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The structural properties of LaCgq@ere studied by means of high-resolution neutron powder diffraction in
the temperature rangesST< 1000 K. Changes of the C3 spin states in this temperature interval are shown
to affect not only the unit-cell volume, as previously known, but also internal parameters such as the metal-
oxygen bond lengths. These data, as well as the temperature-dependent magnetic susceptibility, can be quali-
tatively modeled based on a three-stdmv-spin, intermediate-spin, and high-spiactivated behavior, but
correction terms are required for quantitative agreement. Our fits consistently indicate that the ionic radius of
the intermediate-spin state-0.56 A) is smaller than the low-spin/high-spin average0.58 A). We also
present evidence of third lattice anomaly, occurring around 800 K, which we attribute to the formation of
oxygen vacancies.
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[. INTRODUCTION in the spectra are only observed at the high-temperature tran-
sition. In a 1995 study of the related compound SrgpO
The lattice, electronic, and magnetic properties ofPotze, Sawatzky, and Abbate proposed that an intermediate

LaCoO; have been the subject of continuing interest sinceSPin(IS) state ¢34e5, S=2) could be favored by the relative
the 1950 The core of the debate is the interpretation ofStability of the ligand hole state, both for the Coand the

. 5 .
two broad transitions in the magnetic susceptibility, occur-C© ,SP?C'E§- This proposal led to a thorough re-
ring near 100 and 500 K. The effective bulk magnetic mo-€Xa@mination of the spectroscopic, magnetic and structural

ment, which is zero at low temperatures once the effect ofia;al(tzez i%;g:?;nzle_é lEefl‘ d?;]482?§dn?jntrﬁzec?r?csé rtefr?z:tt all
magnetic impurities and the surface is subtracted, increas grge s in states |l3W'S (rth_IS)I i%termLtladiate SpirilS) pand
rapidly to about 2.5 at the first transition, followed by a b ' P ' b '

. . . _high spin(HS), are relevant for LaCof In this framework,
broad plateau. A second increase of the magnetic susceptib e low-temperature transitiafrom LS to IS statesand the
ity to ~3.5ug occurs at the second transitionT(

B ) , X _high-temperature transitioffrom IS to HS stateswould
~500 K), which is associated with a metal-insulator transi-poth pe thermally activated.

tion. Both transitions are associated with anomalies in the once established the general framework of the LagoO
structural parametetsaand in the thermopowérThe classic phenomenology, much effort has been recently devoted to
interpretation of these effects, first given by Goodenatigh, obtaining quantitative agreement with the experiments. A
invokes the existence of two Co spin states;'€dt3;,  typical example is the work by Saitcét al,'* aimed at fit-
S=0) and cd;g (t‘z‘geé, S=2). At the first transition, the ting susceptibility, photoemission spectroscopy, and Xx-ray-
thermal population of G would increase up to a value of absorption spectroscopy data and comparing the results with

approximately 50% at the expense of *éoA further in-  band-structure calculations. In the midst of this activity, the
crease of the population of Qé would bé inhibited at first behavior of the crystal structure has remained somewhat con-

. troversial. Asaiet al® explored the implications of the three-
by the formation of an ordered superstructure of £and D P

43 . ) level model (LS-IS-HS for the structural properties of
Coys. In this framework, the second high-temperature| oco0, py studying the temperature evolution of the unit-

anomaly is interpreted as an order-disorder t_ransition Wherge|l volume of a single crystal. The fundamental ansatz of
thee, electrons would gradually become mobile and destropnis analysis is that the C3 ionic radius is progressively

the superstructure. _ _ , increasing with increasing spin state. Both structural and
The presence of an ordered phase in the intermediate terpyagnetic data can be well described by a varying population
perature range is a crucial mgredlenlt of this model. Howevery LS, IS, and HS states. However, Asgial. found that a
detailed neutron-diffraction studi€s™” have failed to detect simple activated model is not in complete agreement with the
the expected symmetry change fr&®3c to R3, associated data, and proposed a modified model containing a
with the ordered phase. Therefore, the theory was modifiedconcentration-dependent energy contribution. The work of
to exclude long-range ordering, in favor of a phase in whichAsai et al. is undoubtedly a major step forward in under-
dynamic C@¢$/Coy;$ ordering would occur with a short cor- standing the structural and magnetic anomalies in LaGoO
relation radius. but it also raises a number of issues. First of all, in Asai
A radically different interpretation emerged from experi- et al's work, the contributions of the various spin states to
mental studies of the electronic structure of LaGp®uch as the volume expansion are free parameters, and cannot be
electron photo-emission spectrosctfpgnd x-ray-absorption easily related to ionic radii. Second, one would expect to see
spectroscopy>*4 These data have been difficult to reconcile anomalies not only in the unit-cell volume but also in the
with the magnetization results, because significant changeaternal bond lengths. Furthermore, temperatures where dif-
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ferent spin states coexist in large proportions should be char 1000 ' '
acterized by significant structural disorder, which should be LaCoO,
evident in the atomic displacement parameters-ADP’s. The_. 80© [ _ T=1000K
disorder could be further enhanced by a Jahn-Teller distor-5
tion of the IS species. In fact, no such anomalies were de-8 %0 [
tected in the seminal neutron work by Thornton and
co-workerst®*! To add further confusion to the issue, a very
recent time-of-flight neutron diffraction work by Xet al®
also indicates thabsenceof anomalies at the spin-state tran- 6@

sitions. N\ lrg " }*m ALL gﬂ \.JIL R A‘ & Ezﬁw
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The main purpose of this paper is to reconcile the current 0 SRS N L R TS R SRS O
understanding of the LaCaqOspin-state transitions with o o o s o 0 w10
state-of-the-art crystallographic data. We have refined the lat: 20 (degrees)
tice and internal structural parameters of LaGa3 a func-
tion of temperature, in the intervaksT=<1000 K, using the FIG. 1. An example of Rietveld neutron powder diffraction pat-

Rietveld method, based on high-resolution neutron powdetrem for LaCoQ. The present data were collected fit 1000 K.using
diffraction data. We observe clear anomalies, not only of the? Standard ILL furnace. Crosses) represent experimental points,
lattice parameters, but also of the bond lengths, associatdle the fit is shown as a solid line. A difference curtabserved
with the two spin-state transitions. We present models ofninus calculateyis plotted at the bottom. Vertlczal tick marks indi-
both susceptibility and thermal expansion data, based on r&&te the position of allowed Bragg peaks in ®éc space group.
alistic values of the ionic radii for the various O?)spin ] ) )
states. The simplest possible scenario, based on a LS-Hdements, the sample |§Elaced under high vacuum during the
transition, does not require a detail modeling of the varyinghéasurementR<1x10"* Torr). For all measurements, the

HS population. Rather, one can attempt to make the suscep@MpPle was contained in a vanadium tuéth an internal
tibility and thermal expansion data mutually consistent with"adius of 0.45 or 0.75 cinBecause of the sizable Co neutron

a single adjustable parametéine HS ionic radiust o). This ~ aPsorption cross sectid87.18 barh, an appropriate attenu-
procedure gives a surprisingly good qualitative description ofition correction is crucial for obtaining correct ADP’s. We

the data, and clearly indicates that a three-level model cafiPPlied & standard Debye-Scherrer attenuation correction to
provide a better agreement only if QE is significantly the raw data before the refinements. A residual temperature-

smallerthan the average of Q§ and CQ|+s3 Two different independent systematic error of the order ©0.0005 A

. uld still affect our refined ADP’s due to the difficulty of
three-state models are presented and discussed. No A estimating effective sample densities in a reliable wa:
anomalies are detected, but, based on our estimated ioniC . g ! P . : Y.

Rietveld refinements were carried out using the program

radii and fractions of the C& spin states, we can shov_v _that sas! As in the previous crystallographic sty we
these would be too small to be seen given the precision o ' . : TR
our data. Finally, we present evidence ofhérd structural could not find any evidence of theglide violation, WhEh
transition occurring above 800 K, which is related to theWould indicate a symmetry lowering to the space gréid
formation of oxygen vacancies. This violation would manifest itself with the presence of

extra Bragg peaks. Therefore, all refinements were per-

formed in the space groug3c (No. 167, using the hexago-
nal axis setting. As well as the coordinate of oxygerithe

Polycrystalline LaCo@ was synthesized by a solid-state only one allowed to vary ifR3c), we refined the oxygen site
reaction. Starting materials of b@; and CqO, were mixed  occupancy, the isotropic ADfDebye-Waller factorsof Co
in stoichiometric proportions and heated in air at 1050 °C forand La and the anisotropic ADP tensor for oxygen. The re-
5 h, at 1100°C for 12 h, and then 1200 °C for 20 h withfined structural parameters are reported in Table I. Selected
intermediate grinding. Powder x-ray-diffraction shows apond lengths and angles are reported in Tabig Il.
clean single phase pattern, and magnetization, measured with
a commercial superconducting quantum interference device
magnetometer, is consistent with the literattire.

High-resolution neutron powder diffraction data were col-  The temperature evolution of the magnetic susceptibility
lected on the D2B diffractometer at the Institut Laue-and of the unit-cell volume in LaCoQwas presented in the
Langevin(ILL ), in the temperature rangesST=<1000 K. As  past® However, the structural response to the spin-state tran-
an example, the Rietveld refinement pattern for Lag@® sition is also demonstrated by plotting some of thirnal
1000 K is plotted in Fig. 1. Three different types of samplestructural parameters. Figure 2 shows the temperature evolu-
environments were employed. For the low-temperature meaion of the “long” La-O bond length. In the space group, the
surement (5<T<50K), we used a helium “orange” cry- 12-fold coordination shell of thé-site cation is split into
ostat. For the intermediate-temperature ran@e=$00 K),  three groups of equal bonds: “londthreefold degeneralte
we employed an ILL *“cryofurnace,” while for high- “intermediate” (sixfold degeneraje and “short” (threefold
temperature measurements we used a standard ILL highiegenerate In other perovskites, this parameter usually has
temperature furnace. Because the latter uédsil heating  a very weak and monotonic temperature dependence, arising

Il. EXPERIMENT

Ill. STRUCTURAL RESPONSE
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TABLE I. Structural parameters of LaC@@s a function of temperature, as refined from high-resolution neutron powder diffraction data.
The space group R3c (No. 167. The atomic positions are Laa§0,0,1/4), Co ®(0,0,0), and O 18(x,0,1/4). Numbers in parentheses are
statistical errors of the last significant digit. The last row is the fractional occupancy of the oxygen site, and is related to the vacancy
concentration by the formula=3- (1—frac). The average values &, and x? are 6.84% and 3.98%, respectively. Fits improve slightly
with increasing temperature.

TemperaturdK) 5 10 20 30 50 100 125 150
a(A) 5.426255) 5.426135) 5.426175) 5.425837) 5.427846) 5.433175) 5.435305) 5.437335)
c(R) 12.9911) 12.9911) 12.9911) 12.9912) 12.9991) 13.0221) 13.0331) 13.0441)

La  UX100(A? 0.002) 0.032) 0.022) -0.01(3) 0.022) 0.042) 0.162) 0.192)

Co  UXx100(A?) 0.104) 0.072) 0.11(4) 0.035) 0.164) 0.224) 0.424) 0.374)

o X 0.5526%8) 0.552558) 0.552568) 0.552438) 0.552778) 0.552608) 0.552168) 0.552008)
U1,X 100(A?) 0.092) 0.072) 0.072) 0.0622) 0.172) 0.132) 0.21(2) 0.252)
U,,%X 100(A?) 0.123) 0.163) 0.133) 0.153) 0.133) 0.11(3) 0.203) 0.263)
Us33X 100(A2) 0.333)00 0.433) 0.433) 0.532) 0.222) 0.083) 0.192) 0.262)
U1,X 100(A?) 0.061) 0.081) 0.071) 0.092) 0.061) 0.052) 0.101) 0.131)
U13X 100(A?) —0.061) —-0.042) —0.041) —0.051) —0.091) —0.11(1) -0.131) —0.141)
U,3x 100(A?) —-0.122) —-0.092) —0.092) -0.103) -0.183) —0.21(6) -0.272) —-0.282)

frac. 0.9834) 0.9854) 0.9864) 0.9945) 0.9825) 0.9715) 0.9654) 0.9684)
TemperatureK) 200 250 300 350 400 450 500 550

a(A) 5.441085) 5.444904) 5.448643) 5.452864) 5.457024) 5.462306) 5.46815%5) 5.474996)

c(A) 13.0641) 13.0841) 13.103%9) 13.1231) 13.1471) 13.1631) 13.1851) 13.2071)

La  UX100(A? 0.192) 0.292) 0.362) 0.462) 0.502) 0.622) 0.692) 0.842)

Co  Ux100(A?) 0.264) 0.344) 0.374) 0.494) 0.474) 0.674) 0.564) 0.594)

¢} X 0.551348) 0.5509%8) 0.550328) 0.550117) 0.549567) 0.5494@9) 0.549018) 0.549099)
U1;X 100(A?) 0.312) 0.442) 0.512) 0.652) 0.732) 0.892) 0.992) 1.152)
U,,X 100(A?) 0.343) 0.393) 0.51(3) 0.563) 0.583) 0.803) 0.873) 0.973)
U35 100(A?) 0.392) 0.532) 0.762) 0.872) 0.952) 1.173) 1.333) 1.61(3)
U1,X 100(A?) 0.171) 0.192) 0.251) 0.291) 0.291) 0.402) 0.442) 0.492)
U,15X 100(A?) —0.141) -0.171) —0.241) —-0.271) -0.291) —0.341) —0.341) —0.361)
U,3x 100(A?) —0.272) —-0.342) —0.482) -0.552) -0.5712) —0.693) -0.682) —0.723)

frac. 0.9744) 0.9764) 0.9754) 0.9804) 0.9794) 0.9754) 0.9784) 0.9714)
TemperatureK) 600 650 700 750 800 850 900 950 1000

a(A) 5.481186) 5.486776) 5.492506) 5.497396) 5.502537) 5.507597) 5.512218) 5.517179) 5.523Q1)

c(A) 13.2292) 13.25@2) 13.2722) 13.2922) 13.3142) 13.3362) 13.3562) 13.38G2) 13.4083)

La  UX100(A? 0.8822) 1.042) 1.122) 1.242) 1.393) 1.603) 1.803) 1.933) 2.143)

Co  UX100(A? 0.784) 0.925) 1.045) 0.874) 0.975) 1.015) 1.265) 1.425) 1.446)

o} X 0.548499) 0.548049) 0.547879) 0.54741) 0.54691) 0.54661) 0.54591) 0.54491) 0.54341)

U11x 100(A?) 1.242) 1.462) 1.592) 1.832) 2.052) 2.273) 2.51(3) 2.673) 2.924)
U,,x 100(A?) 1.083) 1.294) 1.404) 1.51(4) 1.654) 1.764) 1.935) 2.105) 2.186)
Ugsx 100(A?) 1.763) 2.003) 2.183) 2.243) 2.503) 2.61(4) 3.054) 3.474) 4.105)
U12X 100(A?) 0.542) 0.642) 0.702) 0.762) 0.822) 0.882) 0.9622) 1.052) 1.093)
U15X 100(A?) -0.431) —0.451) —-0.521) —0.562) -0.572) -0.622) —0.642) —0.742) —0.823)
U,3x 100(A?) —-0.863) —0.91(3) —1.043) -1.123) -1.133) —1.243) —1.294) —1.474) —1.645)
frac. 0.9714) 0.9714) 0.9674) 0.9674) 0.9734) 0.961(4) 0.9584) 0.9554) 0.9484)

from the finely balanced competition between the overallmore distorted or it is expanding in an anomalous \\&s/we
lattice expansioriwhich tends to expand all the bondend  shall see, the latter explanation is the correct)oBeth ex-

the “untilting” of the BOg octahedrdwhich tends to shorten planations are compatible with an increase of the effective
this particular bong This competition makes the long La-O ionic radius of theB site, and a corresponding reduction of
bond particularly sensitive to nonthermal lattice distortions.the Goldshmidt tolerance factttAnother noteworthy fea-
The two well-known transitions at-100 and~500 K are ture is the rapid drop of the La-O “long” bond length above
both associated with rapid increases of the La-O “long”800 K. This third transition, which is also evident in the
bond length, indicating that the structure is either becomindehavior of other parameters, such as the unit cell volume,

094408-3



P. G. RADAELLI AND S.-W. CHEONG

PHYSICAL REVIEW B56, 094408 (2002

TABLE IlI. Selected bond lengthén A) and bond anglegin degrees for LaCoO, as a function of temperature, as refined from
high-resolution neutron powder diffraction data. Numbers after tkié Sign are bond multiplicities. Numbers in parentheses are statistical
errors of the last significant digit.

TemperaturgK) La-Ox 3 La-Ox 3 La-Ox6 Co-Ox 6 0O-Co-O Co-0O-Co
5 2.427%5) 2.99885) 2.687675) 1.925447) 91.4772) 162.933)
10 2.42794) 2.99824) 2.6875%5) 1.925337) 91.47%2) 162.963)
20 2.42794) 2.99834) 2.687595) 1.92535%7) 91.47%2) 162.963)
30 2.42844) 2.99745) 2.687406) 1.92515%8) 91.4712) 163.0G3)
50 2.427%5) 3.00034) 2.688985) 1.926277) 91.47G2) 162.9G3)
100 2.43085) 3.00245) 2.693005) 1.928547) 91.4352) 162.963)
125 2.43414) 3.00124) 2.694585) 1.929226) 91.4092) 163.1G03)
150 2.435¢4) 3.00144) 2.696265) 1.930076) 91.3892) 163.1%3)
200 2.44124) 2.99994) 2.6992%5) 1.931416) 91.3422) 163.373)
250 2.44504) 2.99994) 2.7024@5) 1.933006) 91.3022) 163.502)
300 2.45024) 2.998%4) 2.705244) 1.934526) 91.26@2) 163.712)
350 2.45324) 2.99964) 2.708544) 1.936076) 91.2272) 163.7712)
400 2.45814) 2.99894) 2.711544) 1.937576) 91.1892) 163.952)
450 2.461%) 3.001G5) 2.715225) 1.939727) 91.1632) 164.013)
500 2.46604) 3.00214) 2.718884) 1.941836) 91.1342) 164.132)
550 2.4687) 3.00635) 2.723165) 1.944627) 91.1182) 164.113)
600 2.4748) 3.00645) 2.726895) 1.946717) 91.0842) 164.3@3)
650 2.47985) 3.007@5) 2.7304@6) 1.948697) 91.0542) 164.453)
700 2.483%5) 3.00925) 2.734226) 1.950987) 91.0292) 164.513)
750 2.48815) 3.00935) 2.737596) 1.952797) 90.9952) 164.663)
800 2.49315) 3.00956) 2.741086) 1.954687) 90.96G2) 164.823)
850 2.49796) 3.01046) 2.744766) 1.956698) 90.9252) 164.933)
900 2.50326) 3.00916) 2.747996) 1.958288) 90.8842) 165.164)
950 2.51077) 3.00647) 2.751537) 1.959919) 90.8323) 165.474)
1000 2.5218) 3.00118) 2.755498) 1.961%1) 90.7643) 165.975)

the internal tilt angles and the oxygen ADR&ee beloy, is  IV. THERMAL EXPANSION—LATTICE CONTRIBUTION

to be attributed to the formation of oxygen vacancies in the Figure 4 shows the temperature evolution of the unit cell

highly reducing conditions of the vacuum furna@ehich is  yolume, which we express in the form of linear expansion
heated by vanadium metal eleménfBhe presence of these

vacancies is clearly established from the refinement of the

oxygen site occupanciFig. 3).

3 1V(T)—-V(0)
~ 3 V(0
It is essential to obtain an accurate estimation of the three

a

3.012

3.008

3.004

3.000

La-O "long” bondlength (A)

LaCoO 3

components of the lattice expansion, due to phonons, mag-
netism and oxygen vacancies. The phonon contribution to
the thermal expansion has been evaluated using the semi-
] empirical formulation introduced by Ruft¥?!and applied to

the perovskite case by Inaba and Tag&wAppendix A). At

] high temperatures, this expression has to be corrected, due to
the formation of oxygen vacancies. The thermodynamic pa-
rameters controlling the formation of oxygen vacancies in
] La; _SK,Co0;_ 5 have been determined by Mizusasial 23
Clearly, in our measuring conditions, the sample is not in
thermodynamic equilibrium with gaseous oxygen. Neverthe-
] less, following Mizusakkt al’s treatment/Appendix B, we

have adjusted the equilibrium oxygen partial pressure to ob-

400 600 800

Temperature (K)

1000

1200 tain a quantitative agreement with the measured concentra-
tion of oxygen vacancies. The effect of oxygen vacancies on
the unit cell volume is expressed by the coefficientv)1/

FIG. 2. Temperature dependence of the “long” La-O bond X(4V/d6)1 p, which we assume to be temperature indepen-
length in LaCoQ, as determined from neutron powder diffraction dent. This coefficient has been refined as part of the general
data. The solid line is a guide to the eye.

fitting of the volume expansiofirable Ill).
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: . ! T T . T T T .
LaCoO
o8| LaCoO ] = ‘
> 3-8 S 20 3 ) ki
[ 1 c
2 phonons
0.04 F ] a2
= 5 s« t
9 (ST -
3 : o 10 g spin states b
7o) ¢ 6@ o d T °
0.00 | 2 — ! ] s 7
1 | o T + J © ]
&P Il B [ e .
;b T i g ------- Oxygen vacancies
0.04 W ] £ 00 Lo b
(b 1 1 1 1 1
0 200 400 600 800 1000 1200 ) ' ' ' !

Temperature (K) 0 200 400 600 800 1000 1200
P Temperature (K)
FIG. 3. Oxygen vacancy concentration per formula uhits . o .
determined from neutron powder diffraction data. The solid line is a_. Fl((j;'f 4. Clr(_:les.”IIneIar therma_l 1e/xp\j1n1§|an\;)foLa>(\2/o(())3, _?E
fit to the data, following the treatment of Misuzadd al. (Ref. 23. tained from unit-cell volumes as=1/3 V(T)-V(0)]/V(0). The

The zero-temperaturé, 0.062), was subtracted from the data be- solid line is a fit to the data_ using an activate_d three-leve_l model
fore the fitting. _(LS, IS, and H$ with correctlon_ ter_midasheq ling as explained
in the text. The phonon contributiofdotted ling was evaluated
using the approach of Ref. 22 and contains no fitting parameters.
V. THERMAL EXPANSION—MAGNETIC CONTRIBUTION The oxygen-vacancy contributigdash-dotted linewas calculated

In simple terms, the appearance of higher-spin states f(}?y_flttlng the oxygen-vacancy data_ of Fig. 3. The only additional
13 - f adjustable parameter islog V/dé, which expresses the dependence
Co™* contributes to the thermal expansion because the

S& .

- . . of the unit-cell volume on the vacancy concentratialso see Table
states have a larger ionic radius with respect tgdHow- . y .

ever, the relationship betweeBsite ionic radius and unit

cell volume is nontrivial, because both bond lengths and

bond angles are affected. Nevertheless, it is essential to esti- XHs=—of>—» (5.2)
mate, for the species in question, realistic ionic radii which, Phs

for Cq's’ and Cq$, can be compared with the tabulated wherep?f is the effective magnetic moment of (d(ideally

values,r s=0.545 A andrs=0.61 A (Ref. 24. We there-  4.9045). Consequently, in this model, the magnetic contri-
fore write the contribution of each speciedo the thermal  pytion to the thermal expansion is

expansion as
1 10V

1 10V amag_XHSE(rHS res) Vo (5.3
as=Xsg (s~ Ms) G 5 G s noteworthy that no precise knowledge of the mechanism
of the spin-state transition is required. We have extracted the
wherer  is the ionic radius of the species in question agd high-spin phase fraction from published susceptibility 8ata
is its fraction. We have estimated ¥{dV/dr) from an  (Fig. 5, and compared the resulting magnetic thermal expan-
analysis of the trend of volume versusn LaBO; (Bis a  sion with our datgFig. 6). A single-parameter fit of ;5 was
metal ion perovskitegAppendix Q, which yields a value of performed to optimize the agreement with the thermal ex-
0.88 AL pansion data, yielding a value ofs=0.595. This is in fairly

The magnetic contribution to the lattice expansion hagood agreement with the Shannon value refs=0.61.
been calculated in two different ways for the hypotheses oflearly, the overall behavior of the calculated lattice expan-
LS-HS and LS-IS-HS transitions. The purpose of the twosion is reproduced, but there is no quantitative agreement.
models is quite different. In the two-state scenario, we willMore importantly, the deviation from the observed lattice
make no attempt to model the HS population, which clearlyexpansion ar@ppositeto what one would expect based on
has complex temperature dependence. Rather, we verifjie knowledge of the transport properties. In fact, we obtain
whether the susceptibility and thermal expansion data can b@ smaller expansion in the low-temperatunsulating re-
made to be mutually consistent by tunings as a single gion, where the effective ionic radius of @is expected to
parameter. For the three-state model, we will calculate thée large, and darger expansion in the metallic high-
fractions of the individual spin states following the approachtemperature region. This clearly indicates that, in order to
used in Ref. 8. obtain a better agreement with the thermal expansion data,

LS-HS Assuming that both the changes in magnetic susene needs to introduce a specigberthan Cq,3, for which
ceptibility and those of the unit cell volume are due to athe ionic radius is reduced more than the effective moment.
varying proportion on G, we can easily relate them to LS-IS-HS To study this case, we employ Asatial’s® and
one another. In fact, the fraction of G§ xus, can be evalu- Bari and Sivardiee’s™ formulation (both based on a model
ated by the formula proposed by Chestnut® We write the free energy as
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TABLE lll. Fitted parameters for the LS-IS-HS models. Model 1 is a simple three-state activated behavior. Model 2 includes the
correction termd™; andI',, as described in the text. The parameddog V/ds expresses the dependence of the unit cell volume on the
vacancy concentration, and is needed to fit the thermal expansion data at high tempésatitesx. All the parameters, excluding the
effective moments, were first fitted against the thermal expansion data. The effective moments were subsequently fitted against the suscep-
tibility data (the 2 values only refers to the latter it

E1l (meV) E2 (meV) Ns (A) My (A) dlog Vids ry I, Pis Phs X

Model 1  22.411) 85.451) 0.55822) 0.60416) 0.0171) 0 0 275 453 107
Model 2 13.05() 136.1183) 0.560874) 0.58241) 0.0591) 30.3514) 165.43%4) 295 372 20

1 Herex,; andx, are the concentration of the intermediate
f=PQ- E'”(Z), (5.4 and high-spin states, respectively. Similar to the treatment by
Asai et al, we give ourselves the option of apply correction
where z:zgzoyse‘ﬁEs, is the partition function angd  terms to the intermediate and high-spin energy of the forms
=1/KT. We can express the energy of each spin state as

1
1 , Ei=A+ Ef(Q_Ql)Z"‘Fle,
Es=As+58Q~Qy)7% (5.9 5.7

1
whereQ= (V—V,)/V, and Q.= (Vs—Vy)/Vo. Ey=As+ 5 £(Q-Q)*+Tox,.
HereV is the equilibrium volume of spin stateandvg is

the multiplicity of each spin state, adds the elastic energy The main purpose of the correction terms is to adjust the
term §=BV, .~58 eV. The values ofvs for LS and HS  width of the two transitions. Clearly, susceptibility data do
states 1 and 15, respectively. Regarding the IS multiplicitynot follow a simple activated behavior, which would predict
different choices are made in the literature, depending om sharper low-temperature transition and a broader high-
whether one considers the Jahn-Teller energy to be greatesmperature transition in Fig. 5. The presence of these terms
(no orbital degeneracy;s=9) or smaller(ey orbital degen-  can be rationalized in a variety of ways. Asaial. argue that
eracy, vis=18) than the relevant temperatures. Clearly, it isthe energy per HS ion should decrease as their concentration
conceivable that the degree of orbital degeneracy may biaicreases, due to the enhanced hybridization between like
temperature-dependent, but we have not explored this possipecies, yielding a negative value 5. Likewise, the for-
bility. For single values of,s we systematically obtain better mation of ordered phases on the local scale at low tempera-

agreement with our data in the absence of orbital degentures may prevent a rapid increase of the IS state concentra-
eracy, we will therefore assumgs=9 for the remainder of tion (positivel,).

the paper. The solutions f@ are The magnetic susceptibility is
Q=x,Q;+x,Q,, (5.6 Xis PET2 -+ Xy, g2
X= , (5.8
3kgT

wherex,=Z 1y FEs.
where the effective momentadeally 2.83ug and 4.90ug

' for IS and HS states, respectivebre also parameters of the

LaCoO fit. Figure 5 show the comparison of the measured magnetic
3 susceptibility and the calculated curves for the simple acti-

vated model(dotted ling and the corrected modebolid
line). The calculated lattice expansion for the corrected
model is plotted in Fig. &the curve for the activated model
is very similar and is omitted for clarify The fitting param-
] eters are reported in Table Ill. Clearly, the fit to the lattice
expansion is much better than for the two-state model, and
i this is to be expected because of the greater number of ad-
justable parameters. For the simple activated model, refined
values for the HS ionic radiu€.604 A is in good agree-
ment with the Shannon valu@®.61 A). As we already re-
marked, the slightly reduced value for the corrected model
would also be unsurprising, due to the metallic nature of the

FIG. 5. Fit to the magnetic susceptibility data of Refcgcles high-temperature state. For both models, the ionic radius of
using the simple three-state activated modéldshed lingand the  the IS state is closer to that of LS state than to the HS state,
corrected model Zsolid ling). The low-temperature paramagnetic as predicted based on the analysis of the simple two-state
behavior was subtracted as in Ref. 8. model. The corrected model produces a distinctively better

270 T T T

Susceptibility (10° emu/g)

0 200 400 600 800 1000
Temperature (K)
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' ' ' " ' TABLE IV. Reference table for the IBO5; compounds used for
LaCOO3 k?:glc(ﬁ _,(—’ the determination of (M)(8V/ér). The second column refers to
.. o8r e ] the inorganic crystal structure database entry nuniRefs. 27 and
S g Bond length 28). The M-site ionic radii are from ShannaiRef. 24.
- [ Alog(d(Co-0)) ]
'é Compound ICSD Entry No. L.R.  Volume/f(4% Symmetry
q:‘;- 04 LaCuQ, 73554 0.54 56.967 R3c
5 i ] LaNiO; 84933 0.56 56.567
b Bond angle LaCoG; 201763 0.545 56.000
T oo Alog(sin@2)) o ] LaAIO, 74494 0.535 54.467
. OHa 08 gogo ocopooob
LaCrO; 79344 0.615 58.591
0 200 400 600 800 1000 1200 LaTiOs 63575 0.67 62.426
Temperature (K) LaMnOs 50334 0.6645 61.387 Pnma
LaFeG 84941 0.645 60.715
FIG. 6. Spin-state anomalies of the LaGoait cell and inter- LaGaQ 73760 0.62 59.043
nal parameters. Circles: the nonphonon component of the Co-QaVO, 73898 0.64 60.525
bond length expansion, obtained from the Rietveld bond length valt aRuQ, 75569 0.68 62.200
ues by subtracting a single Einstein oscillator with=700 K Dia- | 3rh0, 33122 0.665 61.957

monds: the non-phonon component of the linganit-cell) thermal
expansion, obtained as in Fig. 4. The high-temperature deviation,
due to the formation of oxygen vacancies, is clearly visible. The
solid and dashed lines are the pure magnetic thermal expansion and
the magnetie-vacancy thermal expansion, respectively. The Co-
O-Co bond angle contributioisquares was obtained from Eq.
(6.D.

VI. BOND LENGTHS AND ANGLES

As we have seen in Sec. V the spin transitions induce
significant changes in the unit-cell volume, which we inter-
pret as due to an increase of the Co ionic radius. Conse-
quently, the effect of these transitions should be directly vis-

. . . ible in the Co-O bond lengths, while the Co-O-Co bond
agreement with the susceptibility data, while the thermal ex- ngles should be less affected. Ordinarily, both bond lengths

pansion data are modeled equally well. However, some 0ind bond angles affect the unit cell volume. In the first ap-
the refined parameters, such as the greatly reduced value BI

, ﬁ oximation, the relationship between these parameters can
the effe_ct|ve njoment;@5=3.7,u5), seem to be somewhat |, expressed as

unphysical. It is conceivable that even the corrected model
may not fully capture the physics of the spin-state transi-

tions.

1AV Adego o
= §V—O—m+cotzA¢

a

(6.2)

wheredc,. o is the Co-O bond length angt is the Co-O-Co
bond angle. Equatiof6.1) expresses the constraints of net-
work connectivity in the simple hypothesis of rigid CoO
octahedra. In order to compare the relative contributions of
the internal parameters, it is useful to extract the anomalous
(non-phonon part of the lattice thermal expansion from the
ave data shown in Fig. 4. The bond length contribution to the
non-phonon thermal expansion is plotted in Fig. 6, together
with the nonphonorii.e., magnetie- oxygen vacancigslat-
par tice thermal expansion. Here, we have modeled the phonon-
induced thermal expansion of the Co-O bond with a single
Einstein oscillator withTz=700 K. From Fig. 6, it is clear
that the Co-O bond expansion accounts for almost all the
non-phonon lattice expansion, except at very high tempera-
tures where oxygen vacancies are shown to play a role. Once
again, this is a further confirmation that the spin-state transi-
tions affect the structure through an increase of the Co ionic
FIG. 7. Oxygen displacement parameters in Lago@verage 'adius. For comparison, we have extracted the bond angle
value (circles and projections of the oxygen displacement param-contribution to the non-phonon thermal expansion from Eq.
etersparallel (squares and perpendicular(triangles to the Co-0  (6.1). Although this procedure may not be rigorously correct
bond. The solid lines are fit to the data up to 800 K, using a simpldStrictly speaking, Eq(6.1) is only valid for the overall ther-
Einstein oscillator. The Einstein temperatures were 297, 500, anfhal expansion, not for the anomalous pait clearly indi-
334 K, respectively. Clearly visible is a high-temperature upturn,cates that vacancies affect the lattice mostly through a
probably due to additional disorder from oxygen vacancies. change in the Co-O-Co bond angles A high-temperature

perp ]

£

o
T
>

N
o

0.0

Oxygen Displacement Parameter (1 02 A%)

0 200 400 600 800 1000 1200
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anomaly of the Co-O-Co bond angles is clearly visible by Al Al Al
plotting refined bond angles from Table II. (I_) =(|—) (I_) : (A1)
1 2
where
VIl. ATOMIC DISPLACEMENT PARAMETERS
3 ron/ 3

In principle, one might expect that the mixing of spin (ﬂ) =3 ; (kBT)(L) IOD T)idx_ (A2)

states with different ionic radii would affect the atomic dis- '), “\2ar,D Op e—-1

placement parameters of cobalt and/or oxygen in a in a SigEquation (A2) has the same expression as the Debye-

nificant way. However, it is easy to see that, given the values. > . . . o
of the ionic radii we obtained from the fits, these ef'fects%‘jrunelsen thermal expansion with the substitutioar

would be too small to be observed. For example, taking BVm/yn, whereas
r.s=0.545A, rs=056A, andrys=0.61A, the bond Al 3
length variances would be 0610 4 and 0.2x 10 2 A2 for (I—) =3
50% mixtures of LS-IS and LS-HS states, respectively. 2

These values are too small to be observed in the relevant T \3 (0p/Tx4(1+e)dx
temperature ranges, even if they were applied entirely to one (—) J ———
atom, rather that being distributed between Co and O. The O/ Jo (e'=1)

projections of the oxygen ADP along the Co-@hich  Herey is the Grineisen parametér-2 for perovskites B is
should be the most sensitive directiand in the plane per- the pulk modulus(typically 150—18% 10° nm 2 for per-
pendicular to it, as well as the average value, are plotted iyskites and V,, is the molar volume (3.3
Fig. 7. The solid lines are fits up to 800 K using the Einsteiny 10-5 m3mol~? for LaCoOy), kg is the Boltzmann’s con-
model, which yield Einstein temperatures of 297, 500, ancgtant(=8.31 JmoltK %), 6, is the Debye temperature, and
334 K, respectively. No anomaly is apparept i'n. the temp.eral—ﬂ| is the number of atoms per formula urf in our casg
ture range 6<T=<800 K. On the contrary, significant devia- The parameters of Ruffa’s formulation are the depth and in-
tions are apparent above 800 K, and should be attributed t@srse width of the Morse potenti® and a and the mean
the enhanced structural disorder arising from the formationyomic separatiom,,. We have used the values determined
of oxygen vacancies. by in Ref. 22 for LaMnQ (a=2.341A,r,=0.721 A", D
=211.9kImol?, and 65=620.2 K} but we have rescaled
the producta-r so that the high-temperature value of the
thermal expansion coefficient matches the experimental

The observation of significant anomalies of the bondvalue for LQJIQZSrO_OSCoOs.S
lengths in LaCo@, associated with the C3 spin-state tran-
sitions, represents the central result of the present work. WeAPPENDIX B: OXYGEN VACANCIES CONTRIBUTION
have shown that the temperature dependence of the bond TO THE THERMAL EXPANSION
lengths, unit-cell volume, and magnetic susceptibility can be _ . ) )
well accounted for using models based on simple energetic 1he equilibrium condition of the crystal lattice with gas-
considerations and yielding realistic values of the ionic radii€OUS 0Xygen is expressed by the equation
for the various spin states. RT

A LS-IS-HS model without IS orbital degeneracy pro- w— po=h—hy—T(s—sp)= —=InPO, (B1)
vides the best fit to the data. However, correction terms to a 2
simple activated behavior and a significantly reduced HS efyhereR=8.314 JK ' mol~! is the gas constant arRiO, is
fective moment are required to obtain close agreement withe oxygen partial pressufa Atm). Misuzakiet al?® have
the susceptibility data, indicating that the physics of the spingetermined the following expressions for the enthalpy and

state transitions may not be completely captured by thesgntropy of oxygen vacancy formation:
models. We have shown that the ADP anomalies, which

would be expected in the presence of coexisting species with  h— hozAhg—aé and s—sO=A38+ RIn(8/3— 6),
different ionic radii, are too small to be detected with the (B2)
current precision. We have also observethizd structural
anomaly at higher temperatures, which we have explaine
with the formation of oxygen vacancies.

1

1. 2
arnD2 (kBT)

(A3)

VIIl. CONCLUSION

here & is the vacancy content per unit formula. For
ﬁlac:oq,g, AhS=—2095 KJmol*, As)=—105Jmol?,

and a=2092 KJmol'!. The oxygen vacancy content at a
given PQ can be determined by solving the following equa-

APPENDIX A: PHONON CONTRIBUTION TO THE tion with respect to:

THERMAL EXPANSION e(Ahgfaé)/RTfAsglR

The phonon contribution to the thermal expansion has 5I(3=5) —(PO)Y%=0 (B3)
been evaluated using the semiempirical formulation intro-
duced by Ruffa?! and applied to the perovskite case by It can be easily seen that with the approximatir0 and
Inaba and Tagaw#, as the sum of two terms 3-5~3 one recovers a simple Arrhenius law. Data in Fig. 3
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have been fitted by performing a numerical minimization oftransition metal, Al or Ga. The data were obtained by mining

Eg. (B3) as a function ofPO,. the Inorganic Crystal Structure Databds€ (Table 1V). For
small B-site cations, the structure is rhombohedspace

APPENDIX C: VOLUME VS IONIC RADIUS IN group R3c), and a transition to the orthorhombic space
LANTHANUM OXIDE PEROVSKITES group Pnmaoccurs forrg~0.6. LaCuQ is clearly anoma-

lous (the properties of this high-pressure compound are
We have estimated () (dV/dr) from an analysis of the somewhat dubioys and was excluded from the fit, which
trend of volume versusin LaBOj3 perovskites, wher8isa  yielded a value () (dV/dr)=0.88.
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