSION (i) At room temperature the system is paramagnetic/

semiconducting, and the conductivity is usually ascribed to
thermally activated polaron hopping. The JT distortion is not
seen in the “macroscopic” structural data, and is therefore

The temperature dependence of the lattice constants iof the “disordered” or “dynamic” type. This is schemati-
zero external field is given in Fig.(d), together with the cally shown in Fig. 2, where thed3ey electrons of MA*
temperature-dependent resistivifyig. 1(b)] and the sample occupy x>—y? as well as 3°—r? orbitals, oriented along
magnetization in Fig. (£). The structural data are adopted random axes. Moreover, there is a breathing-type phonon

A. Correlations between the structure and resistive/magnetic
properties
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FIG. 2. The dynamic JT state is characterized by a random

occupation ofx?—y? and ?—r? orbitals and a vibronic mode
(indicated by arrows at the leftZ8—r? orbital), which favors an

FIG. 4. Tentative orbital structure of slightly doped LaMn&t
low temperatures. Th&?—y? orbitals (50% occupationare ori-

oscillation between the two orbital types. The hole-type charge carented within thex* z* plane, the 22— r? orbitals along thg/* axis.

rier associated with a M ion is mobile in three dimensions. The

The occupation of orbitals in subsequent layers alahgis re-

orbitals in this and in the subsequent Figs. 3 and 4 are not drawn ofersed. The lengthd corresponds to the mean diameter of

scale with respect to the lattice constant.

Mn3* 042~ octahedra without JT distortion. This nondistorsive pat-
tern is able to account for the reentrant structural properties together

mode, which allows for an oscillation between these twowith ferromagnetic spin alignment, in agreement with the nearest-

orbital types for a given Mti" site. The axes in Fig. 2and

in Figs. 3 and # are denoted ag*,y*,z*, to discriminate
them from those of the pseudocubic unit calb,c, and
from thex,y,z coordinates, employed for the description of
the shape of individual orbitals.

FIG. 3. The antiferrodistorsive order lowers the conductivity
along thex* and y* axes by a factor of 2possible paths are
indicated by dark-shaded orbitals (@), the conductivity along the
diagonal axes remains unaffectégtay-shaded orbitalsThe two-
dimensional character prohibits charge transport alongzthaxis

neighbor-coupling rulegRef. 17.

(i) At T=269 K, in the following denoted as Jahn-Teller
temperaturel ;1, a structural transition arises, which is at-
tributed to an antiferrodistorsive ordering of JT-elongated
MnOg octahedrd? i.e., thee, electrons occupy predomi-
nantly 3z2—r? orbitals. A graphic representation of this pe-
culiar type of orbital order is given in Fig. 3. The expanded
pseudocubic axea andb correspond to the diagonals be-
tweenx* andy*, while the compressed axis is oriented
along thez* direction. This structure of orbitals is equivalent
to the “resonant x-ray scattering” results by Murakastial.
on undoped LaMn@*8 It is noteworthy that the mutual or-
bital orientation at neighboring Mn sites causes ferromag-
netic correlations within the* y* plane, and antiferromag-
netic superexchange in the perpendicular directiomn
LaMnGO; these interactions are weak and leadAttype an-
tiferromagnetism below =140 K, indicating already that
the low-temperature orbital structure of 4gsrgMnO; de-
viates from the antiferrodistorsive type. The orbital ordering
at 269 K is a first-order phase transitidgompare the
specific-heat resuft§ and accompanied by a sudden in-
crease of resistivityroughly by a factor of 2and an instan-
taneous drop of the paramagnetic susceptibility by 20%.
These two interrelated effects will be discussed on grounds
of the orbital structure in Secs. IlIC and IlI D. Effects with
similar appearancéenhancement of resistivity and drop of
magnetization due to a structural transijiomere also ob-
served within the paramagnetic phase of) 581, 1 MnO;
(Ref. 23 and in the ferromagnetic phase of
Lag gpsSh 17MNg 0Mg0.0€03.2* The origin of the structural
transition might be different from antiferrodistorsive order
due to the relatively high Mh content, exceeding the
threshhold value of 15%

(iiil) From the extrapolation of the inverse paramagnetic
susceptibility to zero one finds a ferromagnetic Curie tem-

(b) and the compression of the crystalline structure along this axiferatureT =188 K. At T the colossal negative magnetore-

causesA-type antiferromagnetism for undoped LaMn@a super-
exchange between thg, orbitals.

sistance effect is maximum and the resistivity decreases be-
low this temperature in a quasimetallic manner, meaning that
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dp/dT>0 while the absolutep values are unusually high transfers the static order back to a dynamic/disordered JT
compared to common metals. The antiferrodistorsive orthostate, as at high temperatures, is clearly contraintuitive. Fur-
rhombicity starts to decrease graduallyTat and disappears thermore, XAFS studies on LgCa;;sMnO; have shown that
around 150 K. This indicates that there is a competition bethere are two peaks in the distribution function of Mn-O
tween ferromagnetisrtinduced by the litle MA* conteny ~ bond lengths for the paramagnetic stetributed to the JT
and the antiferrodistorsive structure, favoring Asype an-  distortion, which merge to a single peak for the ferromag-
tiferromagnetic(AFM). We note that the magnetization de- NetiC quasimetad® This is interpreted in the sense that the
viates from that of an ideal ferromagnet because the absolufdectrons become delocalized and need therefore not to profit
value stabilizes at 3/4 of the low-temperature value. Thigrom the formation of JT distortions on the scale of indi-
points to a possible phase separation into ferromagnetic aridual unit cells. In the case of kgSr,gMnO; at low tem-
paramagnetic or antiferromagnetic areas—a phenomend?eratures, the electrons are, despite ferromagnetism, well lo-
that is observed in a wide variety of manganite compofds. calized and the JT-distortion is nevertheless not seen in the
(iv) At 147 K the resistivity increases spontaneously byx-ray-diffraction(XRD) data of Fig. 1a). This may be inter-
roughly a factor of 2, which is associated with a charge-Preted in terms of the orbital structure sketched in Fig. 4,
ordering transition to a Wigner-crystal state. The charge orwhich agrees with a G-type orbital order,” in the scheme
der was demonstrated by the observation of superlattice r&f Maezonoet al*® and Endotet al*’ First, this orbital con-
flections in x-ray diffractior® The charge-ordering figuration results in a ferromagnetic nearest-neighbor cou-
transition is also accompanied by a sudden jump in magne?ling between MA" ions for all directions,’ while the cou-
tization to the actual low-temperature value and by the vanpPling between MA* and the low-concentrated Nh is per
ishing of the macroscopically observed JT distortion. TheSe mainly ferromagnetic. Second, this structure provides an
Wigner state is not perfectly insulating and the resistivityexact compensation of the elongated and compressed axes of
increase between 146 Kight below the Wigner transition the JT-distorted octahedra on a macroscopic scale: the
and 75 K can best be described by Shklovskii-Eft§E)  3z°—r? orbitals (50% occupationare surrounded by octa-
hopping with p(T)ocexp[(TO/T)llz}.ze This hopping mecha- hedra, which are elongated by a valueé along the orbital’s
nism corresponds to variable range hopping with a soft Couaxis. Since the JT effect is in first approximation volume-
lomb gap in the density of states. Other hopping processe§onserving, the contraction along the two perpendicular axes
like thermally activatedpolaron hopping, Mott's variable has to be= — &/2. The corresponding figures for thé—y?
range hopping, or cascade hopping, do not apply. From therbitals (50% occupatiopare an expansion by 6/2 within
SE description of the resistivity in the temperature regimethe plane of these orbitals, and a compression-iyin the
between 75 K and 146 Ksee fit function in Fig. (b)] we  perpendicular direction. These distortions compensate pre-
could extractT,=1.26x 10* K, whereT, is given bykgT,  Cisely, in the structure of Fig. 4, along the three spatial di-
=2.8%/(4mege L), with € being the dielectric constant of rections, provided that we can ignore local distortions caused
the lattice and. the carrier localization lengt#?. The result- by the low concentrated Mii.
ing L=470 A/e, seems of the correct magnitude, since the
dielectric constant of the ionic perovskites easily achieves B. Influence of the CJT transition on the resistivity

values in the range of 0 e.g., up to 300 for the isostruc- We performedp(B) measurements at constant tempera-
tural SrTiO;. More precise data og, of manganites are to tures around';, see Fig. 5. Besides the usual CMR behav-

our knowledge not yet available. The resistivity increase be- . : )
low 75 K is weaker than described by any of the aforemen " there is a sharp negative magnetoresistance effect upon

tioned hopping processes, including SE hopping. The finité:rossing the boundary of the antiferrodistorsive phase, which

conductivity forT— 0 means that the Wigner crystal exhibits IS stable in low fields, and entering the disordered DJT phase

imperfections in form of nonlocalized charge carriers, which'" higher magnetic fields. The strong hysteresis effaeing

might result from slight deviations from the exact 1/8 dopingg??ﬁ:'ﬁ:g_g:ﬁg?ﬁ;ﬁ&i i} t2r1?38)cz}%¥ ?rsa;usrig:;r TJon;IanO?ISZ:;n
ratio. Interestingly enough, this remanent conductivity is alsqQ P 9

found in the charge-ordered Pr- and Nd-manganites witﬁhe temperature the transition shifts to higher fields with a
50% strontium doping®*? The resistivity increase below 40 shrinking of the hysteresis width. The shape of the phase-

. T P : — boundary line will be discussed in Sec. IlID. Almost inde-
K [Fig. 1(b)] scales with In_T,_p_omtlng e_lthe_r to a Kondo pendent of the temperature is, however, the relative height of
type problem or to a resistivity contribution caused by

electron-electron interactioRé. th_e resisti_ve jump with 2.050.15, shown as solid dots in
In the low-temperature limit we found a magnetic mo- Fig. 5. This _result was corroborateo_l PyT) measurements
ment per Mn ion of 3.7ag (at 10 K, 5 T). This is very close at conls)tant f|eld§, ?nd the resultm_g Jump hg!ghtsl are given in
to the spin-only value for a mixture of MJ@3+ (J=s5=2) Fig. 5 y open circles. At present it seems ifficult to give an
and Mng*t (J=s=3/2) and a gyromagnetic ratio af unambiguous explanation for the doublingeofipon the CJT

—2, resulting in 3.885 . This is, within the precision of the transition since several possibilities seem to apply equally

measurement, compatible with ferromagnetic spin alignmenf',ve”'

although neutron diffraction gave possible evidence for a
small spin canting®

Both observations—ferromagnetism and recovery of the It was arguetf that the JT elongation of Mn{octahedra
DJT-lattice parameters—suggest that the orbital structure and the exclusive occupation of the?3-r? orbitals might
low temperatures is different from the antiferrodistorsivelower the double-exchange overlap integral along the elon-
configuration. The possible guess that lowering temperaturgated axis, while the overlap integrals with neighbors along

1. Change of the double-exchange overlap integral
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FIG. 6. lllustration of nearest-neighbor hopping on a cubic net-
work with different conductivities for principal axes, square diago-
Magnetic Field (T) nals, and cube diagonals. The elemental conductivities (
=1,1A2,14/3) have to be weighted by the number of possible
FIG. 5. Normalized magnetoresistangeft axis) at the transi-  paths, and by the probability for a suitable orbital-overlap configu-
tion from the cooperative JT state in low fields to the dynamic JTration.
state in higher fields. Upon lowering the temperature the width of
the hysteresis loops decreases rapidly, indicating a weakening of the
first-order character of the CJT transition under the presence of
external magnetic fields. The relative height of the resistive jump The doubling of the resistivity may be understood by con-
from the ordered to the disordered stétight axi9 is almost field ~ sidering the change in the allowed hopping paths in Figs. 2
and temperature independent with an absolute value around 2.&nd 3. We postulate that charge transport betweefi"Namd
Solid dots refer to the magnetoresistance measurements at constanh*™ can only occur in configurations with orbital overlap.
temperature, open dots refer to temperature sweeps at fixed maghis means that any electron in axz—y2 orbital can only
netic fields. The dotted line is a guide to the eye. be transferred to nearest-neighbor Nrions, which are lo-
cated in the plane of this orbital, but not in the perpendicular

the perpendicular axes should become negligible. This i§irection. Aneg electron in a 3°—r orbital can be trans-
somewhat doubtful, because JT distortions, albeit quctuatin%e_rred to nearest-neighbor Mh ions located on the axis of
and in random directions, are present already abbye his orbital, but not in the equatorial directions. We attribute
Furthermore, the change in orthorhombicity Bg; might {0 both processes an equal, dimensionless conductivity
bring about a spontaneous modification of the bond anglé=1, and a possible magnetic impedence of the charge trans-
between MA*, O?~, and Mrf*. The importance of this fer by spin misalignment will preliminarily be ignored.
angle for the absolute resistivity valugmgain via the overlap I the disordered stateig. 2 the hole associated with
integra) was pointed out in Ref. 31. Neutron diffraction on Mn*" can move to all nearest Mi neighbors(due to low
undoped LaMn@, however, has proven that the tilt angle of doping we consider only Mit), which provide orbital over-
MnOg octahedra(responsible for the buckling of the Mn- lap, and is in principal mobile in three dimensions. The prob-
O-Mn bond$ indeed increases with decreasing ability for orbital overlap is, regardless of the breathing

temperature—but there is no discontinuous change arourf@#ode and depending only on the disordered nature of the
T,7.%0 orbital arrangement, given by the factor 1/2: 50% of ége

electrons occupy &—r? orbitals, which point with a 1/3
probability into the direction of a given nearest-neighbor site.
The other 50% o0&, electrons occupy®—y? orbitals with a
Alternatively, we can consider a transport mechanism onespective statistical weight of 2/3. The antiferrodistorsive
the basis of Mott’'s hopping concept, which is suggested byrder (Fig. 3) confines the charge carrier within thé y*
the low carrier mobility resulting from a strong carrier plane(movement perpendicular to this plane is forbidden by
localization®*” The resistivity in this modeland related the lack of suitable orbitals and direct charge transfer
hopping concepjsdepends exponentially on the ratio be- within this plane can occur only to two out of the four near-
tween the average hopping distariRéat high temperatures est neighbors.
corresponding to the nearest-neighbor distaacel the half Furthermore, we need to take into account that the sample
of the carrier localization length. According to the orbital exhibits microtwinning in the sense that the current path
structure sketched in Fig. 2, we might assume a localizatioprobes equal portions of differently oriented domains. There-
of the hole-type carrier within a volumé, extending from fore we calculate the relative conductivity averaged along
the Mrf** ion to the six nearest neighbofga hybridization  arbitrary directions of a three-dimensional cubic network, as-
of orbitals for the DJT state. The CJT orderirigig. 3) will suming that domains with various orientations contribute to
restrict V| to the Mrf* site and only two out of the six the total conductivity like resistors connected in parallel. The
nearest neighbors. From this we can calculate for both phas@yerage of conductivities can be approximated by the aver-
a localization length averaged over the three main crystalloage of the three types of directions shown in Fig(i§:the
graphic directions, resulting in a resistive jump ratio of principal axes of the crystak{, y*, andz* are used in the
~1.70. We point out that this approach has to average ovesense of Fig. 2 (ii) the square diagonals{y*, x*z*, and
actually anisotropic localization lengths, a situation fory*z*); (iii) the cube diagonals.
which the Mott-hopping mechanism is conceptually not yet In the three-dimensional DJT state the conductivity of a
worked out. Mn“** hole along the principal axes isf’,d=1/2, i.e., the

0.0

0.0

3. Frustration of charge transport by orbital ordering

2. Decrease of the carrier localization volume
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elemental conductivity=1 (1 unit-cell distance is spanned 14
by 1 hopping eventis weighted with the probability for a
suitable orbital geometry.
The elemental conductivity along square diagonals is
1/y2 (2 hops are required for a distance ¢2 unit cells,
and we take into account that there are two possible hopping
paths with a respective probability for orbital overlap of
(1/2)%. The square-diagonal conductivity is thereforég
=1/\2x 2% (1/2)>~0.354. 02
Correspondingly, we obtain for cube diagonals 1/y/3 00
(3 hops for a distance af3 unit cell9, and there are now six ' . r . ,
possible paths with a probability factor of (172)The cube- Magnetic Field (T)
diagonal conductivity is then o29=1/\/3x6X(1/2)
~0.433. FIG. 7. SQUID magnetization measurements around the CJT
The arithmetic average o(frgd L0328 and 029 approxi- transition: the orbitally ordered state becomes unstable at higher
mates the averaged conductivity along all possible directionfields, resulting in a hysteretic upturn of the paramagnetic magne-
and has a numerical value of%~0.429. tization. For clarity, the absolute values of the magnetization curves
The major difference in the more two-dimensional situa-at different temperatures are shifted by the indicated offset values.

tion with antiferrodistorsive order is the suppression of con- L .
ductivity along thez* direction. Considering the conductiv- magnetization curves at various temperatures between 220 K

ity along the two remaining principal axes we note that, inand 290 K. The signature of t_he cJT trans!tion_ is especi_ally
the average, two steps are required to span a distance of o onounced for the pulsed-fields magnetization technique
unit cell in the desired direction, i.e., the conductivity is re—f 9. 8) tAS 2 general ;en:jgnctthi can notet.th?t aclghlower
duced by a factor of 2. This is indicated by thin solid lines emperaturesor respectively. at higher magnetic iejdbe
along the black-shaded orbitals in Fig. 3. The correspondin ysteresis \.N'dth shrinks rapidly and the relative upturn of the
average conductivity iso20=(1/3)x (0+1/2+1/2)=1/3 agnetization decreases. Below 235 K and a corresponding
Due to the static orbital ar?angement we do not need tc; o field of 18 T, we had no indication for a further distinction

sider the probability factors for overlap geometries Thgietween a JT-ordered and a disordered state.
P Y P g ’ To understand the influence of the CJT transition on the

number of steps for charge transport along the diagonal di- . . :
rectionx*y* is not altered by the orbital orderir(gee diag- magnetic properties, we should analyze the paramagnetic

onal lines along the gray-shaded orbitals in Fily However magnetization and susceptibility data not only in the frame-

the conductivity along the other two square-diagonal direcyvOrk of a simple model with independent magnetic ions, but
. y 9 quare 9 take also into account the existence of spin polarons. The
tions becomes zero. The average square-diagonal conductiy-

o od N . ) spin polaron” denotes here an ensemble of neighboring
ity 1s thereforeosd—1./3><(\/§/2+O+0.)~.0a2§36. Itis evi- it cells with parallel(on a local scale ferromagnetispin
dent that the cube-diagonal conductiviag; is 0 and the alignment, which leads to a “superparamagnetic behavior.”

total average of all directions results irf®~0.190. The existence of these clusters in CMR manganites was pos-
The relative resistive jump height at the CJT transition istulated in Ref. 33, and found an experimental support in
then given by the ratie>% 0?9~2.26, in very close agree- Refs. 7, 34, and 35. In compounds with negligible orbital
ment with the experimentally found jump ratios between 1.%rder, i.e., with higher-doping concentration, the charge
and 2.2(slightly dependent on the applied magnetic field transport is governed by the relative spin misorientation be-
We note that magnetoresistive measurements in untwinned
single crystals, with the current path along well-defined crys- T 77 T
tallographic axes, should bring about jump ratios different 301
than 2.

Mom. / Mn ( p,)

254

2.04 T=245K | A

o

C. Influence of the CJT transition on the paramagnetic
susceptibility

3

1.5

Associated with the doubling of the resistivity, we found 1.0

also a sudden drop in the paramagnetic magnetization, which™ g5
is shown in the insert of Fig.(it). In field-dependent mag-
netization measurements at constant temperatupeso 5 T i i . . , . . , .
with a SQUID magnetometer, and up to 50 T in pulsed mag- °© 5 10 15 20 28 30 35 40 4550
netic fields, see Figs. 7 and his corresponds to a sudden, Magnetic Field (T)

hysteretic upturn of the magnetization upon leaving the CJT gg. g, The pulsed-fields magnetization measurement at 245 K
state, becoming unstable in sufficiently high fields. For ag qualitatively equivalent to the curves in Fig. 7. The signature of
better comparison, Fig. 7 includes also a magnetization curvgye phase transition vanishes abruptly for temperatures lower than
at 272 K, i.e., above the JT-ordering temperature, and a mag3as K (here shown for 225 K The orbital-ordering transition re-
netization curve at 265 K, i.e., entirely inside the orderedsults in pronounced spikes in the nonintegradéd/dB signal (see
phase. In addition to the presentdt{B) data we studied inseb.

Mom. /Mn ( p;)

Induced signal {a.u.)

= )

10 20 30 40 50
Magnetic Field (T) g
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FIG. 9. The temperature-dependent size of preformed ferromag- Temperature (K)
netic spin clusters in the paramagnetic phase around the CJT tran- FiG, 10. Increasing magnetic fields shift the CJT transition to
sition. T_he_data ponnt_s were determined by _Brl_lloum fits to the |gwer temperature&uadratic in low fields, compare ing@nd the
magnetization curvegFig. 7) and suggest a shrinking from four to charge-ordering transition to higher temperatutas dotted line is
three Mn ions involved in the formation of an |nd|v!dual spin clus- 4 guide to the eye The orbital-ordering line is fitted on grounds of
ter. Measurements crossing the phase-boundary line gave two cofse field-induced mobility contribution to the free energy of the DJT
responding data pointsolid squares and circlesThe solid line  state The distinction between the orbitally ordered and disordered
was calculated on the basis of the low-field magnetization data fromdiate ceases above 20 T. The squares correspond to resistive data
Fig. 1(c). from p(T) measurements at constant fields, the open circles to

pulsed-field magnetization.

tween neighboring spin polarons, while the carriers are delo-
calized within their respective spin cluster. ions to the neighboring Mit sites. In the case of the ordered

For the size determination of spin polarons from the field-structure(see Fig. 3, the central MA* (J=3/2) can un-
dependent magnetization d{@QUID results in Fig. Ywe  dergo spin alignment in the sense of double exchange with 2
employed first a fitting based on the Brillouin functid ~ out of the 6 Mri" neighbors §=2). The totalJ* moment
which is justified since the respective temperatures aroun8f this entity Co”f«'SandS to 5.5. For the DJT si&tg. 2), 3
T,r (B=0) are sufficiently above the ferromagnetic transi-Out of the 6 Mri* neighbors are, on the average, in
tion. The paramagnetic magnetization along the field axis™ Y~ configuration, and the probability that an orbital lobe
(per unit-cell volumg is usually given by M(B,T) points towargs tge central Mh is 2/3. The other 3 orbitals
— guedBlgusIBlksT}, with the gyromagnetic ratig=2, are of the 2°—y* shape, ano_l the ove_rlap proba_blllty is 1/3
s the Bohr magneton, andlthe spin moment of the mag- (according to the three possible spatial orientations of these

T3 . h n orbitalg. The average total moment of this entity is therefore
netic ions:® For the mixture of MA* and Mrf*, we replace 7.5. It might be accidental, but these figur@s5 and 7.5

J by the averagd=1.94. In the case of superparamagneticagree closely with the experimentally foudtl values in the
clusters composed af ions, theJ factor in the argument of  CJT and DJT phases.

the Brillouin function changes td* =nJ (causing a modifi- As an alternative method for the determination of cluster
cation of the curvatude while thed in the prefactor remains si.zes we analyzed also the Iov_vjfield magnetization Qata from
unchanged. This is due to the compensation ofrifeld  F19- 1(c) by means of the modifietsuperparamagneisus-
increase in magnetic moment feupey paramagnetic entity  ceptibility formula y = (gug) 23{(3* +1)/[3kg(T—T¢)1}.%

by the 1h-fold decrease of their density per unit volume. The resulting* values(solid line in Fig. 9 are similar to
Finally, we have to replace the temperatiiriey the effective  the aforementioned data, suggesting that the size of these
temperature scaleT(— Tc)?, with To=188 K. Since we are clusters is quite insensitive to the influence of external fields.
not too close tdT ¢ it is reasonable to choose=1, accord- From the findings of this subsection we conclude that each
ing to the Curie-Weiss lawf hole-type charge carrier associated with a*NMron is em-

The result of the fitting is given in Fig. 9 and suggests abedded into a locally ferromagnetic environment, extending
CJT-induced shrinking of superparamagnetic clusters fronto the nearest-neighbor sites. The charge transfer depends,
J*=8 (~4 Mn ions envolve§ito J* =6 (corresponding to therefore, on the orbital configuration between“¥rand its
roughly 3 Mn sping The three magnetization curves mea-nearest neighbors, while a possible impedence of the charge
sured across the CJT phase boundary gave hereby six ddrovement by magnetic disorder might, in a first approxima-
points. Besides this shrinking there is a slight tendency totion, be ignored.
wards an increasing cluster size with decreasing temperature.
Describing these cluster sizes on the grounds of the orbital
structures is difficult, since a random orientationegfelec-
trons results, in principle, in ferromagnetic nearest-neighbor It can be seen from Fig. 10 that increasing magnetic fields
correlations, while the antiferrodistorsive structure promoteshift the cooperative JT transition, identified by the resistive
A-type antiferromagnetisii. These interactions are, how- jump and the susceptibility drop, to lower temperatures. This
ever, weak because already in the case of pure La)inO shift is quadratic in moderate fieldsee inset of Fig. 10
where CJT order is established around 800 K, #type  with a slope of—0.11K/T?, in agreement with the behavior
AFM spin order is only observed far below room tempera-published in Ref. 14. It was argued in an earlier work on
ture. We will therefore restrict the discussion to the strongestiouble exchange that ferromagnetic spin alignment enhances
ferromagnetic bonds, i.e., the coupling of the diluted*¥n  the mobility of charge carriers and lowers thereby their ki-

D. Competition between paramagnetic spin alignment
and orbital ordering
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netic energy in the sense of the uncertainty principlhe  322—r2 orbital and the two oppositeO orbitals and allows
possible energy decrease due to itinerant behavior can, cefierefore for smaller JT distortions, with less-pronounced
tainly in a ferromagnetic/quasimetallic state, exceed the totghinima in the free energy. The compression of the Bohr
energy decrease associated with a localized state formingradiusa is given bya—a[1—a* (24\*+3a%)], with A be-
JT-deformed environmert. Here we are dealing with a ing the “Larmor length” (h/eB)Y2.3" This expression is
similar problem. valid for a<\ and predicts essentially a shrinking propor-
In the higher-conducting DJT state the carriers are relational to the square of the local magnetic field. Comparing
tively mobile and charge transfer is impeded by spin disorthe Bohr radius ofe, electrons {2 A) with the Larmor
der. This spin disorder persists in the CJT state, however, thength at 50 T(36 A) corresponds to a compression effect of
static orbital structure results in an additional carrier local-the order of 107, which is insufficient to affect the JT dis-
ization, as discussed in Sec. Il B. The enhanced kinetic entortion itself.
ergy of the carrier system is hereby overcompensated by the It is noteworthy that the CJT transition vanishes for tem-
elastic energy of the lattice, which is responsible for the tranperatures below 235 Ksee also Fig. B meaning that it
sition to the antiferrodistorsive structure. While externalMight become second order. The charge-ordering transition,
magnetic fields lower the degree of spin-disorder localizatiorfharacterized by the lifting of the antiferrodistorsive struc-

in the CJT state and in the DJT state, the gain in free energp'® and by ferromagnetic spin alignment, shifts in nonzero
is more pronounced in the latter case. The frustration of carll€lds to higher temperatures, because the internal Weiss field

fier mobility in the CJT state would even persist in the ab-is corroborated by the external contribution, see Fig. 10. This

sence of spin disorder due to the static orbital arrangemenggeans that sufficiently high fields can stabilize the nondis-

In conclusion, magnetic fields lower the kinetic energy of the rsive_orbital structure(Fig. 4) already at temperatures
- mag 9y aboveT.,= 147 K. We speculate that for temperatures where

carrier system more effectively in the DJT state than in the[h e CJT transition a .
. . pparently vanishes, see, e.g., the pulsed-
CJT state, and the DJT state becomes stable in a wider terﬂ'elds measurement at 225 K in Fig. 8, the increasing exter-

perature range, meaning that the orbital-ordering transition, 5| field can transform the antiferrodistorsive order gradually

shifts to lower temperatures. to the nondistorsive type. If there is a phase mixture between

Poss!blfhmgzﬁ_ur?st of thethf'eld"r?dUCEd d(icr;ease .Of fre[‘ﬁese two states, the typical signatures of the CJT transition
energy in the swate are the enhancement ot carrier moa magnetization and resistivity will be smeared out and fi-

bility, and equivalently, the decrease of resistivity. The CMRnaIIy vanish, because transport and magnetic properties

effect gcales, in the paramagnetlc state, with the square of tf%%ould be widely similar in the nondistorsive state and in the
Brillouin function, depending on the total moment of SUPer- yicordered JT state

paramagnetic entiti€’s,and the field-dependent transition
temperatureT ;7(B) should scale according to the implicit IV. CONCLUSIONS AND SUMMARY
equation:

. We investigated the resistive and magnetic behavior of a
_ —0) _ 2( guel”B ) rare-earth manganite in the low-doping regime,
Ty1(B)=Ty(B=0)—aB : . .
ke[ Ty7(B)—Tcl] LaysSr,sMNn0O;, where the high-MA" content results in a
cooperative Jahn-Teller effect. The phase transition from the
The J* moment was chosen with eigliexperimental orbitally disordered state to a phase with antiferrodistorsive
value right above the phase transition in Fig. &da, the  orbital order has a substantial influence on the resistive as
only free parameter, connects the decrease of free energyell as on the magnetic properties. The orbital ordering im-
(via delocalization to the CMR-induced lowering of the re- pedes charge transfer along certain directions, resulting in a
sistivity. The equation was solved numerically fo5+(B)  doubling of the resistivity irrespective of external magnetic
and the best agreement with the dégae the solid line Fig. fields and the corresponding spin-alignment and CMR ef-
10) was achieved fon=47 K, with an uncertainty of-2 K. fects. The magnitude of this resistive jump was calculated
The shape of the phase-boundary line is correctly reproduceshd found to be quantitatively correct on the basis of a
and the quadratic low-field behavior emerges directly fromsimple model, and crossing the phase boundary from the
the properties of the Brillouin function. There are two alter-orbitally ordered to the disordered state corresponds to a
native mechanisms that can also explain a decreaggof strong, negative magnetoresistance effect, which is indepen-
with B2, but these effects are probably too small to accountient of the CMR effect as such. The lower resistivity of the
for the observed shift. disordered state goes along with an increase of the paramag-
First, the intrinsic antiferromagnetism of the antiferrodis- netic susceptibility, which is especially remarkable, since it
torsive structure is caused by superexchange due to the ovayan only be explained on grounds of superparamagnetic be-
lap of t,4 orbitals along the* axis (Fig. 3). External mag- havior controlled by ferromagnetic spin clusters or spin po-
netic fields, or an internal Weiss field in the ferromagneticlarons. The typical cluster moment was evaluated by two
state, should therefore result in a decompression ofzthe independent fitting procedures and corresponds to the total
axis in order to minimize the superexchange interactionmoments of MA™ ions and the surrounding Mh sites, to
which causes, in turn, a destabilization of the antiferrodistorwhich the Mf* has an orbital overlap. The shift of the
sive order. The correlations from superexchange are, howerbital-ordering transition to lower temperatures under the
ever, weak and only notable beloly~0.5XT;t. influence of magnetic fields was explained by a stabilization
Second, it is known that magnetic fields cause a shrinkingf the disordered phase through an enhancement of the car-
of the exponentially falling tails of electron-wave rier mobility. Furthermore, we pointed out that the low-
functions®’ This shrinking reduces the overlap between thetemperature properties of kgSr,gMnOs, which are incom-



PRB 61 INFLUENCE OF THE COOPERATIVE JAHN-TELLR. .. 537

patible with antiferrodistorsive order, might be explained on(FWO), and the Belgian Interuniversity Attraction Poles pro-
grounds of a static—but nondistorsive—orbital structure. grams(lIUAP). The authors thank L. Trappeniers for techni-
cal support with the pulsed-fields magnetization measure-
ACKNOWLEDGMENTS ments and V. Bruyndoncx for help with the numerical
solution of the phase-boundary line. Constructive advice by
This work was supported by the Flemish Concerted Ac-R. Gross, S. Uhlenbruck, and B. &uwner from the Univer-
tion (GOA), the Fund for Scientific Research—Flanderssity of Cologne is gratefully acknowledged.

*Electronic address: Patrick.Wagner@fys.kuleuven.ac.be Tanaka, H. Kawata, T. Arima, Y. Tokura, K. Hirota, and Y.

"Present address: Laboratoire de Physique desriate Univer- Endoh, Phys. Rev. LetB1, 582(1998.

site H. Poincafe Boite Postale 239, 54506 Vandoeuvre-les-Nancy'°J. Rodriguez-Carvajal, M. Hennion, F. Moussa, L. Pinsard, and

Ceadex, France. A. Revcolevschi, Physica B34-236 848 (1997.

1R. M. Kusters, J. Singleton, D. A. Keen, R. McGreevy, and W. 20p, Anane, C. Dupas, K. Le Dang, J. P. Renard, P. Veillet, A. M.
Hayes, Physica B55 362(1989; R. von Helmolt, J. Wecker, de Leon-Guevara, F. Millot, L. Pinsard, and A. Revcolevschi, J.
B. Holtzapfel, L. Schultz, and K. Samwer, Phys. Rev. Leétt, Phys. Condens. Mattéf, 7015(1995, and references therein.
2331(1993. 2IF. Herlach, C. C. Agosta, R. Bogaerts, W. Boon, I. Deckers, A.

25 p. Ramirez, J. Phys.: Condens. Ma®e18171(1997. De Keyzer, N. Harrison, A. Lagutin, L. Li, L. Trappgnlers, J.

3M. Imada, A. Fujimori, and Y. Tokura, Rev. Mod. Phy&), 1039 Vanacken, L. Van Bockstal, and A. Van Esch, Physica,
(1998. 161(1996.

22 = ;
4 H. Kawano, R. Kajimoto, M. Kobota, and H. Yoshizawa, Phys.
P. G. de Gennes, Phys. Rel18 141 (1960, and references Rev. B53 R14 709(1996.

therein. 23 .
J. J. Neumeier, K. Andres, and K. J. McClellan, Phys. Re%9
5. J. Millis, Phys. Rev. B53, 8434(1996; Nature(Londor) 392, 1701(1”999' 4 B
147 (1998. '

2Ap. Anane, C. Dupas, K. Le Dang, J. P. Renard, P. Veillet, L.
Pinsard, and A. Revcolevschi, Appl. Phys. Le®9, 1160
(1998. (1996.

P. Wagner, I. Gordon, L. Trappeniers, J. Vanacken, F. Herlach?5 Moreo, S. Yunoki, and E. Dagotto, Scien283 2034(1999.

V. V. Moshchalkov, and Y. Bruynseraede, Phys. Rev. L&lf. 267 | Efros and B. I. Shklovskii, J. Phys. 8 249 (1975.

8E. Muller-Hartmann and E. Dagotto, Phys. Rev.3, R6819

3980(1998. 27, G. Aliev, E. Kunnen, K. Temst, K. Mae, G. Verbanck, J. Bar-
8p. G. Radaelli, D. E. Cox, M. Marezio, and S.-W. Cheong, Phys. nas, V. V. Moshchalkov, and Y. Bruynseraede, Phys. Rev. Lett.

Rev. B55, 3015(1997. 78, 134(1997), and references therein.
9H. Kuwahara, Y. Tomioka, A. Asamitsu, Y. Moritomo, and Y. 28T. A. Tyson, J. Mustre de Leon, S. D. Conradson, A. R. Bishop,

Tokura, Scienc70 961 (1995. J. J. Neumeier, H. Rier, and Jun Zang, Phys. Rev5B, 13 985
OFor a review of Wigner crystallization, see C. M. Care and N. H.  (1996.

March, Adv. Phys24, 101(1975. 29R. Maezono, S. Ishihara, and N. Nagaosa, Phys. Re%7B
11y, Tomioka, A. Asamitsu, Y. Moritomo, H. Kuwahara, and Y. R13993(1998.

Tokura, Phys. Rev. LetZ4, 5108(1995. 30A different low-temperature orbital structure, based on resonant
24, Kawano, R. Kajimoto, H. Yoshizawa, Y. Tomioka, H. Kuwa- x-ray scattering data and invoking a hybridization af-3?2 and

hara, and Y. Tokura, Phys. Rev. Let8, 4253(1997). x2-y? orbitals, was recently suggested by Y. Endtal, Phys.
1L, Pinsard, J. Rodriguez-Carvajal, A. H. Moudden, A. Anane, A.  Rev. Lett.82, 4328(1999.

Revcolevschi, and C. Dupas, Physic&2B4-236 856 (1997. 313, Fontcuberta, B. Marnez, A. Seffar, S. Pinl, J. L. Garca-
143, Uhlenbruck, R. Teipen, R. Klingeler, B. Buner, O. Friedt, M. Munoz, and X. Obradors, Phys. Rev. L&, 1122(1996.

Hucker, H. Kierspel, T. Niemlter, L. Pinsard, A. Revcolevschi, 32N. F. Mott and E. A Davis,Electronic Processes in Non-

and R. Gross, Phys. Rev. Le&2, 185(1999. Crystalline Materials(Clarendon Press, Oxford, 1979

15T, Niemdler, M. v. Zimmermann, J. R. Schneider, S. Uhlen- *3J. M. D. Coey, M. Viret, L. Ranno, and K. Ounadjela, Phys. Rev.
bruck, B. Bichner, T. Frello, N. H. Andersen, L. Pinsard, A. M. Lett. 75, 3910(1995.
de Leon-Guevara, and A. Revcolevschi, Eur. Phys. J8,B 343, M. De Teresa, M. R. Ibarra, P. A. Algarabel, C. Ritter, C.
(1999. Marquina, J. Blasco, J. Garcia, A. Delmoral, and Z. Arnold,
16G. A. Gehring and K. A. Gehring, Rep. Prog. Phg8s, 1 (1995. Nature(London 386, 256 (1997).
173. B. Goodenough, A. Wold, R. J. Arnott, and N. Menyuk, Phys.3%0. Chauvet, G. Goglio, P. Molinie, B. Corraze, and L. Brohan,
Rev. 124, 373 (196)); J. B. Goodenough and J. M. Longo, in Phys. Rev. Lett81, 1102(1998.
Crystallographic and Magnetic Properties of Perovskite and *®N. W. Ashcroft and N. D. MerminSolid State Physic&Saunders

Perovskite-related Materials edited by K.-H. Hellwege, College, Philadelphia, 1976
Landolt-Banstein, New Series Group Ill, Vol. 4, Pt. A %'B. . Shklovskii and A. L. EfrosElectronic Properties of Doped
(Springer-Verlag, Berlin, 1970p. 126. SemiconductorsSpringer Series in Solid-State Sciences Vol. 45

18y Murakami, J. P. Hill, D. Gibbs, M. Blume, I. Koyama, M. (Springer-Verlag, Berlin, 1984



