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We have investigated the effect of pressure on the electronic, magnetic, and structural properties on a single
crystal of conducting, ferromagnef {=157 K) La, g,Sry 14C00; located near the boundary of the metal-
insulator transition. Contrary to the results reported on related systems, we find a transition from the conduct-
ing state to an insulating state and a decreadg-afith increasing pressure while the lattice structure remains
unchanged. We show that this unusual behavior is driven by a gradual change of the spin stéfe ioh€o
from magnetic intermediate-spi3(e;; S=1) to a nonmagnetic low-spirt§,e5; S=0) state.
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The study of the electronic and magnetic properties oberovskites La_,Sr,CoO; (0<x=<0.5) represent a unique
strongly correlated transition metal oxidéBMO), such as  system which allows one to investigate the interplay between
perovskites of the typeRMO; (R=rare-earth ion,M the spin-state degree of freedom and electronic and magnetic
=transition metgl near the metal-insulatoiMI) transition  properties particularly near the MI transition. In LaCotbe
has recently attracted considerable attention. This is due tground state of Ct ions is, contrary to typical Mott insu-
the fact that in this class of systems the MI transition islators, nonmagnetic with a low-spifLS) configuration
driven by strong correlation effects associated with electron(tggeg;8=0), and these ions can be thermally excited to an
electron interaction and the interplay between charge, orbitalntermediate-spin(IS) state (5,e5;S=1) at T~100 K>~
and spin degrees of freedom. The MI transition can be inAt higher temperatures around 500 K the system undergoes a
duced by varying the carrier concentration, temperatureM! transition!? However, by doping with $", the ground
magnetic field, and internal or external pressurehus, state becomes ferromagnetic fer0.18 (through a spin-
studying such an interplay is a fundamental issue for a betteglass-like region between<0x<<0.18); at the same time the
understanding of the nature of the MI transition as well aselectrical conductivity increases with increasin@nd forx
the unique phenomena observed in these systems, e.g., ce0.2 the system undergoes a transition to a metallic
lossal magnetoresistance or even high temperature supercastate’>~ It is generally accepted that replacingl'aby
ductivity. SP' creates formally Cb" ions and that the double ex-

In this respect, external pressure can be very effectiveshange between ¢6 and the remaining Co leads to a
e.g., by modifying the effective bandwidtif) of the tran-  ferromagnetic coupling>® However, little is known about
sition metal by changing theM-O bond length ¢y_.o) the correlation between the spin and charge degree of free-
and/or theM-O-M bond angle(d), thereby providing a dom near the MI transition, i.e., whether and to what extent
unique tool to tune electronic and magnetic properties byhese spin-state transitions affect the Ml transition.
“bandwidth control” of these systems. In manganese perovs- In the present work we have investigated the effect of
kitesR; _,A,MnO; (A=Ca,Sr,Ba), for example, it has been pressure on the electronic, magnetic, and structural proper-
shown that increasing pressure decreaggs and increases ties of a conducting, ferromagnetic single crystal of
6. Both variations lead to an increase\0fand thereby sta- Lag g,SIp 18C00; located near the boundary of the MI transi-
bilize the ferromagnetic metallic state? Regarding the tion. We found, contrary to the results reported on related
charge degree of freedom, recent high pressure studies @ystems (La_,SrMnO;, La; _,Sr,FeO; andRNiO3), a dra-
SryalaysFe0; show a pressure-induced transition from thematic pressure-induceiticreaseof the electrical resistivity
charge-disproportionate antiferromagnetic insulating state t¢~4 orders of magnitugeand a decrease @f: with increas-

a charge-uniform ferromagnetic metallic state. ing pressure, while the lattice structure remains unchanged.

Transition-metal oxides containing the Toion are  This is quite unusual because in all other correlated oxides
of special interest, because in addition to the usual chargg@ressure always leads to an increase of tthédandwidth and
spin, and orbital degrees of freedom they possess an extthereby to a transition to a more conducting state. The oppo-
degree of freedom, namely the possibility to change the spisite effect observed in this work is rather unique and is ap-
state of the C&" ion. This can occur in Cb TMO com-  parently connected with different physical mechanisms. We
pounds if the crystal-field energ¥cr and the intraatomic explain this behavior as a consequence of a change of the
exchange energl., (Hund’s rule couplingare comparable. Cc®" spin state from a magnetic IS configuration to a non-
Such a delicate energy balance leads to spin-state transitionsagnetic LS configuration under pressure.
which can be induced by changing the temperature or com- Single crystals of Lgg,Sr,14C00; were grown by the
position[e.g.,6—8. Among these systems, the rhombohedraltraveling zone method in a 4-mirror image furnace under
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FIG. 1. Temperature dependence of the resistipifp,T) of

. FIG. 2. Temperature dependence of the electrical resistivity
Lag g:SIp.14C00; at different pressures up to 5.7 GPa. Inset showsp(p,-l-) of Lagg,Sh 400, in the pressure range 5.7 GRp

the anomaly around; at ambient pressure and 1.9 GPa. < 14 GPa. Inset shows the valuesfp) at T=4.2 K as a func-

tion of pressure in the whole pressure range.
oxygen pressure of 5 bar. Details of the preparation and char-
acterization are published elsewhéfélhe pressure depen- equal to that offc, we estimate a pressure-induced relative
dence of the electrical resistivity up to 14 GPa and fordecrease of T which amounts to dInTc/dp~—2.6
4.2 K<T<300 K was measured in a Bridgman-type high x10 2 GPa ..
pressure cell. This setup is basically similar to that described The observation of a strong increase of the electrical re-
in Ref. 19. Sintered diamond anvils with a flat surface of 4sistivity (i.e., suppression of electron hoppingnd the re-
mm diameter were used to achieve pressure up to 14 GPa.duction of T with increasing pressure is unexpected and
sample of 25 140x 280 (um°) was measured by the con- opposite to the results reported on related TMO
ventional four-terminal method. Steatite was used as a pre¢a; _,Sr,MnO; (Ref. 3 [and Lg_,SrFeQ; (Ref. 5]. For
sure transmitting medium and the pressure gradient withimxample, in Lg7sSr ,9MNO5 one finds an enhancement of
the pressured cavity was between 5-7%. The pressumectron hopping with increasing pressure that stabilizes the
dependence of the magnetization up to 1.5 GPa was megrromagnetic metallic state via “double exchange.” The
sured in an external magnetic field of 2 T and betweerrelative increase of ¢ with pressure in this system amounts
2 K<T<300 K by means of a superconducting quantum into JIn To/dp~+6.4x10 2 GPa L.
terferometer devicaSQUID) magnetometer. A miniature In the following we discuss two possible explanations for
pressure clamp(Teflon cel) was used as described the observed suppression of electron hopping and the reduc-
elsewheré® The pressure dependence of the lattice paramtion of T¢ in Lag g,St, 14C00; with increasing pressure for
eters up to 15 GPa was measured on powdered samples py<5.7 GPa. The first possibility could be a pressure-induced
energy dispersive x-ray diffraction at HASYLAB using the structural phase transition and/or an unusual change of the
diamond anvil cell technique.

Figure 1 shows the temperature dependence of the resis- V47—
tivity p(p,T) at different pressures up to 5.7 GPa. The
p(T)-curve at ambient pressure shows a local maximum at a 132 } } $ c T
temperatureT ,,,,~138 K (see the inset of Fig.)lslightly I } } ! }
below the transition temperatufig to a ferromagnetic state 130 ! $ '} % i ]
(Tc~157 K at ambient pressuras deduced from magneti- < I 1 } { }
zation measurement$.As is evident from Fig. 1, with in- 2 1287 1
creasing pressure up to 5.7 GPa the electrical resistinity B I
creases dramaticallipy about 4 orders magnitude, indicating 3 545} } { }1 ] a -
a strong reduction of electron hopping with increasing pres- é I 1 1 } } |
sure. By increasing the pressure above 5.7 GRg 2 we 2 5'40_' 1 } { ]
find no further increase gf(T); instead afT=4.2 K it de- 535 } } % g
creases by about 30% at 14 GPa compared with the corre- - %
sponding value at 5.7 GPa. The pressure dependeng@pf =T s s 10 12 1

at 4.2 K is shown in the inset of Fig. 2. The maximum of
p(T), Thax, Which is correlated with the value dfc, is
shifted to lower temperatures with increasing pressbig. FIG. 3. Pressure variation of the lattice parameterand c of
2). We obtain a decrease 7,4 Of about 8 K betweerp  the hexagonal unit cell of lg,Sr, ;§C00; as obtained from energy
=0 and 1.9 GP&! Assuming that this decrease ®f,,is  dispersive x-ray diffraction at 300 K.

P (GPa)
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FIG. 4. Temperature dependence of the Co magnetic moment or
Lag §2515.14C00; in an external magnetic field of 2 T at ambient  F|G. 5. Schematic representation of the interplay between spin-
pressure and 1.0 GPa as deduced from magnetization measuigate transition and electron hopping inolggSry ;4005 at ambi-
ments. ent pressure conductivity occurs by hopping ofegrelectron from

IS C&" to LS Cd'*. With increasing pressure, the crystal-field
Co-O-Co bond angle and Co-O bond length. In Fig. 3 wesplitting Acg of IS C&* increases &4¢>Acp) (Ref. 25. Conse-
show the pressure dependence of the lattice paramseterd  quently, the IS C&" will be gradually depopulated and the ground
¢ of the hexagonal unit cell as obtained from our diffractionstate of C3" is then predominantly a LS state. As a result, the
measurements at 300 K. As shown in Fig. 3, we find withinstronge, hopping between C& and C4* is strongly suppressed
the accuracy of measurements no discontinuity in the presand only a weak,q hopping remains.
sure dependence of the lattice parameteend c (and the
volume), thus showing no indication of a structural phasemagnetic LS state in lg,Sr, 14C00; would be a reduction
transition. The value of the bulk moduluB8{) and its de- of the magnitude of the Co saturation moment with increas-
rivative (By) as obtained from the fit of the equation of stateing pressure. As the LS LaCg@@ompound is known to be
using the Birch-Murnaghan equatioB,=158(8) GPa and an insulator, one can expect that this pressure-induced IS to
By=5(1), arefound to be close to the values for LaCpO LS transition in LggSr 1§C00; would also suppress the
B,=150(2) GPa, an@6:4_22 conductivity. This is what we observed experimentally.

From our x-ray diffraction data it is difficult to deduce  In order to verify this interpretation we have measured the
information about the pressure dependence of the Co-O borffessure dependence of the saturation magnetization of Co
length and Co-O-Co bond angle. However, such informatior{ #co) N Lag g:51.16C00;. Figure 4 displays the temperature
can be obtained from recent high resolution angle dispersivéependence of the magnetization in an external magnetic
x-ray diffraction data on LaCo?? Here, it is shown that field of 2 T for ambient pressure and 1.0 GPa. The decrease
with increasing pressure the Co-O bond length decreas&¥ the magnetization at low temperatures with increasing
more rapidly than that of La-O, resulting in a large increasedressure is evident from this figure. We obtain from the ex-
of the Co-O-Co bond angldfrom 166° to ~177° at perimental data a decrease @f, (at 5 K) from 1.11(1)ug
~4 GPa). The increase of the bond angle with increasingt ambient pressure to 1.05(13, i.e., 5.42) % at 1 GPa.
pressure is the usual structural response of TMO with perovThis corresponds to a decreasewqf, by more than 30% at
skite structure and is known to enhance electron hopping-7 GPa, if one assumes a linear decreasg@f with in-
thereby stabilizing the metallic state. We observe exactly th€reasing pressure. In addition, we find a decreasd ©f
opposite response to pressure, finding instead a pressures4 K/GPa) which is similar to that estimated from our high
induced suppression of electron hopping and the reduction dgiressure resistivity datésee above It is clear that the ob-

Tc with elevated pressure. Therefore, we have to discusserved decrease dfc with increasing pressure is a conse-
another explanation, not based on structural changes: thgence of the reduction of the Co magnetic moment. These
possibility of a pressure-induced spin-state transition fromexperimental findings strongly support our suggestion of a
the magnetic IS C8 state to a nonmagnetic LS state. This pressure-induced IS to LS transition ingggSr, 14C00;.

is based on two experimental facts: first, the ionic radius of Inthe following we present a qualitative model explaining
LS CA" (0.545 A) is smaller than that of HS €b (0.61  why such a spin-state transition results in a suppression of
A).2324The second is the energy of the crystal-field splittingelectron hopping. Assuming that at ambient pressure the
Acr in LaCoQ;, which has been found to increase remark-ground state of Lgg;Si; 14C00; is @ homogeneous mixture
ably with increasing pressuféThus, pressure is expected to of IS C6®* and LS C8™ ions>"*®we see that the conduc-
favor the population of the LS state at the expense of detion occurs predominantly through hopping of @nelectron
population of the IS state. A direct consequence of such fom Co** (tggeé) to Cd** (tggeg). Furthermore, this trans-
pressure-induced transition from the magnetic IS to a nonport process can account for the magnetic coupling of the
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localizedt,q electrons(double exchangeresulting in a fer- at 4.2 K between 5.7 and 14 GPa. This decrease can be
romagnetic conducting state. This is demonstrated in Fig. Zexplained in the following way: above-5.7 GPa a large
With increasing pressure the energy of the crystal-field splitpart of the C8" is already transformed from the IS to the LS
ting increases £¢>Acp) which results in a gradual de- State, so that this mechanism is not efficient any more and
population of the IS C& state and its crossover to a LS the usual tendency due to broadening of the effective band-
state. At sufficiently high pressurep£5.7 GPa) the IS state width with increasing pressure prevails. This leads to a con-

will be largely depopulated and a large part of the ground®€duent decrease of the electrical resistivity.
state of C8" is then predominantly a LS staltgigeo configu- In conclusion, we have investigated the effect of pressure
(]

: . . on electronic, magnetic and structural properties of the fer-
ration. Consequently, the relatively stroeghopping at am- Sy : .
bient pressure between €oand C4" would be strongly romagnetic conducting perovskite d@Si,16C00;. We ob-

suppressed and only a very weigk hopping would remain. isnervzga?eqltjgeaunnui‘:’]gilla?ie(:t:s? tg\?ﬁ;gﬁ ni;rogm?ucﬁ)
Thus, the gradual depopulation of the 1S3Costate with 9 g sta y

increasing pressure can explain the observed suppression %>fpectatlons. we expla_un this “”“5“?_' behavior as a conse-
electron hopping in Lgg,Sf €000 guence (_)f a pr_essure-mduced tran3|t|on_ from the_ magnetic
In this context we would like to emphasize that the eﬁectlntermedlate-spm state to a nonmagnetic low-spin state of

i o oo i
of the pressure-induced IS to LS transition on the electrorg:03 - This interpretation is supported by the observed re

hopping prevails overthe opposite effect of an increase of duction of the Co saturation magnetic moment with increas-

the Co-O-Co bond angle with increasing pressure. Thidd Pressure and provides a natural explanation O.f the ob-
! . served effect. Our results demonstrate the very important
clearly shows that the strong correlation between the spin-

) : role of spin-state degree of freedom for the MI transition in
state and charge (_j(_agrees of freedom in (La,Sr)Ld@ni- materialswith correlgte d electrons.
nates the MI transition.
Finally, we discuss the observed decrease in the electrical M. M. A,, D. I. K., and T. L. thank L. H. Tjeng for fruitful
resistivity with increasing pressure above 5.7 GPa. 2). discussions. This work was supported by the Deutsche For-
As mentioned before, the resistivity decreases by about 30%chungsgemeinschaft through SFB 608.
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