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Superstructures at low spin-high spin transitions
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In many transition-metal compounds, in particular those containiig Bed C3*, there occur spin-state
transitions between low-spin and high-sgior intermediate-spinstates. We show that typical interactions
between similar spin-state ions are short-range repulsion and long-range interaction which can have different
signs depending on the elastic anisotropy of the lattice and on the direction between respective ions. Due to
such character of effective interactions at the spin-state transitions there may occur different superstructures—
ordered arrangement of different spin states, which in particular may have the form of stripes. The properties
of the system TISICoGO; for which such a superstructure was recently observed experimentally are discussed
from this point of view.
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There exist many transition-metal compounds in which,spin state of an ion, e.g., by transforming one of the LS Co’s
due to a competition between crystal-field splitting and intra-into a HS state, it amounts to introducing an“impurity” with
atomic Hund'’s rule exchange, different spin states lie close iarger size into a matrixthe so-called “sphere in the hole”
energy. Such is often the situation for?feand C3*. For ~ modef). This introduces strain in a crystal, and coupling to
these ions the low-spifLS) state (occupation ofd levels  this strain provides the mechanism of interaction between
t5,65, S=0), intermediate-spir(IS) state (3,65, S=1),  impurities. In a model of isotropic elastic continuum gener-
and high-spin(HS) state (;‘geg, S=2) can be stabilized at ally used in treating LS-HS transitiofiS the only interaction
different conditions. In some cases there occur spin-statéémaining is that through the “image forces” due to a stress-
transitions caused, e.g., by change of pressure, temperatufége surface of the samptéwhich is attractive. With such an
or Composition_ There are many examp|es of such transition@ttractive interaction one indeed obtains homogeneous struc-
among F&" compounds;? in particular with organic tures, transitions between which may be of first order.
ligands. Among systems with €6, the best knownand In real crystals, however, the elastic interactions are more
still controversial is the case of LaCoQ For a long time it ~complicated. Thus, e.g., in weakly anisotropic cubic crystals
was assumed that there occurs in it the LS-HS transition withere appears an interaction between impurities which decays
increasing temperatufeput more recent calculatichend ~ rather slowly, as B°, and, most important, which has a
experiment3 point rather to the LS-IS transition. different sign in different direction§}**

Usually spin-state transitions occur between homoge-
neous states having predominantly one particular spin state; T(n)
often they are of first order. However as we shall show be- V(r,r')=—-Cd QQ,——=—, )
low, a quite different and interesting situation may occur: the [r—r'|3
interaction between ions with different spin state may be
such that at t_h_e spin-state_transitions an interm_ediate Staleiore C is a constant of the order of unityf— by
may be stabilized, in which there appearsspin-state O ) »

=|r—r’|-n, Q; and Q, are the “strengths” of impurities

superstructure-an ordered arrangement of different spin _ . .
states of the same ionic species, e.g., an alternation of HERi~ (vi—vo) wherev; is the volume of the impurity andy

and LS states. Recently the first example of such superstru the corresponding volume of the maitiend the angular
ture was observed in a layered cobaltite TS0, (Ref. § dependence of the interactiéb) is de}er[nlncid by a function
and its presence was suggested for NdBAIGGg. of the direction cosines of the vectorr,—r,:

In the present paper we consider the form of interactions
determining the character of spin-state transitions, suggest a
general mechanism which can lead to spin-state superstruc-
tures, and qualitatively explain the superstructure observed
in TISr,CoGs. Here the elastic anisotropy is characterized by the parameter

Conventional description of spin-state transitfoheelies ~ d=Cy;— C1,— 2C44, wherec;; are the corresponding elastic
on interactions induced by lattice distortions. lons with dif-moduli. We see that, e.g., fa<<0 the interaction(1) is
ferent spin states have different ionic radii, e.g.3Cin the  positive (repulsivé along the[100], [010], and[001] direc-

LS state in VI-fold coordination has the ionic radius 0.545 A, tions and attractive along face and body diagoh&l®)] and
and in the HS state 0.61 A. Consequently, if we change thgl11], and vice versa fod>0. Thus we see that, in contrast

I(n=ng+nj+n;— 2. 2
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to usual assumptions, the interaction between similar stateandy directions([100] and[010]) which we also take to be
(e.g., between HS ions in a LS malrimay be repulsive, at repulsive. The last term in E¢3) describes the difference of
least in certain directions. the on-site energies of LS and HS states, which can be
One can also show that the nearest-neighbay interac-  changed, e.g., by pressure, dfeor CG" the effective field
tion via short wavelengths or optical phonons is typically h will be equal toh=6J,—2A, wherely, is the Hund’s rule
also repulsive. Thus, e.g., in a perovskite lattice, when onexchange and is the crystal-field splitting between, and
puts a large HS ion at a certain site, it pushes apart the, levels)
surrounding oxygens, so that it is more favorable to have It is straightforward to see that for only nn repulsion
small LS ions at the nn sites. Consequently, the effectivgJ,>0, J,=0) three states can be realizedTat 0 for dif-
interaction between similar ions at the nn sites is repulsiveerent values oh: the state with allb;=—1 (LS statey and
(or equivalently, it is attractive between LS and HS states with the energy(per site E, = J,z/2+h wherez is the num-
As is clear from these arguments, one can expect in this casger of nearest neighboi@n our casez=4); the state with

that not only homogeneous statésS or HS, but also cer-  alternating spins+1,—1,+1,..., forming a two-sublattice
tain states with ordered LS and HS ions can appear at certaiantiferromagnetic” structure in a bipartite lattidave con-
conditions. sider below only such a casé&, gys= —J12/2, and the ho-

A convenient way to describe spin-state transitions angnogeneous HS state with alt;=1 and E,s=J;z/2—h.
eventual superstructures is to map this situation to an effeezonsequently, we would have jumplike phase transitions be-
tive lattice gas, or Ising model. Let us consider the situationween these states with increasimgfrom the LS state ah
in which each ion can be in two states, e.g., LS and[HS <—J,z to an ordered array LS/HS/LS/HS - for —J,z
may be also LS and I8Refs. 4 and por, in the case of <h<J,7, and to a HS state fon>J,z. Thus we see that
TISr,CoG;, IS and HS state$for simplicity we speak below  this model quite naturally leads to the formation of a state
about LS and H$ We introduce pseudospin operatars  with a superstructure of LS and HS states, similar to the one
==*1, so thato;=—1 corresponds to a LS state, angl  pbserved in Ref. 6.
=1 to a HS state at site According to our general discus-  One important difference of this simple case and the ex-
sion we can model the situation by the effective Ising-typeperimental situation observed in Ref. 6 is that the ratio of LS
interactionXJ;;o0;, containing in general short-range re- to HS stategIS to HS in the real case of TISE0Q:) is not
pulsion, and a long-range part which decays a®*1dnd  1:1 as above, but 1:2, IS states forming diagonal stripes in
which may have different signs in different directions; this the 2D square lattice. But just such a state appears when one
longer-range interactions depend on the details of the crystahkes into account the second term in the Hamiltonian, Eq.
structure, elastic anisotropy, etc., see Eb. The relative (3).
energies of different spin states, e.g., HS vs LS, will be de- In order to determine the ground-state phase diagram of
scribed in this language by the effective “magnetic field"— the model(3) we employed a Metropolis Monte Carlo algo-
the termha; . rithm combined with a single spin-flip dynamics to cool the

It is known that the Ising model with long-range interac- states to zero temperaturéWe further compared the ener-
tions can give rise to a variety of different ordered structuregyies of all possible periodic states with unit cells up to size
[see the well-known ANNNI mod&l or the treatment of the  5x 5. In this way we found four regions with different or-
two-dimensional2D) Ising model with the “Coulomb” in-  dered ground states: a ferromagnetic and an antiferromag-
teraction in Ref. 18 In this paper we consider a simplified netic phase, a 22 checkerboard structure which is degen-
model, which nevertheless contains the essential physicgrate with (2,2) stripes, and a (2,1)-stripe phase. The
keeping only a small number of pair interactions. In contrastesulting phase diagram fdr>0 is shown in Fig. 1[as is
to the treatment of Refs. 11 and 13, where one has studieglear from the form of the Hamiltoniaf8), the phase dia-
systems with fixed concentration of particlggn our gram forh<0 can be obtained by changingto — o, i.e.,
mapping—fixed “magnetization; in our present problem py reflecting the phase diagram in Fig. 1 relative to the x axis
the relative number of different spifisS and HS iongis not  and changing+ < —].
fixed. Consequently we should consider our system not for Since all the ground states are simple diagonal stripes
fixed density(magnetization but for fixed chemical poten- [except for the checkerboard phase which is however degen-
tial (magnetic field; the role of the temperature can be alsograte with the (2,2) stripe phasere mapped the model onto
mapped onto a magnetic fiefd. a one-dimensional effective model, which is simpler to ana-

We consider a 2D square lattice, modeling the situation inyze and which served us for a detailed analysiee the
TISr,CoG;, which is the layered compound with perovskite- appendiy. This study confirms the conclusions presented
like CoQ, plane similar to Cu@ plane in highT. cuprates. above and reproduces the phase diagram of Fig. 1.

The Hamiltonian of our model is To summarize, away from the boundaries all systematic
checks revealed no phases but the ones shown in Fig. 1.
_ o o . Note, however, that on the boundary lines interesting degen-
: Jl(ijénn UIUJ+J2(ij)2nnn 7i9] hzi oi- (3 eracies occur. Thus, e.g., on the lime 4J; +4J, separating
the ferromagnetic and the,1) phase all diagonal stripes

Here the first term describes the nearest-neighbor intera¢n,1) consisting ofi spinsoc=+1 and one spir=—1 are
tion, which, as we argued above, is repulside;>0; the degenerate. We stress, however, that these degeneracies are
second term is the next-nearest-neighbor interaction atong of no phenomenological relevance for the superstructures
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6.0 tures at corresponding transitions. We see that such super-
ferromagnetic phase / (2,1 structures indeed occur quite naturally if we take into
stripe account realistic interactions of HS and LS states via lattice
phase oy deformation, including elastic anisotropy and interaction
4.0 -t board/ with optical phonons. In particular, the superstructure ob-
o (szt,f,),e served experimentally in TISEoQ; is stable for a certain
< antiferromagnetic =t phase range of parameters if we include nn and nnn interactions
phase o along[100] and[010] directions.
20 +—- ] Concerning the details of the properties of TIS00; and
: e of the theoretical description thereof, a few extra points
— should be mentioned. We discussed above only the origin
T and type of ordering in the ground state, assuming localized
0.0 —t= electrons. In reality TISICoO; undergoes the first-order
-2.0 -1.0 0.0 1.0 2.0

insulator-metal transition with increasing temperature at
about 300 K. We do not discuss this transition in this paper,
FIG. 1. Phase diagram of the mod8). The type of pseudospin but one can argue that the energy gap in the low-temperature
ordering is shown for each possible phagEhe sign+ corre- phase may be connected with the occurrence of the spin-state
sponds, e.g., to a high-spin state, and the sigto a low-spin or  superstructure. From this point of view one probably may
intermediate-spin stateNote that we fixed the energy scale by consider this state as a result of the formation of the spin-
putting J;=1. state density wave, starting from the high-temperature metal-

. . ) , . lic phase.(The treatment presented above would correspond
studied here, since they are strictly confined to the “one+, 5 strong-coupling limit of this picture.

dimensional” phase boundaries. Another point worth mentioning is the suggesfidthat

The phase diagram obtained above resembles that of tf}% orbital degeneracy may play a role in the properties of

well-known ANNNI model, cf. Fig. 1 in Ref. 14, with the . :
difference that because of the ferromagnetic coupling beTlsr2C005' In general, indeed, there may exi degen-

tween nn spins in one direction in the ANNNI model, (2,1) eracy In theflg%ftalt_('a and d;agener:acy n pOth th? c:lg 'and
stripes in the latter are vertical and not diagonal, as in ou S states o 0. However rom t € experlmepta tm
case(see the Appendix for detajlsAlso, our result agrees follows that this orbital degeneracy is pr-edommantly lifted
with Ref. 15 where the model Eq3), is discussed foh due to a rather strong tetragonal elongation of the £06
-0 tahedra which exists already in the high-temperature phase
From the results presented above we see that in a lar d which most probably is connected with the layered struc-
part of the phase diagram we obtain the phase @) ure of this compound. Indeed, the IS state for this distortion
diagonal stripes; this phase exactly corresponds to the spif "ondegenerate, and only in the HS state there remains a
state superstructure observed experimentally in,0s6,.6  double degeneracy in thg, sublevels. But the latter in Co
We also considered the generalized model, including th§0MpPounds is usually lifted by the spin-orbit coupling, which
interaction between the sites along diagonals in the plaquett ’resum_ably would be th(_e case here as Widhn-Teller ef-
which according to Eqg1) and(2) should be attractivéfer- ect by itself would stabilize for the HS state not an elonga-

romagnetit: the corresponding model in the spin language istion: Put @ compression of CqQctahedra This question,
gneti: P g P guag however, deserves further study.

In conclusion, we considered in this paper the properties

H=J; 2 ogioj+J; Z oioj+Jg Zd_ ey of systems undergoing spin-state transitions, such as the ones
(@y=nn (i3 y=nnn {ii)=diag often observed in materials containing?Feand C3*. We
argued that the effective interaction governing the behavior
—hz aj, (4) of such systems—the interaction via lattice distortions—is

more complicated than the usually assumed attraction be-
whered; ,J,>0, J4<O0. tween similar spin-state ions: typically the nearest-neighbor
We found no new ground-state phases emerging for thigmteraction is repulsive, and more distant interactions may be
case, but the effect of the diagonal couplifygis merely to  of either sign, depending on the elastic anisotropy of the
shift the phase boundaries in Fig. 1 by?2 to the right(see crystal and on the direction between respective ions. As a
the Appendix. result of such form of interaction, different superstructures,
For a longer-range interaction, e.g., the one of the typeonsisting of ordered distributions of different spin states,
(1), certain other states may appear, depending on the ratio e&n naturally occur in this case. We discussed from this point
the constants of the Hamiltonian. The description of thes®f view the spin-state superstructure observed in the low-
states is a formidable problem even in 1D case, especially aemperature phase of TIg20Qs,° and have shown that this
finite temperaturés (see also the results of numerical calcu- superstructure can be explained by our model for a certain
lations in Ref. 13 We will not discuss all the details of this range of parameters. It would be interesting to look for simi-
problem here; our main aim is just to demonstrate the possiar superstructures in other systems with comparable ener-
bility of the appearance of states with spin-state superstrugjies of different spin-states and with spin state transitions.
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We are grateful to J. P. Doumerc, D.iBter, and R. Hayn From Eq.(Al) one sees that—once diagonal stripes are
for useful discussions. This work was supported by theconfirmed as ground states—the roleJgfis a mere modi-
Sonderforschungsbereich 608 of the Deutsche Forschungsdeeation of the next-nearest-neighbor couplifmjus an irrel-
meinschaft, by the Netherlands Foundation for Fundamentavant constantand hence a shift of the phase boundaries by
Study of Matter(FOM), and by the Netherlands Science Or- J4/2.
ganization(NWO). Equation(Al) is also useful to display the similarities to

the two-dimensional ANNNI model,
APPENDIX

“To gain further insight and to corroborate the picture ob- Hyyy=— > (33S,ySy+1y+ 925 ySxr 2y + JoScyScy+1
tained by Monte Carlo calculations and by explicitly com- Xy

paring the energies of different states, we took advantage of
the in principle one-dimensional structure of the relevant
configurationgi.e., diagonal stripes, see Fig. &nd mapped o~ ~ . .
the original Hamiltonian(4) onto a one-dimensional Ising with ‘]1"]2<(_) gndJ0>Q as Q|scus§ed |.n Ref. 14. l?ue to the
model in a magnetic field with the Hamiltonian: ferromagnetlc |nteraCt|0rjo ny dlreCUOﬂ, the Strlpes are
vertically oriented in the case of E4A2) and the corre-
sponding one-dimensional Hamiltonian is

+HS,,) (A2)

Hldimzzi {23188 411 (23,+Jg)SiSi 12— hs + 34}
(AD Higim= — 2 {J18iSi+1 3288112+ Hsi+ 3o} (A3)
Heres;= =1 represents the normalized sums of the spins !
on the diagonals and the one-dimensional interaction is or- _
thogonal to the stripes. Note that this Hamiltonian contains The HamiltonianH 14, EQ. (A3), differs from Hqgim,

all possible diagonal stripe configurations. Using this one€q. (Al), for J4=0 by a factor 2 in the couplings and by a
dimensional model we checked systematically for possibleonstant. The phase diagrams of the models can thus be

diagonal stripe configurations up to unit cell of 18. mapped onto one another by a simple rescaling of the axis.
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