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The combined effect of the ligand crystal field and the exchange interaction on fhec&tion

in CuGeQ is examined. It is shown that, if the magnitude of the exchange interaction
exceeds the splitting of the energy levels of the_,2 andd,, orbitals, then an alternate filling
of the d orbitals along a chaiiforbital ordering is possible. This effect creates an
antiferromagnetic interaction betweenCpairs in 90° exchange and a doubling of the lattice
period. A Jahn-Teller pseudoeffect causes singletization of the ground state of the
antiferromagnetic chain of Gti spins. © 1998 American Institute of Physics.
[S1063-78348)02609-4

In artificially synthesized single crystals of CuGgén  cation of the ligand crystal field and the exchange interaction
anomalous reduction in the magnetic susceptibility has beewith nearest neighbors in the chain. It is shown that when the
observed and, subsequently, an antiferromagnetic pairing ofexchange interaction energy is sufficiently higérger than
CUW" sping at low temperatures, or the so-called spin-Peierlghe splitting of the energy levels of thg2_ 2 andd,, orbit-
phase transition. The latter was first observed in organials), ordering of the @ electron orbitals of neighboring &l
compound$* and described theoretically as a consequenceations becomes possible and this leads to an antiferromag-
of the interaction of a one-dimensional antiferromagneticnetic interaction in the chain with 90° indirect coupling and
chain of spinsS=1/2 with the three-dimensional system of a doubling of the lattice period. By changing the energy of
lattice phonons.Not all features of the magnetic properties stabilizing the Jahn—Teller pseudoeffect acting on the energy
of CuGeQ can be understood at present. levels of thed,2_,2 andd,, orbitals, the energy of the spin-

The strong tetragonal crystal field of the oxygen octaheorbit interaction may emerge as the reason for the alternating
dra stretched along tHe, axis surrounding the Cii cations magnitude of the exchange interaction along &Cchain
leads to a doubling of the population of tHg orbitals @Zlb,  and singletization of the ground state.
axis) by electrons, suppressing the exchange interaction
along theb, axis of the crystal and imparting a quasi-one- 1. EXCHANGE INTERACTIONS
dimensional exchange interaction along thg axis. The
observel exchange interaction along the, axis is
antiferromagnetic, which contradicts the conventiona T " 4
Goodenough-Kanamori rules for 90° indirect coupling. InErémin;” yields an analytic expression for the Goodenough-
the neighborhood of the transition temperatlitg=14 K, Kanamori rules for the interaction of an arbitrary pair af 3

there is a doubling of the lattice period of CuGe®ong the cations'® In this model the interaction of a pair of cations is
a, andc, axes’ In doped CuGeQSi crystals the coexist- represented by the sum of the interactions of all tkeo8-

ence of a dimerizeésingley phase and an antiferromagnetic pitals of the catiops through tm_aorbitgls .o.f an intermediate
phase has been observed at temperatures bBlevf When ligand. Contr|but|_ons of .practlcal S|gn|f|gange come frqm
a high pressure is applied to crystalline CuGee intrac- only two types of'lnte'ractlons: so—c;alled kinetic and potential
hain exchange constant decreasesile T.p increases? exchange. The kinetic exchange integral
An attempt? to explain the antiferromagnetic interaction 1:-t— — AU+ U )
in CuGeQ uses the concelstof the participation of neigh- . Y
boring nonmagnetic ions in indirect exchange in Cu_o_CudeSCI'ibeS the interaction of Slngly OCCUpiG]ﬂ @bitals of the
dimers. In an examination of just the singly filled orbitils, i-th andj-th neighboring cations, while the potential ex-
it was found that the deviation from quadratic symmetry andchange integral
hybridization of oxygen atoms with neighboring Ge-O j1-02-n_ YAgint @)
groups and with one another yield strong antiferromagnetic !
exchange of greater magnitude than the Cu-O-Cu ferromagiescribes the interaction of an empty doubly occupiep
netic interaction. Here, unfortunately, the large potential conorbital with one that is singly occupied. The signs in E@3.
tribution to the Cu-O-Cu interaction resulting from the inter- and(2) denote antiferromagnetic-) and ferromagneti¢+)
action of filled and half-filled orbitals of neighboring €u interactions.y is the bond covalency parameter, given by the
was neglected. mixing coefficient of the atomic wave function of the ligand
In this paper we examine the combined effect on 'Cu with the wave function of the cation; its magnitude depends

The model of indirect-exchange interactions developed
by Anderson’® and subsequently by ZavadsKi and
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on the type of couplindgo or ), the coupling geometry, and cw() Cu(2)
the ligand-cation distancél is the energy of excitation of an
electron from a ligand to a cation; its magnitude depends on
the population of the & shell of the cation, the type of

ligand, and the coordinatiod™ is the intraatomic interac-

tion integral; its value depends on the population of tie 3

shell of the cation. T H
We neglect the other contributions to indirect exchange dxﬂ-yz dxy

known from the literature, since they either are components

of the exchange mechanisms discussed here or are associate

with double excitation of the ligands. It is best to introduce > C,

extended couplings, such as Cu-O-Ge-O-Cu or Cu-O-O-Cu,
only if the basic contributions indicated above are absent,
since they correspond to higher orders in the small parameter
for electron transport. The predictive adequacy of the contri-
butions accounted for in Eqél) and(2) has been verified
for different lattices and cations.

Let us consider the exchange interaction in CugeO
The strong tetragonal distortion of the coordination octahe-
dra around the Ci cations along théy, axis makes it so M
that thed,2 orbitals are doubly occupied, so that there is no a
exchange interaction along tlg axis. (The interaction be-
tween doubly occupied and empty orbitals equals zéh&e
have neglected the interaction along tiyeaxis (Cu-O-Ge-
O-Cu). Thus, as a result of the tetragonal distortion, CugeO
becomes quasi-one-dimensional magnetically. The electron
hole in the copper cations is located in g 2 orbitals.
The indirect exchange couplings of two €ucations al-  Fig. 1. A schematic representation of oblique exchange couplinggiof 3
lowed by symmetry and the populations of the individuel 3 orbitals of C&*(1) and C4"(2) cations in a CuGegstructure with 90°

orbitals are shown in Fig. 1. The total indirect exchangeexchange through intermedigi¢ andp, orbitals of the oxygens in the case
integral for such a pair of cations where holes occupy tha,2_ 2 orbitals of both cations. The arrows on ttie

orbitals indicate their electron populations.
J(dy2_y2,dy2_y2) = +4bcJ™ 3

is ferromagnetic and confirms the predictions of thewhen the ion develops an orbital angular momentum owing
Goodenough-Kanamori rules for 90° coupling. Hére v? to mixing of thed,2_,2 andd,, states. Let us assume that

is the ligand-cation electron transport parameter with this splitting is small and that holes on neighboring?Cu
coupling d,2—y2—py Or py) andc is the same parameter cations can be in any of these orbitals. We shall calculate the
with 7 coupling @y, — py Or py). This means that, for suffi- exchange integrals for the possible cases. For the case when
ciently strong tetragonal distortion, they._,2 holes on holes are placed in the,._,» orbitals of neighboring Cur
neighboring Cé'-cations cause the ferromagnetic interac-ions, we have already estimated the exchange intéges

tion along the chain along they-axis. This is correct until
the splitting of thed,>_ 2 andd,, orbitals exceeds the energy

of the exchange interaction. dyz
—d d
— N ez
2. ORDERED POPULATION OF THE d-ORBITALS cu?t \ d,,
OF NEIGHBORING CATIONS —_ il
Let us consider the energy of thel &lectrons when the D‘l]

coordination octahedron of the surrounding ligands is - T\
strongly distorted. Figure 2 shows a qualitative picture of the / dpy
splitting of the energy levels of the Euions in crystal fields 1 / £, —
with various symmetries. The cubic compon@®y’ of the ) —

: ) . 2 22-y2
crystal field for a plane square is considerably smaller than
the splitting in an octahedron, if it means anything at all to J 4 Ne—
speak of this for such a ligand configuration. Ee £ 4

We are interested in the magnitude of the splittiag
FIG. 2. A schematic diagram of the energy levels of thé'Cion in the

between thedxz_yz and.dxy orb|t:_;1Is. Thl,s splitting I,S Sup- ligand fields of different symmetry as the octahedron is stretched tetrago-
pressed by two effects: crystal fields with symmetries IOWeI'naIIy. The ion energy is determined by the Bole. (1) Free ion,(2) octa-

than tetragonal and the spin-orbit interaction which developgedron,(3) plane square(4) rhombic distortion.
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cu (1) Cu(2)
x

dxy FIG. 4. A schematic representation of the distortions in the equatorial plane

d,z,2
x™-y of the oxygen octahedra around un CuGeQ in the sP phase.

> Gp nating (dxz-y2—dy,—dyz_y2—d,y—...) splitting of the
holes and we shall refer to this as the orbital ordering of
neighboring cations. The phenomenon of orbital ordering is
not new and has been examined theoretically béfdoe the
orbitally degenerate, level in perovskites. In the case of
CuGeQ, we expect pseudodegen-
eracy of the energy levels havirgy(d,2_y2) andty4(dy,)
‘ symmetry.
What does this imply? First, as noted above, orbital or-
d:cy dering leads to antiferromagnetic ordering of cation spins,
with 90° oblique coupling, along chains along ttgaxis in
CuGeQ, as has been observed experimentaecond, or-
bital ordering leads to a doubling of the lattice period, which
has been observed experimentalind is evident from the
following reasons. The ordered placement of holes in the
orbitals of neighboring cations corresponds to an alternation
FIG. 3. A schematic representation of oblique exchange couplingsiof 3 along thec, axis of d,2_2 orbitals with different popula-
orbitals of ngighboring copper cations in a CuGeshructure in the_case tions (dlz,yz_dl%,yz_dlz,yz_dl%,yz_---)- Theelectrons
where holes lie in the,2_,> Cu(1) andd,, Cu(2) orbitals(orbital ordering. of a cation in which tha:lxz_yz orbital is singly populated
shield the charge of the surrounding ligands less, so that the
internuclear attractive forces shrink the Cu-O distance in the
equatorial plane of the octahedron of this cation. The lattice
eriod is doubled in the direction of the ordered disposition
f the orbitals.

N

d,z

Eqg. (3)) and it is positive. For the case when one hole is in
thed,2_,2 orbital of Cu1) and the other, in thd,, orbital of

Cu(2), the obligue exchange couplings allowed by symmetryp
and the populations of the orbitals are shown schematicall?
in Fig. 3. In this case, the cation-cation interaction integral is
the sum of antiferromagnetic and ferromagnetic contribu-3- SINGLETIZATION OF THE GROUND STATE

tions, When the splitting 4 is small enough, the energy levels
1 of thed,2_,2 andd,, orbitals can be regarded as pseudode-
J(dy2_y2,dyy) = — 2bC( 2U-3 J'm) : (4)  generate and the Jahn—Teller pseudoeffect must be invoked.

_ _ o _ _ When the stabilization energy of the Jahn—Teller pseudoef-
For the case in which holes lie in titg, orbitals of neigh-  fect exceeds the spin-orbit interaction energy, it is more ad-

boring C¢*, we have vantageous for the system to lower its symmetry to mono-

16 _ clinic. Probably these interactions manifest themselves

J(dyy,dyy) =+ 3 bcJ™, (5)  through the distortion of the bases of the oxygen octahedra
and shifts of the Cii" ions observed by neutron diffractith

i.e., there is a ferromagnetic interaction. and illustrated schematically in Fig. 4. In this case, the geo-

The energyU of ligand-cation electronic excitation can metric conditions for the oblique exchange coupling of a
be 2—6 eV for Cd&".1® The intraatomic exchange integral for central CG" ion to the left and right in a chain are different
Cuw*, JM~1 eV. Thus, the interactiofd) is antiferromag- owing to the differences in the bond lengths and angles
netic and its absolute magnitude exceeds the exchange terrfrs , ¢, andr,,¢,). An alternation in the magnitudes of the
(3) and (5). The system, as it tries to minimize its energy exchange interactions sets in along the chain, leading to sin-
through the exchange interaction, chooses the antiferromagyetization of the ground state, as has been shown
netic ordering determined by the integi@), i.e., in those theoretically'®
cases where the enerd of the exchange interaction of a In a system that has been stabilized by the Jahn-Teller
pair of neighboring cations is larger than the splittiBgof  effect, the dependence of the energy of a pair of'Giations
the dy2_,2 and d,, orbitals in the crystal field, it is to be on the interaction distance in an oblique Cu-O-Cu bond can
expected that holes in neighboring CTuwill occupy differ-  be represented schematically by the curve shown in Fig. 5.
ent 3d orbitals. For a linear Ci chain, one expects alter- For low-temperature lattice vibrations, the system is at a lo-
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distance in an oblique Cu-O-Cu bond in the equatorial plane of the octahe-
dron.Ar is the change in the equilibrium distanggwhen the lattice period

is doubled.E;_+ is the stabilization energy for the Jahn-Teller effect. FIG. 6. A schematic diagram of the energy levels of ttfé ¥6n in fields of

various symmetry as the octahedron is stretched tetragonally. The ion en-
ergy is determined by thedelectron.(1) Free ion,(2) octahedron,3)
tetragonal compressio4) rhombic distortion.

cal minimum of the dimerized state. At high temperatures
(kT>E;_1), the amplitude of the vibrations of the coordi-

nation oxygen atoms exceeds, and the base of the octa- |jgand-cation electron-transport parameters determined by
hedron ceases to be distorted, since now the oxygen ions g?e different composition and geometry of the ligands.

which it is composed vibrate near the equilibrium distance  apother example of orbital ordering {&0),P,0,. The

ro. The lattice period is no longer doubled. question of which model, dimerized or staircase chain, is
It is evident from Fig. 5 that at the temperatk@.  petter suited to describing this material has been discussed in

=E,1, the system undergoes a transition from an orderege |iteratureé?22 We shall show that the concept of orbital

dimerized state at low temperatures to a disordered state 6Fdering leads us to the conclusion tH®10),P,0; is best

high temperatures, i.e., the spin-Peierls transition is an ordegescribed by an ensemble of isolated dimers.

disorder phase transition. As the phase transition temperature The vanadium cations itVO),P,0;, lie within coordina-

is reached, the chain becomes uniform and, consequently, th@, gctahedra of surrounding oxygen atoms which are com-

singlet state is destroyed. pressed along tha, axis. Along thea, axis, neighboring
octahedra are bound by a shared oxygen atom, which allows
V1(d,2)-V2(d,2) oblique coupling. Isolated 4 pairs lie
along theb, axis. The octahedra of these neighboringjV
Researchers have encountered difficulties in interpretingpave edges in common in thdéddc,) plane, giving rise to
the exchange interaction of €u cations with 90° oblique 90° exchange coupling along thg axis. Along thec, axis
coupling even in studies of the properties of so-called exthe octahedra of neighboring®V are separated by layers
change clusters, which consist of isolated copper dimers. Inontaining phosphorus. The splitting of the energy levels
Cu(Il) dihydroxo complexes, the oblique 90° exchange take®f a V** ion in the compressed octahedron is illustrated
place through dihydroxo bridgé8.Measurements showed schematically in Fig. 6. The absence of electrons indje
that both the magnitude and sign of the exchange integral foorbitals makes it possible to neglect exchange alongathe
a ground-state copper dimer vary, depending on the type dxis, i.e.,(VO),P,0; should be regarded as an ensemble of
bridge. The exchange integral for the excited state of thésolated VV* dimers. For sufficiently large splitting of the
dimer is ferromagnetic. Special exchange mechanisms havevels of thed,2 2 andd,, orbitals, the electrons on both of
been developed to explain these restfts. the neighboring ¥ will lie in the dyy orbitals. In this case,
Based on the concept of orbital ordering discussedhe 90° oblique interaction in the dimer leads to ferromag-
above, however, it is possible to look at copper dimers frommetic exchangé5) and (VO),P,O; will be an ensemble of
a new standpoint. As long as the energy of the exchangesolated ferromagnetic dimers. If, on the other haig,
interaction is less than the splitting of the levels of thg  >E,, then we should expect orbital ordering in the dimer
andd,2_2 orbitals, orbital ordering does not set in and fer- (d,2_,2—d,,), which leads to an antiferromagnetic interac-
romagnetic exchanged) acts between a pair of copper cat- tion (4), as observed experimentaffy The observed gap in
ions. When the exchange energy is high enough, the dimethe magnetic excitatioR$is natural for isolated dimers, al-
minimizing its energy with respect to exchange, chooses #ough the rhombic distortions which occur during orbital
state of orbital ordering described by the antiferromagnetiordering will also make some contribution to this gap. It is
exchange integral). In this case, the state corresponding toappropriate to interpret the temperature dependence of the
a Cu(dyz-y2)-Cu(dyy) pair should be regarded as the groundmagnetic susceptibility of this material in terms of a model
state, while the state previously regarded as the ground statef isolated antiferromagnetic dimers, although the forms of
Cu(dy2_y2)-Cu(dy2_,2), should be regarded as excited. Thethis dependence are similar for isolated dimers, a chain, and
change in the absolute magnitudes of the exchange integradssingle staircase.
in the hydroxo complex series is caused by a change in the A new material, CaCuGg€j, that has the properties of a

4. EXAMPLES OF ORBITAL ORDERING
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FIG. 7. Local axes of the oxygen octahedra around™dn CaCuGgQO,. by
The 3 orbitals, populated by holes, are shown schematically for the case of }
orbital ordering along a Cii chain (dy,—dy2_,2—dyy—dye_,2—...), lead- i
ing to a model of ferromagnetically coupled antiferromagnetic dimers.

-60 {

in-Peierl t itT..~40 K. h iv b FIG. 8. Dependence of the Cu-Cu-exchange interaction on the cation num-
spin-Feierls system withl sp= » nas recently Deen o iy 5 chain along the, axis(a) and on the number of the chain along the

synthesize&.3 Here the copper cations form zig-zag chainsy, axis (b) when the Si* dopant lies near sites 5 and 6.

along thecgy-axis. The local symmetry around the Luis

shown schematically in Fig. 7. The sizes of the axes of the

octahedra in CaCuG6y are different, withz>y>x. Under  +12, and +15 K, respectively, for the integral&)—(9).

the action of the tetragonal distortions of the octahedra whemrhe total (left+-right along the chainexchange interaction

the exchange interaction is small, the holes in all thé'Cu of a copper cation will be greatest for the hole distribution

cations lie in thed,2_ 2 orbitals(see Fig. 2 In this case, the described by the integral§) and (8) and shown in Fig. 7,

oblique exchange integral of neighboring cations is given by — 60+ 12=72 K, compared to 28 and 30 K for the distri-
Jyo=Jdos= +6bcI™, 6) butions_(6) and(9). Thus, for an exchange interaqtion energy

_ _ _ _ exceeding the splitting of thd,2_,2 and d,, orbitals, the

i.e., it leads to a ferromagnetic chain. Wheg>E,, the  Ci?* chain in CaCuGg; is a chain of antiferromagnetic

exchange interaction will also determine the distribution ofgimers with a ferromagnetic interdimer interaction. Probably
the electrons among thed3orbitals based on the minimum  the intradimer interaction is-5 times larger than the inter-

energy of a cation pair. We have two possible ways of disgimer interaction.

tributing the holes among thed3orbitals of neighboring cat- The oblique coupling model is also useful for analyzing
ions: dyy—dy2_y2 andd,,—d,y. In the first version, exchange interactions in crystals with different substitutions.
5 In doped CuGe@Si crystals, because of differences in the
Jidyy ,Oyzy2) = —2bc(2U— 3 J'“t), (7)  ionic radii of G&* and St*, the initial local symmetry of
neighboring oxygen octahedra may be distorted through dis-
and tortion of the octahedron in the base plane and a reduction in
oGy y2,0yy) = +2¢(2b+c) I ®) the tetragonal stretching or compression of the octahedron.

In the first case, the ordered filling of theorbitals in C@*
i.e., the C@1)-Cu(2) interaction integral is antiferromagnetic, is disrupted and ferromagnetic pairs develop at the end of the
while the Cy2)-Cu(3) integral is ferromagnetic. @orbitals  chains. Since the Si dopant touches four neighboring chains,
of copper, occupied by holes, are shown in Fig. 7 for thissmall degrees of doping produce a substantial number of
version. In the second version, ferromagnetic centers in the crystal, which must cause a rise
8 ’ in the paramagnetic susceptibilitg & K is approached. In
J1dyy,dyy) = Jo3(dyy,dyy) = +20(§ b+c|JM, (9) the second case, there is a possibility of populatingdje
orbitals of the copper cations nearest the impurity with holes,
In order to evaluate the exchange integi@s-(9), we have and this leads to a change in the oblique exchange interac-
to know the ligand-cation electron transport parameters for éions. The perturbation of the pairwise exchange interactions
given crystal. If, on the other hand, we are interested in thewing to the presence of the*Siimpurity is shown in Fig.
relative values of these integrals, rather than their absolut8. The St* dopant is bound to the two nearest’Cisites
values, then we can use standard estimates of these paraatleng thea, axis and to two along thieg axis. In Fig. 8 these
eters for other structures. Taking the values 0.02, c sites are indicated by the numbers 5 and 6. The change in the
=0.01, U(CP)~4 eV, andJ™(CP")~1 eV for the octa- interaction also affects the next neighbors in the lattice. As a
hedral sites of the spinel structufewe obtain+14, —60,  result, we obtain a perturbation of the pairwise interaction
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