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Synchrotron x-ray powder-diffraction experiments reveal that the transition from a magnetic intermediate
spin (IS) statetgge; to a nonmagnetic low-spin ground stagg in LaCoQ; normally observed when cooling
manifests itself under pressure by an anomalously low bulk modulus ¢2)16®a and an initially very large
Co-0O bond compressibility of 4:810™2 GPa ! which levels off near 4 GPa. The continuous depopulation of
the IS state is driven by an increased crystal-field splitting resulting in an effective reduction of the size of the
Co** cation.
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The magnetic and electronic properties of the paradigsubsequent continuous HS-to-LS transition was obsefted.
matic charge-transfer insulator LaCgOwhich crystallizes Takano et al. observed a first-order pressure-driven HS-
in a rhombohedral distortion of the cubic perovskite structurgo-LS transition in CaFe©by in situ Mossbauer spectros-
with thea~a~a" tilt system! continue to be topical. Mag- copy and x-ray diffractiort” In the following we present
netic susceptibility measurements reveal transitions at 106xperimental evidence for a continuous IS-to-LS state tran-
and 500 K. The 100-K transition was first interpreted bysition occurring in LaCo@ under hydrostatic pressure at
Goodenoughas a spin-state transition of 50% of the3Co 00m temperature. _
ions from a nonmagnetic low-spifLS, th. S=0) ground The experimental setup and detailed procedure for the

e 42 o ) _ high-pressure synchrotron x-ray powder-diffraction experi-
state to a high-spin statelS, tyqe;, S=2). The 500-K tran ments performed at beam line X7A at the National Synchro-

sition was assigned to_ an order-disorder transition,_where thﬁ"on Light Source at Brookhaven National Laboratory are
&y electrons become itinerant and destroy the spin-state Ofjegerined elsewhefé.Rietveld refinements were performed
dered superstructure. The latter, hpwe_ver, was never Ok?jsing the progranssas!’ The results of the fits are summa-
served experimentaffy and a dynamic disorder of HS and jzed in Table I. The lattice parameters and the volume of the
LS Co** was subsequently proposgén alternative inter-  ynit cell reveal no discontinuity as a function of pressure
pretation based on photoelectron emis8icand x-ray-  (Fig. 1). Intriguingly, however, the value of the bulk modulus
absorption spectroscopfled to the postulation of an inter- B, of 150(2) GPa obtained by fittin§ a second-order Birch-
mediate spir(IS, t3,e;, S=1) state and the two transitions Murnagham equation of stafawith Vo=335.834(5) & and
were assigned to thermally activated LS-to-IS and I1S-to-HB’ =4 (by definition to the pressure dependence of the unit-
state transition8.According to classical ligand field theory cell volume is significantly smaller than those observed for
the IS state should always be energetically above the LS aggomparable perovskites with tlae a~a" tilt system such as
HS state. However, local-density approximation anaal- LaAlO; [By=190(5) GPa, Ref. 20 and PrAlG [B,
culations by Korotinet al® established that the IS state =205(8) GP&.%* The Cornelius-Schilling mod# predicts
could be energetically stabilized with respect to the HS statevalues of 180, 189, and 191 GPa f&, of LaCoG;,
Recent neutron powder-diffraction experiments by RadaellLaAlO3, and PrAlG respectively. Our experimental value is
and Cheontf show that the thermal lattice expansion is besttherefore highly indicative of an unusually large volume
fitted by such a LS-to-IS-to-HS state sequence without oreompressibility in LaCo@.
bital degeneracy of the IS state. However, correction termsto The L& cation in LaCoQ is at the center of a distorted
a simple activated behavior and a significantly reduced H%lodecahedron and coordinated by 12 oxygen atoms with
effective moment are required, indicating that this model isthree long, six intermediate, and three short distariEes
at present, incomplete. 2).23 The three closest oxygen atoms to La are coplanar and
Pressure can alter the magnetism of transition-metal oxthe Lap, andp, orbitals point at this plane. The, andd,2
ides by inducing Motf or spin state transition's.The firstis  orbitals are orthogonal to this plane and have no overlap with
a consequence of the closure of the Mott-Hubbard or chargehe first coordination sphere of oxygen. The majority of the
transfer gap, whereas the latter results from a breakdown dfa-O bonding stems from the three short La-O bonds. As
strong Hund’s rule coupling and occurs when the crystalpointed out by Radaelli and Chedignd others, the long
field splitting dominates over the exchange energy. A secondnd short La-O bonds are useful gauges for nonthermal lat-
order HS-to-LS transition under pressure leads to the coltice distortions. An increase in the long La-O distance ac-
lapse of the magnetic state in wuestite { 8) as shown by companied by a decrease of the short one, leading to a more
Mossbauer spectroscopy. In RFeG, (R=La,Pn, a distorted environment for La, is indicative of an increase in
pressure-induced collapse of the Mott-Hubbard state and the magnitude of the octahedral distortion. The’ Caation
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TABLE |. LaCoGO; high-pressure refinements.

P(GPa) Ambient 0.63 2.64 3.98 5.99 7.23 8.08

a 5.442633) 5.439066) 5.41011) 5.39502) 5.37762) 5.36642) 5.35914)

c 13.091088) 13.08212) 13.01143) 12.97134) 12.921€6) 12.89225) 12.8681)

\% 335.8345) 335.1629) 329.812) 326.972) 323.614) 321.533) 320.0716)
La(U;soX 100) 0.762) 2.407) 2.21) 3.1(1) 2.51) 2.6(1) 1.8(1)
Co(Uis0x 100) 0.263) 2.31) 3.02) 3.52) 3.42) 4.81) 4.7(2)
O(U;s0x 100) 0.81) 0.8 0.8 0.8 0.8 0.8 0.8
O(x) 0.44887) 0.4552) 0.47143) 0.4909  0.4856) 0.4793) 0.4744)

X2 2.765 2.807 2.272 1.983 2.832 3.875 1.193
La-O1x3 3.0004)  2.9619  2.862) 2.755) 2.773) 2792)  2.822)
La-02x 3 2.4434) 24749) 2.552) 2.64(5) 2.61(3) 2582 2542
La-O3X 6 2.70314) 2.69748) 2.67711) 2.6651) 2.6561) 2.6511) 2.6481)
La-O mean 2.712 2.709 2.691 2.680 2.673 2.668 2.664
Norm La-O 1.000 0.9989 0.9922 0.9882 0.9856 0.9838 0.9823
Co-Ox6 1932950 1.9281) 1.9081)  1.8961) 1.8911) 1.8881) 1.8882)
Norm Co-O 1.000 0.9969 0.9871 0.9809 0.9783 0.9768 0.9768
Average tilt(w) 8.29 7.3 4.73 1.63 2.45 3.42 4.24

is at the center of a distorted octahedron surrounded by six An exceedingly useful measure of the distortion of a
equivalent oxygen atoms. perovskite-type structure from the cubic aristotypBO; is

The effect of pressure on the individual metal-oxygenthe tilt angle¢ that gives the degree of rotation around the
bond distances clearly reveals that there are two distinct rethreefold axis of theBOg octahedra. O’Keefet al?* have
gions with a change in slope near 4 GH&gs. 3a) and  shown that the variation ap with pressure in orthorhombic
3(b)]. Initially the short La-O bonds increase, the long onesperovskites depends on the strength of the two bond com-
decrease, and the six intermediate ones also decrease, butfrgssibilitiesB,.o andBg.o. If the A site is more compress-
a much smaller amount. Under pressure, the Co-O bondgle, Sx.0>Bs.0. ¢ should increase with pressure and the
contract, as expected. When analyzing the individual lineastructure will distort away from cubic symmetry. If the bond
bond compressibilities 8, =(—1/L)(5L/5P)7] up to 4  compressibilities are reversed in magnitude, the tilt angle
GPa, one observes that the contraction of the intermediatshould decrease with pressure. These trends are indeed ob-
La-O bond @La-o3:3-6><10_3 GPa ') matches the Co-O served in the three isostructural orthorhombic systems
bond compressibility Bco.0=4.8x1073 GPal). In con- (Pbnm b b a") where increases in MgSiQ(Ref. 25
trast, the three long La-O bonds contract very strongly(Bug.o=1.1X10"2 GPa '>pBs.=8.9x10"* GPa'') and
(BLa-01=1.8x1072 GPa '), while the short ones expand decreases in LaMnQ (Refs. 26 and 277 (BLa.o=28
(BLa.oo=—1.76x10°2 GPa 1) at a comparable rate. Thisis X103 GPa '< By, 0=3.2x10"3 GPa') and YAIO;
a clear indication of significant changes in the magnitude ofRef. 28 (By.0=2.0x10-3 GPa '< B, =25
the octahedral tilting as discussed in the following paragraphx 10”2 GPa '). In the related system ScAlQ the com-
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FIG. 1. Pressure dependenceadénd c unit-cell axes in ang-
strom. Inset shows that the unit-cell volume reveals no discontinuity FIG. 2. Perovskite structure showing octahedral and cuboctahe-
over entire pressure range. dral sites.

140401-2



RAPID COMMUNICATIONS

PRESSURE-INDUCED INTERMEDIATE-TO-LOW SPIN . . . PHYSICAL REVIEW 87, 140401R) (2003
3.0_' l\ T T T T T
] '] 0 180 -| o {10
- @
E 2.9—_ \E _I, I % J
5 23- W "] 8 175 J_ 18 2
2 2.7 ] ha c l\—-r o
= £ TE— & - 1 L\".I' =]
P 1 S G 2 =3
g 2.6 I/ l\I\‘I g’ 170 - 1 18 @
H] 1 =1
5 251 e+ = 1 9 1 /' o
S 3 165 . 1sa @
N i -
2.3
T T T T T 160 - ./ H42
0 2 4 ] 8
Pressure in GPa 0 2 4 6 3
Pressure in GPA
FIG. 4. Pressure dependence of tilt an@liecles and Co-O-Co
T T T T T angle(squaresas a function of pressure.
10001 =
@ \. - = ¥ . .
g 1 \. L2 0/5 3x1071GPa angles for LaCo@under pressuré-ig. 4) clearly emphasize
S 0.995- what has already been noted from the pressure dependence
5 : of the bond distances, that in contrast to the unit-cell param-
5 0.000- \ eters there is an obvious change in the response of the bond
2 | / \fhao =14 x10° GPa’ distances and angles above ca. 4 GPa. Based on a compari-
& 0985405248 10%iP L son of the limited number of experimentally determined in-
S -0 6= 2 ~ dividual bond compressibilities in perovskites, it is clear that
£ 0.980 - below 4 GPa, the Co-O bond is highly compressitie{o
S ] \. =4.8x10 3 GPal). In fact it is the most compressible
0.975 _\12 10° o B-O bond observedb date(greater than $i"-O, Mn**-0O,
: Beoo™12 2 and AP*-0). Above 4 GPa, the compressibility is consider-
0 7 4 6 8 ably lower (Bco.o=1.2<102 GPa''), much more in line

with the expected value for B-O bond in a perovskite. To
place these observations within our current framework of
FIG. 3. (a) Pressure dependence of La-O bond lengthsand ~ understanding, one needs to take into account the depopula-
(b) normalized mean bond lengths in LaCpThe individual bond ~ tion of the IS state under pressure. Asaial*® have shown
compressibilities were determined below and above 4 Pa. Extrap@xperimentally that the energy gap between LS and IS states
lating data above 4 GPa back to zero pressure one obtains a Coi@creases under pressure. At pressures above 0.5 GPa this
bond distance of 1.905 A very close to the expected value of 1.89%ncrease is found to be quadratic, indicating a very strong
A for a Co(LS)-O bond. volume dependence of the IS state energy. Therefore the IS
state will be depopulated under pressure and as a result a
pressibilities ofBsc.o and B .o are essentially equa1.5  small but noticeable contraction of the Co-O bond is to be
X103 GPa'l), and there is no significant changedrwith expected. This contraction occurs as a result of the depopu-
pressuré® To our knowledge, the only previously published lation of Co ey orbitals, which are Co-Qr antibonding in
detailed crystallographic data for a rhombohedral perovskiteharacter. This is the origin of the well-known fact that LS
under pressure is the case of PrAJ® which is isostructural Cco®** has a smaller radiué0.685 A than HS C3* (0.75
with LaCoQ; and also adopts the a~a™ tilt system(space A).2! If we estimate the radius of IS €6 as the arithmetic
group R-3c) up to ca. 7 GPa. Above this pressure PrAl0O mean of LS and HS valug®.717 A), it is gratifying to note
undergoes a phase transition into tab b~ tilt system that the expected IS G6-O distance(1.927 A is close to
(space grougmma. Similar to LaMnQ and YAIO;, the the value of 1.93@) A observed at ambient pressure. The
A-O bond is less compressibleBg.o=2%x10"2 GPa! expected LS Cb -O distance(1.895 A is very close to
<Ba.o=2.6x103GPal) and the tilt angle decreases 1.8961) A, the value observed at 3.98 GPa as well as the
with pressure. When considering the data to 4 GPa fozero-pressure value of 1.905 A extrapolated back from the
LaCoQ;, once again the\ site is less compressible3(,o  region between 4 and 8 GPaObviously, the fairly rapid
=3.0x10 3 GPa'l) than the B-site gBco..0=4.8 and continuous contraction of the effective size of the cobalt
x 102 GPa'l) and the tilt angle decreases. Therefore it ap-centered octahedra leads to a decrease in the magnitude of
pears that the argument forwarded by O’Keefeal?* relat-  the octahedral tilting distortion. Both the observed Co-O dis-
ing individual bond compressibilities to a distortion undertances and the changes in the octahedral tilting strongly sug-
pressure is also valid for perovskites that adopt other thagest that at 4 GPa, the IS is significantly depopulated. The
orthorhombic crystal symmetry. dramatic change in Co-O bond compressibility, as well as the
The variation of the tilt angle as well as the Co-O-Cochange from a decreasing to an increasing tilt angle that oc-

Pressure in GPa
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curs above 4 GPa, suggest that the spin-state transition froremoved from thee, orbitals. We encourage first-principles

IS to LS is essentially complete at 4 GPa. The fact that atalculations of the electronic structure, taking into account

higher pressures the LS €00 bonds have a lower com- this spin-state transition to compare with our experimental

pressibility than the La-O bonds is responsible for thevalues. This is to our knowledge the first observation of a

gradual increase in octahedral tilting between 4 and 8 GPagontinuous pressure-induced I1S-to-LS transition under pres-
In summary, we have shown that LaCplias an anoma- sure in a perovskite. Furthermore, we have demonstrated that

lously low bulk modulus/Bo=150(2) GP& Furthermore, hjgh-pressure diffraction provides an excellent opportunity to

individual bond compressibilities reveal a change in theiryope the structural response of spin-state transitions.
pressure dependence near 4 GPa, indicating a change in tﬂe

compression mechanism. This pressure behavior is caused by We gratefully acknowledge discussions with Fabian Es-
an “unusually” compressible Co-O bond. We argue that thesler and John Tranquada and would like to thank J. Hu from
reason for this is a pressure-induced continuous depopulatidhe Geophysical Laboratory, Carnegie Institution of Wash-
of the IS state over the 0—4 GPa pressure range. This déagton for being able to use the laser system at beam line
population is driven by the increased crystal-field splittingX17C for pressure determination. The work was supported
between the,y andey orbitals, which results in a reduction by the Division of Materials Science, U.S. Department of

of the effective size of Ct as antibonding electrons are Energy, under Contract No. DE_AC02-98CH10886.
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