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We have investigated the effect of pressure on the efectirmagnetic and structural
properties on single crystal of conducting, ferromagiigt< 157 K) La,, S ,,,C00,
located near the boundary of the metal-insulator tiansiContrary to the results
reported on related systems, we find a transition froenabnducting state to an
insulating state and a decrease 1of with increasing pressure while the lattice
structure remains unchanged. We show that this unusual behawviriven by a
gradual change of the spin state 66% ions from magnetic intermediate-spin

(t5,e!: S=1) to a nonmagnetic low-spiftS,e’; S=0) state.
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The study of the electronic and magnetic propertiedrohgly correlated transition

metal oxides(TMO), such as perovskites of the typMO, (R = rare earth ionM =

transition metal) near the metal-insulator (MI) sition has recently attracted
considerable attention. This is due to the fact, thahim class of systems the Ml
transition is driven by strong correlation effects agsged with electron-electron
interaction and the interplay between charge, orhitdlspin degrees of freedom. The
MI transition can be induced by varying the carrier cone#ionh, temperature,
magnetic field and internal or external pressure [1usTIstudying such an interplay
is a fundamental issue for a better understanding ofidhére of the Ml transition as
well as the novel phenomena observed in these systergs colossal
magnetoresistance or even high temperature superconductivit

In this respect, external pressure can be very effeaige by modifying the effective

bandwidth V) of the transition metal by changing thé - O bond length d,,_,)

and/or theM —-O-M bond angle @) thereby providing a unique tool to tune
electronic and magnetic properties by “bandwidth contrdl'treese systems. In
manganese perovskiteR_ A MnO, (A = Ca,S,Ba), for example, it has been
shown that increasing pressure decreakgs, and increase®. Both variations lead
to an increase oW and thereby stabilize the ferromagnetic metaltates [2-4].
Regarding the charge degree of freedom, recent lggéssure studies on
S,,;La,,,FeO, show a pressure-induced transition from the chdiggroportionate
antiferromagnetic insulating state to a chargeeunif ferromagnetic metallic state
[5].

Transition metal oxides containin@o® ion are of special interest, because in

addition to the usual charge, spin and orbital egiof freedom they possess an extra
degree of freedom, namely the possibility to chatigespin-state of th€o®*" ion.
This can occur inCo* TMO compounds if the crystal field energy.. and the
intraatomic exchange energl§, (Hund’'s rule coupling) are comparable. Such a

delicate energy balance leads to spin-state tmnsitwhich can be induced by
changing the temperature or composition [e.g. 6/48hong these systems, the

rhombohedral perovskiteka,_,S,CoO, (0 < x < 0.5) represent a unique system

which allows one to investigate the interplay betwéhe spin-state degree of freedom



and electronic and magnetic properties particulaeigr the Ml transition. Ih.aCoQ,

the ground state d€o® ions is, contrary to typical Mott insulators, ncagmetic with
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a low-spin (LS) conﬁguratior(t2g

e;S= O), and these ions can be thermally excited
to an intermediate-spin (IS) sta(é'ge;;szl) at T = 100 K [9-11]. At higher
temperatures around 500 K the system undergoes taakBition [12]. However, by
doping with S **, the ground state becomes ferromagneticxfar0.18 (through a
spin-glass like region between 0 x < 0.18); at the same time the electrical
conductivity increases with increasingand forx = 0.2 the system undergoes a
transition to a metallic state [13-16,17]. It isngeally accepted that replacirg®

by S creates formallyCo** ions and that the double exchange betw@&efi and
the remainingCo* leads to a ferromagnetic coupling [15,18]. Howeuitle is
known about the correlation between the spin- dradge degree of freedom near the
MI transition, i.e. whether and to what extent thepin-state transitions affect the Ml
transition.

In the present work, we have investigated the effdégpressure on the electronic,
magnetic and structural properties of a conductfegjomagnetic single crystal of
La g, S,,5C00, located near the boundary of the MI transition. #Mend, contrary
to the results reported on related systeh® (S, MnO,, La,_, S, FeO, and RNiO,),

a dramatic pressure-inducedcrease of the electrical resistivity (~ 4 orders of
magnitude) and a decreaseTf with increasing pressure, while the lattice stucet
remains unchanged. This is quite unusual becausal inther correlated oxides
pressure always leads to an increas@dtandwidth and thereby to a transition to a

more conducting state. The opposite effect obseirvéltis work is rather unique and

is apparently connected with different physical haadsms. We explain this behavior

as a consequence of a change of@bé& spin state from a magnetic IS configuration

to a nonmagnetic LS configuration under pressure.

Single crystals ofLa,, S ,,,C00, were grown by the travelling zone method in a 4-

mirror image furnace under oxygen pressure of 5 Datails of the preparation and

characterization are published elsewhere [17]. Phessure dependence of the



electrical resistivity up to 14 GPa and for 4.2 KT<< 300 K was measured in a
Bridgman-type high pressure cell. This setup iddadly similar to that described in
Ref. [19]. Sintered diamond anvils with a flat sud of 4 mm diameter were used to
achieve pressure up to 14 GPa. A sample of 25 xx12®0 (um3) was measured by
conventional four-terminal method. Steatite wasduss a pressure transmitting
medium and the pressure gradient within the presiscavity was between 5 — 7 %.
The pressure dependence of the magnetization Up5t@&sPa was measured in an
external magnetic field of 2 T and between 2 K <« 300 K by means of a SQUID
magnetometer. A miniature pressure clamp (teflol) seas used as described
elsewhere [20]. The pressure dependence of theelggarameters up to 15 GPa was
measured on powdered samples by energy dispersa diffraction at HASYLAB

using the diamond anvil cell technique.

Fig. 1 shows the temperature dependence of thetivsi ,o(p,T) at different
pressures up to 5.7 GPa. Tp(aT)-curve at ambient pressure shows a local maximum
at a temperaturdl, = 138 K (s. inset of Fig. 1) slightly below the tsiion
temperaturél. to a ferromagnetic statd{ = 157 K at ambient pressure) as deduced

from magnetization measurements [17]. As is evidamh Fig. 1, with increasing
pressure up to 5.7 GPa the electrical resistivityeases dramatically by about 4

orders magnitude, indicating a strong reductiorlettron hopping with increasing
pressure. By increasing the pressure above 5.7 (&PRig. 2) we find no further

increase of o(T); instead atT = 4.2 K it decreases by about 30 % at 14 GPa
compared with the corresponding value at 5.7 GRa.pressure dependence,az(fp)

at 4.2 K is shown in the inset of Fig. 2. The maximof p(T), T, , which is
correlated with the value of, is shifted to lower temperatures with increasing
pressure (s. Fig. 2). We obtain a decreask, gf of about 8 K betweemp =0 and 1.9
GPa [21]. Assuming that this decreaseTgf, is equal to that off ., we estimate a
pressure-induced  relative  decrease  ofT. which  amounts  to

dInT,
op

=~-26[107°GPa™.




The observation of a strong increase of the etadtriesistivity (i.e. suppression of

electron hopping), and reduction ®f with increasing pressure is unexpected and
opposite to the results reported on relatdhO La_ S ,MnO, [3] (and
La_ S, FeO, [5]). For example, inLa .S ,,sMnO, one finds an enhancement of

electron hopping with increasing pressure thatiltab the ferromagnetic metallic

state via “double exchange”. The relative increafs&. with pressure in this system

InT
amounts toag—C =~ +64102GPa™.
p

In the following we discuss two possible explanasidor the observed suppression of

electron hopping and reduction ©f in La,,S,,,C00, with increasing pressure for

p < 5.7 GPa. The first possibility could be a pressodeiced structural phase
transition and/or an unusual change of @e- O - Co bond angle ando - O bond
length. In Fig. 3 we show the pressure dependehtigedattice parameters and c

of the hexagonal unit cell as obtained from oufradtion measurements at 300 K. As
shown in Fig. 3, we find within the accuracy of m@@ments no discontinuity in the
pressure dependence of the lattice paramegerand ¢ (and the volume), thus

showing no indication of a structural phase tramsitThe value of the bulk modulus

(B,) and its derivative(B(')) as obtained from the fit of the equation of staimg the
Birch-Murnaghan equatiorB, =1588)GPa and B, = 5(1), are found to be close to

the values foLaCoO,, B, =150(2)GPa and B, =4 [22].

From our x-ray diffraction data it is difficult tdeduce information about the pressure
dependence of th€o - O bond length andCo - O — Co bond angle. However, such
information can be obtained from recent high resmiu angle dispersive x-ray

diffraction data onLaCoO, [22]. Here, it is shown that with increasing pressthe

Co -0 bond length decreases more rapidly than that e©Laesulting in a large
increase of theCo—- O -Co bond angle (from 166° te= 177° at= 4 GPa). The
increase of the bond angle with increasing presisuige usual structural response of
TMO with perovskite structure and is known to enhaeleetron hopping, thereby
stabilizing the metallic state. We observe exathly opposite response to pressure,

finding instead a pressure-induced suppressioriestren hopping and reduction of



T. with elevated pressure. Therefore, we have touds@nother explanation, not
based on structural changes: the possibility ofesgure-induced spin-state transition
from the magnetic 1SCo® state to a nonmagnetic LS state. This is basetivon
experimental facts: first, the ionic radius of I®*" (0.545 A) is smaller than that of
HSCo* (0.61 A) [23,24]. The second being the energyhef ¢rystal field splitting
A, in LaCoO, which has been found to increase remarkably wittreiasing

pressure [25]. Thus, pressure is expected to fleopopulation of the LS state at the
expense of depopulation of the IS state. A diremisequence of such a pressure-
induced transition from the magnetic IS to a nonmedig LS state irLa g, S ,,,Co0O,
would be a reduction of the magnitude of tbe saturation moment with increasing
pressure. As the L&aCoO, compound is known to be an insulator, one can @xpe

that this pressure-induced IS to LS transitiorLa,g, S ,,,C00, would also suppress

the conductivity. This is what we observed expentaty.
In order to verify this interpretation we have maasl the pressure dependence of the

saturation magnetization o€o (u,) in Lag,S,;Co0,. Fig. 4 displays the
temperature dependence of the magnetization irxt@mnal magnetic field of 2 T for
ambient pressure and 1.0 GPa. The decrease ofatpeetization at low temperatures
with increasing pressure is evident from this fegwVe obtain from the experimental
data a decrease @f., (at 5 K) from 1.11(1)u, at ambient pressure to 1.05(&),
i.e. 5.4(2) % at 1 GPa. This corresponds to a dserefy., by more than 30 % at
5.7 GPa, if one assumes a linear decreage.pivith increasing pressure. In addition,
we find a decrease df. (= 4 K/GPa) which is similar to that estimated fronor o
high pressure resistivity data (s. above). It &acl that the observed decreasel of

with increasing pressure is a consequence of tbactien of the Co magnetic
moment. These experimental findings strongly sutppor suggestion of a pressure-

induced IS to LS transition iha gz, S ,,C00,.

In the following we present a qualitative model lkaxping why such a spin-state

transition results in a suppression of electronpimap Assuming that at ambient

pressure the ground state bé,,S,,,CoO, is a homogenous mixture of 160**

and LS Co* ions [15,17,18], we see that the conduction ocqresdominantly



through hopping of ar, electron fromCo* (t5,e! ) to Co** (t5,€?). Furthermore,

this transport process can account for the magretipling of the localized,,

electrons (double exchange), resulting in a ferigmeéic conducting state. This is

demonstrated in Fig. 5. With increasing pressuee ¢hergy of the crystal field

splitting increas.es(A’CF >ACF) which results in a gradual depopulation of the IS

Co* state and its crossover to a LS state. At suffityehigh pressures{ = 5.7
GPa) the IS state will be largely depopulated atarge part of the ground state of

Co® is then predominantly a LS statg e; configuration. Consequently, the
relatively stronge, hopping at ambient pressure betwego* and Co*" would be
strongly suppressed and only a very wegk hopping would remain. Thus, the

gradual depopulation of the 180%* state with increasing pressure can explain the

observed suppression of electron hoppingrang, S ,,Co0,.

In this context, we would like to emphasize that difect of the pressure-induced IS
to LS transition on the electron hoppipgevails over the opposite effect of an
increase of theCo — O — Co bond angle with increasing pressure. This clesintyws
that the strong correlation between the spin-staté charge degrees of freedom in

(La, &)CoO, dominates the MI transition.

Finally, we discuss the observed decrease in #erelal resistivity with increasing
pressure above 5.7 GPa (Fig. 2). As mentioned betbe resistivity decreases by
about 30 % at 4.2 K between 5.7 GPa and 14 GPa.ddurease can be explained in
the following way: aboves 5.7 GPa a large part of ti@o*" is already transformed
from the IS to the LS state, so that this mechanssnot efficient any more and the
usual tendency due to broadening of the effectamdividth with increasing pressure
prevails. This leads to a consequent decrease dldetrical resistivity.

In conclusion, we have investigated the effectrespure on electronic, magnetic and
structural properties of the ferromagnetic conadwrperovskiteLa ,, S ,,,C00,. We
observed a quite unusual effect: a transition ftb@conducting state to an insulating
state, which is contrary to expectations. We explains thinusual behavior as a
consequence of a pressure-induced transition ftwamntagnetic intermediate-spin
state to a nonmagnetic low-spin stateGo" . This interpretation is supported by the

observed reduction of th€o saturation magnetic moment with increasing pressur



and provides a natural explanation of the obseeffatt. Our results demonstrate the
very important role of spin-state degree of freedomthe MI transition in materials

with correlated electrons.
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Fig. 1: Temperature dependence of the resistiyifyp,T) of La,,S,,;C00, at

different pressures up to 5.7 GPa. Inset showsati@maly aroundT. at

ambient pressure and 1.9 GPa.
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Fig. 2: Temperature dependence of the electricakistieity p(p,T) of
La g, S,,5C00; in the pressure range 5.7 GR® < 14 GPa. Inset shows the

values of,o(p) atT = 4.2 K as a function of pressure in the wholespuee

range.
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Fig. 3: Pressure variation of the lattice paranseteand ¢ of the hexagonal unit cell

of La.,S,,,C00, as obtained from energy dispersive x-ray diffiaciat 300

K.
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Fig.4: Temperature dependence of tbe magnetic moment ota, S ,,,Co0, in

an external magnetic field of 2 T at ambient pressind 1.0 GPa as deduced

from magnetization measurements.

11



Co¥ IS (8=1)
(t2g5 eg1)

pressure

Co3 LS (3=0)
(tZQa egn)

]

i

Acr

strong
e,-hopping

e

— g

" Co¥ LS (5=1/2)
A
“f &)

4+_
Ty,
S

’
’
I

.
7 weak

t;,-hopping

Fig. 5. Schematic representation of the interplaywieen spin-state transition and

electron hopping inLa g, S,,;C00,: at ambient pressure conductivity occurs

by hopping of ane, electron from ISCo* to LS Co*. With increasing

pressure, the crystal field splitting.. of IS Co* increases(A’CF >ACF)

[25]. Consequently, the 180* will be gradually depopulated and the ground

state of Co* is then predominantly a LS state. As a result, dtieng €,

hopping betweerCo®* and Co** is strongly suppressed and only a wegk

hopping remains.
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