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A phenomenological theory of high-frequency properties of ferroelectric
and ferroelectric-ferromagnet with the 3d-ions has been elaborated based
on the separate accounting for spin and orbital electron moments, electron
and ion contributions to electric polarization. In the ferroelectric state, the
existence of the electron orbital moment leads to the breaks in the tempera-
ture dependencies of the transverse components of dielectric susceptibility
at the ferroelectric transition temperature. The values of these breaks are
proportional to the square of the electron part of spontaneous polarization
and the parameter of freezing of the orbital moment. Similar breaks and
the decrease of the phonon frequencies in the ferroelectric state should
occur in the modes which are not soft. Besides, the effect of induction of
high-frequency orbital moment by electron part of electric polarization has
been predicted as well. This effect would lead to the break in the temper-
ature dependence of paramagnetic susceptibility at ferroelectric transition
temperature. In the ferroelectromagnetic state, the electron orbital moment
also manifests itself in A increase of magnetoelectric gyration (A is the
constant of spin-orbital interaction).
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1. Introduction

In the 3d-dielectric, electrons of the 3d-shell have a weaker connection with the
core than the rest electrons. This permits us to separately consider the contributions
to the electric polarization from the 3d-electrons and from the rest part of the ion.
The contribution of the 3d-electrons to electric polarization is essential[1]. The elec-
tron orbital moment of the 3d-ions in crystals is strongly frozen and its contribution
to the total magnetic moment is small. A nonzero value of the orbital moment is
due to a small spin-orbital interaction and makes up some percent out of the total
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moment. A small spin-orbital interaction in the 3d-ions permits to consider spin
and orbital moments of the electron separately [2,3]. Thus there is a possibility to
analyze the role of the electron orbital moment in forming high-frequency properties
of ferroelectrics (FE) with the 3d-ions.

In the present paper a phenomenological theory of high-frequency properties of
FE and ferroelectric-ferromagnet with the 3d-ions has been elaborated. The expres-
sions obtained for the susceptibilities and spectrum contain characteristics of the
electron spectrum, i.e. a spin-orbital interaction constant A and the parameter of
the hardness of freezing of the orbital moment. The existence of the electron orbital
moment leads to the breaks in the temperature dependencies of the components of
dielectric susceptibility in the directions perpendicular to the spontaneous polariza-
tion at FE transition temperature. The values of these breaks are proportional to
the square of the electron polarization and the parameter of freezing of the orbital
moment. Besides,the breaks and the decrease of the frequencies in FE state should
be in the modes which are not soft. The induction of high-frequency orbital moment
by the electron part of electric polarization has been predicted as well. In the fer-
roelectromagnetic state, the electron orbital moment displays itself in A -increase of
magnetoelectric (ME) gyration|[4].

2. Hamiltonian and excitations

Within the phenomenological theory a ferroelectric-ferromagnet can be described
by densities of spin S(r), electron orbital L(r), ion electric P;(r), and electron elec-
tric Pe(r) dipole moments as well as by densities of ion IT;(r) and electron Ile(r)
momenta. To avoid too cumbersome expressions, an ion orbital moment which is
much smaller than that of an electron is not taken into account here. The operators
with the following nonzero commutation relations [5] correspond to the mentioned
variables, i.e.

~ ~ A

(1), Sm(r)] = i€kmnSn(r)d(r — 1),

[Sk
[ik(r), Mm(r’)] = d€pmnd(r — r/)Mn(r), M = f;, f’e, I1, , (1)
[Psk<r)a ﬂsm(r/)] = 1gsApmd(r — I'/), 5 =1,€,

~1 ~1
ge = ehvy~, q; = ehvy .

Here indices k, m, n number the vector projections, Ay, is the Kroneker symbol; v is
the volume of an elementary cell; e and e; are electron and ion charges, respectively.

Hamiltonian of a ferroelectric-ferromagnet crystal which is taken uniaxial, to
be specific,(though it is not of fundamental importance) in external electric e and
magnetic h fields is written in the form:

A

o= / (1) + Ho(r) + Hop(0)]dr,

A~ A~

b ~ N
Ao = -282+ %SQ — poh(L + 28)
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Tlso , Tl o | 7oy, Ap,2 P
—L —(L L —L/ ALS
+2 z+2(x+ y)+2 o T )
2 k1 o | k2, a0 2 024 Cp2
H, = ——FP — (P P -P =P/, 2
2 ZZ+ 2( ’l$+ Zy)+4 ZZ+ 2 ’lxk ( )

- SPL+ S (PL+ P+ gﬁka +ube.bp
1

2/
fow = o(PitP,)- [ x (L+29)].

~ 1 - ~ ~
I1? + —1II? — e(P; + P.),

+ 'UZ(PexPix PeyPiy) + 2fz

In Hamiltonian H,, the first term is the energy of spin-dipole interaction; the terms
with coefficients 7| and r; derived from Coulomb interactions and r |, are called
the parameters of hardness of freezing of the orbital moment [3]; A is the constant of
spin-orbital interaction; y( is the Bohr magneton. The terms with coefficients v; and
vy in electrodipole energy operator H, describe the interaction of the electric dipole
moment of the electrons of the 3d-shell P, with the dipole moment of an ion core
P;. The terms containing operators of momenta f[e, II; are the density operators of
electron and ion kinetic energies, and the constants f., f; are proportional to electron
and ion masses, respectively. ME energy (the last term H.. in (2)) is of dynamic
nature. This is the energy of electric polarization in an effective electric field E ¢
formed by the electron moving with the velocity v in an internal magnetic field with
induction B, E.; = —c'v x B, ¢ is the light velocity. In our case v = IT,vgm_*
(m, is the effective electron mass), B = 4mpuo(L + 2S). Therefore, for a constant o
in (2) one can obtain

o = drpgue(mee) . (3)

The indicated ME energy is the scalar, i.e. it is present in the energy of a crystal of
any symmetry. The potential ME energy (see, for instance, [2]) for the ground state
considered below leads merely to the inessential renormalization of the constants in
(2) and here this energy is omitted.

According to modern views a FE transition is a special case of structural phase
transition. The displacement of the ionic core from the equilibrium position is ac-
companied by deformation of the 3d-shell, i.e. by electron polarization. It is assumed
here that magnetic ordering arises in a spin subsystem, and due to spin-orbital inter-
action it magnetizes the orbital moments thus creating an average orbital moment
Lo which differs from zero. All equilibrium moments (S, Lo, P,;, Poe) are considered
to be directed along the easy axis Z of a crystal. Their magnitudes determined by
minimization of homogeneous energy which corresponds to Hamiltonian (2) are as
follows:

Ly = —)\TFSo’ P, = U1Qf1Pim P@% = 571(/7{71 - qufl), (4)

where v? < kiqq; 6, T\, 71, b, k1, k2, q1, g2 are positive.
To find a linear response of a ferroelectric-ferromagnet to an external electro-
magnetic field (e,h) a quantum-mechanical equation of motion for an operator

~

da/Ot = ih~'[H,a] is used.Taking a ~ exp[i(kr — eth™!] (k is the wave vector)
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and using (1) and (2), in a linear approximation over small deviations of moments
from equilibrium values,one can obtain the following equations

(LoAy — )l + coPoepl + voPoepf + ALos™ —ioom) = Poe™ + poloh™,

(A — 6)8+ + )\SolJr + 2i0'50p(]7'(';r = QIUQSQ}LJF,
AOPoel+ + S\Poes—‘r + (6 - 60—)]9: - eap;_ - iQEfe_lﬂ-: = MOPoeh+a

(€ — ) —vQipl —icqfi 'l = —Qiet,
copd +vapi +ile, — g m = e, (5)
(€ — €)pzi —011Qipze = —Qies,
(€ — € )pre —01Qepzi = —Qec,
T = —i€fiq; ‘pnisn = 2,7, 2.

Here

Mt =M, +iM,, Ay=r7rL+ MKk, Ay=Ag+oq(l+quv?),

A= So(b+)\2r[1+ozk2), Cp=qn+&k* n=12, (6)
By = —ky +30P2 + Ck®, By =ky+Ck? 0o = 0(LoPy — 250P.,),

€0 =0Glo, Io=Lo+2Sy, Py=Po+DPe, A=A+120q(1+qv"),
¢ =QiB1, ¢ =QiBy, €,=QC, Qi=¢f ", Q=d¢f "

Equations for M~ = M, — iM, are obtained from equations (5) by the complex
conjugation and the change of € by (—¢).

Two last equations in (5) describe Z-components of excitations of the electron
and the ion polarizations which in a linear approximation are not connected with
the rest of the variables. Spectral branches € 2) where

1
62(1,2) = 5[531 +e, T \/(ée —€2,)? +4Q;Q.v7], (7)

correspond to these excitations. Electron dielectric susceptibility x¢, = 0P../0de,
and ionic dielectric susceptibility x’, = dP,;/de, are as follows:

Xo: = —Qe(€ — €+ niQ) (€ — )7 (€ — €))7, (8)

Xo: = = Qi€ — €.+ Q) (€€ — €2) T (X — )7

As the constants f. and f; are proportional to electron (m.) and ion (m;) masses,
respectively, then the ratio of frequencies (w = h™'¢) of electron and ion excitations
(7) is of the order of w,/w; ~ (m;/m.)"? > 1. The lower branch of the spectrum
is practically a branch of ion excitations, and the upper one corresponds to elec-
tron excitations. Using equations (4), (6) and (7) it is easy to see that at FE phase
transition (P, = 0), the activation energy of the lower branch €,; turns to zero. The
“twinning law” is fulfilled for the total static FE susceptibility x.. = x%. + x¢,. If
v; = 0 in expressions (8), then for static susceptibilities from (7) and (8) one finds
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xe.(0) = C;1, X, (0) = Byt. In the frequency range w, > w, the electron suscep-
tibility changes slightly (as compared to x¢,(0)) while the ion susceptibility is of
resonance behaviour near w,;. At v; # 0 both ion and electron susceptibilities are
of resonance behaviour near w,;. At high frequencies w > w;, the electron suscepti-
bility is (we/w;)? times larger than the ion susceptibility. At these frequencies, x¢,
being far from resonance has got the same order of magnitude as in a static case.

Excitations of the components of moments perpendicular to their equilibrium
direction, namely, to the axis Z, are connected with each other. From equations (5)
one can obtain expressions for generalized susceptibility,i e. electric x = 0P, /e,
magnetic x,, = po0l,/0hy, magnetoelectric all¢ = udl,/dex, oty = 0P, /0hy,
where P = P; + P., I = L + 2S. In the absence of damping ot} = (a}2¢)*.

The total expressions for susceptibilities are too cumbersome and it is convenient
to analyze them for different states of the system.

3. Ferroelectric state

If a spontaneous magnetic moment isn’t present, (So = Lo = 0), and Py # 0,
then there are four branches of excitations, namely, €., €, (7) and optical ion and
electron excitations p | in the basic plane with the energies €,;, €,. respectively. The
spectrum is degenerated, i.e.the excitations p, and p, have the same energy and are
of oscillation character. The energies €,; and €, determined from equations (5) are
as follows:

1 -
Eg(i,e) = 5[9% +e, F \/(eil — €7, )2 +4QiQ.v3]. 9)
Here €2, = C5Q. , where Q. = Q. — AgP2.

As €.; > ¢;; we obtain approximately
€o; = Qi(C1 —1305), o = ety = Or(Qe — AoPy). (10)

In FE state in the energy of transverse electron mode €., (10) the term appears
which is proportional to the square of the electron part of polarization and the
parameter of freezing of orbital moment since Ag(k = 0) = r; > 0. This means
the decrease and the break in the temperature dependence of transverse electron
frequency which is not soft at FE transition.

Transverse components of ion x’, and electron x¢, dielectric susceptibilities are
as follows:

Xow = Xby = —QiD(€ — €2 + vz@e), (11)
D = (6 _Ezz> 1<€ _6 ) 17
Xow = Xygy = D(€ — € +120Qy).

One sees from (11) that transverse components of dielectric susceptibilities as well as
the frequency have got breaks at FE transition temperature. The break magnitude
will have the largest value at high frequencies w ~ w,,

AXS, = X° — XG = ABo (€ —€2)) 2, (12)
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where A is the difference between the susceptibility (x4 ) above FE transition tem-
perature T, extrapolated to T' < T, and the susceptibility y¢ below T,. According to
the order of magnitude Ay ~ ¢, , thus Ay ~ P2e-t. An experimental measurement
of the mentioned breaks could help to evaluate the parameters Py, and r .

As it follows from the first equation in (5) excitations of electric polarization p | at
Py # 0 are accompanied by excitations of an orbital moment 1, i.e. high-frequency
linear ME effect takes place [4]. This effect is characterized by a nondiagonal com-
ponent of ME susceptibility

agyt = —iepoPoc(€? — € +vaQi) (¢ — &) )(€ — ) (13)

Besides, the orbital magnetic susceptibility which is proportional to the square of
electron spontaneous polarization is induced:

20, = a0 = JZPLICo(E — ) +v3Qi)( — &) (e — &) (14)

The effect of induction of the orbital magnetic susceptibility in a FE state should be
accompanied by a break in temperature dependence of paramagnetic susceptibility
at T'= T,. According to (14), the break magnitude is proportional to the square of
electron polarization.

The value of ME susceptibility (13) increases with the increasing frequency (i.e. €)
and it is a resonance behaviour at ion (w,;) and electron (w,) frequencies. The largest
value a,, takes at electron frequencies w ~ w, [4]. In this case far from resonance
Quy ~ poPoce. . For values P ~ 10 1 C cm™? the magnitude ay, ~ 107* — 1073,
Orbital magnetic susceptibility induced by spontaneous electric polarization is much
smaller.

4. Ferroelectric-ferromagnetic state

In the ferroelectric-ferromagnetic state when Sy # 0, Ly # 0, Py # 0, the optical
phonon excitations p; are not degenerated and are of circle precession character
around the direction of a spontaneous magnetic moment I,, = L,, + 25,.. The
energies left (e_) and right (e,) precessions are different. As the values of €., >
€1 > €, from (5) we obtain in a linear approximation over e,

€ RN €y L 60%7}2(2]{.2‘)7160762(% + qe — ZQiU2051)7 (15)

€e R €pe T €4

As seen from (15),splitting of lines of the ion phonon spectrum in the internal mag-
netic field ~ I, is (€. /¢;) times smaller than the electron one. The latter is also rather
small, ~ €, /¢..

Magnetic moment I, induces a nondiagonal component of dielectric susceptibility
Xzy- In the same linear approximation over €, one finds

Xiy - XZ*::: = _iEoGQiDQ{qe(€2 — e )(€ — €2+ 2qiqeva f) (16)
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+ 300.03QiQc + 1:Qila: + ) — 1) ],
Koy =X = —ieoeD {(2 = I — ) +2Qu( = )]

+ %’f{lQJQQe(Z))Qi + Qe)] + QeQ;lvgéeQ?}-

It follows from (16) that spin and orbital moments induce electric gyrotropy, X zy ~
(L, + 2S,) which increases with the increasing frequency. The estimations of ex-
pressions (16) far from resonance give X?z:y ~ Xy ™ €o€s/€2(€ ~ es),xiy ~ Xy ~
es€i/€2(e ~ €). At frequencies w ~ w, ~ 10 — 10! rad s™! the electron contri-
bution to dielectric susceptibility is considerably larger than the ion contribution,
and the electric gyrotropy is of the order of magnitude x5, ~ €, /€c. The magnitude
€, = 8mull, ~ 10¢, i.e. the largest value is Xy ~ 1073,

High-frequency ME susceptibility of uniaxial ferroelectric-ferromagnet has got
three components which differ from zero, i.e. o, and a,, = ay,. A nondiagonal
component a,,, is approximately determined by expressions (13) at frequencies which
are larger than the spin ones.

A new component a,, = a,, which differs from zero appears only in a ferro-
electric-ferromagnetic state ( or in external electric and magnetic fields[4]), @z, ~
PySy. At the frequencies w ~ w, where ME susceptibility is the largest we obtain
approximate expressions

ot = ot o~ o Poc(eo + 2XS0) (€2 — €)1, (17)

~  —ipgePoe(€® — e5,)

In [4] where FE was considered in a constant external magnetic field, the expres-
sion obtained for a,, differs from (17).This difference is in the following. There is
an energy of an external magnetic field poHy instead of the energy of orbital excita-
tions (€p + 2ASp). For maximum fields Hy ~ 10° Oe reached at present, the energy
oHy ~ 10 °K whereas the value of the energy of orbital excitations e¢g ~ ASy for
the 3d-compounds is considerably larger, of the order of 100 K.

As shown in [4], the presence of ME susceptibility creates a possibility of a new
optical effect — ME gyration — which consists in the rotation of a plane of polarization
of the reflected and of the transmitted light by an angle which is proportional to
the product of the first degrees of spontaneous electric polarization and magnetic
field, i.e. to the value Py.Hy. Therefore, in a ferroelectric-ferromagnet where the
value ay, is considerably larger than in FE, the effect of ME gyration is considerably
strengthened by spin-orbital interaction. In other words, in ferroelectric-ferromagnet,
an orbital moment manifests itself by A -strengthening of ME gyration.

5. Conclusions and summary

Therefore, a simultaneous consideration of the spin, of the orbital moment, of the
electron polarization and of the ion polarization of the 3d-compounds has provided
a possibility to analyze possible manifestations of electron shell polarization and
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orbital degrees of freedom of the 3d-electrons in a spectrum and high-frequency
susceptibility.

The orbital moment manifests itself in the breaks in the temperature dependen-
cies of a nonsoft phonon mode and transverse dielectric susceptibility at FE transi-
tion temperature and in A — increase of ME-gyration. Besides, ME effect of induction
of high-frequency orbital susceptibility by the electron part of electric polarization
has been also predicted. This effect should lead to the break in the temperature
dependence of paramagnetic susceptibility at FE transition temperature.

In a series of publications [6-8] the observation was reported of a “magnetopo-
larization gyration” in ferroelectrics manifested in the rotation of the polarization
plane of the light propagating along the magnetic field and the optical axis of the
crystal through an angle ¢ proportional to the product of the first powers of electric
polarization and magnetic field. By contrast to Faraday’s effect, the double (forward
and backward) passage of light has led to a compensation of the above-mentioned
“magnetopolarization” effect. On the first sight this effect seems similar to ME gy-
ration [4] but the estimates of ME gyration give a much smaller magnitude of the
effect. In a ferroelectric-ferromagnet, the orbital moment increases the effect of ME
gyration in A ~ 10% times in comparison with the value ¢ ~ 1077 rad in a fer-
roelectric [4]. However, this value ¢ ~ 107° rad is smaller than that declared in
[6-8].

As for as the values of all the predicted effects are proportional to a spontaneous
electric polarization then the 3d-compounds with a proper FE transition are more
useful for the experimental investigations.

This research was supported by INTAS Grant No. 94-935.
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MposiBu eNneKTpoH-0p06iTaNbHOro MOMEHTY Y
BUCOKOYAaCTOTHUX BJSIACTUBOCTAX CErHeToeNneKTpukise 3
3d-ioHamu

[.4ynic

Di3MKO-TEXHIYHWIA IHCTUTYT HU3bKUX TEMMNEPATYP
iM. B.1.BepkiHa HAH Ykpainu,
310164 Xapkis, npocn. JleHiHa, 47

OTtpumaHo 28 4yepeHsa 1998 p.

MobypoBaHa GeHOMEHOJI0MYHA TEOPIS BUCOKOYACTOTHUX BNaCcTUBOCTEN
CerHeToenekTpuka i cerHetoenekTpuk-dpepomarHetmka 3 3d-ioHamn,
sika FPYHTYETLCS Ha PO3Ai/IEHOMY BpaxyBaHHi CNiHOBOro i opbiTanbHOro
€/1IeKTPOHHMX MOMEHTIB, €/IEKTPOHHMX Ta iOHHMX BKNAdiB OO enekTpuy-
HOI nonspu3adji. Y cerHeToenekTpUYHOMY CTaHi iCHYBaHHS e/TeKTPOHHO-
ro op6iTasbHOro MOMEHTa NPUBOAMTL [0 PO3PUBIB NOMNEPEYHUX KOMIMO-
HEHT AieNneKTPUYHOI CIPUNHATAMBOCTI NpU TemnepaTypi CerHeToenex-
TPUYHOro nepexoay. BennymHun uyx po3puBeiB NpPonopLioHanbHi 40 KBa-
[paTta efnekTpoHHOI YaCTUHM CNOHTaHHOI MoNspu3aLji i napamMmeTpa 3amMmo-
POXEeHHS 0pBiTaNbHOr0 MOMEHTA. AHaNOTIYHI PO3PUBY | BMEHLLIEHHS DO-
HOHHWX YaCTOT y CErHETOENEKTPUYHOMY CTaHi MalTb CNOCTEpiraTucs B
Mopax, siki He € M’aknmu. Kpim Toro, nepenbadeHo edekT iHayKLji BUCO-
KO4aCTOTHOro opbBiTanbHOro MOMEHTa Ha eIEKTPOHHY YaCTUHY Nonsipu-
3auii. Llen edekT Moxe npuBoguTn 40 pO3pUBY NapamarHiTHOI CApuin-
HATAMBOCTI NpW TEMNepPaTypi CErHEeTOENEKTPUYHOro nepexony. Y depo-
€eneKTPOMarHiTHOMy CTaHi eNIeKTPOHHNI OpBITaNIbHNIA MOMEHT NPOSBNSIE
cebe B )\ 3pOCTaHHI MarHiToenekTpuyHoi ripauii (A € nocTiliHa cniH-
opb6iTanbHoi B3aemopii).

KniouoBi cnoBa: esiekTpoH, opbitasib, MOMEHT, CerHETOEIEeKTPUIK,
CrIPURHATNBICTb

PACS: 78.20.Ls
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