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Spin-state transition and metal-insulator transition in La;_Eu,Co0O;
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We present a study of the structure, the electric resistivity, the magnetic susceptibility, and the thermal
expansion of La,EuCo0O;. LaCoO; shows a temperature-induced spin-state transition around 100 K and a
metal-insulator transition around 500 K. Partial substitution of*Liay the smaller E¥ causes chemical
pressure and leads to a drastic increase of the spin gap from about 190 K in {&Cafout 2000 K in
EuCoG;, so that the spin-state transition is shifted to much higher temperatures. A combined analysis of
thermal expansion and susceptibility gives evidence that the spin-state transition has to be attributed to a
population of an intermediate-spin state without orbital degeneracy<fd@.5 and with orbital degeneracy for
larger x. In contrast to the spin-state transition, the metal-insulator transition is shifted only moderately to
higher temperatures with increasing Eu content, showing that the metal-insulator transition occurs indepen-
dently from the spin-state distribution of the ¥dons. Around the metal-insulator transition the magnetic
susceptibility shows a similar increase for gland approaches a doping-independent value around 1000 K,
indicating that well above the metal-insulator transition the same spin state is approachedfor all
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I. INTRODUCTION spin-orbit coupled HS state with a total angular momentum

LaCoO; has unusual physical properties, which have at§=S-1=1 has been suggested recerflydere,|=1 denotes
tracted continuing interest for decadedlevertheless, the the effective orbital momentum arising from the partial oc-
magnetic, electronic, and structural properties of this comcupation of thet,q orbital. However, this ESR result is in
pound remain the subject of controversial discussion. Thé&onflict with the susceptibility data because the ESR data
magnetic susceptibility shows a maximum around 100 K Yield ag factor of about 3.5 which leads to a magnetic sus-
that is usually ascribed to a spin-state transition from a non¢ePptibility that is about three times larger than that observed

magnetic insulating state at low temperatures to a paramagXPerimentally.

netic insulating state at higher temperatur@3In addition, Within the originally proposed LS/HS scenario the re-
around 500 K a metal-insulator transition occti&3 which duced absolute value of the susceptibility has been traced

is accompanied by an increase of the magnetic moment Ieaag?d(:gritr?gavr\‘/;sr%?sggtgfeﬁ|:izdt#a? ic;gﬂz twe(:)r;acl)r\t/iearl, (g?:l(;supa-
'ng :EO. a broad plateau_ in the ma?g”e“c sugceptlbﬁﬁt&?The tion of e, states above the spin-state transition around 100 K
Cc* ions may occur in three different spin states, the low- Y

. ) i . LaCoGQ; remains insulating up to about 500 K and the metal-
6 0 o= 5.1
spin (LS) (tz4€4,S=0), the intermediate-spirilS) (t34€5,S  jhsylator transition was attributed to a melting of this order.

=1), and the high-spittHS) state(tye5,S=2). The energies  However, no experimental evidence for such a LS/HS super-
of these spin states depend on the balance between the crggructure has been reported so far. Within the LS/IS scenario
tal field splitting (Acp) and the Hund's rule couplingyy). A the occurrence of orbital order which remains stable up to
multiplet calculation for a @ configuration in a cubic crys- 500 K has been proposed as a cause why the metal-insulator
tal field yields that the ground state is either the (&ge transition and the spin-state transition do not coinéid-

Acp) or the HS statellarge Jyy), but never the IS stafé.  perimental evidence for orbital order stems from changes of
Therefore, in earlier publications the spin-state transition waghonon modes measured by optical spectrostogayd from
often attributed to a thermal population of the HS state fromg pair density function analysis of pulsed neutron d&ta.
the LS ground staté’>!%4However, a population of the More recently, a high-resolution single crystal x-ray study of
HS state should result in a susceptibility that is much largeLaCoO; has revealed a small monoclinic distortion that is
than  observed  experimentaly. More  recent related to the Jahn-TellédT) effect of the thermally excited
investigation§™**1>1"favor a LS/IS scenario, which yields a Cc®* jons in the IS statd! Indirect evidence for this scenario
quantitative description of(T) and which also explains an s also obtained from the scaling betwegfrl) and «(T)
experimentally observed scaling behavior betwg€h and  around the spin-state transitiGhyhich requires that the or-
the thermal expansiom(T).'> From a theoretical point of bital degeneracy of the IS state is lifted as it is the case for
view the LS/IS scenario is supported by the results ofJT-distorted Co@octahedra. Moreover, a suppression of the
(LDA+ U) calculationgwhere LDA stands for the local den- JT distortion in the metallic phase should restore the orbital
sity approximatiof, which yield that the IS state may be degeneracy and thus could partially explain the enhanced
stabilized by a hybridization between Gg and O 2  magnetic  susceptibility above the metal-insulator
levels®18 Nevertheless, the question of which spin state istransition'® Alternative explanations of the enhanced suscep-
populated is not yet clarified unambiguously. Based on hightibility in the metallic phase rely on scenarios which include
field electron spin resonan¢ESR) data the population of a all three different spin states, assuming that the IS state is
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populated around the spin-state transition and the HS state TABLE I. Room temperature lattice constants and volume per

becomes populated at the metal-insulator transiibH. formula unit of La EuCoO;. The symmetry is rhombohedral
In order to get more insight into the spin-state transition(R3c) for x<0.2 and orthorhombi¢Pnma for x=0.25.

of LaCoQ; and its relation to the metal-insulator transition

we present an experimental study of the structural changes, x ar ag a b c \%
the magnetic susceptibility, the electrical resistivity, and the A) R) R) A (A%fu)
thermal expansion of La,Eu,CoO; with 0<x=<1. The ba- .

sic idea is that the partial substitution of ¥y the smaller 5.379 608 96.02
Eu®* systematically increases the chemical pressure which0-1 ~ 5.367  60.9° 55.76
should enhance the crystal field splitting and therefore stabi-0.15  5.393  60.4° 55.99
lize the low-spin state. We have chosen the substitution by 0.2  5.387  60.3° 55.60
Ew** because it has a vanishing total angular momentarh 0.25 5409 7.611 5.370 55.25
the 4f shell. Using other rare earth ions with finifewould 0.5 5353 7.565 5.344 54.10
strongly hamper the analysis of the Tanagnetism. Our 0.75 5357 7531 5314 53.60

main findings are as followgi) With increasing Eu content
the spin-state transition is drastically shifted towards higher
temperaturedii) We observe a scaling behavior between the
magnetic susceptibility and the thermal expansion, whic
gives clear evidence that for low temperatuf@&s< 200 K)

and low Eu contenfx=< 0.25 the spin-state transition arises
from a thermal population of the IS state without orbital
degeneracy. The lack of orbital degeneracy can be interpret
as orbital order or as a consequence of JT distortions of th
CoOQ; octahedra with C¥ in the JT-active IS stat®. In ad-

5370 7.477 5.255 52.75

rl)een evaporated on the sample surface. We have used a dc
technique for resistivity values above)land an ac tech-
nigue in the sulf? range. The susceptibility measurements
have been performed between 4 and 300 K in a field of
.05 T using a superconducting quantum interference device
ﬁﬁagnetomete(Cryogenic, S600X and in the temperature
. . S . i range from 200 to 1000 K in a field of 1 T with a home-built
dition, we find some indication that there is an orbital degen'Faraday balance. High-resolution measurements of the linear

_eraclytof thg IIS Stzg%flgx?rg‘a (I”I)tA” Tamp_let_s _‘?rebg?]()d thermal expansion were performed using a home-built ca-
Insulators below : € electrical resisuvity be avespacitance dilatometer in the temperature range from

like pocexp(A,/T), with an activation energyd,. that 4 to 180 K24

strongly increases with Eu conteltiv) The metal-insulator '

transition is shifted only moderately to higher temperatures

Tw with increasing Eu content, much weaker than that of the lll. RESULTS

spin-state transition. This shows tii, is only weakly in- The results of our room temperature powder x-ray diffrac-
fluenced by the thermal population of the IS statg.For all tion measurements of LaEUC0O; are summarized in

Eu concentrations the metal-insulator transition is accompai_ ble I With i ina E tent. th Il vol for-
nied by an increase of of about 5x 104 emu/mole and the a | el Ih llnlgrea}smg I'u COT et? ' be C%(yv? um%g% or
susceptibility approaches a common value Tor> 1000 K mula unit shrinks 23”.‘0“ inearly by about o7 rom
indicating a common spin state. The nature of this high-l‘aCOQ to 52.75 A in EuCoQy. Betweenx=0.2 and 0.25
temperature spin state remains, however, unclear becausetfie symmetry changes from rhombohed¢®&Bc) to ortho-
cannot be deduced from an analysis of the susceptibility dathombic (Pnma, as it is typical for perovskites when the
alone. tolerance factot=((ra)+ro)/[V2(rco+ro)] decreases. Here
r'co @andrg denote the ionic radii of the Gdand G ions,
respectively, andr)=(1-x)r 4+Xrg, is the average radius
of the A site ions, i.e., the average radius oftand Ed".

We prepared crystals of LgEuCoO; with x=0, 0.1, Such a symmetry change from rhombohedral to orthorhom-
0.15, 0.2, 0.25, 0.5, 0.75, and 1 by the floating zone methodic has also been observed in,Lg&a,CoO; for x=0.22325
in a four-mirror image furnace. The preparation parameters
are essentially the same as those described in Ref. 23 for the
growth of La_,Sr,Co0; single crystals. The LaCo(single
crystal studied here is the same as used in Refs. 15 and 23.In Fig. 1 we present the electrical resistivity of
The stoichiometry of the crystals has been checked bya; EuCoGO;. All samples studied are insulators. We find a
energy-dispersive x-ray analysis. All samples are singleystematic increase gf with increasing Eu content. Quali-
phase as has been confirmed by x-ray powder diffraction datively, such an increase may be expected from the decreas-
room temperature. From Laue photographs of both ends dfig tolerance factor. Whehdecreases, the deviation of the
the crystals we have found that LaCp@nd EuCoQ are = Co-O-Cobond angle from 180° increases and therefore the
single crystals, whereas the samples witixd<1 are poly- hopping probability of charge carriers decreases. In accord
crystalline. The electrical resistivity has been measured by with Refs. 13, 14, 26, and 27 the resistivity of LaGpO
standard four-probe technique on bar-shaped samples of tyghows an activated behavipp < exp(A,./T)] below 400 K
cal dimensions of X 3x5 mn?. Wires have been attached with an activation energy,.=1200 K (see also Ref. 23
by conductive silver epoxy to four gold stripes, which haveAbove 400 K a steep decrease of the resistivity takes place

Il. EXPERIMENT

A. Resistivity
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FIG. 1. (Color onling Electrical resistivity of La_,Eu,Co0; as FIG. 2. (Color onling Magnetic susceptibility of EuCo{and

a function of temperature for differemt The inset shows the same LaCoO; as a function of temperatur@ymbolg together with fits
data on a reciprocal temperature scale. (solid line of the respective background contributiofigg. (1)].
The inset shows an expanded view of the low-temperature suscep-

o ) ) o ) tibility of EuCoQ;, which is almost entirely given by the Euvan
which is, according to optical conductivity dataattributed  vieck contribution shown by the dashed line.

to a metal-insulator transition around 500 K. Note that above

this transition LaCo@ remains a rather poor metal with a

resistivity of about 1 2 cm. The Eu-doped samples show C

similar p(T) curves. As shown in the inset of Fig. 1 the )(bg(T):—+X0+X-X\',5V“(AEU,T). (1)
1 . : T-0

slopes of the lofp) versusT * curves, i.e A, strongly in-

crease with increasing Eu content. The onset of the ste

decrease op(T) is shifted to higher temperatures with in-

creasingx, signaling that the metal-insulator transition is

shifted to higher temperaturé$ However, the shift of the

transition temperatur&,,, is much weaker than that o,

As will be shown later(Fig. 5 A, increases by about a

factor of 3 andTy, only by about 25% fronx=0 to 1. Such

a different increase oA, and Ty, has also been found in

resistivity measurements dRCoO; with R=La, ...,Gd?°

ePhe parameter€, 0, x,, andAg, are determined by nonlin-
ear least-square fits af,4 to the low-temperature data, where
the CG" ions are in the nonmagnetic LS state. As shown in
Fig. 2, xpg describes the low-temperatugéT) up to about
25 K for LaCoQ; and about 400 K for EuCo{¥? This im-
plies that the C# ions remain essentially in the LS state up
to these temperatures, respectively.

In the upper panel of Fig. 3 we show the susceptibility of
La;EuCoO; for 0=x=<1. When the Eu content increases
the susceptibility at low temperatures becomes more and

B. Magnetic susceptibility more Qlominated by the Bt van Vleck contribution. We
have fitted the respective low-temperatw@) data by Eq.

In Fig. 2 we compare the magnetic susceptibility of (1) for all samples and summarized the fit parameters in
LaCoQ; and of EuCoQ. In order to extract the Curie sus- Table Il. We findAg,=460 K (Ref. 33 and for the impurity
ceptibility of the Cd"* ions from the raw data we subtract a contribution we have obtaine€=0.02 emu K/mole and
background contribution consisting (f) a Curie-Weiss con- ©=-3 K corresponding to impurity concentrations of less
tribution xim,=C/(T-®) due to magnetic impurities and/or than 1 %(see Ref. 15with weak antiferromagnetic interac-
oxygen nonstoichiometry(2) a temperature-independent tion. For the sum of core diamagnetism and®Cgan Vieck
contributiony, due to the diamagnetism of the core electronsParamagnetism we find9 y,=<1.6x 10" emu/mole. In our
and the van Vleck susceptibility of the &oions3® and(3)  previous analysis of(T) of LaCoO; we have used slightly
the van Vleck susceptibility5y of the EG* ions weighted by ~ different parameters, namely,=6.5x 10"* emu/mole, C
the Eu conten. Note that it isa priori not clear that in =0.02 emu K/mole, an®=0.> The main difference con-
La; EuCoO;, all Eu ions are three valent. However, due to cerns the smaller value of,, which we use in the present
the 47 configuration of divalent Ef with S=7/2 itspres-  analysis for the following reason: The low-temperaty(&)
ence would cause a strong increase of the Curie-Weiss comtata of all Lg_,EuCoO; samples withx>0 can be well
tribution ximp- Since this is not at all the case in our samples reproduced only foy< 10 emu/mole. Since it appeared
we conclude that the amount of Bus negligibly small. The  very unlikely thaty, is significantly larger fox=0 than for
temperature dependence of the van Vleck susceptibility oéll samples withx> 0, we have measured the magnetization
Eu** ions is well known and depends solely on the energyof LaCoO; at 1.8 K up to 14 T. This field is sufficient to
gap Ag, between thel=L-S=0 ground state and thé&=1  saturate the impurity contribution of the magnetization and
first excited state of thef8 multiplet of E(?*.31 The gapAg, the remaining slope ofM(H) in the high-field region, e.g.,
is typically on the order of 500 K. The entire backgroundfor H=11 T whereugH/kgT=4, is then given bydM/dH
susceptibility of La_,Eu,Co0; can thus be written as =xo- For LaCoQ, this method vyields x;=1.6
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TABLE 1. Fit parameters of the background susceptibility
Xog(T) [see Eq(1)] (Ref. 33, which describes the low-temperature
data of the measured susceptibility.

T 6
g Eu content X0 C (C) Agy
= 104 emu) (emu K) (K) (K)
g 4 mole mole
()
o LaCoO; 16 0.034 -2.2
=, x=0.1 0 0.046 -34 460
x=0.15 1.0 0.022 -2.8 460
x=0.2 1.0 0.016 -2.1 460
0 x=0.25 1.0 0.012 -2.8 460
x=0.5 0.3 0.01 0 462
4 x=0.75 0 0.012 0 473
EuCoG; 0 0.003 0 457

systematically shifted towards higher temperatures with in-
creasing Eu content. Similar to physical pressure in
LaCoQ;,3*25the chemical pressure imposed by Eu stabilizes
the LS state of the Cb ions due to the enhanced crystal-
field splitting. This conclusion agrees with the results of Co
nuclear magnetic resonan@dMR) studies onRCoO; with

) 3 R=La,...,Eud®37A quantitative analysis of4(T,x) and its

0 200 400 600 800 1000 relation to the metal-insulator transition will be given below.

Temperature (K)

Lo (10'3 emu / mole)
[\S}

. . C. Thermal expansion
FIG. 3. (Color online@ The upper panel presents the magnetic

susceptibility of La_,EuCoO, as a function of temperature. With In Fig. 4 we present high-resolution measurements of the
increasing Eu content the susceptibility at low temperatures is morinear thermal expansion of La; ,Eu,Co0;. As shown in

and more dominated by the van Vleck contribution of thé'Hans. ~ Ref. 15, « is a very sensitive probe of the spin-state transi-
The lower panel shows the Curie susceptibility of the’Cimns  tion. In LaCoQ, « steeply increases above about 25 K and
after subtracting a background susceptibility according to . reaches a maximum around 50 K. This unusual behavior can
(see text be attributed to the spin-state transition, which leads to a
thermal population of the, orbitals. Since theg, orbitals

fare oriented towards the surrounding negative Ons, this

x 1074 ichi i ", .
10" emu/mole, which is a much more reliable measure Olauses an anomalous, additional contributian to the lat-

Xo than the fit of the low-temperature susceptibility data by : : :
Eq. (1) because of the rather restricted Iow—temperaturetlce expansion. As reported in Ref. 15 the thermal expansion

range forx=0 (T=<25 K), and the magnetic susceptibility fulfill the scaling relation
In the lower panel of Fig. 3 we show the Curie suscepti- dxcol)
bility of the Co®* ions after subtracting,, from the raw CAa(T) = g (2)
data. The susceptibility of LaCaohows a low-temperature
maximum due to the spin-state transition and a highWwith a scaling factorC depending on the spin state of the
temperature shoulder around the metal-insulator transitiorgxcited state. For LaCoQwe find C=195 emu K/mole,
With increasing Eu content the low-temperature maximum igvhich agrees very well with the value expected for a popu-
continuously suppressed and strongly shifted to higher temation of the IS state without orbital degeneracy
peratures, whereas the high-temperature shoulder mové$90 emu K/molg and strongly deviates from the values of
only moderately to higher temperatures corresponding to thether scenarios such as a population of the IS state with
weak increase ofT,, with x inferred from p(T). For x  orbital degeneracy290 emu K/molg or a thermal popula-
<0.75 two separate anomalies are clearly seen inggh€r)  tion of the HS state with(1000 emu K/molg and without
curves, while in EuCo@ these anomalies have finally orbital degeneracy690 emu K/molg respectively->38
merged into one broad increasexdf). It is remarkable that The raw thermal expansion data of,LgEu,Co0O; shown
after the subtraction ofy,y the susceptibility data of all in the upper panel of Fig. 4 reveal an anomalous thermal
samples approach a value of aboutX 202 emu/mole for ~expansion of the samples wik= 0.25, which systematically
T— 1000 K. flattens and shifts towards higher temperatures with increas-
Without further quantitative analysis the data in the lowering x. In contrast, thea(T) curves of the samples witk
panel of Fig. 3 clearly show that the spin-state transition is=0.5 are essentially identical and do not show any anoma-
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T T T TABLE lll. Experimental results of the scaling factoGsin the
Lal_xEuXC003 7 scaling relationCAa(T)=d(xcoT)/JT between anomalous thermal

. expansionAa and magnetic susceptibility for different Eu con-
tentsx (see Fig. 4. As shown in Ref. 15 the expected values are
C=190 emu K/mole for a thermal population of the IS state with-
out orbital degeneracy and290 emu K/mole for the IS state with
orbital degeneracy. For a population of the HS state with and with-
out orbital degeneracy the expected values amount to 1000 and
690 emu K/mole, respectivelRef. 38.

-
———

X 0 0.1 0.15 0.2 0.25

C (emu K/molg 195 205 210 210 190

gap is enhanced and the spin-state transition is therefore
shifted towards higher temperatures.

IV. DISCUSSION

In Fig. 5 we compare the Curie susceptibility of the*Co
ions obtained from the raw data after subtractipg[see Eq.
(1) and Table Il and the resistivity which is presented in the
form dIn p/d(T™Y). If this latter quantity is constanp fol-
lows an activated behavigrcexp(A,/ T) with a constant
activation energyA,.=dIn p/d(T™Y). At low temperatures
activated behavior is indeed observed. The broad peak of
dIn p/d(T™Y) at higher temperatures arises from the strong
decrease op at the metal-insulator transition. We find an
almost linear increase of the peak position, i.e., the metal-
insulator transition temperatuiB,,, with increasingx from
Tw =480 K in LaCoQ to T,;,=600 K in EuCoQ. For
LaCoO; A,=1200 K is constant below room temperature.
(Lower panel Anomalous thermal expansioma=a-ayg of With inc_reasingx we find thatA d_evigtes_ more and more
Lay_[Eu,CoO; for 0=x=0.25(solid lines, where the averaged "M being constant foff <Ty,. This implies that for the
of La; (Eu,CoO, with 0.5<x<1 has been used ag, The dashed samples with larger resistivities the charge transport deviates
line showsAa of LaCoO; which was analyzed in Ref. 15 using from simple actlvateq behavior. Possibly it changes towards
of Lag g:S1 16C00; as apg The symbol4®) are obtained from the  Variable range hopping, but the temperature range of our
Co®* susceptibility data(see the lower panel of Fig.)jia the  p(T) curves is too restricted to analyze this in more detail. If
scaling relationC-Aa(T)=d(xco-T)/JT with scaling factorsC be-  we ignore this deviation and consider the room temperature
tween 190 and 210 emu K/mol@ee Table Il). For clarity, the  values ofA,as a measure of an effective activation energy,
curves for different Eu contents have been shifted by -0.5we find a strong increase df,. from 1200 K for LaCoQ to
X 107°/K with respect to each other. about 3400 K for EuCo@ Obviously, the relative increase

of the activation energy is much more pronounced than that

lous behavior up to 180 K. It is therefore reasonable to us@f the transition terggperatur(gsee Table IV as has also been
the average of these curves as a backgrayydepresenting observed inRCoG;.“ In optical conductivity data a strong
the normal lattice expansion, which is present irrespective ofimilarity between the temperature-induced metal-insulator
the spin-state transition. The anomalous thermal expansidiansition of LaCoQ and the doping-induced metal-insulator
for x<0.5 is then obtained bX&a=a—abg-39 As shown in transition in La_Sr,CoO; has been foun# From this simi-
the lower panel of Fig. 4 we find that for all samples with Eu larity and the anomalously small,, compared ta\, it has
contents Bsx=0.25 the scaling relation between thermal been concluded that the temperature-induced metal-insulator
expansion and magnetic susceptibilifyq. (2)] is well ful- transition of LaCoQ should be viewed as a Mott transition
filled. The scaling factors for the different samples lie in theof a strongly correlated electron systé#t?
range from 190 to 210 emu K/mole and agree well with the Inspecting the susceptibility data in Fig. 5 we observe that
value expected for a population of the IS state without orbitathe metal-insulator transition of LgEu,CoGO; is always ac-
degeneracy and deviate strongly from other possible scesompanied by an increase gf This is obvious for the
narios (see Table lll. Thus, we conclude that, just as in samples wittk<<0.75 where the spin-state transition and the
LaCoO;, the spin-state transition in LaEuCoO; for x  metal-insulator transition are well separated, whereas it is
=<0.25 arises from a thermal population of the IS state withdess obvious for largex, since the increase gf due to the
out orbital degeneracy. With increasing Eu content the spirspin-state transition and due to metal-insulator transition are

2 L 1 L 1 L 1 .

0 50 100 150
Temperature (K)

FIG. 4. (Color online (Upper panel Thermal expansiorx of
La; Eu,CoO; (solid lineg and Lag gSry 14C00; (dashed ling
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TABLE 1V. Activation energy A,y metal-insulator transition
temperatureTy,, energy splittingA between the LS and IS states,
and g factor of the IS state for different Eu conteritee Fig. 5.

A, andTy, are deduced from the room temperature value and the
maximum ofd In p/d(T™1), respectivelyA andg are obtained from

fits of xco(T) in the temperature range below the metal-insulator
transition within a LS/IS scenario; for<0.5 (=0.79 an IS state
without (with) orbital degeneracy has been considered. The last
column contains the average energy gapr)) for T<400 K ob-
tained from the experimental data via Ed) with g=2.4 (see Fig.

6). For x=0.75 the values of\ and(A(T)) are only rough esti-

) % mates, becausgc(T) essentially vanishes in the respective low-

= g temperature range and the agreement between the fits and the ex-

) 3 perimental data is rather wedRef. 42.

- i

) Py Eu content Aqct Twi g A (A(T))

S ~ ® K () (K)

I S

< = LaCoO; 1200 480  2.28 188 230
x=0.1 2.10 240 300
x=0.15 2.10 270 330
x=0.2 2.10 330 380
x=0.25 2000 510 2.24 435 480
x=0.5 2800 550 2.3 790 840
x=0.75 3200 570 24 1600 >1600
EuCoGQ 3400 600 24 1900 >2200

0 200 400 600 800 1000
Temperature (K)

low enough temperatures. However, we will also use this
scenario as a starting point for largeand higher tempera-
tures. In order to derive the energy splittingbetween the
LS and IS state for the different Eu concentrations we have
fitted the respectiveyc,(T) by the susceptibility of a two-

FIG. 5. (Color onlin@ Curie susceptibility of the C& ions
(open circles, righyy axis) in comparison with the temperature de-
pendence of the activation energi,o=dInp/d(T™Y) (filled

circles, lefty axis). The peak ofA,. signals the metal-insulator level system

transition, which slightly shifts towards higher temperatures as NA92M§3(3+ 1) v(2S+1)e™?T

marked by the dashed vertical line. The sdlidshedl lines are fits x(T) = AT (3

of xco(T) sufficiently belowT,, within a LS/IS scenario withw 3kgT 1+v(25+1)e

=1 (v=3) [see Eq(3) and texi. The first fraction describes the Curie susceptibility of the

excited state and the second one its thermal population with

superposed. In order to describe the susceptibility behavidh® Avogadro numbeN,, the Bohr magnetorus, and the
of LaCoQ,, various models have been considered. For théoltzmann constarkg; »=1 andS=1 denote the orbital de-
100 K spin-state transition a thermal population of the HS olgeneracy and the spin of the IS state, which are kept fixed
of the IS state has been proposed and for both scenarig®d theg factor is kept close tg=2.
different orbital degeneracies have been assumed for the  The fit parameters are summarized in Table IV and the
excited statgHS: v=1 or 3; IS: v=1, 3, or §.87101417|n  corresponding fit curves are shown as solid lines in Fig. 5.
order to also describe the change yfaround the metal- The fits describe the experimental data reasonably well up to
insulator transition even three-state scenaribS/IS/HS about 450 K forx=0.5. For largeix the agreement between
with different orbital degeneracies of the excited states havéhe fits and the experimental data becomes worse, in particu-
been used®'”In some cases a temperature dependence dér for EuCoQ. Because fits withv=3 yield somewhat better
the energies of the different spin states has also been consirksults with larger gap$A =1600 and 2200 K fox=0.75
ered, which can arise from the thermal expansion and/oand 1, respective)yone may speculate that the orbital degen-
from collective interactions between the excitederacy is larger fox=0.75. As mentioned above the lifting of
stateg)174041 the orbital degeneracy in LaCqQrrises from a JT effect of
As mentioned above the scaling between the thermal exhe excited C&' ions in the IS staté>?! Since the spin-state
pansion and the magnetic susceptibilisge Fig. 4 and Table transition takes place at much higher temperaturesxfor
[ll) gives clear evidence for a thermal population of the IS=0.75, the JT effect could play a minor role in these
state withv=1 and discards other two-state scenatfoBhis  samples, since it is reduced by thermal fluctuations. More-
unambiguous conclusion from the scaling analysis is onlyover, the spin-state transition sets in so close to the metal-
possible forx=0.25 where the spin-state transition occurs atinsulator transition that the JT effect can hardly develop,
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since aboveTy, it will be reduced anyway due to the en- LaCoO; above Ty, is not directly comparable to
hanced charge-carrier mobility. Independent of the choice ofa,_,M,C00;, because the ferromagnetic coupling in
v we find a drastic increase of the energy gawith increas-  La,_,M,Co0; arises from a double exchange betweerf*Co
ing Eu content. We interpret this increase as a consequenegd Cd* ions, whereas in LaCoOformally only C@* ions

of the reduced unit-cell volume due to the Eu substitutiongre present.

causing an enhanced crystal-field splitting which stabilizes A different source of an enhancement g,(T) could

the LS relative to the IS state. IQCREfS' 6, 7, and 18 it hasyise from a partial occupation of the HS state abdyg
been argued that the IS state of*Caan be stabilized by a pgageq on this assumption describing the susceptibility of
hybridization between the Cod3and the O P states. Thus, | 5060, within a LS/IS/HS scenario has been attem &’

the Increase oA may, in 'a(_jdm_on, b_e enhancgd by the de- However, even within this three-state model the susceptibil-
creasing Co 8 O 2p hybridization with mcrer?smg dEu con- ity of LaCoG; is only reproduced if the energies of the IS
centration, which is also reflected by the enhanced resistivit nd the HS state change with temperature. Within this model

(see Fig. L ;
Before di ina th tibility data for higher tem-2 nearly temperature independef)t=250 K and a strong
clore CIScUSSIng e Suscep by g oAs from about 1400 to about 200 K occurring

peratures let us compare the influence of Eu substitution oA€Créase f P
the spin-state transition and the metal-insulator transition@"0undTy has been reported for LaCgOHere,As (Ang)

Obviously, the spin-state transition is shifted much strongeflenote the energy between the LS and theHS) states.
to higher temperatures than the metal-insulator transitionPue to the large value ofys the HS state is essentially not
This gives clear evidence that the occurrence of the metalopulated forT <Ty,. This implies that belowT, the sus-
insulator transition in La,Eu,Co0Q; is independent from the ceptibility data of LaCo@ are described within a LS/IS
population of the IS state of the €oions. For example, at model and abovd), within a LS/IS/HS model. Therefore,
Twi =480 K LaCoQ has almost a 3:1 distribution between we have also fittedyc(T) of our La_EuCoO; samples
the IS and LS states according to their different degeneracieseparately above and beldly, by the susceptibility of two-
whereas in EuCo@the spin-state transition just starts aboveand three-state models. However, in particular within the
400 K so that the population of the IS state in EuGoO three-state model, there are so many parameters that physi-
around Ty, =600 K is as low as that in LaCaoQaround  cally meaningful results can be obtained only if a well justi-
50 K. In this respect the spin-state transition and the metalfied model about the nature of the metal-insulator transition
insulator transition are decoupled from each other. The oband/or the expected changes of the energies of the various
servation that for all Eu concentratiog,(T) seems to ap- spin states are used.
proach a common value far— 1000 K indicates, however, In order to keep the number of parameters small we de-
that for temperatures well above the metal-insulator transieided to restrict ourselves to two-state models and will
tion the same spin stat@r combination of spin statess  present a description gfc4(T) within a LS/IS scenario with
approached in La,Eu,CoG; for all x. temperature-dependent energy gap as follows. An additional
As shown in Fig. 5xc.(T) calculated for the LS/IS sce- reason why we do not use the three-state model is that the
nario underestimates the susceptibility for- Ty,. Notably,  splitting between different spin states is typically on the or-
well aboveTy, the deviations between the extrapolations ofder of 1 eV=12 000 K6 The small splitting between the LS
the low-temperature fit curves and the experimental datand IS state$A =200-2000 K observed in La ,Eu,CoO;
amount to about & 10~* emu/mole for alix (if »=3 is used already requires a fine tuning of parameters. Thus it appears
for x=0.79. In LaCoQ; a well-defined anomaly in the spe- quite natural to assume that the HS state is located well
cific heatc, has been observed aroufig;,*® showing that above the other two spin states. Once we have fixed the
the metal-insulator transition represents a real phase trangnodel in this way, it is straightforward to derive the tempera-
tion, in contrast to the spin-state transition, which is a therture dependenca(T) by writing Eq. (3) in the form
mal population of the excited IS state above the LS state

causing only a broad Schottky-type anomalycgf(and ) AT =TI NaG?uaS(S+1) p(2S+1) 25+ 1)
over a large temperature interval. Consequently, the param- 3kgT x(T) '
eters(or even the modelfor the description ofyco(T) above (4)

and belowT,, can be very different. In principle, there are

various sources for an enhanced susceptibility in the metallic Initially we tried to use the factors of Table IV obtained
phase. As mentioned above the charge-carrier mobility abovisom the susceptibility fits well below, with temperature

Tw should melt or at least reduce an orbital order of the ISindependent energy gaps in order to derive the energy depen-
Therefore, it is reasonable to use an orbital degeneracy denceA(T) for larger temperatures. However, for< 2.4 the

=3 above Ty, in Eg. (3), which causes an increase of argument of the logarithm in E¢4) becomes negative above
xco ). 2238 However, this effect is not sufficient to describe about 500 K. Therefore we have usgd2.4 for all samples

the enhanced susceptibility aboVg, as can be clearly seen and obtained the temperature-dependent energy gaps shown
from the dashed lines calculated witt 3 in the lower pan-  in Fig. 62 Forx<0.5 we have used=1 and find a moder-

els of Fig. 5. From the observation that charge-carrier dopeéte temperature dependencedfT) in the low-temperature
La,_,M,Co0; (M=Ca, Sr, and Bahas a ferromagnetic, me- range. The average valués(T)) for T<<400 K are close to
tallic ground state above a certain doping led%ehne may the values obtained from the fits with temperature-
also speculate that an additional increaseygf(T) could independent (see Table IV. This further justifies the fits of
arise from a ferromagnetic coupling aboiVg,. However,  xco(T) within the LS/IS scenario in the low-temperature
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within a LS/IS scenario below the metal-insulator transition.
We find a drastic increase of the energy of the IS state with
increasing Eu content and that for all Eu concentrations the
metal-insulator transition is accompanied by an increase of
the susceptibility of about % 104 emu/mole. This increase
either indicates a strong decrease of the energy of the IS state
aroundTy,, or that a model of localized spins is no longer
applicable aboveT,. It remains to be clarified whether
xco(T) aboveTy, has to be described by local moments or

2000

1000 |

A (K)

-1000 |

-2000 L . . .
0 200 400 600 800 1000 not.
Temperature (K)

FIG. 6. (Color online Temperature dependence of the energy V. SUMMARY
gapsA between the LS and the IS states obtained from &y.
usingr=1 for x<0.5 andv=3 for x=0.75 andg=2.4 for allx (see

text). We have studied the influence of chemical pressure on the

spin-state transition and on the metal-insulator transition of
LaCoQ; by partially substituting the 3 by the smaller

Eu** ions. On the one hand the Eu substitution drastically
influences the activation energy for charge transport in the
insulating phase, which increases from about 1200 K in

range. Fox=0.75 we user=3[as in the fits ofyc4(T)] and
find some tendency to saturation only f6x0.75, but not for
EuCoG,. Thus, forx=0.75 we can give only lower bound-

aries of A(T), which are so large that the obtained low- . "
temperature values ofc(T) are smaller than our experi- LaCoQ; to about 3209 K in EUCOQ The transition tem-
perature of the metal-insulator transition, on the other hand,

mental uncertainty. So far thiT) curves forx=0.75 do not .
contradict the LS/IS scenario for the low-temperature rangeS"OWS Only @ moderate change from about 480 K in Lag00

At higher temperatures th&(T) curves strongly decrease © ab_o_ut 600 K in EuCog Contrary to th_e metal-insulator
for all samples. This decrease sets in when the metafransition, the spin-state transition is sh[fted very strongly
insulator transition is approached and is present up téowards higher temperatures with increasing Eu content as is
1000 K. A possible interpretation of the strong decreas& of observed independently in thermal expansion as well as in
aroundT,, is that due to the metal-insulator transition the ISmagnetic susceptibility measurements of ; LEu,CoO;.
state is lowered in energy and is finally located well belowBoth quantities fulfill a simple scaling relation for<0.25
the LS state. Within this interpretation the continuous de-and T=<180 K. The experimentally obtained scaling factors
crease ofA(T) up to the highest temperatures is not expectedagree very well with the value expected for a thermal popu-
One should, however, keep in mind that the application ofation of the IS state without orbital degeneracy. Within this
Egs.(3) and(4) is questionable in the conducting state abovelL.S/IS scenario the experimental susceptibility data below
Twi, because these equations are based on a model with labout 450 K are satisfactorily reproduced far<0.5,
calized moments. Note that this problem is also present fowhereas for largek an orbital degeneracy aof=3 yields a
the three-state models. better description. The lack of orbital degeneracy for

One may suspect that a temperature-dependent energy gajn.5 is indirect evidence of orbital order, or a JT effect,
could resolve the problem that on the one hand ESR data ¢fetween the thermally excited &oions in the IS state. For
LaCoGQ; propose athermal population of a spin-orbit coupledy ~ o 75 this effect seems to play a minor role. This may
HS state withj=1 andg= 3.5 while on the other hand the arise from two effects which both act against an orbital/JT
susceptibility data are not at all reproduced by a populatioyrdering: the spin-state transition occuis at higher abso-
of such a state with a temperature-independent gap. Thergste temperatures ang) closer to the metal-insulator tran-
fore we also calculated(T) usingj=1 andg=3.5 in Eq.  sition. With increasing Eu content we find a drastic increase
(4). For LaCoQ this leads to a continuously increasing en- of the energy splitting between the LS and the IS state from
ergy gap from A(T<40K)=200K toA(1000 K}  about 190 K in LaCo@to about 2200 K in EuCoQ As a
=1400 K interrupted by a plateau af from 500 K<T  consequence the population of the IS closeTtp is very
<600 K, i.e., the temperature dependenceafoughly re-  different for both compounds=70% in LaCoQ and~25%
sembles that of 1y. With increasing Eu content(1000 K)  in EuCoQ,. This difference clearly shows that the occurrence
remains essentially unchanged, becayd®00 K) is almost  of the metal-insulator transition is not related to the popula-
constant, but the temperature dependenc& obntinuously  tion of the IS state. So far the metal-insulator transition and
decreases untih(T) is roughly constant fox=0.75 and fi- the spin-state transition are decoupled from each other. The
nally decreases with increasing temperature ¥erl. Be-  fact that for all Eu concentrations the susceptibility increases
cause there is no reason why the temperature dependencehyfabout 5< 1074 emu/mole around the metal-insulator tran-
A should change so drastically as a function of Eu contentsition and approaches a doping-independent value Tfor
we do not consider this compleX(T,x) scenario as physi- — 1000 K indicates that nevertheless a common spin state,
cally meaningful. or combination of spin states, is approached well abQye

In conclusion, the analysis of the susceptibility data ofThe nature of this spin state remains, however, unclear at
La; ,Eu,CoO; reveals that a good description is possiblepresent.
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