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A short-range force constant model has been applied using normal coordinate analysis to investigate the
Raman and the infrared modes in multiferroic MunWOQO4 having space group P2/c. The calculation of zone centre

phonons has been made with eight stretching and seven bending force constants.

The calculated Raman and

infrared wave numbers are in good agreement with the observed ones. The potential energy distribution has also
been investigated for determining the significance of contribution from each force constant toward the Raman and

the infrared wave numbers.

PACS: 61.50.Ah, 63.22.Dc, 63.70.+h, 75.10.Pq, 78.30.—j

1. Introduction

Multiferroic materials have recently attracted much at-
tention due to their unique magnetic and electric prop-
erties, i.e., coexistence of spontaneous polarization and
magnetization in the same phase. Simple tungstate
MnWOy is one of the well known magnetoelectric multi-
ferroics in which ferroelectricity is induced through the
non-collinear spin structure at low temperatures [1-3].

One of the advantages of studying MnWOy is that it
has only one kind of magnetic ion (Mn?") whereas other
multiferroic oxides usually have multiple magnetic ions,
thus hindering investigation of their magnetic properties.
With the advantage of single magnetic ion, we are pro-
vided with a clear window into the electromagnetic cou-
pling behaviour and are able to make simple analyses of
the magnetic field dependence and spin—orbit coupling
effects.

MnWO, has also been found a prospective material for
application as a humidity sensor and efficient catalyst for
organic dye photodegradation in sunlight [4-6].

The magnetic phases of MnWQy are characterized by
various antiferromagnetic (AF) states such that the first
antiferromagnetic phase appears below Tns ~ 13.5 K.
Successive magnetic phase transitions occur at Tng =
12.5 K and Tn1 = 6.5-8 K, forming three different anti-
ferromagnetically ordered phases: AF1 (T < Tn1), AF2
(TNl S T S TNQ), and AF3 (TN2 S T S TN3). These
magnetic phases have been characterized by neutron-
-scattering experiments, which have shown that AF1 has
a collinear up-up-down—down spin structure, AF2 has a
noncollinear spiral spin structure, and AF3 has a sinu-
soidal collinear spin structure [7, 8]. Spontaneous elec-
tric polarization occurs at AF2, which suggests that the
noncollinear spiral structure might be the origin of the
induced ferroelectricity in MnWQ,. The appearance of
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ferroelectricity in AF2 phase indicates the spin lattice
coupling and hence the investigation of phonons is very
much important. Therefore, many attempts have been
made to study the Raman and infrared phonons experi-
mentally [9-12]. As per our knowledge, first of all Iliev
et al. [9] had calculated Raman phonon frequencies by
using shell model but the infrared phonon frequencies
have not been reported by them. Choi et al. [12] ob-
served the infrared (TO) phonons for three different po-
larisation directions by conducting the Kramers—-Kronig
analysis and reflectance spectra but no assignment was
proposed for these infrared phonons. Maczka et al. [10]
predicted the Raman and infrared phonons for MnWQy,
with small amount of doping of Fe and Co on the ba-
sis of four-parameter model. They have also calculated
wave numbers for doped MnWO, with the help of ionic
shell model. Hence in this paper an attempt has been
made to study the Raman and infrared phonons of pure
form of MnWQ, by using the short range force constant
model for the first time in P2/c structure. For the study
of zone centre phonons, 8 stretching and 7 bending force
constants have been used. There is a very good agree-
ment between the theoretical calculated values and the
experimental values.

Further, our theoretically calculated values approach
more closer to experimental ones than the values reported
by Iliev et al. [9]. The contribution from each force con-
stant towards the Raman and the infrared wave numbers
is also determined with the help of potential energy dis-
tribution (PED).

2. Structure

MnWO, has wolframite crystal structure which be-
longs to group of tungstates, containing WQOg octahedra
[11, 13]. MnWOy crystallizes in a monoclinic structure
(space group symmetry P2/c = 13-C3p). The primitive
cell contains two formula units i.e. contains 12 atoms in
a unit cell. The structure is shown in Fig. 1. The lat-
tice parameters are a = 4.830(1) A, b = 5.7603(9) A,
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c = 4.994(1) A, B = 91.14(2)0, V = 138.8(1) A3 and
Z = 2 [14]. Table I represents the site symmetry, atomic
coordinates [14] and the phonon contribution at the I’
point.

The total number of zone centre phonon modes present
for each species of space group is

Ftotal = 8Ag + 10Bg + 8Au + ].OBu

Out of these 1A, + 2B, are acoustical modes.
active optical modes are given as

Foptical = SAg + ].OBg + 7Au + 8By.

Further 844,108, are Raman active and 7A,, 8B, are
infrared active modes.

So the

Fig. 1. Crystal structure of MnWO,.

TABLE 1
Site symmetry, atomic coordinates for MnWQy4, and phonon contribution at I" point.

Atoms Sites X Y Z Phonon contribution at point
Mn 2f 0.500 0.6856 0.250 Ag +2Bg + Au + 2By
W 2e 0.000 0.1800 0.250 Ag +2Bg + Au + 2By
o1 4g 0.211 0.1020 0.943 3Ag + 3Bz +3A, + 3By
02 4g 0.250 0.3740 0.3933 3Ag + 3Bz +3A, + 3By

Symmetry coordinates of MnWOy4 in P2/c structure.

TABLE II

Species S. No. Symmetry coordinates Species S. No. Symmetry coordinates
Ag All
1 (Mn1, - Mnay,)/v/2 19 (Mn1,+ Mnay,)/V2
2 (Wiy - W2y)/\/§ 20 (Wiy + W2y)/\[
3 (Olix - Ol2x - Olszx + Olux)/2 21 (Olix - Olax + Olsx - Olux)/2
4 (Oliy + Olay - Olsy - Olay)/2 22 (Oliy + Olay + Olsy + Olay)/2
5 (Ol1z - Olzz - Olsz + Olaz)/2 23 (Ol1z - Olaz + Olzz - Olyz)/2
6 (021x - O22x - O23x + O24x)/2 24 (021x - O22x + O23x - 024x)/2
7 (021Y + 022Y - O23Y - 024y)/2 25 (021Y + O22Y + 023Y —+ 024y)/2
8 (0212 - 022z - 023z + 024z)/2 26 (0217 - 0222 + 0237 - 0242)/2
B, B,
9 (Mnix - Mn2x)/v2 27 (Mnix + Mn2x)/v2
10 (Mniz - Mnaz)/v2 28 (Mniz + Mnaz)/v2
1 (Wix - Wax)/V2 29 (Wix + Wax)/V2
12 (Wiz - Waz)/V2 30 (Wiz + Waz)/V2
13 (Olix + Olax - Olsx - Olyx)/2 31 (Olix + Olax + Ol3zx+O014x)/2
14 (Ol1y - Olay - Olsy + Olyy)/2 32 (Oliy - Olay+0O1sy - Olsy)/2
15 (Oliz + Olaz - Olsz - Olaz)/2 33 (Oliz + Olaz + Olsz + Olaz)/2
16 (021x + 022x - 023x - 024x)/2 34 (02:1x+022x + 023x + 024x)/2
17 (021y - 022y - 023y + 024y)/2 35 (021y - O22v+ O23y - O24v)/2
18 (0212 + 022z - 023z - 024z)/2 36 (02127 + 0222 + 023z +0242)/2
[
3. Theory |FG — EX =0,

The present normal coordinate analysis is based on the
Wilson—-GF matrix method and makes use of Cartesian
symmetry coordinates [15]. The eigenvalue equation is
given by

where F' is a matrix of force constants and thus brings
the potential energies of vibrations into the equation, G
is a matrix that involves the masses and certain spatial
relationships of the atoms and thus brings the kinetic
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energies into the equation, F is a unit matrix and A which
brings the frequency v into the equation is defined by:
\ = 4n?t

The matrix F' was constructed by using short-range
force constant model (SRFCM). The short-range forces
are the forces that are effective up to certain neighbours
only. Their magnitude diminishes generally after the
second-neighbour inter-atomic interactions. The stretch-
ing forces between two atoms were assumed to be obeying
the Hooke law. The stretching forces alone are not ade-
quate to account for transverse vibrations in the lattice
and therefore bending forces were included in the calcu-
lation. In this model bending forces are considered to
arise from the resistance to the deformation of the angles
of the triangles formed by atoms with its two neighbours.
To evaluate the changes in the angles of a triangle, a com-
parison is made between the triangle in the equilibrium
position and the projection of the deformed triangle onto
the equilibrium plane.

TABLE III
Interatomic force constant values for MnWOQOu4.
Coordina- Interatomic Force
Force Between tion distance constant

constant atoms number [A]/angle” values
[N/cm]

Ky W-02 4 1.784 3.701
Ko W-01 4 1.911 2.196
Ks Mn-O1 4 2.104 1.283
Ky W-01 4 2.137 1.224
K5 Mn-02 4 2.161 0.421
Kg Mn-0O2 4 2.285 0.252
K~ 02-02 2 2.781 0.131
Kg ‘W-Mn 4 3.734 2.314
H, 01-Mn—-0O2 4 87.88 0.065
Ho> 01-Mn—-02 4 95.71 0.284
Hs O1-W-02 4 96.16 0.120
Hy 0O1-W-Mn 4 27.36 0.335
Hs 0O2-W-Mn 4 156.26 0.123
Hg W-01-W 4 106.63 1.405
Hr Mn-W-01 4 61.37 0.290

* Angles are in degrees.

Potential energy includes short range stretching forces
between W-02, W-01, Mn-01, Mn-02, 02-02,
W-Mn, atoms and bending forces between O1-Mn-02,
01-W-02, O1-W-Mn, O2-W-Mn, W-0O1-W and
Mn-W-01 atoms only. The input parameters used for
the calculation are the lattice parameter, mass of the
atoms, and symmetry coordinates. The symmetry coor-
dinates for the Raman and the infrared modes at zone
centre are given in Table II, for the first time in mon-
oclinic P2/c¢ structure. The short-range force constants
are optimized to give the best fit of the observed Raman
and infrared wave numbers. These inter-atomic force
constants so obtained are presented in Table III.

4. Results and discussion

In this work we have calculated the Raman as well
as the infrared modes using the force constants given in

Table III. These values are compared with the exper-
imentally determined Raman modes by Iliev et al. [9]
and infrared modes by Maczka et al. [10] in Table IV.
It is obvious from Table IV that there is a good agree-
ment between the theory and the experiment for both
Raman and infrared modes, establishing the present cal-
culations. The potential energy distributions for each
mode are investigated to determine the contribution of
different force constants to various frequencies. The in-
terpretations drawn from the PED are described below.

The force constant W-O1-W contributes in dominant
way for the high frequency mode i.e. 839 cm™! of A,
mode, 846 cm™! of B, mode, 845 cm™! of A, mode,
885 cm ™! of B, mode. For frequencies 694 cm™! of A,
695 cm™! of By, 695 cm™! of A, and 695 cm™! of By,
W-02 force constant plays an important role. From the-
oretical calculations, W—O1 force constant were found
as leading force constant for frequencies 519 cm™! of Ay,
539 cm ! of Bg, 529 cm ™! of A, and 533 cm ™! of B,,. For
frequencies 392 cm ™' of A, 380 cm™! of B, 406 cm ™!
of A, and 411 cm~*! of B,, force constant W-Mn is of
utmost significance. It is important to mention that an
important W—Mn bond, when not considered, the lowest
frequency of B, was obtained very small as compared to
the experimental value. Force constant O1-W-02 plays
a vital role for lower frequencies 148 cm™! of Ay, 94 cm™!
of Bg, 157 cm™! of A, and 123 cm ™ of B,.

It is important to mention that the shell model uses
more number of parameters than the present short-range
force constant model. Also, the overall agreement ob-
tained in the present calculations with the experiment is
better than the shell model calculations. It is important
to note that the present calculated values in the range
(400-500 cm™1!) are in close agreement with the experi-
ment when compared with the calculated values due to
Iliev et al. [9].
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TABLE IV
Calculated and observed Raman and infrared active zone centre modes (in cm™") for MnWOj.
Species Observed Present calculated . Calculated wave numbers Tcxggti%?llgiizt
wave numbers wave numbers by Iliev et al. [9] and Maczka et al. [10]
as per PED

Aga 129 148 125 Hs — 34%, H1 — 20%
Ag 2 206 183 195 Hs — 39%, K3 — 22%
Ags 258 269 280 Hr — 30%, K5 — 20%
Aga 327 317 330 Hy — 23%, Hy — 14%
Ags 397 392 453 Ks — 61%, Hr — 14%
Ag 6 545 519 551 Ko — 43%, K4 — 34%
Ag7 698 694 639 K1 — 85%, H, — 3%
Ass 885 839 830 He — 54%, K35 — 20%
Ba 89 94 123 Hs — 38%, Ko — 21%
Bg 2 160 131 150 Hy; — 19%, Ks — 18%
Bgs 166 190 173 Ky — 22%, Ho — 16%
By 177 211 248 Ky — 19%, Hi — 16%
Bgs 272 208 309 Ks — 29%, Hs — 21%
Bas 204 334 334 Hr — 20%, Hs — 17%
B 7 356 380 406 Kg — 38%, H> — 28%
Bgs 512 539 482 Ko — 49%, K4 — 31%
Beo 674 695 674 Ky — 88%, Hy — 4%
Bg 10 774 846 758 He — 51%, K5 — 21%
Au 0.0 0.0 0.0

Auz 182 157 156 Hs — 32%, Hi — 28%
Aus 307 262 246 H7 — 23%, Hs — 22%
Aus 348 319 410 Hy; — 29%, H; — 23%
Aus 420 406 455 Kg — 58%, Kz — 14%
Aue 495 529 547 Ky — 44%, K4 — 35%
Aur 656 695 671 K1 — 84%, H> — 4%
Aus 861 845 837 Hs — 54%, K3 — 19%
Bu1 0.0 0.0 0.0

B2 0.0 0.0 0.0

Bus 152 123 163 Hs — 47%, H1 — 32%
Bua 248 223 206 Hs — 24%, H7 — 36%
Bus 280 279 263 Ks — 47%, Hs — 16%
Bus 324 333 323 H; — 26%, Hx — 25%
Bur o 411 467 Ks — 43%, K3 — 18%
Bus 577 533 576 Ko — 42%, K4 — 36%
Bug 739 695 K1 — 85%, H» — 5%
Buio 885 885 Hs — 53%, Ks — 1%
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