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We present a spectroscopic study of optovibrational properties of MnGa2Se4, an ordered-vacancy compound
with defect chalcopyrite structure and uniaxial optical behavior. Anisotropy affects the Raman spectrum of
noncentrosymmetric media in two different ways: for nonpolar modes, birefringence produces a dephasing
between ordinary and extraordinary waves that results in an apparent violation of selection rules. In polar
modes, in addition, anisotropy affects phonon propagation, resulting in the phenomenon of directional disper-
sion. The Raman spectrum of MnGa2Se4 single crystals is measured onto three different crystallographic
planes as a function of the polarization direction of incident and scattered light. Loudon equations are used to
assign the symmetry and character of each mode. Two different regimes are found: For low-frequency modes,
polarity is weaker than anisotropy effects and these modes show negligible directional dispersion. On the
contrary, for high-frequency modes, anisotropy effects are negligible and these modes behave as quasicubic
ones. By analyzing the intensities of the polar modes, information concerning the electron-phonon mechanisms
involved in the activity of polar modes is obtained. The relative magnitude of electro-optic to deformation
potential mechanisms participating in LO modes is derived.
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I. INTRODUCTION

Due to their noncentrosymmetric structure and high po-
larizability, tetrahedral semiconductors have been widely in-
vestigated in the search of nonlinear optical �NLO�
properties.1 Ternary chalcopyritelike compounds are espe-
cially interesting since their structural and optical anisotropy
provides the additional possibility of achieving phase-
matching condition.2–4 Ordered vacancy compounds �OVC�
of AB2C4 type are also promising candidates for applications
based on NLO properties. Among them, HgGa2S4, CdGa2S4,
and their derivatives, with a defect chalcopyrite structure, are
the most studied materials.5–8

Raman spectroscopy has been widely used to study the
fundamental physics of zincblendelike semiconductors. In
connection with NLO, light scattering yields information on
the electron-phonon interactions involved in the activity of
the longitudinal component of polar phonons, specifically the
electro-optic mechanism.9,10 In anisotropic materials,
uniaxial optical behavior affects the propagation of photons
and phonons, thus Raman scattering can be used to study
such properties. In nonpolar modes, the uniaxial character
affects only light propagation and results in an apparent loss
of polarization rules. In polar modes, both phonon and pho-
ton propagation are affected by structural anisotropy. Then,
in addition to light depolarization, the well-known phenom-
enon of directional dispersion occurs, according to which the
frequency of polar modes depends not only on the relative
directions of phonon polarization and propagation but also of
those with respect to the optic axis. In his classical work of
1964,11 Loudon developed a formalism to describe the prop-
erties of long-wavelength lattice vibrations in uniaxial media
and gave expressions for the dependence of the phonon fre-
quencies and intensities on geometrical configuration. Lou-
don, however, did not consider light depolarization within

the sample due to the anisotropy of refraction indices. An
adequate treatment of this effect must be included for a cor-
rect understanding of the vibrational properties in anisotropic
media.

Loudon’s equations have been widely used in the litera-
ture, for example in binary wurtzite-type compounds12,13 or
others such as lithium niobate.14 A study of polar modes in
the defect chalcopyrite compounds CdGa2Se4 �Ref. 15�,
CdGa2S4 �Ref. 16�, CdAl2S4, and CdAl2Se4 �Ref. 17� fol-
lowing Loudon’s model has also been reported. In these
studies, interest is usually focused only on directional disper-
sion of phonon frequencies rather than on Raman intensities.

In this paper we present a Raman study of uniaxial effects
in the polar modes of MnGa2Se4, an OVC with defect chal-

copyrite structure and I4̄ space group.18 In OVC, cation
asymmetry and crystallographically ordered vacancies lead
to a tetragonal structure with unit cell doubled with respect
to its parental cubic zincblende compounds and c�2a. For
MnGa2Se4, a=5.677�1�Å and c=10.761�2�Å �Ref. 19�. The
doubling of the unit cell causes structural and optical aniso-
tropy; as in their related chalcopyrite compounds, optical bi-
refringence is expected.

According to factor group analysis, 13 Raman active
modes are expected in MnGa2Se4, divided in 3A+5B+5E,
where A modes are nonpolar, and B and E modes are polar.
Normal coordinates of these modes can be found in Ref. 20.
In a previous work, concerning the Raman study of the
Zn1−xMnxGa2Se4 series, a preliminary assignment of mode
symmetry for MnGa2Se4 was made.21 In a subsequent
work,22 we studied the influence of optical anisotropy in the
selection rules of the nonpolar modes of MnGa2Se4. We de-
termined the phase difference between the ordinary and ex-
traordinary waves and the parameters of the Raman tensors
of the three A modes, and we also proposed a method to
estimate the birefringence from Raman measurements.
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In this work we present an experimental and theoretical
study of the polar modes of MnGa2Se4. Since the effect of
optical anisotropy in incident and scattered light has been
explained in the previous work,22 we focus this paper on the
influence of anisotropy in the symmetry and intensity of the
polar modes.

II. EXPERIMENT DETAILS

Small single crystals of MnGa2Se4 were grown by the
chemical vapor transport method using iodine as transport
agent.23 Structural,24 optical,25 and Raman21,22,26,27 character-
ization of our samples can be found in previous works. Ra-
man spectra were collected in a Dilor XY spectrometer with
a liquid-nitrogen cooled CCD detector. The experiments
were performed in backscattering geometry. Laser light at
514.53 nm was focused on the sample through an X50 mi-
croscope objective lens, the power at the sample being of
�1 mW. Spectral resolution was better than 3 cm−1. The Si
mode at 520 cm−1 and the well established frequencies of
the nonpolar A modes have been used for frequency calibra-
tion.

III. EXPERIMENT RESULTS

The small size of MnGa2Se4 crystals �2 mm maximum
dimension� did not allow us to cut them in selected planes,
so our study is limited to natural growth planes, the most
frequent of which is the �112�t tetragonal face. Some crystals
presenting the �001�t and �111�t planes were also found. For
convenience, we shall use in the following a pseudocubic
reference system in which the Miller indices corresponding
to the tetragonal �112�t and �111�t planes are �111�c and
�111

2 �c, respectively. These planes are schematically depicted
in Fig. 1�a�. Cubic subscripts will be omitted for simplicity.
Thus, our experiments have been performed on three crystal-

lographic planes: �001�, �111�, and �111
2 �. We denote as � the

angle formed by the optic axis and the plane normal, which
is also, in our backscattering experiments, the direction of
incident and scattered light. For the three planes under study
�=0°, 54.74°, and 70.53°, respectively �see Fig. 1�.

Within each plane, Raman spectra were measured as a
function of �, the angle formed by the electric field of the
incident light and the �−110� crystal direction, which is com-
mon to the three planes. To change �, the sample was rotated
about the normal to the surface. For each sample position,
two spectra were recorded, with incident and scattered light
polarization either parallel or perpendicular to each other.
The spectral intensities in such configurations will be de-
noted as I���� and I����, respectively.

Figure 2 shows the frequencies of the polar modes as a
function of �. The three totally symmetric A modes, at �
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FIG. 1. �a� Schematic picture of MnGa2Se4

unit cell, showing the �001�t, �112�t, and �111�t

tetragonal planes where measurements have been
performed. In the cubic reference system used in
this work, these planes have indices �001�, �111�,
and �111

2 �, respectively. �b� Reference system
used to define the direction of propagation of
light and the angle � between the optic axis and
the normal to the plane. �c� Reference system and
axes used to define the direction of polarization
of light.
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FIG. 2. Raman shifts of the �left� low- and �right� high-
frequency polar modes as a function of the angle formed by the
phonon propagation direction and the optic axis. Solid dots are
experimental data. Dashed lines are fits to the frequency expres-
sions �2a� and �2b� or �3a� and �3b�. Open dots represent the LO and
TO frequencies at �=90° derived from the fit.
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=134.7, 181.8, and 207.5 cm−1, were studied in Ref. 22 and
are omitted here for convenience. As shown in Fig. 2, some
modes show strong directional dispersion, whereas others
have an almost constant frequency. This behavior is exem-
plified in Fig. 3, which shows the spectrum measured along
the �−110� direction in three different crystallographic
planes. Except for obvious cases, the symmetry and character
of each peak can only be determined by measuring the an-
gular dependence of Raman intensities within each plane. As
an example, we plot in Fig. 4 the intensities I���� and I����
of the polar modes in the plane �111

2 �. We call this kind of
plots rotational diagrams.

IV. MODEL AND DISCUSSION

A. Frequencies of the polar modes

Mode polarity in uniaxial media is combined with aniso-
tropy derived effects, resulting in directional dispersion of
frequencies and the creation of mixed-symmetry or mixed-
character modes. Loudon formalism11 is used to explain the
behavior of polar modes in uniaxial media. For a polar mode,
two different LO and TO frequencies are a priori expected,
according to whether the phonon polarization and propaga-
tion directions are parallel or perpendicular to each other,
respectively. In backscattering geometry, longitudinal modes
are polarized in a direction parallel to the incident light, and
transverse modes are polarized in directions perpendicular to
the incident light. Phonon polarizations are known from Ra-
man tensor tables.11

In uniaxial media one must also consider the orientation
of phonon polarization and propagation relative to the optic
axis. Thus, for each cubic or pseudocubic polar mode, four
characteristic frequencies are defined: �L

� , �L
�, �T

� , and �T
�,

where L and T denote longitudinal and transverse character,
and � and � denote phonon polarization parallel and perpen-

dicular to optic axis, respectively. For the 4̄ point group of
MnGa2Se4, � corresponds to B modes and � to E modes. For
clarity, we rewrite the characteristic frequencies as BLO=�L

� ;
BTO=�T

� ; ELO=�L
�; and ETO=�T

�.
The same as light, phonons in uniaxial media can be di-

vided into two components. When phonon polarization is
perpendicular to its propagation, and also to the optic axis, it

is called an ordinary phonon, and its frequency does not
depend on �. Only ETO modes fulfill these conditions. In all
other cases, phonons are called extraordinary and their fre-
quencies depend on the relative directions explained above
and on the four characteristic frequencies. The frequencies of
the extraordinary phonons are solutions of the equation,11

���BLO
2 − �2

BTO
2 − �2�cos2 � + ���ELO

2 − �2

ETO
2 − �2�sin2 � = 0, �1�

with �� and �� being the components of the dielectric tensor
in the directions parallel and perpendicular to optic axis, re-
spectively. Equation �1� is quadratic in � so it has two solu-
tions. Following Loudon,11 it is convenient to discuss two
limiting situations, which are present in many crystals:

�i� In modes with strong polar character, 	LO-TO	
� 	B-E	 and the solutions for extraordinary phonons are
given by:

�2 = BLO
2 cos2 � + ELO

2 sin2 �

quasilongitudinal extraordinary mode, �2a�

�2 = BTO
2 sin2 � + ELO

2 cos2 �

quasitransverse extraordinary mode. �2b�

These expressions correspond to modes with mixed B and E
symmetry; the mixing depends on the phonon propagation
direction. Only in high-symmetry planes ��=0, �=90� do the
modes have pure B or E symmetry. We shall use the notation

LO˜ and TO˜ for the quasilongitudinal and quasitransverse ex-
traordinary modes, respectively. This situation corresponds
to the isotropic or quasicubic limit.

�ii� In the opposite limit, when mode polarity is weak,
	LO-TO	� 	B-E	, and solutions of Eq. �1� are modes with
polarization parallel or perpendicular to the optic axis

�2 = BTO
2 sin2 � + BLO

2 cos2 � extraordinary B mode,

�3a�

�2 = ETO
2 cos2 � + ELO

2 sin2 � extraordinary E mode.

�3b�

We shall use the notation B̃ and Ẽ for the extraordinary B
and E modes, respectively.

Expressions �2a�, �2b�, �3a�, and �3b� can be used to fit the
dependence of the peak frequencies on propagation direc-
tion, shown in Fig. 2. For that purpose, we previously have
to assign the B, E, LO, or TO character to each of the ob-
served modes. In some cases, the assignment is straightfor-
ward: in the �001� plane, only BLO modes are active, besides
A modes; ETO modes, although allowed by symmetry in this
plane, yield zero intensity by tensor selection rules. BTO and
ELO modes would be detected for �=90 but the �110� plane
is not available. Thus, the assignment has been made based
on the examination of the angular dependence of the peak
intensities within each plane �rotational diagrams�, for which
Loudon equations for the intensities have to be used. This
study will be presented in the following section. Here we
only use the result of such treatment. In that way, we find

100 150 200 250 300

R
am
an
In
te
ns
ity
(a
rb
.u
ni
ts
)

Raman Shift (cm-1)

(0 0 1)
(1 1 1)
(1 1 1/2)

FIG. 3. Raman spectra in parallel configuration along the
�−110� direction, recorded on �001�, �111�, and �111

2 � planes.
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that the high-frequency modes �above 230 cm−1� have very

small tetragonal splittings and are assigned to LO˜ and TO˜

modes of situation �i�, while low-frequency modes fulfill

situation �ii� and they are attributed to B̃ or Ẽ quasimodes.
This procedure also allows us to identify the five ordinary
ETO phonons among the modes whose frequencies do not
change as a function of �. Frequencies of ordinary phonons

coincide in the �001� plane with TO˜ extraordinary phonons.
Although in this plane E modes are forbidden, they are de-
tected weakly due to polarization leakage.

We show in Table I the assignment of the observed peaks
and the characteristic frequencies used to fit the data to Eqs.

�2a�, �2b�, �3a�, and �3b�. For completeness, nonpolar modes
are also included.

Mode polarity is found to increase as frequency increases.
For low-frequency modes, the LO-TO splitting is negligible
or smaller than a few cm−1, whereas for the highest-
frequency pair the BLO-BTO splitting is higher than 20 cm−1,
and that between ELO and ETO is of 28 cm−1.

The polar splitting of MnGa2Se4 can be compared to
those of related zincblende or chalcopyrite compounds. In
general terms, the splitting increases along the chalcogenide
sequence Te, Se, S, O, and is also higher for zincblende than
for chalcopyrite compounds. Some examples are given:
75 cm−1 for ZnS �Ref. 28�, 64 cm−1 for CdS �Ref. 13�,
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FIG. 4. Rotational diagrams in �111
2 � plane for �a� B and E modes at low frequency, where the anisotropic forces predominate over polar

forces, and �b� high-frequency longitudinal and transverse modes, where polar character predominates over anisotropy. Experimental data are
represented by solid �I�� and white �I�� dots joined by lines as an eye guide. Plots without dots show the intensities calculated using Eqs.

�12a�, �12b�, �13a�, and �13b� for B̃ and Ẽ quasimodes, respectively, and Eqs. �16a�, �16b�, �17a�, and �17b� for LO˜ and TO˜ modes,
respectively, with tensor parameters indicated in Table II and dephasing parameter for this plane. In part �b�, each LO-TO pair of modes are
plotted in the same intensity scale, to emphasize the effect of dipolar field on the longitudinal modes.
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40 cm−1 for ZnSe �Ref. 29�, 
30 cm−1 for CuGaS2 �Ref.
30�, and 
20 cm−1 for CuGaSe2 �Ref. 31�. For the defect
chalcopyrite CdGa2Se4, closely related to MnGa2Se4 as re-
gards structure and lattice parameters, the splitting is
18 cm−1 �Ref. 15�. As expected, much higher values are
found for oxides, such as wurtzite ZnO �180–200 cm−1�
�Ref. 13�, BeO �370–400 cm−1� �Ref. 13�, or quartz
�160 cm−1� �Ref. 32�. Thus, the order of magnitude of the
splitting in MnGa2Se4 is close to those of compounds of
similar structure and composition.

We can use the frequencies of Table I to obtain a relation
between static and optic dielectric constants using general-
ized Lyddane-Sachs-Teller relations for uniaxial media:33

���0�
���	�

= �
i
��Li

�

�Ti
� 
2

and
���0�
���	�

= �
i
��Li

�

�Ti
�
2

, �4�

where the products in i are along all polar modes. Substitut-
ing the frequencies given in Table I, we find ���0� /���	�
=1.3557 and ���0� /���	�=1.3823. These values are similar
to those of CdGa2Se4: 1.45 and 1.35 for parallel and perpen-
dicular components, respectively.15

B. Intensity of polar modes

In anisotropic media, birefringence produces a dephasing
between the ordinary and extraordinary components of light,
which results in a change in polarization of incident and
scattered light. In nonpolar modes this yields the apparent
violation of Raman selection rules, but the Raman intensity
is still given by the usual expression,

I = C� �
i,j=x,y,z

es
iRijeL

j �2
,

where Rij are the components of the Raman tensor and eL
and es are the polarization directions of the electric field
associated with incident and scattered light, respectively. C is
a proportionality factor. For polar modes, the dependence of
the Raman tensors on the phonon polarization and propaga-
tion directions has to be taken into account together with
light depolarization. Loudon formalism gives a generaliza-
tion of the expression for the Raman intensity as

I = C� �
i,j,k=x,y,z

es
iRij

k �
k + ��k�eL
j �2

, �5�

where � and � represent the phonon polarization and propa-
gation directions, respectively. The parameter � is propor-
tional to the dipolar electric field along qLO created by the
ions.34 Index k in the Raman tensor indicates the polarization
of the corresponding vibration. Optical anisotropy was
treated in Ref. 22 for nonpolar modes, but it applies as well
to polar phonons. A brief reminder is given now.

1. Influence of anisotropy in incident and scattered light

Light propagating in uniaxial media is divided into two
components:35 ordinary wave, whose polarization is always
perpendicular to the optic axis and to the direction of propa-
gation of light, which propagates with a refraction index no;
and extraordinary wave, whose refraction index neff varies
with the direction of propagation relative to the optic axis, in
the form 1 /neff

2 = �cos � /no�2+ �sin � /ne�2, ne being the ex-
traordinary refraction index and � the angle defined above.
Due to the difference of refraction indices, a phase difference
is produced between the two waves, given by


 =
2�

�
�neff − n0�d , �6�

where d is the path that the light runs through the medium
and � is the wavelength. The difference �=neff–no is the
birefringence of the material.

To account for dephasing effects in the calculation of Ra-
man intensities with Eq. �5�, we extract from the polarization
vectors of incident and scattered light the component perpen-
dicular to the optic axis, which is the ordinary wave, the
remaining part corresponding to the extraordinary wave. The
dephasing is introduced by multiplying the ordinary compo-
nent by a factor ei
. So, as incident light goes through the
medium, its polarization vector is changed from e�L
=cos �r�o+sin �r�e to e�L�=cos �ei
r�o+sin �r�e, where r�o and r�e
depend on the experimental geometry. In our case, r�o
= 1 /�2 �−1,1 ,0� and r�e= 1 /�2 �−cos � ,−cos � ,�2 sin �� �as
shown in Fig. 1�.

TABLE I. Mode assignment in MnGa2Se4. Columns two to four
show the experimental frequencies in �001�, �111�, and �111

2 �
planes, respectively. Last column shows the frequencies used, to-
gether with those obtained in the �001� plane, to fit the experimental
data to Eqs. �2a�, �2b�, �3a�, and �3b�. The five B+E pairs of modes
are separated by horizontal lines. For completeness, the three A
modes are included. Their frequency is independent of �.

Expt. freq. Expt. freq. Expt. freq Fitted freq.

Assignment �001� �111� �111
2 � �110�

LO˜ BLO=276.1 278.4 279.5 ELO=280.0

TO˜ ETO=252.2 254.1 255.0 BTO=255.3

E ord. ETO=252.2 252.2 252.2 ETO=252.2

LO˜ BLO=243.1 246.6 246.4 ELO=247.5

TO˜ ETO=239.9 237.6 237.1 BTO=236.80

E ord. ETO=239.9 239.9 239.9 ETO=239.9

B̃ BLO=228.4 227.8 224.8 BTO=225.5

Ẽ ETO=212.8 214.7 216.4 ELO=216.5

E ord. ETO=212.8 212.7 212.9 ETO=212.8

B̃ BLO=124.6 122.0 120.3 BTO=120.3

Ẽ+E ord. ETO=104.9 105.0 105.0 E=104.9

B̃ BLO=92.7 92.8 92.7 BTO=92.7

Ẽ ETO=76.1 76.3 76.7 ELO=76.75

E ord. ETO=76.1 76.1 76.1 ETO=76.1

A 134.7

A 181.8

A 207.5
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The polarization of the scattered light just after the Raman
event is e�s�=Re�L�, with R being the Raman tensor, including
the expression in brackets in Eq. �5�. As before, e�s� is decom-
posed into its ordinary and extraordinary components, e�s�
=cos �r�o+sin �r�e, with � being now a function of 
, �, and
the tensor parameters. Another ei
 factor is introduced to
account for the phase difference produced as the light goes
backward so that the polarization of the scattered light leav-
ing the sample is given by e�s=cos �ei
r�o+sin �r�e. Light in
the parallel configuration is obtained by projecting e�s onto
e�L, and the intensity in the crossed configuration is found by
projecting e�s onto a vector perpendicular to e�L given by e��

=−sin �r�o+cos �r�e. Then,

I� = C	e�L · e�s	2 and I� = C	e�� · e�s	2. �7�

Applying this method to the nonpolar modes,22 the
dephasing parameters 
��� for the three planes studied were
found: 
�001�=0°; 
�111�=45°; and 
�111

2 �=47° at �
=514.5 nm. These values will be taken as fixed parameters
in the present work, as they depend only on the medium and
crystal orientation but not on each specific mode.

2. Anisotropy of polar modes

For the 4̄ point group, the Raman tensors of the polar
modes are given by

B�z� = �c d

d − c 
 and E�x� = � e

f

e f
� ,

E�− y� = � − f

e

− f e
� ,

where the direction of polarization of each type of mode is
given in brackets.11 As shown in Fig. 1, the �−110� direction
is contained in all three planes of measurement, thus it is
always perpendicular to the phonon propagation direction, as
well as to the optic axis z � �001�. These are precisely the
conditions for the polarization of an ordinary phonon, so it
will be convenient to use another set of matrices for the E
modes, one of them representing the ordinary component,
with polarization along y� � �−110�, and another one for the
extraordinary component, with polarization along x� � �110�.
The tensors for E modes are reformulated as

Eextr = E�x�� =
1
�2

�E�x� − E�− y�� =
1
�2� e + f

f − e

e + f f − e
� ,

Eord = ETO = E�y�� =
1
�2

�E�x� + E�− y��

=
1
�2� e − f

e + f

e − f e + f
� .

For ordinary modes, optical anisotropy affects only the
light polarization vectors and their intensity can be calcu-
lated as I���=C	e�sRe�L	2, where R is the E�y�� tensor:

I�
ETO��� = C��f sin 2� sin � cos 
 − e sin2 � sin 2��2

+ �f sin 2� sin � sin 
�2� , �8a�

I�
ETO��� = C��f cos 2� sin � cos 
 − e sin 2� sin � cos ��2

+ �f cos 2� sin � sin 
�2� . �8b�

As shown in Eq. �5�, the intensity of extraordinary modes
depends on the phonon propagation and polarization direc-
tions. With the geometry of Fig. 1, the propagation direction
of the phonon is given by

�� =
1
�2

�− sin �,− sin �,− �2 cos �� . �9�

We divide the study of Raman intensities of extraordinary
modes in the two limiting cases discussed when dealing with
phonon frequencies:

�i� When anisotropy forces are stronger than dipolar ones,
extraordinary modes correspond to vibrations with polariza-
tion either parallel �B type� or perpendicular �E type� to the
optic axis, with polarization vectors given by �= �001� and
�= �1 /�2��110�, respectively. This is the situation fulfilled by
modes with ��230 cm−1. The negligible or small LO-TO
splitting of these modes makes us assume that polarity is
weak enough to make �=0 in Eq. �5� so that the Raman

intensity for the extraordinary B̃ modes is given by

I�B̃� = C� �
i,j=x,y,z

ed
i Bij�z�eL

j �2
, �10�

and for extraordinary Ẽ modes,

I�Ẽ� =
C

2 � �
i,j=x,y,z

ed
i �Eij�x� − Eij�− y��eL

j �2

= C� �
i,j=x,y,z

es
iEij�x��eL

j �2
. �11�

Equations �10� and �11� yield that, in this limit, extraordi-
nary modes behave as purely B or E modes with no mixing

character. The tensor associated with the extraordinary Ẽ
mode is E�x��, as expected.

Developing Eqs. �10� and �11�, the intensities of B̃ modes
are given by

I�
B̃��� = C��d cos2 � cos 2
 + c sin 2� cos � cos 


− d sin2 � cos2 ��2 + �d cos2 � sin 2


+ c sin 2� cos � sin 
�2� , �12a�

I�
B̃ = C��d sin � cos � cos 2
 + c cos 2� cos � cos 


+ d sin � cos � cos2 ��2 + �d sin � cos � sin 2


+ c cos 2� cos � sin 
�2� , �12b�

and for Ẽ modes,
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I�
Ẽ��� = C��e sin 2� sin � cos 
 + f sin2 � sin 2��2

+ �e sin 2� sin � sin 
�2� , �13a�

I�
Ẽ ��� = C��e cos 2� sin � cos 
 + f sin 2� sin � cos ��2

+ �e cos 2� sin � sin 
�2� . �13b�

�ii� The vibrations of high-frequency modes are quasilon-

gitudinal or quasitransversal. In the LO˜ case, � �� so a factor
�1+��2 can be taken outside the summation in Eq. �5�, which
becomes

I�LO� = C�1 + ��2� �
i,j=x,y,z

ed
i �− sin �E�x�� − cos �B�z��eL

j �2
.

�14�

For TO˜ modes we make �=0 in Eq. �5�, since transverse
vibrations do not create a dipolar field. For propagation di-
rection � given by Eq. �9�, the appropriate polarization vec-
tors for transverse modes are one along �1–10�, which corre-

sponds to ordinary modes, already considered, and 
�

= 1 /�2 �−cos � ,−cos � ,�2 sin �� for the extraordinary
modes. Using this �, we make the sum over k in Eq. �5� and

obtain for TO˜ modes

I�TO� = C� �
i,j=x,y,z

ed
i �− cos �E�x�� + sin �B�z��eL

j �2
.

�15�

Equations �14� and �15� show that LO˜ and TO˜ extraordi-
nary modes have a mixed B and E character. The mixing
depends on the direction of propagation of the modes, given
by angle � from optic axis. For �=0°, no mixing occurs and
Eqs. �14� and �15� become intensities for pure B�LO� and
E�x���TO� modes. The contrary happens for �=90°, where B

modes are TO and E�x�� are LO˜ modes. This behavior coin-
cides with that shown in the discussion of the frequencies.

Developing the treatment of anisotropy of incident and

scattered light, we obtain, for LO˜modes,

I�
LO��� = C�1 + ��2��e sin 2� sin2 � cos 


+ d cos2 � cos � cos 2
 − c sin 2� cos2 � cos 


+ f sin2 � sin � sin 2� + d sin2 � cos3 ��2

+ �e sin 2� sin2 � sin 
 + d cos2 � cos � sin 2


− c sin 2� cos2 � sin 
�2� , �16a�

I�
LO��� = C�1 + ��2��e cos 2� sin2 � cos 


− d sin � cos � cos � cos 2


− c cos 2� cos2 � cos 
 + f sin 2� sin2 � cos �

− d sin � cos � cos3 ��2 + �e cos 2� sin2 � sin 


− d sin � cos � cos � sin 2


− c cos 2� cos2 � sin 
�2� , �16b�

and, for TO˜ modes,

I�
TO��� = C��e sin 2� sin � cos � cos 


+ d cos2 � sin � cos 2
 + c sin 2� sin � cos � cos 


+ f sin2 � sin 2� cos � + d sin2 � sin � cos2 ��2

+ �e sin 2� sin � cos � sin 
 + d cos2 � sin � sin 2


+ c sin 2� sin � cos � sin 
�2� , �17a�

I�
TO��� = C��e cos 2� sin � cos � cos 


+ d sin � cos � sin � cos 2


+ c cos 2� sin � cos � cos 
 + f sin 2� sin � cos2 �

+ d sin � cos � sin � cos2 ��2

+ �e cos 2� sin � cos � sin 


+ d sin � cos � sin � sin 2


+ c cos 2� sin � cos � sin 
�2� . �17b�

Expressions �12a�, �12b�, �13a�, �13b�, �16a�, �16b�, �17a�,
and �17b� have been used to fit the rotational diagrams I����
and I���� for the �111� and �111

2 � planes so as to determine
the nature of each peak and the tensor parameters. The usual
expressions for isotropic media apply for the �001� plane.
Since in this plane only A and B modes are allowed, the
assignment is straightforward and gives moreover the c /d
relationship for each B mode.

As an example, we show in Fig. 4 the experimental rota-
tional diagrams for the �111

2 � plane, as well as the intensities
calculated with the parameters indicated in each plot. As can
be seen, the angular dependence I��� is well reproduced ex-
cept for some very weak modes, whose intensity is difficult
to determine. The mode assignments and tensor parameters
are given in Table II. Since absolute intensities are not mea-

TABLE II. Raman tensor parameters of polar modes in
MnGa2Se4 obtained by fitting equations of I��� to experimental
data.

Approx.
��cm−1� Assignment Tensor parameters

76 Ẽ+ETO
nondetermined

93 B̃ c /d=−2

105 Ẽ+ETO
nondetermined

120–124 B̃ c /d=0.2

213–216 Ẽ+ETO
nondetermined

225–228 B̃ c /d=0.1

237–240 TO˜+ETO
c /d=0

243–246 LO˜ e /d=0; f /d=−2.5

252 ETO c /d=0
e /d=0; f /d=−0.85252–255 TO˜

276–280 LO˜
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sured, only relative values of the tensor parameters can be
given.

The following restrictions have been applied on perform-
ing the fit:

For the low-frequency E modes, the ETO and Ẽ compo-
nents are almost degenerated so that their intensities have
been fitted to the sum of Eq. �8a� and �8b� �for the ordinary

part� and Eq. �13a� and �13b� �for the Ẽ extraordinary part�.
This sum is proportional to �e+ f�2, thus tensor parameters
cannot be determined for those modes. On the other hand,

the ordinary ETO mode at 240 cm−1 is very close to the TO˜

quasimode; spectral resolution does not allow us to study
both peaks separately so we have fitted the superposition of
bands with a sum of Eq. �8a� or �8b� �for the ordinary part�
and Eq. �17a� or �17b� �for the TO˜ extraordinary part�.

At high frequency, each set of ETO, LO˜ and TO˜ modes
must be fitted with the same set of tensor parameters
�c ,d ,e , f� for all three planes, as they are originated from the
same B and E modes. It is interesting that for these modes
we find the c and e parameters to be zero or negligible, in
which case the B and E tensors reduce to

B�z� = � d

d 
, E�x� = � f

f

 ,

E�− y� = � − f

− f

 ,

which are identified as those of a cubic T2 mode split into
B+E by the tetragonal symmetry. The similarity is not sur-
prising considering that, for the high-frequency modes, the
quasicubic assumption is well fulfilled. In fact, the highest-
frequency B and E modes are derived from the zone-center
mode of zincblende compounds and present similar proper-
ties as regards characteristic frequencies, dependence on
atomic masses, etc.

In connection with NLO, the most interesting information
derived from our work concerns the mechanisms involved in

the activity of LO˜ modes. The macroscopic field created by
longitudinal phonons produces an additional contribution to
the Raman intensity, resulting in the appearance of an extra
factor �1+��2 in Eqs. �16a� and �16b�, as compared to those
for the transverse components, Eqs. �17a� and �17b�. Thus, �

can be determined by comparing the intensities of LO˜ and

TO˜ components within each plane �. This procedure yields

�=−0.2�0.1 for the LO˜ mode at 243–246 cm−1 and �

=1.5�0.2 for the LO˜ mode at 276–280 cm−1.

The parameter � is a measure of the relative strength of
the field-dependent electro-optic �EO� interaction with re-
spect to the mechanical or deformation potential mechanism,
and is directly related to the Faust-Henry coefficient defined
for cubic zincblende as36,37

CFH =
dQ

dE

e�

�

1

�TO
2 ,

where dQ=�� /�Q and dE=�� /�E, � is the dielectric suscep-
tibility, Q represents a phonon coordinate, E the component
of the macroscopic electric field along qLO, e� is the effective
charge of the mode, and � is its effective mass ��−1=mA

−1

+mB
−1 for the zone-center mode of an AB zincblende

compound�.37 With the equivalence �= �dE /dQ��� /e*���TO
2

−�LO
2 �,38 we have

CFH =
1

�

�TO
2 − �LO

2

�TO
2 .

Taking the value �=1.5 for the highest frequency, pseudocu-
bic mode, and the phonon frequencies �TO=255 cm−1 and
�LO=280 cm−1, we obtain CFH=−0.14, which is of the same
order of magnitude as in II–VI cubic analogs.37 Conversely,
by taking the CFH constants listed in Ref. 37 and TO, LO
frequencies from the literature, we can use the relation be-
tween � and CFH to derive the value of � for related II–VI
compounds: �=3.24 for ZnS, 2.95 for ZnTe, and either 0.6
or 
2 for ZnSe, depending on the CFH used for this com-
pound. The relation between � and the EO and nonlinear
coefficients can be found in Refs. 9 and 10.

V. CONCLUSIONS

We have studied the Raman spectrum of MnGa2Se4 re-
garding effects derived from its structural anisotropy.
Uniaxial optical behavior leads to dephasing between ordi-
nary and extraordinary component of light and modifies the
selection rules of polar and nonpolar modes. The influence of
anisotropy in polar modes yields a mixed E /B or LO/TO
character, except in high-symmetry planes. For a correct in-
terpretation of the spectrum, the Loudon equations for the
frequencies and for the intensities must be applied. A de-
tailed study of the intensities of polar modes allows us to
determine the strength of local dipolar electric fields. The
determination of these properties may be of interest for the
optoelectronic applications of this material.
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