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Single crystals of anoncentrosymmetric orthorhombic pyroelectric ferrimagnet Ga, _ ,Fe,O5 with a Curie tem-
perature within 260-345 K have been grown by the flux method. It has been found that the electrical properties
of the single crystals varied over a broad range from 10° to 102 Q cm depending on the presence of transition-
metal oxide impurities. The dispersion relations for al three principa dielectric functions of orthorhombic
GaFeO; have been determined in therange 0.7-5.4 eV by spectroscopic el lipsometry. The spectra of the dielec-
tric functions of the orthorhombic Ga, _,Fe,O5 crystals are compared with the spectra of the trigonal crystals.
The Faraday effect and second-harmonic generation are studied, and the law of the transition to the paramag-
netic state has been determined. The crystallographic and magnetic contributions to the second-harmonic gen-

eration are analyzed. © 2005 Pleiades Publishing, Inc.

PACS numbers: 42.65.Ky, 75.50.Gg, 78.20.—

Materials and multiphase heterostructures charac-
terized by several coexisting order parameters are
referred to as multiferroics [1] and have been known
sincethe 1960s[ 2, 3]. Although they demonstrate inter-
esting physical phenomena such as magnetoelectric
and piezomagnetic effects, attempts at designing
devices based on these effects proved to be unsuccess-
ful because of the small values of their cross suscepti-
bilities between different order parameters. However,
some works have recently reported about “giant” cross
susceptibilities in multiferroics [2-5]. Thiswould open
up real possibilities for the practical use of these mate-
rials in magneto- and optoelectronics. At present, the
inquiries into multiferroics are based, on the one hand,
on a more advanced technological base and, on the
other, on the possibility of theoretical and ab initio pre-
dictions of materials and structures with predetermined
physical properties. It is also worth noting that, since
early works on multiferroics, the physical methods of
investigation have become much more elaborated, so
that there is areal possibility to study phenomena that
were inaccessible and even unknown 3040 years ago.
Asan example, we mention the spectroscopic studies of
optical harmonic generation in multiferroics[6].

In this work, we report optical and magneto-optical
properties of a multiferroic Ga, _,Fe,0; [7] that is an
interesting object for physical study and can become a
basis for new promising materials because of its high
transition temperature to the paramagnetic state and, as

aconsequence, because the electric and magnetic order
parametersinteract in it at room temperature. The spe-
cific feature of this materia is that, depending on the
value of X, its crystal structure and physical properties
change. Of the greatest interest are the compositions
with concentration 0.7 < x < 1.4, which crystallize in
the noncentrosymmetric pyroelectric Pc2,n structure
[8] with the spontaneous polarization directed a ong the
y axis. Such materials are ferrimagnets (magnetic space
group Pc2,n) [9, 10] with the ferrimagnetic moment
directed along the z axis. The Curie temperature T Sig-
nificantly depends not only on the concentration of
magnetic iron ions Fe*, increasing with x, but also on
the preparation technique [9-11]. For instance, the
Curie temperature of the single crystals grown by the
“flux” method is considerably higher than for crystals
grown by the floating zone method.

To prepare single crystals with the highest T, we
applied the flux method. To reduce the possible varia-
tionsin the basic composition of the grown single crys-
tals, we chose fluxes based on sodium tetramolybdate
90 wt % (Na,O + 4M00O;) + 10 wt % GaysFe; ;0. In
this case, the iron distribution coefficient between the
crystal and the flux is close to unity. Depending on the
growth temperature and the additions of bivalent (Co,
Ni, Cu, Zn) or trivalent (Cr, Sc, La) metal oxides, T of
the grown crystals varied in the range from 260 to 345
K. An unexpected fact was that, upon the introduction
of bivalent metal oxides into the flux, the electrical
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resistivity increased from 10%-107 to 10*® Q cm. Upon
theintroduction of titanium dioxide (TiO,), theresistiv-
ity decreased to 10° Q cm. The impurities of trivalent
metal oxides showed no effect.

The structure of prepared single crystals was moni-
tored by the x-ray method, and the obtained unit-cell
parameters were in agreement with the literature data
[8, 11]. The fact that the crystal structure is noncen-
trosymmetric was also confirmed by analyzing the tem-
perature dependences of the damping of elastic vibra-
tions excited by the electrical (sample inside capacitor)
and magnetic (sample inside coil) methods in polished
spheres with a diameter of 1-2 mm [12]. Figure 1
shows the temperature dependences obtained for the
relative amplitudes of piezoelectric (AP°) and mag-
netic (A™) signals, for the reciprocal Q factor Q* of
the piezoelectric signal, the logarithm of resistance
logR, and the frequency f of the elastic oscillations of
one of the samples abtained from the flux with addi-
tions of cobalt oxide (Co/Fe = 6 at. %).The magnetic
signal disappears in the region of T, while the ampli-
tude of the piezoelectric signal rapidly decreases at
temperatures above 400 K. The disappearance of the
piezoelectric signal isaccompanied by the deterioration
of the Q factor of elastic vibrations.

We now discuss the optical properties. The linear
polarization Pj(w) in the electric field E(w) of the light
wave can be written in the form
Pi() = [off () + B () + Vi) k()] Ej(w0), (1)
where the tensors & | ﬁ(c) ,and ¥© describe the opti-
cal and magneto-optical susceptibilities and the linear
magneto-optical spatial dispersion, respectively. The
superscripts (i) and (c) indicate that the tensor isinvari-
ant or noninvariant under time reversal, respectively

[13]. For the magnetic point group m2'm, the al, #

al) # af) and B # B components are nonzero.
The result that the ) has three independent tensor

components is quite obvious for a biaxial crystal. The

fact that By # B's indicatesthat the spontaneous mag-
neto-optical effect should be observed for the light
propagation along the z axis, along which the ferrimag-
netic moment is aligned. However, in contrast to the
Faraday effect in isotropic media, where the natural
waves are circularly polarized, the natural waves prop-
agating along the z axis in orthorhombic crystals are
polarized elliptically below T.. Note that the magnetic
symmetry allows for the magnetoelectric effect with
the tensor components of the xy # yx type, which was
observed in [14] and interpreted as the manifestation of
the toroidal momentum. The possibility of new nonre-
ciprocal optical effects in GaFeO; was pointed out in
[15]. The observation of the optical magnetoelectric
effect was reported in [16].
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Fig. 1. Temperature dependences of the (a) relative ampli-
tudes of piezoelectric AP'€2° and magnetic A signals, the

reciprocal Q factor Q! of the piezoelectric signal, and
(b) logarithm of resistance logR and frequency f of elastic
vibrations in the GaFeO; single crystal prepared from a

melt with additions of cobalt oxide.

The expression for the nonlinear polarization P;(2w)
can be written in the form

P.(20) = [x{i(w) +ixX{HW)] Ej(w)E(w), (2

where the tensors % and %'® account for the optical
second harmonic generation of the crystalline and mag-
netic nature, respectively. These tensors have nonzero
components of the type[11, 13, 17]

@ 0a = yxx, b =yyy, c = yzz,

i 3

Jk[pl = XXy = XyX, € = zzy = zyz; @
oUA = xxx, B = xyy, C = xzz,

X0 (4)

P = yyx = yxy, E = zzx = zxz.

Note that the occurrence of the magnetic second-har-
monic components directly follows from the noncen-

trosymmetry of the crystal structure. The tensor )“((C)

has only odd componentsin the x indices and is identi-
cal to thetensor of the piezomagnetic effect [13], which
is probably responsible for the appearance of the mag-
netic acoustic signal A™9 (Fig. 1).

In the general case, the linear and nonlinear proper-
ties of transition-metal oxides in the optical range are
determined by the electronic transitions in magnetic
ions in the crystal field, by the charge-transfer transi-
tion, and by interband transitions. In order to reveal the
main features of the el ectronic structure of the multifer-
roic Ga, _,Fe O;, we carried out an ellipsometric study
in the range 0.7-5.4 eV for several differently oriented
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Fig. 2. Absorption coefficients k and refractive indicesn vs.
the photon energy E for three principal light polarizations.
Inset: the spectral dependences of (a) birefringence An,, =
n, — ny, (b) dichroism Ak, = k, — ky, as calculated from
transmission ellipsometry, and (c) absorption.

Fig. 3. (Points) Spectral dependences of the dielectric func-
tions €' and " of GaFeOs for three principal polarizations
and (dotted lines) their decomposition into main oscillators.
Numerals indicate the positions of the main transitions in
electron volts.
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GaFeO; samples. This allowed us to determine the
dielectric functions € = €' —ig" for the three principa
axes of the orthorhombic crystal (Figs. 2, 3). Figure 2
shows the spectra of the absorption coefficients k; and
refractiveindicesn,. Two maximaareclearly seeninthe
region of weak absorption (inset in Fig. 2). They are
typical for the majority of trivalent iron oxides and can
reliably be assigned to the localized transitions from the
ground ®A,; state to the “T, (~1.5 eV) and “T, (~2.0 eV)
levels[18]. Thefeature near 1.25 eV islikely dueto the
splitting of the“T, level by thetrigonal component aris-
ing inthe crystal field as aresult of displacement of the
Fe** ions along the polar axisy [16]. The feature in the
region of 2.5 eV was assigned to the A, — #A,, *E
trangition.

The dielectric functions €' and €" and their decom-
position in several oscillatorsare shownin Fig. 3for the
three principal directions. The decomposition is per-
formed in the Lorentz model according to the formula

f
S — ©)
2 2 .

E;—E"-iEy;
wherethe term bE isintroduced to take into account the
transitions occurring at energies higher than the energy
range under study. With the object of revealing trendsin
the variations of dielectric functions of the Ga, _,Fe,0O4
system with changesin the gallium/iron ratio, the ellip-
sometric study was carried out for single crystals of the
composition Ga, ,5F€; 71505 that crystallize in the trigo-
nal structure of the a-Fe,O; hematite type. The dielec-
tric functions of this uniaxial material and their decom-
position in the main oscillators for two principal light
polarizations are shown in Figs. 4b and 4c. The com-
parison of these results with the dielectric functions for
GaFeO;, (Fig. 3) alowsthe following conclusionsto be
drawn.

(i) The spectral decomposition for Gay,sFe; 505
gives a more structured pattern than for GaFeO,. This
result is understandable because the iron ions in trigo-
nal Ga, ,sFe, ;505 are situated in the equivalent crystal-
lographic positions, while, in the orthorhombic
GaFeO,, they occupy three nonequivalent octahedral
positions[8]. Theresultsof calculation of the electronic
structure of theironionin the octahedral cluster of oxy-
gen ionsin the cubic-field approximation [19] are pre-
sented in Fig. 4a.

(ii) An increase in the concentration of iron ions
results in a noticeable low-energy shift of the main
absorption maximum and an increaseinitsintensity. In
Gay »5Fe; 505, the main maximum is situated near
3.0 eV and hasintensity €" ~6.2 (E||2) and 8.2 (E [l 2),
whereas the main maximum in GaFeO; is positioned at
36¢eV (E||x 2 and 3.9 eV (E Oy) and has intensity
g" ~455.

(iii) Noteworthy also is a considerable increase in
the intensity of localized A, — “A,, “E transitions

€= 80+bE+z
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near 2.5 €V in Ga,5Fe; 505 This is caused by the
strengthening of mixing of the 3d-states with the
allowed electric-dipole charge-transfer transitions
because of their high intensity and proximity to the
localized transitions.

The study of spontaneous optical rotation was car-
ried out on a plate 60-um thick whose norma was
directed along the y axis. The wave vector was perpen-
dicular to the x axis and made an angle a ~ 20° with the
y axis (the direction of the light beam in the sample was
~10°), and the magnetizing field was directed along the
zaxis. Dueto birefringence, the rotation of the polariza-
tion plane observed in this geometry is not the true
Faraday effect that is determined by the B,, # B,, com-
ponents. The temperature dependences of the residual
rotation angle 8 of the polarization plane are shown in
Fig. 5. The effect disappears at T = 260 K, which we
identify as the Curie temperature of the sample. The
hysteresisloopsfor 6 for several temperatures are pre-
sented intheinset in Fig. 5.

The second-optical-harmonic generation, which is
related to the crystallographic and magnetic contribu-
tions by formula (2), was studied on the same sample
and in the same geometry asfor the Faraday effect. Ear-
lier, the second-harmonic generation was studied only
for GaFeO; crystals prepared by the floating zone
method and having T ~ 200K [17, 20]. A changein the
magnetic contribution to the second-harmonic genera-
tionisclearly seen from the temperature dependence of
|2m(+H) _ |2w(_H)
|2w(+H) + |2w(_H)
ond-harmonic signal (Fig. 5). One can seethat the tem-
perature dependences of the linear rotation of the polar-
ization plane and the nonlinear magnetic contrast obey
the power law (1 — T/260.0(4))°3®; i.e., this sample
undergoes transition to the paramagnetic state at T =
260 K. The azimuthal dependencesfor aphoton energy
of ~1.54 eV are shown in Fig. 6 for the opposite field
directions £H || z and two polarizations of the second
harmonic. Using Eg. (2) and Egs. (3) and (4) for the
tensor components of nonlinear susceptibility and per-
forming appropriate coordinate transformations [21],
we arrive at expressions describing the dependences of
the second-harmonic intensities on the azimuth ¢ of
pump polarization:

the magnetic contrast of the sec-

1% 0| Acos’d + (Bsin’a + Ccos’a) sin’¢

, (6)
+dsin2¢ sinal’;
12° 0 [[acos’d + (bsin’a + ccos’a) sind
+Dsin2¢ sina] sina @)

+ [esin2¢sin20( + Esin2¢ cosa | cosa |2.
The results of calculations by formulas (6) and (7) are
shown in Fig. 6 by hatched regions. When calculating,
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Fig. 4. (3) Main transitions in iron oxides calculated in the
cubic-field approximation [19] and (b), (c) (points) spectra
of the dielectric functions €' and €" of the uniaxia crystal
Gag o5Fe; 7505 and (dotted lines) their decomposition into

main oscillators for the principal light polarizations.
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Fig. 5. Temperature dependences of (open circles) the rota-
tion 6 of the polarization plane and (closed circles) the mag-
netic contrast of the second harmonic. The solid lineis the
function (1—T/260.0(6))°37(). Inset: the field dependences
of the rotation of the polarization plane for several temper-
atures.
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Fig. 6. Azimuthal dependences of second-harmonic intensitiesfor the B2 || x and E%° Ox polarizationsin afield +H || zfor severa
temperatures. The solid lines are calculations by formulas (6) and (7).

wetook into account asmall misorientation of the crys-
tal axes about the laboratory coordinate systems. We
attribute the discrepancy between the experimental and
calculated dependencesto the disregard of theinfluence
of strong birefringence.

In summary, the optical and magneto-optical prop-
erties of a noncentrosymmetric orthorhombic orthofer-
rite GaFeO; that has T in the range 260-345 K and is
grown by the flux method have been studied in this
work. The dielectric functions for the three principal
crystallographic axes have been obtained over a broad
spectral range. The comparison of these spectra with
the spectra of trigonal Ga, -sFe; 7505 has shown that an

increase in the concentration of the Fe** ions givesrise
to the low-energy shift of the fundamental absorption
edge. Since the iron ions in orthorhombic GaFeO;
occupy three nonequivalent crystallographic positions,
the pattern of charge-transfer transitions is more pro-
nounced in trigonal Ga,,sFe; 503, Where Fe3* ions
occupy only equivalent positions. The study of the
magneto-optical Faraday effect and second-harmonic
generation in amagnetic field allows for the determina-
tion of the transition law to the paramagnetic state for
GaFeO;.
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