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The second-order Raman spectrum of MgO at room temperature is reported for different
polarizations and crystal orientations. The parts of the scattering polarizability transforming
as Ay, Eg and Ty, are separated and compared with features in the two-phonon dispersion

curves at the critical points I', X, L, and W.

INTRODUCTION

The lattice dynamics of MgO has been the subject
of extensive experimental and theoretical investiga~-
tions as can be seen from the numerous publications
on the subject. These have included studies of
neutron scattering, 12 infrared absorption, ** and
vibronic transitions of impurity ions. *-® However,
there is a lack of reliable Raman data -~ those re-
ported previously being in error® or incomplete. °

MgO has the rocksalt structure and hence shows
no first-order Raman effect. The second-order
spectrum has been clearly identified, and is re-
ported here for different polarizations and crystal
orientations. The strong features are considered
to arise from points of high density of states near
critical points in the Brillouin zone and, therefore,
comparison is made to the two-phonon dispersion
curves which have been constructed with the help
of neutron data. 2

EXPERIMENTAL

The exciting source was a Spectra Physics
model 141 argon ion laser, which gave a multimode
power of 300 mW in the 4880-A line. The beam
was focused on the crystal with a 3-cm-focal-length
lens. An f/1.5 cone of light scattered at right
angles was collected and dispersed by a Spex 1401
double monochromator. It was detected by a cooled
ITT FW 130 photomultiplier using photoncounting
techniques. The incident beam passed through a
narrow bandpass interference filter in order to

keep the nonlasing A* lines from distorting the spec-
tra, and then through a double Fresnel rhomb.
With the latter device the direction of polarization
of the incoming beam could be rotated by 90°. The
scattered beam was analyzed by a Polaroid sheet
placed in front of the entrance slit. The final scans
were recorded at a speed of 3 A/min with a 5-sec
time constant and a spectral slitwidth of 8 cm-,
Initially spectra were taken of six different MgO
crystals and with three different laser lines. Two
of the crystals were deliberately doped, the re-
maining four not. However, these crystals had all
been grown in an electric arc furnace and are known
to contain numerous kinds of impurities, !! At
least the coarse structure consisting of five broad
‘peaks and one comparatively narrow one nearly at

- the center was observed in each case.

Two further phenomena were exhibited by every
crystal and with every laser line: (i) The low-
lying band peaked at 128 cm™, and (ii) a fluorescend
background. Both can be seen in Fig. 1.

The intensity of the low-energy band varies little
from sample to sample. It is assumed to be a dif~
ference band and is under further investigation.

The fluorescence background represents the short-
wavelength side of a broad smooth emission band,
which reaches its peak at around 6000 A, Its in-
tensity varies from sample to sample and also
within one specimen from point to point. This
emission is thought to be caused by some imperfec-
tion which is present in all crystals but whose con-
centration is not constant. The final spectra, which
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FIG. 1. Raman spec~-
trum of MgO at room
temperature; instru-
mental slit width 8 cm™.
Note the relative strength
of the fluorescence back-
ground to the Raman
features. The low-fre-
quency peak at 128 em™!
is probably a difference
band.
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are reproduced in Figs. 1 and 2, were all taken
from the same crystal. It was nominally pure with
the convenient size of 27X8x4 mm and was cut
perpendicular to the (100) directions. In addition,
it had one face perpendicular to [110]. In this way,
while the direction of the incident beam was kept
constant at k,II[001], the scattered beam could be
chosen either along K, Il [100] or K, Il [110].

MgO has O, point-group symmetry and hence!?
the polarizability tensor has the irreducible repre-
sentations A,,, E,, and Tp,. For the two orienta-
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FIG. 2. Second-order Raman spectrum of MgO at
room temperature for four different geometries using
the 4880-A argon ion laser line. Note that the zero has
been displaced by a constant amount as can be seen by
comparing Fig. 1 with (a) above. The peak positions
and features are numbered with their positions in wave
numbers given in trace (d); the weaker features indicated
have been confirmed by comparison with several other
traces.
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tions just described the Raman-intensity matrices'®*

of modes which transform like these representa-
tions are compiled in Table I. The elements are
directly proportional to the relative intensity of the
Raman-active modes. They are obtained by (a)
transforming the Raman tensors'? to the laboratory
frame of reference; (b) squaring the elements;

and (c) in case of degenerate modes, adding them
together. The laboratory system of coordinates is
defined by the incident beam as Z axis and the
scattered beam as X axis. An inspection of these
matrices verifies immediately which type of “modes”
or combination thereof is selected by the choices
of crystal orientations and polarizations of Figs.
2(a)-2(d). For convenience they are listed in
Table II.

Figures 2(b) and 2(c) display solely an E, and a
Ty, spectrum. The A;, spectrum can never be ob-
tained alone, and with the crystal orientations used
some E, contribution is simultaneously present.
This can be subtracted out; the result of doing so
is seen in Fig. 3. A fourth spectrum, Fig. 2(a),
is included as a check of the consistency. It con-

TABLE I. Raman-intensity matrices.

Irreducible N .
representation k | [100] k|l [110]
1 00 1 0 0
Ay a o 10 a?fo 1 0
0 0 1 0 0 1
4 0 0 1 3 0
E, b2l 0 4 0 b 3 1 o
0 0 4 0 0 4
0 1 1 1 0 1
Ty @l 1 01 afo 11
1 1 0 1 1 0
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FIG. 3. Comparison of the two~phonon dispersion curves and second~order Raman spectrum. The dashed curves in
the left-hand diagrams give the one-phonon dispersion curves (which had been constructed as described in the text).
They are labeled according to their space-group symmetry. From these the two-phonon dispersion curves are con-
structed and labeled again as to their space-group symmetry — left'as a direct product (or symmetric product for those
with braekets) of the symmetries of the two one-phonon states. In the seven columns at the center, features from the
critical points I', X, L, and W are indicated as to position and separately as to their transformation property. On the
right-hand side are the experimentally determined distributions Ay, E,, and Ty, (where the fluorescence background
is subtracted). '

tains one unit each of A, E,, and Ty. comes K, +K, ~NK, where K is a reciprocal-lattice
All spectra were chosen such that the analyzer vector and N may be zero. Thus K, and k, are only
passed the Y component of the scattered radiation. required to be members of the same star. The

This was done purposely in order to take advantage

of the more sensitive direction of the monochro-

mator. At the same time it avoided the insertion TABLE II. Selected polarizations. The directions of

of a polarization scrambler or the application of a polarization are expressed in the standard way (Ref. 15),

correction factor. with the letters indicating the direction of propagation of
The crystal was always held at room temperature. the incident and the scattered light being om'itted, since

Cooling to liquid-nitrogen temperature revealed they were kept constant at Z and X, respectively.

no apparent change in the structure or in the rela- ~ Orientation  Polarization Modes Figure
tive strength of the main peaks. The whole spec~ Kl [110] ¥,7) Aggt Eg+ Ty 2(a)
trum was shifted slightly towards lower energies :
by an amount less than the spectral slitwidth. X, 7) 3E, 2(b)
DISCUSSION
kgl 11001 X,7) Ty, 2(c)

In the two-phonon Raman effect, momentum con-
siderations do not restrict the phonon wave vectors .7 A +4E 2(d)
to k~0. Rather, the conservation of momentum be- L
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spectrum is expected to show structure which cor-
responds to the Van Hove singularities'®’!” in the
combined density of states of pairs of vibrational
modes which are associated with critical points in
the w(k,)+ w(K,) dispersion curves (proper selection
rules being taken into account). It is often as-
sumed!® that most of the structure in the observed
spectra originates from the analytical critical points
(X, L, W) near the Brillouin-zone boundary.

We have therefore constructed two-phonon disper-

TABLE III. Selection rules for Raman polarizability
and infrared activity for MgO. The brackets around
terms in the infrared-active column indicate they drop
out when considering symmetric products.

Two-phonon Infrared
combination . Raman polarization active
X; @ X - A, + Eg
Xi® Xg T
X5 2 Xj Ay +2E, + Ty
Ly e LY Atg + Toe
Ly ® L3 E, + Ty
Lie L3 yes
Ly L3 yes
[L3)? Ajg + E; +2Ty,
Ly ® L3, LY ® L3 yes
L; ® Lj Agg + Ty
L; ® Lj E, + Ty,
L;)? Ajg + E; +2Ty,
Wi ® Wi, Wy @ Wy A + E,
Wi® W E, yes
Wi @ W3, W ® Wy Ty yes
W3 © W3 Ajg +2E, + Ty, [yes]
Ay @ A A + E, yes
Ay @ Ag Ty yes
A5 ® 45 A + E; + Ty [yes]
1 @2y, T30 2, Ay + E, + Tog [yes]
2402y
;923 Ty yes
Z3 @ Zq Ty
iR Z, E, yes
At e A Atg + Ty lyes]
Ay @ A E, + Ty yes
A; ® Ag A + Ep +2Ty, [yesl]
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sion curves (Fig. 3)¥ based on the neutron diffrac-
tion data of Peckham! and Sangster, Peckham, and
Saunderson, ? and also shell-model dispersion
curves!! where no neutron data exist.

The representation formed by the pairs of phonons
taking part in the second-order scattering process
can be reduced to a sum of irreducible representa-
tions.?® If this sum contains terms with the same
symmetry as the polarizability tensor, the two-
phonon state is Raman active. As noted above, the
polarizability tensor for O, symmetry transforms
as Ay + E + Ty,. The Raman-polarization selection
rules for the two-phonon species at X, L, W, A,

%, and A are given in Table III. For the particular
points I'y X, L, and W, these are repeated in Fig.

3 in a more convenient form. This information
coupled with the experimentally determined polar-
ization characteristics of each second-order peak
(Fig. 3) should shed some light on which critical
points in the Brillouin zone contribute to the second-
order scattering. It should be noted that besides
the analytic critical points at I', X, L, and W, there
are undoubtedly contributions to the scattering
coming from other high-density-of-states points
along the zone boundary and within the zone. The
extent to which these points contribute to the ob-
served spectra is unknown,

It is clear, however, after a brief inspection of
Fig. 3 that the dispersion curves compare favor-
ably with experiment, Both the start and the end
of the spectrum agree well with that expected, There
is a gradual increase with an initial peak at 592
cm™ corresponding with the lowest flat regions in
the phonon dispersion curves at L(602 cm™) and
X(570 cm™), and at the high-frequency end of the
spectrum a cutoff with the anticipated shape and
position around 1440 cm, = The first principal
peak, predominantly A,,, at 742 cm™ agrees with
a two-phonon dispersion branch which intersects

the zone boundary at X with an energy of 744 cm-..
The shoulder at 712 cm™ could come from the over-

tone of the transverse optic branch at L(720 cm™t).
Both of these features are predicted to have scatter-
ing polarizabilities containing each of the three
irreducible representations A;,, E,, and T,,. There
is evidence of seeing the same structure in all
three polarizations, but the features are not nearly
so predominant in E, or T,,. The next significant
peak (No. 4, Fig. 2) at 801 cm™! seen in all polar-
izations agrees with two features in the dispersion
curves at I'(788 cm-!) and W(806 cm™!) which are
allowed by symmetry for all three polarizations.
Perhaps the latter of these is preferred as it arises
from the point W at the zone boundary where the
density of phonon states is expected to be larger
than at the zone center I'. Between 825 and 895
cm™ there are six peaks including the predominant
feature of the spectrum at 895 cm™. In the phonon
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dispersion curves there are also six features in
this region, but they are much closer together,
lying between 855 and 886 cm™. Only three are
predicted to be visible in A,,, whereas all six are
seen in the A,, distribution. Hence, some of the
structure must arise from other points in the Bril~
louin zone. The strong sharp peak of A,, character,
however, would appear to arise from the overtone
of the longitudinal optic branch which is exception-
ally flat between X and W, varying from 886 to

880 cm™!, For the other two symmetries the cor-
respondence of the number of peaks is better; for
T, four are expected and four are actually seen,
and for E, four are predicted of which at least two
are clearly seen. Proceeding to 975 cm™ (peak
No. 12), there is another strong peak in the 4,,
polarization, It is presumably associated with a
flat region in the dispersion either at X(984 cm™)
or at W(990 cm™), but it is difficult to decide be-
tween the two alternatives. The strong T,, peak
(No. 13), at 1019 cm™, which also appears in the
E, spectrum but not in A,,, presents a slight mys-
tery. Its position does not agree very closely with
any predicted feature and leaves as a possible
choice a branch at 1032 or at 997 cm™!, However,
both of these points are forbidden in E, and hence
attributing the peak to either must be considered
doubtful. Lastly, there is the strong A;, band
peaked at 1098 cm-! which stretches out on the high-
energy side with a cutoff, as mentioned earlier,
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around 1440 cm™., This peak position makes excel-
lent comparison with the 4,, features at

T'(1114 cm™) and X(1108 cm™). There remains
some weak structure, such asthatat926, 1046, and
1149 cm™, which does not correspond with anything
at the critical points considered and probably arises
from elsewhere in the Brillouin zone,

Considering the lack of exact energy positions for
some of the phonon dispersion curves, the number
of assignments which can be made is quite satis-
factory, and there is substantial evidence in support
of the idea that most of the Raman scatter arises
from around the critical points X, L, and W (and
perhaps T').

CONCLUSION

The polarized second-order Raman spectrum of
MgO has been recorded in detail. The data sup-
plement previous investigations of the lattice dy-
namics of MgO by neutron and infrared measure-
ments. A comparison was made to the two-phonon
dispersion curves constructed with the help of these
latter measurements. It was concluded that the
majority of the strong features in the spectrum
arose from scatter in the neighborhood of the crit-
ical points I'y X, L, and W - as generally assumed,
The analysis is very promising and would appear
to present an ideal opportunity for those working
with the lattice dynamics of MgO to test theoretical
calculations of the polarizability tensors.
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