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Negative cooperative effect on the spin-state excitation in LaCoQ
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The experimental magnetic susceptibility and heat capacity of La@h@ to spin-state excitation in the
range 2—300 K were well reproduced by a one-lattice molecular-field model with negative cooperative effect;
an energy separation between the low-spin ground state and the excited state increases when increasing the
fraction of excited Co ions. It was suggested that the negative effect originates from the difference in covalency
of the Co-O bond between low-spin and excited spin states, which is supported by Al, Ga, and Rh substitution

effects.
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[. INTRODUCTION nonmagnetic.In addition, a recent ESR experiment clarified
that the excited state is a triplet with a lamyéactor (3.35).%°
Spin-crossover complexes, such [&e(phen)(NCS),], However, even by using an accurate energy level structure,

show a temperature-induced phase transition from low-spithe magnetic susceptibility is-3 times larger than the ex-
to high-spin ground statédt is well known that an electron- perimental one, as pointed out by the authdrs.
lattice coupling is important to induce the cooperative phe- In order to understand the smallness of the magnetic sus-
nomenon. This coupling is reflected by a large volumeceptibility and the heat capacity, the suggestion by Good-
change at the phase transition. In addition, the transition erenough and co-workers is importarithey suggested that a
tropy is much larger than the spin-only value, which origi- thermally excited high-spin Co ion (€6) stabilizes the
nates from the intramolecular degrees of freedom in liganddow-spin state (C8) of the nearest neighbor Co ions, be-
Such a spin-crossover phenomenon also occurs isause six & ions surrounding the C6 displace toward
LaCo00;.2 1 The crystal structure of LaCos much differ-  the Cd" due to the weak covalency of the €60~ bond
ent from complexes, which should induce a different coop-as compared to the #60?~ bond. This model reduces the
erative effect on the spin-crossover phenomenon. In fact, ihumber of Co ions contributing to the spin-state excitation.
occurs by two steps accompanying the small and large erBuch an effect would occur when the excited state is an
tropy changes around 100 and 50 Kut anomalous vol-  intermediate-spin state, because the population oegher-
ume changes occur around both temperatiires. bital would decrease the covalency. A similar covalency ef-
The spin-crossover phenomenon around 100 K infect has been investigated as a substitution effect of Co ions
LaCoQ; is not a phase transition but a thermal excitation.in LaSrCoQ by Al or Ga ionst* Either 50% Al or Ga sub-
However, the mechanism and even the spin state of the estitution stabilizes the low-spin state of Co ions in spite of
cited state are controversial at the present. One importanhe fact that the ion radius of & is larger than C%" and
result to make them controversial is that the experimentathat of AP™ is smaller than C8 (see Table)l Their inter-
magnetic susceptibility below 300 K is much smaller than pretation is that the low-spin state of Co ions is stabilized by
the theoretical value calculated from Boltzmann distributionAl or Ga substitution because the covalency of the Co-O
assuming the low-spin ground sta®={0) and the high-spin bond is stronger than the covalency of the Al-O or Ga-O
excited state $=2). It has been attempted to explain the bond. Madhusudaet al. have reported that Al or Cr substi-
smallness by a temperature-dependent activation efidrgy, tution of Co in LaCoQ stabilizes the low-spin state of Co
1:1 long-range or short-range ordering of the low-spin andons!! which is consistent with this interpretation.
the high-spin Co ions by an intermediate-spin excited state  The effect of interaction between the excited high- and
(S=1),*®"and by an antiferromagnetic interaction betweenlow-spin ions on the spin-state excitation has been analyzed
excited Co ioné. Another important result is that the heat by a molecular-field model based on the following id&z?°
capacity anomaly around 50 K is small and that the excess ) o )
entropy obtained by subtracting the lattice contribution is at ABLE |- Pauling electronegativitietRef. 13 and Shannon ion
mostRIn2 up to 300 K2 Even taking account of the diffi- '2dius(Ref. 16.
culty to estimate the lattice contribution, the peak intensity of

the heat capacity anomaly is much smaller than 1:3, 1:5, 1: stom Electronegativity lon Radius
and 1:15 Schottky anomalies. Stolenal? suggested that co 1.8 cd'a 0.545
the excited intermediate-spin state without orbital degen- Cot b 0.61
eracy splits into singlet and doublet states by spin-orbit in-| 15 Al3+ 0.535
teraction, because the two levels composed of the low-spigg 16 Ga* 0.62
ground state and the singlet excited state are consistent witky, 29 RR* 0.665

the excess entropy @ In 2. However, this suggestion is in-
consistent with the temperature dependence of the magneticow-spin Co.
susceptibility, because the singlet excited state should b#igh-spin Co.
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In complexes, the energy separation between low- and high- ' '

spin states decreases with an increase in the fraction of high- = 0.004f et TP . (a) _
spin ions(one-lattice model*’~°In LaCoQ;, the lattice was o s fee.,
divided into two sublattices according to Goodenough’s g 2 00080000000, 5000 ]
modeP and the energy separation in one lattice increases as E 0.002 . o L£o0000000000000]
the fraction of high-spin ions in the other latticgwo- e A% L s
sublattice modelis increased®?° Unfortunately, there was = Fy 0 0% 5000000°°° 1
no quantitative comparison with the experimental data of ol B TS %%AOAOAM.AMM,““A.AMM
LaCoG;. .

In the present study, it is shown that the two-sublattice 0.004 (b) 1

o0 0 0 Ce,
o
o 000000

model has difficulty is reproducing the experimental mag-
netic susceptibility and the heat capacity of LaGa&mul-
taneously, and that the one-lattice model reproduced both the
experimental data well, while the cooperative effect on the

energy separation is negative. In addition, we confirmed that I A“Mw cannnd
the substitution effect in LaCoQs consistent with the inter- 0 ' P
pretation of Demazeaet al.** which supports that the nega-
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tive cooperative effect in pure LaCg@ connected with the 8 .
difference in covalency of Co-O bond between the low-spin = 0010
ground state and the excited spin state. This implies that the E
interaction is electronic in origin, in contrast with the main E 0.005
importance of electron-lattice coupling in spin-crossover <
complexes. =
0
0
Il. EXPERIMENT T (K)

A LaCoQ; single crystal was grown by a floating-zone g, 1. Experimental magnetic susceptibility of LaCoM,Os.
method. LaGa@and LaCq_,Rh,O; polycrystals were pre- (5 M=Al, () M=Ga, (c) M=Rh: ®, x=0: O, x=0.04: (], x
pared by a solid-state reaction method. LafplO =0.08: ¢, x=0.19;: A, x=0.50.

LaCo, _,Al,O3, and LaCgq_,Ga 05 polycrystals were pre-

pCecI)rgdef)é Hiop,reA(i?liISg;) n;th;gd Gu;gg ggg%ggﬁ'i&?’e Figure Za) shows the composition dependence of the l_Jnit
used for the starting materials. Powder x-ray diffraction mea-CeII volume per formula u_nlt at room temperature, and Figs.
surements using CuKe radiation (MAC Science, Z(p) and Zc).show the lattice parametgrg of a rhombohedral
MXP18HP confirmed each sample to be a single phase. Thanit cell. It is found that thg composition dependences of
crystal system of the samples was rhombohedral except fdd =Al and Ga samples deviate downward from those ex-
orthorhombic for LaCgsRh, 05, LaRhQ;, and LaGa@. pected from Vegard's law, as represented by solid lines in
Lattice parameters were determined by using Si as an intefFig. 2@). This indicates that the fraction of low-spin Co ions
nal standard. dc magnetizations were measured in the rangé room temperature was increased by Al or Ga substitution.
5-300 K and under 50 kOe using a superconducting quantur@n the other hand, the unit cell volume bf=Rh sample
interference device magnetomete(Quantum Design, seems to deviate slightly upward from Vegard’s law, indicat-
MPMS5S. Heat capacities were measured in the rangeng the decrease of the fraction of low-spin Co ions at room
2-300 K by a relaxation method using PPNiQuantum De- temperature. These results are consistent with the results of
sign). The heat capacities of LaAland LaGaQ were used magnetic susceptibility measurements.

for the base line. The Pauling electronegativity is a useful indicator to esti-
mate the covalency. Pauling electronegativities of Co, Al,
Ill. RESULTS AND DISCUSSION Ga, and Rh atoms are tabulated in Tabf@ Because the

electronegativity of an O atom is 3.5, the cation with larger
electronegativity has a stronger covalency with an O atom. It
Figures 1a), 1(b), and 1c) show the experimental mag- is thus found that the covalencies of Al-O and Ga-O bonds
netic susceptibilities per Co 1 mol of LacgM,O; for M are weaker than that of the Co-O bond, and that the cova-
=Al, Ga, and Rh, respectively. The temperature showing dency of the Rh-O bond is stronger than that of the Co-O
magnetic susceptibility peak in LaCg@round 100 K in- bond. The order of the covalencies is intuitively right, be-
creased as increasingwhen M = Al and Ga. These substi- cause it is well known that the Co-O bond includes a large
tution effects are same as those reported in LaSiCé@n  d’L contribution® whereL is a hole in oxygen, and that
the other hand, the peak disappeared even forxth®.04 RE*™ ions in LaRhQ are in the low-spin state up to high
sample whenM =Rh. These results indicate that the low- temperatureé' Therefore, according to Demazeat al,'*
spin state of Co ions is stabilized by Al or Ga substitution,Al or Ga substitution stabilizes the low-spin state of Co ions,
but unstabilized by Rh substitution. but Rh substitution unstabilizes the low-spin state. This is

A. Substitution effect on the stability of the low-spin state
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TABLE Il. Excited states used for calculations and the repro-

ducibilities of calculation
Excited state S g v 12 20
I 1 2 3 C C
I 1 2 3X3 C C
1l 1 3.35 3 A D
\Y 1 3.35 3%X3 B D
5.40} (b) g \ 2 2 5 A D
= ” o VI 2 2 5X3 B D
°$ cag =
= aReproducibility of one-lattice model.
= o PReproducibility of two-lattice model.
535——+—+—+——+—+—+—+—
ugg . (©) Smix=—R{(1—f)In(1—f)+fInf}, 2
N u]
E‘J 60.5- © ] whereG, s andGgg are Gibbs free energies when all Co ions
3 are in low-spin and excited spin states, respectiveig, a
- fraction of excited spin Co ions, anf,;x is a mixing en-
G I T W S S 7 tropy. The equilibrium conditio@G/df =0 gives
() 0.5 1
* f= - 3
~ v+expA/RT)’ ©

FIG. 2. (a) Unit cell volume per formula unitib) and(c) lattice
parameters of rhombohedral unit cell for LgCoM,O5; at room 9H.
temperatureO, M=Al; 0, M=Ga; ¢, M=Rh. Solid lines in(a) A=Hgs—H s+ Znt (4)
represent values expected from Vegard's law. of

consistent with the present results. This excellent correlation =Ao+ A f+ A2+ A3+ )
implies that the factor to stabilize each spin state of Co ions

in LaCoQ; is much different from that of Fe ions in a spin- whereHleand Hes are enthalpies when all co ions.are in
crossover complex, because Gangetlial. mentioned that the low-spin and excited spin states, respectively, aisla

the substitution effect of Fe ifFe(phen)(NCS),] by Mn, degeneracy of an excited Co ion. The magnetic susceptibility
Co, Ni, and Zn is correlated with the size of the substitutionand heat capacity are expressed by
; 2

on.
Ly, ES(SHD) ©
XTIRAT31,T

B. Molecular-field calculation

The results of Sec. lll A naturally suggest that an excited P
high- or intermediate-spin Co ion stabilizes the low-spin C=T—={Snxt+fRInv}. (7)
state of other Co ions, as mentioned in Sec. |. However, the JT
two-sublattice model did not reproduce the experimentak 45 determined by a self-consistent method at each tem-
magnetic susceptibility and heat capacity of LaGp@e  nherature, and tha,'s in Eq. (5) were determined by a non-
details of which are described in Sec. lIB2. On the otheljinear least-square fitting of the magnetic susceptibility data
hand, the one-lattice model well reproduced the expenmentqjsing the sum of Eq(6) and a Curie-Weiss ternCey/(T
data, as described in Sec. llIB1. In these calculations, we_-l-c). The heat capacity was calculated by usings ob-
ignored magnetic interaction betvv_een the e_xcited Co iongyineq by the fittingA was expanded up to three orders of
because only a small ferromagnetic correlation has been rgj, .5 e at least four terms were necessary in order to repro-
ported to exist in LaCo@even at room temperatutéThe o the experimental magnetic susceptibility. Six excited
weak magnetic interaction can be understood by considering,es |abeled by 1-VI were assumed for the calculations as
that the excited Co ions are apart from each other because plyyjated in Tabie II. The quality for the calculation to repro-

the repulsive interaction between the excited Co ions. duce the experimental magnetic susceptibility and heat ca-
_ pacity was ranked by A-D in the order of goodness, which
1. One-lattice model were described in the fifth and sixth columns of Table II.
According to one-lattice modél;%8the total Gibbs free The open circles in Fig. (@) represent the experimental
energy including the interaction enthalpy teky,, is ex- magnetic susceptibility of LaCoQO The solid lines in the
pressed by figure are the calculated curves for six excited states. All the
curves reproduced the experimental data, though a small de-
G=(1-1)G g+ fGgs— TSyixt Hints (1)  viation exists at high temperature region. The open circles
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FIG. 3. (a) Magnetic susceptibility an¢b) excess heat capaci- FIG. 4. (a) Calculated fraction of excited spin Co ions aff

ties of LaCoQ: Solid circles and solid lines represent the experi- calculated enthalpy separation between the low-spin and the excited
mental and the calculated values for one-lattice models with thepin states of LaCo§for one-lattice models with the excited states
excited states of |-VI, respectively. of I=VI.

in Fig. 3(b) represent the experimental excess heat capacitigespectively. The temperature dependence$ afe similar
of LaCoQ;. The excess heat capacities were estimated bfor lll to VI, and f is less than 30% even at 300 K. The small

subtracting a base line, f is consistent with the assumption of ignoring the magnetic
interaction between the excited Co ions. Except fak lin-
Cbasez(1—x)CLaGa%+xCLaA|03, 8 creases with increasing temperature. Such a temperature de-

) ~ pendence is the same as reported by Naietaal* Naiman

whereC, ,gaq, and Ciaaio, are experimental heat capacities gt al. considered the following. ThET, level in a cubic
of LaGaQ, and LaAlG;, respectivelyx=0.33 was chosen crystal field splits into sublevels due to the rhombohedral
for Cpase to coincide with the heat capacities of LaCpO distortion of LaCoQ. Because the rhombohedral distortion
below 10 K. The excess heat capacity of LaGd@xreases decreases with increasing temperature, the splitting of the
exponentially as increasing temperature and showed a shoulT, level decreases and thus the energy separation between
der around 50 K instead of a peak. The magnitude of thehe low-spin ground state and the lowest sublevelP®§
shoulder is~1/2 or ~1/3 as large as the peak of the 1:3 or increases with increasing temperature. This consideration is
1:5 Schottky anomaly, as pointed out by Stoksnal? The interesting because the rhombohedral distortion was actually
solid lines in Fig. 8b) represent the calculated curves for six decreased by Al or Ga substitution, as shown in Fig).2
excited states. The excited states Il and V well reproducedHowever, the unit cell volume increases with increasing tem-
the magnitude of the shoulder. The reproducibility is indi- perature. This volume effect unstabilizes the low-spin state
cated by A in the fifth column of Table Il. The larger experi- and decreases the energy separation between the low-spin
mental data at high temperatures are possibly due to the ustate and the center of gravity T, sublevels, as mentioned
derestimation of the base line, because the expanded volunby Naimanet al. themselve4.Thus, the temperature depen-
due to the excitation of the excited spin state would decreasgence of the energy separation between the low-spin ground
the atomic force constant and thus increase the excitation aftate and the lowestT, sublevel should be determined by
lattice vibration. In fact, an anomalous lattice softening haghe relative strength of the volume effect and the rhombohe-
been observed with increasing temperatdr@he excited dral distortion effect if only the structural effects are taken
states | and Il are not appropriate for the actual excited staténto account. However, it is difficult to consider that the
because the peaks around 60 K are about 2—3 times largefiombohedral distortion effect is larger than the volume ef-
than the experimental shoulder. The reproducibility in thisfect. Therefore, it is natural to interpret thatincreases with
case is indicated by C. Taking account of the difficulty inincreasindg (not temperatune This phenomenon is similar to
estimating the lattice contribution, the calculated curves othe negative cooperative effect reported in binuclear {tbn
IV and VI might have well reproduced the shoulder intensity.helicates in propylene carbonateThis effect is opposite to
The reproducibility is indicated by B. that in the crystalline spin-crossover complex, in whish

Figures 4a) and 4b) show the calculated and A/R,  decreases with increasinfy (positive cooperative effext
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namely, the excitation of a high-spin ion accelerates the exthe calculated magnetic susceptibility exceeds the experi-

citation of the other ions and thus induces a cooperative spirmental value when the excited states of lll, IV, V, and VI are

state phase transition. The negative cooperative effect nevassumed. The experimental magnetic susceptibility were re-

induces a phase transition. This is also different from Goodproduced by two-sublattice model with excited states of |

enough’s modet,because he considered that the excitatiorand Il. However, the heat capacities calculated by uaifig

of a high-spin Co ion stabilizes the low-spin state of Co ionsobtained by a least-square fitting of the magnetic susceptibil-

in the nearest neighbor sites and the high-spin state in thigy data are about 2—3 times larger than the experimental

next nearest neighbor sites, which also induces a phase traone. The calculated heat capacity curves are similar to those

sition to a rock-salt-type ordering of €b and Cd' when  of one-lattice model with excited states of | and Il. These

the interaction is larg&’ results conclude that two-sublattice model is not appropriate
The negative cooperative effect would be connectedor the mechanism of spin-state excitation in LaGoO

mainly not with the elastic property but the electronic state,

because the substitution effect is correlated not with the ion

size but the electronegativity. In addition, the band nature of IV. CONCLUSION

Co 3d electron system might be connected with the long-

h ter. in that th itai ta Co ion h In conclusion, experimental magnetic susceptibility and
range character, in that the excitation of a L0 10N Nas a4 capacity of LaCo9due to spin-state excitation in the
influence on the electronic state of Co ions far from the ex-

. . range 2-300 K were well reproduced by a one-lattice
cited Co ion. molecular-field model with negative cooperative effect. The
calculation suggests that IIl or V in Table Il are most prob-
ably excited states, and that | and Il are unsuitable. It is

The same calculation as in Sec. Il B 1 was carried out byimportant that even in either 1ll or \(and IV or VI), the
using two-sublattice model according to Batial® In this  negative cooperative effect is necessary to reproduce the
model, energy separations of sublattices A and B are repregmall heat capacity anomaly. The low-spin state of Co ions
sented by in LaCoQ, was stabilized by Al or Ga substitution. This

suggested that the negative cooperative effect occurring in
Ap=A20+Asfa+A5Ts, © pure LaCoQ is connected with the covalency of a Co-O
bond weaker in the excited state than in the ground low-spin
Ap=AoTAsfetAsfa, (10 state, which was originally suggested by G%odenough zfnd
where A;<0 andA,=0. The experimental magnetic sus- co-workers.
ceptibility can not be reproduced by two-sublattice model The negative cooperative effect would be the reason why
with excited states of Ill, IV, V, and VI. The reproducibility the spin-state excitation below300 K in LaCoQ does not
in this case is indicated by D in Table Il. It is easily found occur as a phase transition. The difference in the cooperative
from the following fact. The two-lattice model gives a mini- effect between LaCo and the spin-crossover complex
mum of magnetic susceptibility peak around 100 K whenoriginates from the difference in not only the elastic property
only half of Co ions excite thermally with a constant activa- but also the electronic state of thel 8lectron system origi-
tion energy, namelyA;=0 andA,=. Even in this case, nating from the entirely different crystal structure.

2. Two-sublattice model
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