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Raman selection rules in uniaxial media: The nonpolar modes of MnGz5e,
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It is known that optically anisotropic media can change the polarization of light propagating inside them. As
regards Raman spectroscopy, this affects the light intensity measured in different geometrical configurations
and results in an apparent unfulfillment of selection rules. We present an experimental and theoretical study of
such effects in the defect chalcopyrite semiconductor MiS8a Optical anisotropy is taken into account by
including in the calculation of Raman intensities the phase difference appearing between ordinary and extraor-
dinary waves as they propagate, in uniaxial media, with different velocities. Birefringence can be obtained
from Raman measurements provided that the distance run by the light is known.
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[. INTRODUCTION in anisotropic media. Its importance, for instance, was made
_ ) evident in Ref. 14 in relation with two-magnon light scatter-
MnGaSe, is a ternary, ordered-vacancy semiconductoring in ladder systems. As early as in 1966 these effects were
with a defect-chalcopyrite structurspace groud4)! and found to be responsible for Raman depolarization in
potential technological applications in the field(bhear and  calcite!® In this work we present a theoretical and experi-
nonlineaj optical and optoelectronic applicatiofrS.In this ~ mental study of polarization properties in the Raman spec-
particular compound, the presence of Mn ions adds a magrum of MnGaSe. This compound was selected from the
netic behavior that opens the way to magneto-optical propZn,_Mn,GaSe, series because it shows minimum structural
erties. In view of its technological interest, it would be con- disorder, since Mn and Ga cations occupy well-defined crys-
venient to have a complete characterization of its optical antallographic sites, contrary to the other end compound,
electronic properties. Surprisingly, reports on refraction in-ZnGgSe;,, where Zn and half of the Ga cations share the
dexes and/or birefringence of ordered-vacancy compoundsame sité8 According to the ordered character of the struc-
are scarcé&®°They are not available for MnG3e,. ture, the spectrum of MnG&eg, shows very narrow peaks
From the structural point of view, the properties of with clear polarization properties, which indicates good crys-
MnGaSe, are dominated, by comparison with its parentaltallinity.
zinc-blende compounds, by the presence of cation asymme-
try and ordered vacancies, yielding a tetragonal structure Il. EXPERIMENTAL DETAILS
with c=2a [a=5.67711) A, ¢=10.7612) A].2% In turn, cell
doubling leads to optical anisotropy and behavior as a Single crystals of MnGz5e, were grown by the chemical
uniaxial medium. As opposed to cubic zinc-blende com-vapor transport method in the presence of iodine as the trans-
pounds and depending on the value of the birefringence, thigort agent>'’ Raman experiments were performed at room
opens the possibility of reaching phase-matching conditiongemperature in a DiloiXY spectrometer with a diode array
By analogy with related compounds, such asdetector. Light from an Ar laser was focused onto the
chalcopyrite! and other ordered-vacancy compoufids®  sample through &50 microscope objective lens. For a spe-
a relatively high birefringence is expected for MnSa,. We  cific experiment a dye laser at 568.4 nm was used. The
are thus in face of a compound that presents magnetic b@ower at the sample was1l mW and the spectral resolution
havior at low temperaturég optical anisotropy with a prob- better than 3 ciit.
ably high birefringence, polar character, and noncentrosym-
metric structure. The combination of all these properties alsoy; ExPERIMENTAL RESULTS AND INTERPRETATION
results in a wealth of phenomena, as regards its vibrational
properties, that deserves a close spectroscopic study. Available single crystals of MnG&e, are too small
In a previous work® we presented a preliminary study of (@bout 2 mm maximum sideo be cut along selected planes.
the Raman spectrum of the ZgMn,Ga,Se, system focusing  Therefore, only natural growth planes could be used, the
on the evolution of the spectrum across the series in relatiomost frequent one being the tetragotsl2) face[(111) in
with structural disorder. A preliminary assignment of modepseudocubic axes. For convenience we shall use cubic nota-
symmetry was made for MnG&e,. However, in the course tion in the following|. Fortunately, one of the samples tested
of that work we were aware that a full understanding of thewas found to preser001) and quasi(110) faces, the latter
vibrational properties of anisotropic media requires takingbeing finally identified as éll%) pseudocubic face. We have
into account its anisotropic optical properties. In fact thisthus performed measurements in three plaf@8i), (111),
problem is not restricted to vibrational spectroscopy but afand(ll%), where the angl® formed by the plane normal and
fects in general any experiment concerning light propagatioithe optic axis is 0, 55.74 and 70.53 degrees, respectisely
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FIG. 1. Schematic diagram of the unit cell of MnfS&, show- Raman shift (cm™) Raman shift (cm™)

ing the three crystallographic planékeft) and reference system

(right) used in this work# is the angle formed by the plane normal FIG. 2. Raman spectra of Mng®g, performed onto th¢001)

and the optic axiz. plane in four configurationga) z(xx)z (continuous ling andz(xy)z
(dashed ling (b) z(x'x")z (continuous ling and z(x'y’)z (dashed

Fig. 1). Raman measurements were performed onto theséne). {x’,y’} axes are rotated 45° frofx, y}.

planes in backscattering geometry as a function of the angle

« formed by the incident electric field and thel0] direc-  in the absence of uniaxial effects and will see next why these
tion, which is common to all three planes. The sample wagffects need to be taken into account in order to reproduce
rotated about the normal to the surface, which is also théhe experimental results. For measurements onto a general
direction of incident and scattered light. At each sample poplane, Raman intensities will be given, except for some fac-
sition the analyzer was rotated so as to allow for recordingors, by the usual expression

spectra in parallel and in crossed configurations, in which the

electric field of the scattered liglt, is parallel or perpen- 2

dicular to that of the incident lighE;, respectively. The in- | ’2 QRise-%’ , (1)
tensity of each mode is then plotted as a function of sample

rotation both in parallel and in crossed configurations. Weyheree, e, are the polarization vectors of the electric fields
call such a p|0t aotational diagram. The experimental ar- of incident and scattered ||gh'[7 respecti\/e|y, aﬁgj stands
rangement is schematically depicted in Fig. 1. for the Raman tensor pertaining to each allowed nf8da.

According to factor group analysis for thé symmetry of
MnGaSe, 13 Raman active modes are expected, which de-
compose asA+5B+5E.1¥ B andE modes are polar and thus
also IR active.A modes are nonpolar. For the ten polar £
modes, differentLO and TO frequencies are a priori ex-
pected. The behavior of polar modes in uniaxial crystals pre-g o,
sents a further degree of complexity since, in that case, nos
only the photons but also the phonons show anisotropicg § )
properties, their frequencies and intensities depending on thig
relative directions of phonon polarization and propagation, ¢ I
and of those with respect to the optic axisSince our aim is 0 Ané‘ie f;‘ﬁmﬁm’? 0 A:fgle ;?,mﬁf’m;‘]" 0 Ai(g)le:gmG[(.)]]g(])
to see the effect of anisotropy in the polarization properties
of Raman modes, in this work we shall restrict to nonpélar
modes, which are identified in MnGae, at v=134.7, 181.8
and 207.5 cm'.13 Polar modes will be the object of a sepa-
rate paper.

Figure 2 shows the Raman spectrum of Mp&a in
z(xx)z, z(xy)z, z(x'x")z, and z(x'y’)z configurations on the
(00D plane, withx’,y’" at 45° fromx,y. The threeA modes
have been labelled a&!, A2, andA3. The A3 mode is much S F S ot .
weaker than the other two, a feature that is also encountere 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
in related compounds, such as ZnSe or CdGaSe, 131819 Angle from [-110] Angle from [-110] Angle from [-110]
In this plane the three A modes present, within experimental

error, a constant intensity in parallel configuration, theirExperimentaI results foAl and A2 modes, and dependency calcu-
. o ' ) 0 ,

small intensity in Crossed _ConflguratldbebW _5/0_0f the " |5ted for those modes with inclusion of dephasing effects. If these

parallel intensity being attributable to a polarization leak- are not included the calculated intensitiésr a=~b) are constant

age. and zero, respectively, in parallel and crossed configurati@u-
Figures 3 and 4 show the rotational diagrams of the thregym) Experimental result fo® mode, best fit with inclusion of

A modes in(111) and(113) planes, respectively. In all cases dephasing effects, and expected dependency without such effects
[|(a) presents a minimum and («) a maximum at an inter-  for b~0.65. The intensity scale for thd3 mode has been ampli-
mediate angle. We shall first describe the expected intensitigied by a factor of more than 20.
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FIG. 3. Rotational diagrams ¢k modes in(111) plane.(Top)
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2. AL 4T’ | 5 ALAY (1112 trary, we see that 1[0°,(11D)]=1,[90°,(11D)]
g g 2 [ \ba=1,8-48 ~1,[0°,(123)]=1[90° (11)], which can only be satisfied
£ £ E i if a=b. Regarding their matrix elements, these modes are
} = &1 quasi-isotropic, so that, as a function af their intensity
g E g would be constant in parallel and zero in crossed configura-
Y | g oL tion. Following the same procedure for tA8 mode we find
g E g g . FS b=~0.6%. Its expected intensity is given in Figs. 3 and 4

v L N g ) (bottom, righi. This behavior is clearly not fulfilled experi-

O 20 40 60 80 0 20 40 60 80 0 20 40 60 80 mentally.

Angle from [-110] Angle from [-110] Angle from [-110] - o . )
, 1 FRTEETE A. Intensities calculated with inclusion of anisotropy effects
) A’(IZTSZ‘)’“‘ 2 b,a=0i55,5=:89 2 Our experimental results cannot be explained by the usual
5 I R ER P expression of the Raman intensitigq. (1)) without taking
% g g into account the depolarization that incident and scattered
gl 2t zt light suffer as they travel through a uniaxial medium. As
21 Bl 5L A a1 described in Ref. 21, in such a material two waves can
= = | ba=0.6538=0° propagate in a given direction: the ordinary wave, which

g i o E I E i i propagates with a refraction index (ordinary indey, and

P e vE, PR e e g the extraordinary wave, for which there is a dependence of

0 Ai(; e:roomsl(_)ug? 0 Azgle :r?,m??llgl Angle from [-110] gﬁ ggf;imon indexg; with the direction of propagatiork,

FIG. 4. The same as Fig. 3 but for th&l}) plane. 1/n%; = (cog 6)/n2 + (sir? 6)/nZ, (3)

= ne being the extraordinary index. The polarization of the or-
our case, the Raman tensorAdimodes in 4point group has  ginary wave is always perpendicular to the optic axis and to
the form the direction of light propagation. Whefhis 0°, the polar-

a ization of the extraordinary wave is also perpendicular to the
optic axis and its refraction index i%,. In this case there is
no difference between the ordinary and the extraordinary

b wave. When#=90°, the polarization of the extraordinary
wave is parallel to the axis, and it propagates with a refrac-
tion index ne. In a general case, the difference betwegn
and ng¢; makes the ordinary and extraordinary waves propa-

isotropic and fully polarized in parallel, i.el,(001)=a2, L . .
| (OO%:O for anyydiliection withinpthat plane ‘I'E] thi)s plane gate with different velocity so that a phase difference appears
L ' ' between their electric fields given in radians by

the experimental behavior agrees with that expectation.
Within the (111 and(ll%) planes we find from Eq1)

I, =(a- (a-b)sir? a sir? §)?, (2a)

For measurements onto th801) plane only the[x,y]
subspace is span and therefétenodes are expected to be

5= - 2{(neff— no)d, (4)

\ being the wavelength of the light, amtithe path that the

I, = (a-b)’sir* @ cos asin’ 6, (2b)  light runs through the medium. We assume that within the
Cmedium the propagation is nearly perpendicular to the sur-
face, as in normal incidence. This can be justified by the high
éefraction index of these materials. We also assume that the

ispersion of the extraordinary wavangle betweeiD, and

o) IS negligible, so thak, is, asD,, perpendicular to the
propagation vectok and, at the same time, perpendicular to
the electric field of the ordinary wave. This can be justified
as follows: The dispersion angig is given by?

where « stands for the angle between the incident electri
field and the[-110] direction within each plane. An incon-
sistency is found when we try to fit the angular dependenc
of a given mode simultaneously in the two planes. Lets tak
first the A andA? modes in thé111) plane. The presence of
a minimum inl®Pimposesa/b< 0, in which casé® goes to
zero at an angley, that depends ofa/b|, while 1% will be
symmetrical with maximum at 45°. The fact thtf(‘p(0°)
~1®R90°) and the conditiona/b<0 imposeb=-2a, in _(nE-m)tang

which casel; should be zero at 45°. Experimentally45°) tané= n+ntark 0

is minimum but not zero, and this discrepancy may be due to ] ¢ ] ° .

two reasons: polarization leakage or dephasing effects. Pdt we assume that the birefringen¢@=n.—n,) is small we
larization leakage is very small in our measurements angan maken,,n.~n except when subtracted. Then

cannot explain intensitie§(45°) as high as 05(0°). On 2nAtand  2A

the other hand, dephasing effects could explain the experi- tang = 2(1+tar o) =——siné#coso,

mental results if it were not for the behavior of these modes n( arte)  n

in the (11%) plane. If b=-2a holds, in the(ll%) plane we  which, for typical values ofA=0.01 andn=2.5, yields ¢
would expectl (90°)=(25/9a?>1,(0°)=a2 On the con- <0.3°. We will also neglect the anisotropy in absorption and
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TABLE |. Parameters of the modéb in degrees The &'s expected foln=476.5 and 568.4 nm from the
values at 514.5 nm are given in brackets, below the experimental values.

1
X (nm) 5 (001 5 (111 5 (115) b/a(Al) b/a(A?) b/a(Ad)
1 1 0.65

514.5 0 45 48
476.5 0 50
(48.5

568.4 0 41.5

(43.9

reflection coefficients, and assume the same value for the two €y = COSPr,+SinpBr,

waves. These parameters would appear as prefactors in Eq. ) ) )
(1). Since we are comparing only relative intensities, and/3 being a function ok, &, a, andb) and introduce again an
assuming that these factors are isotropic, we can negle€f ° factor to account for dephasing as the light travels back
them. toward the surface. On leaving the sample

To account for the phase difference we decompose the
polarization vectors of the incident and scattered lightg
into a sum of a component perpendicular to the optic axis|ntensities measured in parallel or in crossed configurations
which will be the electric field of the ordinary wave, and that can be found simply by projecting, onto either the incident
of the extraordinary wave, which is the remaining. Then, welight polarization vectoe,;, or onto a direction perpendicular
will introduce a phase to the ordinary component by multi-to e, given bye, =-sinar,+cosar, respectively. Then
plying it by a factore™?. With these considerations in mind 5 2
we can calculate by means of Ed) an expression for the l=leel® 1.=le &l
Raman intens_ity o_f the nonpolgr moc_ies as a function of theyiore explicitly, I, and |, are given by
polarization direction of the incident light within each plane.
We consider the general case as represented in Fig. 1 of light 1, =a° cos' a+ (acos 0+ b sir* 6)sin’ a
incident along a QirgctiokH(sin_e,sin 6,v2cos6) normal to +2a(acog 0+ b sir? O)sir? « cof a cos 25, (5a)
a plane of cubic indice&l1l), with | «cot 6. All such planes
intelrsect along thg-110] Qirection SO t.ha(001), (1112), and I, =sir? a cof af[a? + (acog 0+ b sir? 6)?
(115) planes can be obtained as particular cases of the gen- )
eral case. Within such a plane we take reference axes along ~ 2a(acos’ 6+ bsir? 6)cos 2)]. (5b)
the directions of polarization of the ordinary and extraordi-
nary waves, with unit vectors given by

e, = cospBe %, + sin fre.

The phase difference effect is contained in the last term of
each equation. If we maké=0, Eqgs.(2) are reproduced.
o= (1/\5)(_ 1,1,0 Sincengs=n, for the (001 plane, the conditiord=0 holds
° B exactly. Therefore, no dephasing effects should occur in this
PP~ : 5 plane, as observed. F@t11) and(11}) planes we can try to
re=(1/V2)(- cosf, - cosé, 2 sin6). reproduce the experimental angular dependencies shown in

If the polarization direction of the incident light is at an angle Figs. 3 and 4 by means of E¢&). As free parameters we

« from the[-110] direction, have the tensor components of each mode and the phase
_ difference 6. The parameter relatioa/b has been deter-
€ =COosar,tsSinare. mined from the intensities at=0 and 90°, where no dephas-

'pjg effects occur. We have therefore only one fitting param-

The ph iff h [ h
e phase difference between the ordinary and the extrao ter(5) for each plane. It must be noted thadepends only

dinary components as the light travels through the medium i§

introduced in exponential form on the value off, but not on the particular mode, so that a
_ unigue & value must fit the dependencies of all thrée
e, =cosa€ % +sinar,. modes within each plane. As seen in Figs. 3 and 4, the re-

producibility of the experimental dependencléa), as well

as the intensity relatioh(«)/1, (), are quite good, in spite

of the approximations made. The parameters which best re-

ey =Re/, produce the experimental results are given in Table I.
To test the reliability of our model we have performed

R being the Raman tensor for ea8mode. We now decom- rotational measurements for other wavelengths. Figure 5
poseey, as before, into its ordinary and extraordinary com-shows the spectra taken in parallel configurationad and
ponents, as 45° with \;=476.5 nm [in the (111) pland and \,

The polarization of the scattered light, just after the scatter
ing event, is given by
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tropy effects, depending on the parameter values, can either
enhance or reduce the angular variations of Raman
intensities.

Another interesting result derives also from our calcula-
tions: a qualitative estimate of the absolute value of the bi-
refringence can be obtained from the fitting valuedond
NIAS A Eq. (4) provided that the optical path is know[Since
A=56837mm (L11/2) appears through a co$2erm in Egs.(5) its sign cannot be
determined As an example, withh=514.5 nm and for the
(111) plane we have obtained\(in radiang=7/4, from
where Ad(in ©)=0.0643. Taking for instancel=10u we
would obtainA=0.00643.

A=4765nm (111)

0 120 160 200 240 280
Raman shift (cm”) The effect of optical anisotropy on the Raman selection
FIG. 5. Raman spectra of MnG®e, taken with\,=476.5 nm rules in uniaxial media has been calc_ulated and applied to
(upper graphand\,=568.4 nm(lower graph in parallel configu- nonpolar mOde_s of MnG&e, De_phasmg as high as 50°
ration ata=0 (continuous ling and 45°(dashed ling have been obtained. Two conclusions can be formulated from
our work. The first one is of basic interest and stresses the
=568.4 nm[in the (11%) plang. According to Eq.(4), a importance of taking into account the optical anisotropy for
higher value ofs should be found fok,; and inversely fon,,  the interpretation of Raman spectra in uniaxial media, even if
provided that both the birefringence and the optical path arghe birefringence is small. Otherwise, erroneous results con-
not strongly dispersive in that narrow region. From the rela<cerning mode symmetries and tensor elements can derive.
tive intensities of the spectra shown in Fig. 5 we obtainThe second one is of more practical interest: optical birefrin-
8(476.5 nm=~=50° and§(568.4 nm=41.5° which compare gence can be obtained from Raman measurements provided
fairly well with the values expected from those at 514.5 nmthat the optical path run by the light is known. This may be
through the relations=1/\, 48.5° and 43.4° for 476.5 and specially interesting for thin films if an accurate control of

IV. SUMMARY AND CONCLUSIONS

568.4 nm, respectively. film thickness is reached.
From these results it derives that the presence of a mini-
mum in |, for the threeA modes and the whole intensity ACKNOWLEDGMENT

for Al and A? are a consequence of the uniaxial character
of the material. Neglecting this fact can yield an incorrect We acknowledge financial support from research project
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