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A microscopic theory for Jahn-Teller antiferroelastics predicts new phenomena:
metamagnetoelasticity and metamagnetoelectricity.

PACS numbers: 75.80. + g, 75.10. — b

1. Metamagnetism, a well-known effect, consists of a sharp nonlinear increase
in the magnetic moment as the external magnetic field is increased. It is characteris-
tic of Ising antiferromagnets. In the physics of elastic crystals exhibiting phase
transitions for which the order parameter is the strain—by analogy with antiferro-
magnets in magnetism—one may study systems with an antiferrodistortion ordering.
In the microscopic theory of structural phase transitions, which is based on the coop-
erative Jahn-Teller effect,! it has been shown that for a broad class of elastic ma-
terials a phase transition is a consequence of an Ising electron-electron interaction.
For antiferroelastics of this type, by analogy with metamagnetism, there is naturally
a characteristic metaelasticity: a highly nonlinear behavior of the strain as a function
of the pressure. Several recent experimental results are evidence that such crystals
have been observed.2’® On the other hand, an antiferrodistortion phase of a system
may also occur in ferroelastics subjected to external fields.* There is accordingly
particular interest in the specific properties of Jahn-Teller antiferroelastics. Analy-
sis shows that such materials will exhibit a very unusual property: a metamagneto-
elasticity accompanied by a metamagnetoelectricity.

In Jahn-Teller systems there is an intimate relationship between the structural
and magnetic properties, as was pointed out by Kugel’” and Khomskii® in a study of
exchange-induced orbital and spin orderings in compounds of transition metals. In
contrast with the situation in those compounds, the states of a Jahn-Teller ion in
rare-earth compounds are characterized by the total moment because of a strong
spin-orbit coupling. The magnetic moment operators and also the operators rep-
resenting the pseudospins which become ordered upon a structural phase transition
are expressed in terms of the components of this moment. The molecular fields,
which arise below the critical temperature, serve as a magnetic anisotropy energy. On
the other hand, there may be situations (in dysprosium compounds, for example) in
which the magnetic fields acting in the basis plane of the crystal maintain a spontan-
eous deformation (the operators representing the magnetic moment and the order
parameters commute). In such antiferroelastics, the magnetic field may invert the
pseudospin sublattice, opposing the intersublattice molecular field and putting the
crystal in a ferrodistortion phase. This effect would correspond to a sharp linear in-
crease in the strain as a function of the magnetic field, an effect which may be label-
ed “metamagnetoelasticity.” On the other hand, the distortion ordering in these
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crystals may be accompanied by an ordering of the dipole moments,* so that the
metamagnetoelastic behavior would be accompanied by a metamagnetoelectricity,
i.e., a sharply nonlinear change in the polarization with increasing magnetic field.
To illustrate these arguments, we consider the case of antiferroelastics having the
zircon structure.

2. We consider a crystal of the DyVOy, type. The two Jahn-Teller ions in the
cell are coupled by the inversion operation. At T>T, the lowest-lying states of
Dy3* are two Kramers doublets I'; and I's, which are separated by a gap and
mixed by oscillations of symmetry b, , with the result that an electron-electron
interaction arises and causes a phase transition. At 7'<T,, molecular fields of differ-

ent signs act in the two sublattices, giving rise to different anisotropies of the g factors,

such that we have g, >>>g, , for the ground state and g, <<g, , for an excited state
in one sublattice and vice versa in the other. Correspondingly, a magnetic field Hlb
maintains the deformation along the x axis, while a field Hlly maintains that along
the y axis. In this case of tetragonal symmetry, however, the corresponding defor-
mations differ in sign, so that the magnetic field may induce a metaelastic transi-
tion.

The Hamiltonian of the electron subsystem for the a th sublattice can be written
as follows in the molecular field approximation:

H,=(403+Bo3 £ XE)of + Ay ol —h S —h,Ss, (1)

where & is the electric field, 4; = (1/2)gugH;, v is the vibron reduction or fact, and 4 and
B are the constants of the intrasublattice and intersublattice interactions (in the sys-
tem under consideration here, we have B<0, in contrast with the real DyVQ, crystal,
in which we have B>0, and at 7'<T,. there is a ferrodistortion, rather than antiferro-
distortion, phase). The spectrum of the system is determined by

— =
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where h=/h% +h2 +h3 , f1,2,(0)=cosf £sinb, 0 is the angle between the magnetic field
and the x axis, and H 4 o1=Ac% +B ¢ xfxee. Using (2), we can derive a system of
transcendental equations for the sublattlce order parameters:
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System (3) describes the temperature and field behavior of spontaneous deforma-
tions U~ (L +5 ) and of the polarization Z~ (¢ T_GI). It follows from an analy-
sis of the free energy that at H=#=0 and at T<T, there is an antiferrodistortion
phase. A magnetic field opposing the molecular field of one of the sublattices may
invert that sublattice, putting the crystal in a ferrodistortion antiferroelectric phase
(Fig. 1).

3. Can these effecis be observed experimentally? We see two possibilities. The
first is presented by real DyVO, and DyAsO, crystals. Although they are ferroelas-
tics, an electric field can convert them into an antiferrodistortion ferroelectric phase.?
The metamagnetoelastic behavior of the crystals is exhibited in magnetic fields which
oppose the intersublattice interaction and the electric field.

The second possibility involves the use of crystals of double tungstenates and
molybdates. Jahn-Teller phase transitions have been observed in these crystals,®
and these transitions may be classified as antiferrodistortion transitions, judging from
several of the results obtained in Refs. 2 and 3. In these compounds, however, the
antiferrodistortion phase is apparently antiferroelectric, rather than ferroelectric. Al-
though the situation here is slightly more complicated than that in the zircons, the
results derived above are still applicable. Estimates put the critical magnetic fields
(the fields which would elicit the metaelastic behavior of the crystal) at H~ 3-10 T,
which can be produced experimentally.

I wish to thank B. G. Vekhter for a discussion of these results.
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FIG. I. Dependence of the spontaneous defor-
mation and of the spontaneous polarization on
the external magnetic field at A =0. 1-Uh);

2—P(h); solid lines—T = 0; dashed curves—7 # 0.
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