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FT-IR reflection spectra of single crystals: resolving phonons of
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Fourier-transform infrared (FT-IR) reflection spectra, asquired at nearnormal
incidence, were recorded from single crystals belonging to six crystal systems:
CsCr(SO4)2-12H20 (alum, cubic), KoCuCls-2H>0 (Mitscherlichite, tetragonal), CaCO3
(calcite, hexagonal), KHSO4 (mercallite, orthorhombic), CaSO4-2H20 (gypsum, mono-
clinic) and CuSQO4-5H70 (chalcantite, triclinic). The acquired IR reflection spectra were
further transformed into absorption spectra, employing the Kramers-Kronig transfor-
mation.! Except for the cubic alums, the spectra strongly depend on the crystal face from
which they were recorded; this is a consequence of anisotropy. Phonons of a given
symmetry (E-species, in tetragonal’/hexagonal and B-species, in monoclinic crystals)
may be resolved without using a polariser. The spectrum may be simplified in the case
of an orthorhombic crystal, as well. The longitudinal-optical (LO) and transversal-op-
tical (TO) mode frequencies were calculated? in the case of optically isotropic and the
simplified spectra of optically uniaxial crystals.

Keywords: reflection spectra, anisotropy, Kramers-Kronig transformation, phonons,
symmetry resolving, LO phonons, TO phonons.

INTRODUCTION

Infrared spectroscopy is a well-known tool in the study of crystals. It is
particularly useful in conjunction with diffraction (X-ray or neutron) studies, often
giving valuable complementary results. On some occasions,>~ IR spectroscopy
even appears to be more sensitive to the details of the crystal structure, than the
diffraction methods.%8

Studies of single crystals in polarised light give much more relevant informa-
tion (e.g., the direction of the transition dipole moment®-1%) resulting very often in
unequivocal assignment of the bands. Polarised IR reflection studies, on the other
hand, give the above but also additional information about the optical and dielectric
properties, as well as the magnitude of the LO-TO splitting.!!=13 Obviously,
reflection studies are advantageous since the information thus obtainable is beyond
the simple k& = 0 approximation.
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When a polariser is not available, it may seem that the use of reflection
spectroscopy is severely limited. The purpose of the present paper is to show that,
even then, lots of useful information may be gained from reflection spectra.
Providing a correct indexing of the crystal faces is possible, phonons of a certain
symmetry may be switched off or even, in favourable cases, only phonons of a
difinite symmetry may be resolved.

THEORETICAL CONSIDERATIONS

For the purpose of the present paper, the optical properties of crystals may be
best described using the Fresnel equation.!4.15 In the approximation of a non-mag-
netic and non-absorbing medium, this equation takes the form:

n2(gm, 2 + Eyny2 + &;n,2) —
- [anx2 (Sy TE)+ Sy”yz (Ext &)+ 52”22 (&x T sy)] T ExE)E; = 0 (1)
where 7 is the refractive index in the direction of propagation of the wave, ny, ny
and n; are its projections on the coordinate axes and €y, €, and €; are the principal

values of the permittivity tensor and are krown as principal dielectric axes. Two
special cases will be considered.

For cubic crystals, (€x = €, = €;), the Fresnel equation reduces to
nr=¢ 2)
In optically uniaxial crystals, (tetragonal and hexagonal crystallographic
systems), one of the primary dielectric axis is symmetry fixed (€; = €||), the other

two lie in the plane normal to this axis (&x = €, = €0). When light propagates in an
arbitraty direction, ordinary,

n*=en 3)
and extraordinary
1/n? = cos? O/ e+ sin? B/gy (4)
waves appear (0 is the angle between the wave vector of the incident radiation and
the symmetry axis).
When the light beam propagates parallel to the direction of high symmetry,

i.e., ny=ny, =0, only ordinary rays appear with the polarisation of the electric vector
perpendicular to the high symmetry axis (i.e., in the xy plane).

For optically biaxial crystals, (€x # €, # €z; orthorhombic, monoclinic and
triclinic), the Fresnel equation (1) holds in its original form. Some simplifications
can be applied according to the propagation direction of the incident wave.

In a real situation, the crystal is an absorbing medium, leading to complex
values for the permittivity and refractive index (N). For cubic crystals (and also for
uniaxial crystals, providing the light beam propagates along a direction of high
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symmetry), valuable information may be gained even with unpolarised light. The
important quantities are n and k, defined as:

N=n-ik 5)
that is, the real and imaginary part of the complex refraction index. These quantities
are further used to introduce the real and imaginary part of the complex permittivity,
€ and £" (¢ = £’ —ig"), in the following way:

& =n2 kK &"=2nk (6)

The last two quantities are used to define the conductivity (0) and resistivity
(p) functions

1

&

0 =WE(E;’; p= 2 .

wio%r) + (&)
whose maxima give the frequencies of the TO and LO phonons, respectively (0=
21TWv). Note that these two quantitics are not simply interrelated. Since it is only the
maxima of these functions that yicld important information, they are as a rule given
in arbitrary units.

(7

In practice, n and k are calculated from the reflection spectrum, using the
Kramers-Kronig transformation. All other quantities are then easily calculated.

EXPERIMENTAL

Single crystals of the cubic CsCr(SO4)2-12H20 alum, were grown from aqueous solutions of the
corresponding salts, taken in stoichiometric amounts. Commercially available Cs2SO4 and
Cr2(S04)3-18H20 of reagent grade purity were used. Large KoCuCls-2H20 crystals were grown from
aqueous solutions of KCI and CuClz-2H20. Pieces of calcite (CaCO3), and gypsum (CaSOg4 -2H0) were
cut from naturally grown minerals. Large KHSO4 single crystals of excellent quality were accidentally
obtained from used *chromosulfuric acid’ (originally, concentrated H2SO4 containing dissolved K2Cr207).
CuSO4-5H20 was simply recrystallized from water with a few drops of H2SO4. The (210) faces were
developed in CsCr(SO4)2-12H>0, (111) in KoCuCls-2H20, rhombohedral faces (10 14) were found in
calcite, both (113) and (001) in KHSOg4, (010) in gypsum and several different faces in CuSO4-5H20, which
were left unindexed. Crystal polishing was inevitable for calcite, K2CuCly-2H20O and KHSOg4, thus revealing
smooth and shiny (0001), i.e., (001) faces.

The IR spectra were recorded on a Perkin-Elmer System 2000 FT-IR interferometer using a
specular reflectance accessory, enabling spectra acquisition at near-normal incidence. All spectra were

recorded witha 4 cm ! resolution, taking 16 background and 32 (64) sample scans, depending on the
crystal size. The OPD velocity was 0.2 cm/s. The wavenumber accuracy was better than x1 em .

GRAMS2000'® and GRAMS386!7 software packages were used for spectra acquisition and
manipulations, including Kramers-Kronig transformation. The LO and TO frequencies were calculated
using a computer program written in Array Basic.!

RESULTS AND DISCUSSION
Optically isotropic crystals

The studied CsCr(SO4)2-12H20 alum (of B type) belongs to the cubic crystal
system, Pa3 space group.!® The symmetry of the metal cations is Sg, that of the
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sulfate tetrahedra is C3 and water molecules lie on positions of general symmetry.
Only modes of Fy, symmetry are IR active. Being optically isotropic, (Eq. (2)), it is
irrelevant from which crystal face is the spectrum acquired. Reflection at near-to-
normal incidence with unpolarised light, renders all relevant IR spectroscopic
information (Fig. 1a, b). As demonstrated by Ivanovski ez al.,20 the LO-TO splitting
(Fig. lc, d), varies between 0 and = 60 cm ™!, depending mainly on the transition
strength of the oscillator. For some modes (i.e., the antisymmetric SO4 strecthings),
this LO-TO splitting dominates over site-group and correlation field splitting,20-2!
while for other (i.e., the librational modes of the water molecules) the correlation
field splitting is dominant.21-22

Thus for cubic crystals, complete information beyond the unit cell group
approximation may be obtained with unpolarised light.

T T
3000 2000 1000
‘Wavenumber/cm™

Fig. 1. Spectra of CsCr(SO4)2-12H70: reflection a), absorption b), conductivity-0 ¢) and resistivity-
p d). All quantites are given in arbitrary units. The maxima in the last two curves give the frequen-
cies of the TO and LO phonons, respectively.

Uniaxial crystals

Of the studied crystals, the hexagonal calcite (space group R3¢23) and the
tetragonal KoCuCls-2H20 (space group Pdo/mnm?4) are uniaxial crystals. The
carbonate anions in the structure of calcite occupy positions of D34 symmetry, the
z-axis being perpendicular to the CO32~ plane. The local symmetry of the complex
anion [CuCla(H20)2]2~ is Don, the z-axis passing throught the copper and two
oxygen atoms. The IR active modes in both cases belong to the Ay, and Ey, symmetry
species, the former being z-polarised and the latter (doubly degenerate) is polarised
in the xy plane.

Only E modes are excited when the beam enters the crystal in a direction
parallel to the z (¢) crystal axis, Eq. (3), since the polarisation is necessarily in the
xy plane and only transition dipoles in the same plane may be excited. Consequently,
it is possible to “switch-off’ the symmetric bending CO3%~ vibration in calcite, or
the symmetric stretching and bending vibrations of the H»O molecules in Mitscher-
lichite, since the transition dipole moment in all these cases is parallel to the c-crystal
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axis. This condition is met upon reflection from (0001), i.e., (001) planes (cf. Figs.
2a, b and 3a, b, respectively). It is thus possible to resolve the E phonons in uniaxial
crystal without using polarised radiation. For these *pure’ E-spectra it is then casy
to calculate the 0 and p functions, the maxima of which give the frequencies of the
TO and LO phonons (Figs. 2¢, d and 3c, d).

I B
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Fig. 2. Spectra of calcite, CaCO3: reflection from the (1014) and (0001) faces (a and b, respectively), as
well as the conductivity and resitivity curves, for the (0001) reflection geometry (¢ and d).

T T T
3000 2000 1000
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Fig. 3. Spectra of KoCuCls-2H3O: reflection from the (111) and (001) faces (a and b), and the 0 and
p curves, for the (001) reflection geometry (¢ and d).

Biaxial crystal

Case i) Orthorhombic crystals. KHSO4 (mercallite) crystallises in the Pbca
group (one of the Doy, groups>>). There are two crystallographically different K™
and HSO4™ ions on positions of general symmetry.

If acquired from the (113) face, the spectrum contains phonons of By, Boy and
B3y symmetry (Fig. 4a). The spectrum is somewhat simplified, when acquired from the
(001) face, as in this case, according to equation (6), the z-polarised modes are
’switched-off” (¢f, Fig. 4b). These *missing bands’ are due to the B3y modes (E || ¢).

Case ii) Monoclinic crystals. Gypsum, CaSOy4 - 2HO, crystallises in the 12/a
space group (non-standard setting of the C2/c group®®). The metal cations are on



534 PETRUSEVSKI, IVANOVSKI and NAJDOSKI
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Fig. 4. Absorption (transformed reflection) spectra of KHSO4, acquired from the (113) and (001)
faces (a and b, respectively).

inversion centres, the sulfate groups lic on the C2 axes and the water molecules lie
on positions of general symmetry. The vibrational spectra of gypsum have been
studied extensively in the past,!2:2731 revealing unusually strong resonance
splitting of the HOH bending modes.

The IR spectrum of a powdered sample of gypsum is shown in Fig. 5a. Note the
strong resonant splitting of the HOH bending modes. However, when the spectrum is
acquired from the (010) face, the IR beam is parallel to the b crystal axis, which is in the
same time a symmetry axis (C2). Only vibrations with transition dipoles perpendicular to
the axis may be excited. Therefore, even with unpolarised light, only B,, phonons are
excited in this geometry. The spectrum is correspondingly simplified (c¢f. Fig. 5b).

Case iii) Triclinic crystals. Chalcantite, CuSO45H70O, crystallises in the P1
space group.32 The copper cations are on inversion centres, all other groups being
at positions of general symmetry. Since none of the diclectric axes is fixed by
symmetry and all IR active vibrations are of the same (Ay) symmetry type, it is
virtually impossible to make any presumptions about the spectral appearance upon
reflection from a certain face.

‘a
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Fig. 5. Absorption spectra of gypsum, CaSO4-2H>0: from KBr pellet a) and transformed from re-
flection, from the (010) face b).
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U3BO/

OYPUIE-TPAHCO®OPMHHU MHOPALIPBEHHN PEGIIEKCHMOHU CITEKTPU
MOHOKPUCTAIJIA: PAB[IBAJAILE POHOHA PA3IINYUTOI CUMETPUICKOLI TUIIA,
BE3 YITOTPEBE ITOJTAPU3ATOPA

BIIAIVMUP M. IIETPYIIEBCKU, BIAIMMUP NBAHOBCKHU n METOJIUJA HAJJOCKU

Tpupoono-maitiemaitivuxu axyaitieiti, Mncitiuitiyis 3a xemujy, Apxumedosa 5, i. ip. 162, 91001 Croiije, Maxedonuja

Canvibenn ¢y Pypuje-TpancchopMHE HH(MPAIPBEHN pehIICKCHOHN CIIEKTPH (IIPA CKOPO
HOPMAJTHOM YIajly CBETIIOCHOT CHOIA) PA3NIMIATHX KprcTamHux npuMepaka: CsCr(SO4)2:12H20
(me3mjyM-xpoMHa crurca, Kyomasna), KoCuCly-2H20 (Murdaepmaxut, TeTparoHanan), CaCOs3 (Kai-
T, XeKcaroHanan) KHSO4 (MepkamuT, opropomo6mdan), CaSO4-2H20 (Turic, MOHOKITMHITIAH) 1
CuSOg4 - 5H20 (xasKaHTUT, TPAKIMHIYAH). [J0OUBEHH CIIEKTPH CY AaJbe TpaHC(hOPMICAHH TOMOhY
Kpamepc-Kponurose Tpancopmanmje, anme ce fodujajy ancopnuuonu crieKTpru. OciM Kop
KYOUYHMX CTHIICH, PE3YJITAHTHYU CIEKTap jaKo 3aBUCH Ol IVbOCHH Off KOje ce Bpiuu pedliekcuja
(pesyarrar anm3orpommje). Poxonu onpebenor cumerpujckor tuma (E-cumerpuje, Ko onTuika
jemHoOCHuX U B-cnMeTpuje, KOj MOHOKJIMHIYHIX KPUCTajla) MOTY Jia C& OfiBoje Oe3 yiotupede
ioaapusaitiopa. CeKrap ce MOXe YIPOCTHTH U y CIIy4ajy OpTOPOMONYHIX KprcTaiia. PpeKBeH-
Ije JIOHTUTYMHAHAX ¥ TPAHCBEP3aJHUX OLTHUYKUX (POHOHA MOrY Jja Ce M3paduyHajy KOj Ky-
OMYHUX KpHCTaa i Kofi "ynponrheHux ' cekTapa ONTHIKY jeJHOOCHUX KPHCTAJIA.

(ITpumibeno 28. okTo6pa 1999, pesuaupano 17. janyapa 2000)
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