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Correlation of local Jahn-Teller distortions to the magnetic/conductive states of La_,Sr,CoOg
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By relating the structural changes measured using the pair density function analysis of pulsed neutron data
for LaCoO;, we provide evidence for the evolution of the magnetic state with temperature, from the low-spin
state to partial occupation of the intermediate gji8) and to the high-spin states. It can also be inferred that
the coupling strength of the lattice to tieg electronic states is temperature dependent. The introduction of
carriers in La_,Sr,CoQ; stabilizes the IS states, populated at a rate proportional to the overall carrier density.
The transition to the metallic state with doping is accompanied by distortions of the lattice at short length
scales, which is compatible with the picture of a Jahn-Teller g[&&163-18209)05538-1

The spin transitions in cobalt perovskites induced by temspin fluctuations would be consistent with distortions in the
perature and the doping of charge carriers are rather unusulaical structure reflecting the type of transitibihile these
and are as controversial today as when they were firsare indirect observations of the local structure, we show, us-
proposed:? The ground-state electronic spin configurationing the pair density functiotPDF) analysis of neutron dif-
of Co in the parent compound LaCe® the low-spin(LS) fraction data, the type and size of local distortions occurring

(t3,€)) state. A broad transition in the magnetic susceptibil-1 this system. In the study of LaCg®elow the transition,
ity observed at-100 K (Ref. 3 corresponds to the thermal the coupling of lattice to eleqtronlc stat.es gives rise in a
h.one-to-one correspondence with the activation of singgle

acFivaliign ct)f‘ ar21 excited_ sttate V\(/:i(ih co_ul(é betseitzler a hig Jahn-Teller(JT-) active IS states. Above the transition, the
spin (HS) (tz4€g) or an intermediate-spiiS) (t34€5) CON- oy, ion of the IS JT distortions brought about by the in-
flgura'lt.lon. Several studies provided ewdgnce o §upport ONEreased population to the HS state results in a mixed spin-
transition type over the other but the issue still remainSgaie configuration with the possible presence of all three

unresolved™® with the majority Of_ new fes%”ts pointing  giates. Doping results in an even stronggfattice coupling,
towards the sequence E9S—HS with increasing tempera-

ture. x - % Sr concentration
With doping, one observes a similar evolution in the mag-

netic and transport properties of 1gSr,CoO; as in the 300 10 IZ,O 30 40 X
manganites:® The competing mechanisms for activation, g 250 | |
driven thermally and/or by doping, result in the establish- o

: ; ; 2 200
ment of ferromagnetic Co-Co coupling through the creation E‘
of either IS or HS sites. The fact that the cobalt perovskites @ 150
do not exhibit colossal magnetoresistattiCMR) in spite of 5 100 FM
their high metallic conductivity suggests that fundamental = - @
differences in the strength of the spin to charge and lattice g %
coupling between the two systems exists. = s g

o-

The magnetic phase diagram of,LaSr,CoGO; inferred

from our magnetic susceptibility data is shown in Figa)1 o ®)

and they(T) for LaCoGQ; in Fig. 1(b). Pure LaCo@is non- E4e3{ - Tl

magnetic at the lowest measured temperature, while a g | Tt

smooth “transition” is observed at-100 K as reported in S s -
. 78— . . . T <€

the literature®”® This transition is a result of thermal activa- s

tion from the LS to a higher-spin state. Above 100 K, the Ld - H=1000Oe

curve shows Curie-Weiss behavior. With small amounts of 1e3 |\

Sr, x(T) is similar to that of the undoped materfahbove 0 5 100 150 200 250 300 350

5% Sr doping, a spin-glass transitidi; is observed and Temperature [K]

above x=0.18, La _,SrCo0; becomes a fer_romagnetlc FIG. 1. (8) The magnetic phase diagram in zero-field measure-

(FM) metal. A reentrant magnetic state is observedyents. At very low doping, the system is nonmagnetic; it slowly

from x=0.15 to 0.18, where the transition is not clearly fer- yansforms into a spin glag§G), then to a spin-cluster-glass phase,

romagnetic. This is an unusual spin glass, probably causeghd then becomes ferromagnetiéM). (b) The magnetic suscepti-

by variable long-range interactions and not by alternatingjlity of LaCoQ,. The transition observed near 100 K is due to the

(frustrated short-ranged forces. conversion of diamagnetic low-spin Co ions to the IS state. The
Raman studies of the electronic structure for theupturn observed iy(T) below 30 K and the little dip a+90 K are

La; ,Sr,CoO; system alluded to the fact that the observeddue to extrinsic effects as discussed in Ref. 8.
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FIG. 2. The PDF of LaCogat 20, 100, and 300 K. At 20 K, the mF'Gr' f'rThfer'oLcaé Coo;ﬂ“ag.ort‘ rr‘tL.’“:]ber t(r)fnC(I) as a flunf"otr; of
measured PDF agrees quite well with the PDF calculated for th emperature for LaCog) The distortions strongly couple to the

— X S-IS transition up to 100 K where the expected change in the local
R3C model for this compound. At 100 K, the long Co-O bonds environment is taken from Ref. 1&4olid lineg. Above 100 K, a

appear. By 300 K, significant deviations are observed locally from;, o 4 spin state is present, gradually converting to the HS configu-

the average crystal structure. ration (Ref. 16. The lattice parametdsquares changes with tem-
perature in the same way as the local Co-O environment.

giving rise to typical JT phenomena. In addition, th .

rhombohedral distortions become less cooperative and thcery_ls_ﬁiaI i:;f:grgf rt?wzztirlgﬁsriggrr?lf)r%ﬁ%aells state was inves-

local lattice becomes glassy with the transition to the metaliigated by studying the temperature dependence of the Co-O

lic state, where the lattice distortions most likely becomebond_ As thee, orbital is thermally populated, the CgO

dynamic in nature. 8ctahedral environment is locally modified depending on the
The ceramic samples were prepared by the standard sollc-Oupling strength of thee, to the lattice. In the weak-

state reaction method from 4@, SrCoQ, and CqO, fired coupling limit, an IS transition cannot be distinguished from

several times at 1100 °C with a final firing at 1300 °C in air S .
for 1 day. The pure sample was additionally annealed it HS state because tleg-lattice interactions and the subse-

nitrogen at 900 °C for 1 day to ensure stoichiometric oxygenque.nt atomic distqrtjons are small._ In th? strong—coupl?ng
content. The neutron diffraction data were collected usind®9'"™M¢: however, it is feasible to dlstmgu[sh one transition
the Glass Liquid and Amorphous Diffractomet@LAD) at ype from the other as the IS state has a single occupancy of

. o X . ¥
the Intense Pulsed Neutron Sour¢ENS). Data were col- the g, orbitals resultm_g In a JT-agtwe moc[a_s n Mrf’ )
lected from 300 K down to 15 K and were all corrected forWhereas the HS state is not JT active. The IS interactions can

instrumental background, absorption, incoherent scatterin 'esult in coppera_ltive JT phenomena giving rise FO significant
and inelastic and multiple scatterifyThe PDFp(r) ob- truptural Q|stort|on§. In. the IS scenario, population ofe_tge
tained through a Fourier transform of ti&Q), which is orbitals[with an actlye_mon energy c.)f 257 KRef. 19] will
determined up to high momentum transfers 33A 2, is a be reflected as a split in the Co-O distances to short and long.

real-space representation of the atomic density correlationéﬂtegratlon of the area under the first PDF peak provides the

. . l .
The PDF analysis provides direct information with regard to.number of nearest neighbors with respect to'€and in an

the local structurd®and it has been previously used success deal octahedral environment without any distortions, it is 6,

fully to determine the local structure of manganites, the coordination number. The ratio of short and long bonds

The electronic ground state of the nonmagnetic insulato ill depend on the orbital that 'a.ctually becomgs oqcupied.
LaCoQ, has thet® configuration at 0 K. On average, the n the other hand, the HS transition produces distortions that
29 : '

i R are of the breathing-mode typéng, associated with small
crystal is rhombohedral witR3C symmetry. The structure gjsplacements of the oxygen atofsnd with very little

has a relatively large distortion angiealong the[111] di-  gpjitting of the Co-O bond lengths. With these criteria in
rection of 10.3% which originates from the rotation of oxy- mind, the lines of Fig. 3 represent the effective coordination
gen octahedra. With the, orbitals empty, the directional resylting from the two types of transitions as determined
Coulomb repulsion between the Co and O atoms is minimakom the population rate per activation state as a function of
Structurally, the Co@octahedra are almost symmetric andtemperature in Ref. 14. As can be seen, the Co-O local en-
the Co-O bond distances are quite similar. This is repreyironment determined from the PDF is reduced frontte
sented by a single Co-O peak at 1.915 A, which is the firs{geal casg with increasing temperature. The observed
peak in the PDF for this compound, at 20(8quares (Fig.  change corresponds to a £8S transition up to 100 K, with

2). The model PDF calculated for the3C structure for  d,2_,2 orbital occupancy. In the case df2_,2 occupancy,
LaCoG; (solid line) agrees quite well with the experimen- the rate of change of the Co-O environment would have been
tally determined PDF. By 300 Ktriangles, the PDF peaks a lot more pronounced. The percent of occupied IS states at
height decrease significantly. This partly originates from thethis temperature is about 40% with the rest of the ions still in
increase in the amplitude of atomic thermal vibrations. How-the LS configuration. The long Co-O bonds due to the local
ever, the shapes of the PDF peaks show additional deviatiol distortions of the IS state sites are represented by a sec-
from the ideal crystallographic structure, while the averageondary Co-O peak-2.16 A, seen in the PDF determined at
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FIG. 4. The local atomic structure a&=0.1, 0.2, 0.4, and 0.5 at % of Sr Doping (x)

300 K. Note the development of the peak of the long Co-O bonds at
2.13 A with doping that is absent in LaCg@t this temperature.
This is due to the formation of the JT-active IS states, where th
peak gets stronger as the concentration is increased.

FIG. 5. The percent of IS sites formed as a function of doping
éalso plotted as a function of the ionic radiyg,) at 20 and 300 K.
At 300 K, the number of IS sites is linearly proportionaxehere
the system is a paramagnetic insulator. At 20 K, a break-in of the
slope is observed around thé/ transition due to the formation of
100 K (Fig. 2), but because it is small, at the level of noise, the JT glass state in the metallic phase.
its amplitude is not well determined. For this reason, the

integration is carried only up to the end of the first peak.|t is possible that the lattice coupling to the spin fluctuations
Deviations from the LS-IS strong-coupling limit are ob- and increased charge mobility give rise to dynamic distor-
served from 100 to 300 K. The increase in the full width attions, reflected in the PDF data as a distortion in the Fourier
half maximum(FWHM) of the Co-O peak at 300 K in Fig. 2 transform of S(Q). In time-of-flight (TOF) experiments,
reflects the expansion of the unit-cell volume due to activaneutron detectors do not have energy resolution and both
tion of the HS staté® This could additionally suggest that elastically and inelastically scattered neutrons are recorded at
the charge-to-lattice coupling changes with temperature dughe detectors. The energy integrationS§f)) (Ref. 18 has a
to the increase in the charge mobility, thus modifying thefinite cutoff, and the range varies depending on the angle
effective lattice distortions. Also shown in Fig. 3 is the tem-bank. If high-energy modes are present in the system, they
perature dependence of the lattice parameter which shows\gill appear in some banks and not in others, giving rise to a
similarity to the change in the local Co-O environment.  scattering-angle-dependent PDF. In the case where vibration
JT-active sites form also with doping. With the introduc- modes are close to the energy cutoff, the Fourier transform is
tion of Cd** sites through Sr doping, the local atomic struc- distorted'®-2° This distortion depends upon the detector
ture changegFig. 4). While the average octahedral tilting angle (i.e., momentum transfgrso variations in the PDF
angle is reduced with increased dopirigdditional changes with the detector angle are an indication that the system has
are seen in the local structure that cannot be accounted fer local dynamicdistortion. This is indeed the case for the
assuming a global symmetry as the latter changes from
rhombohedral to almost cubic. At 300 K, long Co-O bonds

are clearly present in the PDF’s from 10% of Sr onwards. 04130 % Dynamical Effects o4 |LaCoO, ¢ 201200 ]
Such a bond length arises from the formation of a stable IS . 20,1200 {4 o T
state. The percentage of Cg@ites in the IS state is deter- 03 A 02

mined by calculating the number of short Co-O borids 1

1.92 A (equation shown in Ref. 33and subtracting that %

FIA

number from 6, the total number of bonds in the octahedron. = o2t
This gives an estimate of the number of sites with a JT dis- E
tortion (Fig. 5 which increases almost linearly with the
charge concentration in the paramagnetic insulating phase,a 91§
a rate that is almost equal xo(solid line). This represents an 3
increase in the population of the JT-active IS states due to
the straightening of the Co-O-Co bonds with doping. Thus
the transition occurs for different reasons with temperature
(in LaCo0;) than with doping. As a function of temperature,
the higher entropy of the higher-spin states drives the transi-

tion, while as a function of doping, the increase in the averiyineq at different angles of diffraction. Data are integrated up to

age Co-O bond length reduces the crystal field splitting anghe 2 values shown. Many changes are seen as the maximum dif-
shifts the balance towards the higher-spin states. fraction angle is varied, suggesting th@dependent dynamic

The nature of the structural distortions discussed up t@vents occur in the structure. The energy of this local dynamic
this point are essentially static. However, in the metalliclattice mode is of the order of 20 mefRefs. 19 and 20 The inset
phase which commences ¥% of Sr and with coolingthe  shows a typical case of no dynamics present in the system as in
distortions are consistent with the picture adBglass state  LaCoQ; also at 20 K.

0.0 Ly

20 25 3.0 35 4.0

FIG. 6. The PDF at 20 K for th&=0.30 composition deter-
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metallic compositions of this system#* 0.18), as shown in PDF, which is what is observed. It is interesting to note that
Fig. 6 forx=0.3 as an example of how distorted the PDF canthe appearance of this phase coincides with Ithé phase
become, without any physical meaning associated with suctransition. It may be speculated that the charge effectively
variation of the structure with angle. In the absence of anylecouples from the very slow lattice dynamics in the Bragg
localized dynamic mode, the PDF shows almost no variatiogjlass phase. The effective electron-phonon scattering be-
with detector anglésee inset of Fig. 6 and Refs. 19 and.20 comes smaller and one obtains a “normal” metallic behav-
A similar effect has been observed in other systems, such ag;.

the CMR manganites, at thé-| transition with 15% of dop- |5 conclusion, the structural data provided in this work
ing. This is clearly a phenomenon assomatgd with dynamicgnowed that the,-lattice coupling in LaCo@changes with

in a system. The standard Placzek corr_eéﬁcm;ed t0 COr-  increased occupancy of the IS state with temperature, and
rect for the presence of inelastic scattering events is inapplisyolution to the HS state at higher temperature. In
cable because it uses a baII_istic approxima_tion v_vhich_ deral_XSrXCoQ,, the lattice couples more strongly to the spin
not work when strongly localized but dynamic lattice vibra- fj,ctyations and stabilizes the JT-active IS state. The interac-

tion modes are pre_seﬁ’[. _ tion of the lattice and charge dynamics in the metallic state
In a \{veak—cc_:uplmg JT system,.the effective Iong_—ran.gegives rise to local dynamic distortions.
(elastig interactions between JT sites can fluctuate in sign

and magnitudé® The coupling to spin degrees of freedom  We acknowledge valuable discussions particularly with T.
may then frustrate the JT interactions and give rise to a spinEgami, J. B. Goodenough, and S. Trugman. We especially
glass-like staté®?3One property of such a lattice glass is, asthank J. A. Johnson for the help with the GLAD spectrom-
theoretical predictions indicafethat the lattice is disordered eter. Work at the Los Alamos National Laboratory is per-
at short scales and homogeneous at long scales. Such glageymed under the auspices of the U.S. Department of Energy
behavior is not uncommon as previously thought as it can bender Contract No. W-7405-Eng-36. The IPNS is supported
widely observed in several ferroelectric systems. One wouldy the U.S. Department of Energy, Division of Materials
expect glassydynamical behavior at the first peaks in the Sciences, under Contract No. W-31-109-Eng-38.
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