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Raman-scattering measurements on single crystals of K,S0,, Rb,S0,, and Cs,SO, have been made at
both room and liquid-nitrogen temperatures. Lattice-dynamical calculations, based on a rigid-ion model
using the Gordon-Kim method to calculate the short-range potentials, were performed. The influence of
the alkali-metal ions on the lattice-dynamical properties of the crystals is discussed.

I. INTRODUCTION

At room temperature M,SO, (M =K,Rb,Cs) crystals
belong to the orthorhombic symmetry group Pnam, with
four molecular units per unit cell as shown in Fig. 1.
This is usually called the 3-K,SO, structure. Not only
alkali-metal sulfates, but a large number of other com-
pounds with the general molecular formula 4,BX, also
have this structure. One very interesting property
demonstrated by some of these compounds is the incom-
mensurate phase transition that many of them exhibit.
Typical of these, and also the most studied, is K,SeO,.
However, in spite of their similarity in crystal structure
to that of K,SeQ,, the three alkali-metal sulfates M,SO,
(M =K,Rb,Cs) do not undergo any known incommensu-
rate phase transitions. Thus a systematic and detailed
study of these crystals for comparison with others among
this isomorphous group could give further insight into
the driving mechanism of these incommensurate phase
transitions as well as provide information about the
influence of the properties of specific ions on crystal
lattice-dynamical properties.

The room temperature structure of the K,SO, crystal
is Pnam.! At 860 K, it transforms into a hexagonal
phase. A phase transition at 56 K was observed by Gesi,
Tominaga, and Urabe? and was suggested to be not in-
commensurate.

The first complete Raman spectra of K,SO, were re-
ported by Debeau® for room temperature. A Raman-
scattering measurement on Cs,SO, at room temperature
was made by Venkateswarlu and Broida.* Montero,
Schmolz, and Haussuhl® measured the Raman spectra of
K,S0,, Rb,80,, Cs,80,, and T1,SO, at room tempera-
ture and of K,SO, and T1,SO, at 80 K. They observed a
linear relation between the internal mode frequencies and
the electronegativities of the cations and that the varia-
tion of the frequencies of the external mode from crystal
to crystal was well correlated to the masses of the cations.
Scrocco® performed Raman measurements on K,S0, at
87 K and room temperature, but did not report complete
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spectra.

In this paper we report the results of Raman-scattering
measurements and lattice-dynamical calculations on the
alkali-metal sulfate crystals K,SO,, Rb,SO,, and Cs,SO,.
The Raman measurements were performed at both room
and liquid-nitrogen temperatures. Lattice-dynamical cal-
culations were carried out for all three crystals. The cal-
culations are based on a rigid-ion model using Gordon-
Kim short-range pair potentials, which has recently been
extended to molecular ionic crystals.”® In Ref. 8 this
method was used for lattice-dynamical calculations on
K,SO, to pinpoint important differences in the lattice-
dynamical properties between incommensurate K,SeO,
and commensurate K,SO,. In this paper the calculations
are extended to two other alkali-metal sulfates Rb,SO,
and Cs,SO,. It is shown that the calculations successfully
predict structure and dynamical differences among the
three crystals that are in general agreement with the ex-
perimental results.

C

Qa

FIG. 1. Crystal structure of Pnam K,SO,.
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II. EXPERIMENTAL PROCEDURES

Raman-scattering measurements were made with a
Spectra Physics 2016 argon-ion laser. The 514.5-nm line
was used throughout this experiment. The laser power
incident on the sample was about 80 mW. The sample
was mounted in an exchange-gas-coupled liquid-nitrogen
cryostat with computer-controlled temperature to within
0.1 K, which enabled Raman measurements to be made
from 78 K to room temperature. A Spex 1401 75-cm-
focal-length, f /6.8, double monochromator, combined
with a thermoelectrically cooled photomultiplier, was
used to collect and detect the scattered light. The slit
widths of the monochromator used give a resolution of
about 2.0 cm ™~ !. The photon-counting time was about 10
s at e;ach frequency, and the scanning was in steps of 0.5
cm™ .

The crystals used were all grown from aqueous solu-
tion by evaporation at constant temperature or with slow
cooling. Rb,SO, and Cs,SO, powders used for crystal
growing were obtained from Aldrich Chemicals Com-
pany with purities of 99.9%. K,SO, powders were ob-
tained from Fisher Scientific Company with a purity of
99%. The crystals were polished into rectangular prisms
with the surfaces perpendicular to the crystal axes.
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Buehler microcloth and 0.05 um Al,O; slurry were used
for polishing. The directions of the crystal axes were
identified with two polarizers. The orientations of the
crystals were determined by comparing their Raman
spectra with known results. The samples usually had di-
mensions of several millimeters in each direction.

III. EXPERIMENTAL
AND CALCULATION RESULTS

The measured Raman frequencies of the three alkali-
metal sulfates are listed in Tables I-III, together with the
calculated values. The Raman spectra of the three crys-
tals at liquid-nitrogen temperature in the external mode
region are plotted in Figs. 2-4. According to the factor
group analysis,” the number of external modes should be
7Ag, 7B 1g° 5B2g, and 5B3g. All the Ag external modes
were identified for all three crystals, as were the B,, and
B, external modes. There should be the same number of
B, external modes as A4, external modes; however, not
all could be identified. All of the internal modes of the
three crystals were identified.

The details of the calculation method to treat molecu-
lar ionic crystals were given in Refs. 7 and 8. The basic
concept is to give separate consideration to intramolecu-

TABLE I. Experimental and calculated Raman frequencies of K,SO, (in cm™!).

4, B,

298 K 78 K Calc. 298 K 78 K Calc.

50 52 58 90 92 109

97 97 119 96 140

105 129 106 110 147

110 113 141 115 117 169

132 134 170 196

162 187 208

164 172 220 225
448 450 491 454 455 507 v, of SO~
618 617 681 620 620 687 v, of SO~

628 630 693 634 635 707
985 989 1049 v, of SO~
1096 1099 1208 1112 1114 1219 vy of SO}~
1148 1152 1220 1169 1171 1231 v; of SO~

B, B3g

298 K 78 K Calc. 298 K 78 K Calc.

78 69 74 74 34

107 107 105 96 94 73

134 141 121 105 105 120

147 161 144 154

159 165 199 142 148 180
457 457 486 458 459 500 v, of SO2~
622 623 684 622 622 691 v, of SO2~
1111 1115 1214 1108 1112 1210 vy of SO~
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lar and intermolecular interactions. The starting point is
to perform electronic calculations for the whole molecu-
lar ion SOﬁ— in the present case, to obtain realistic elec-
tron charge distributions and effective ion charges that
contain the effect of electronic covalency. These distribu-
tions are used to describe intermolecular interactions in
the same spirit as the original Gordon-Kim electron-gas
model. These calculations also provide a harmonic ex-
pansion of the total energy of the molecular ion, which is
used to describe the intramolecular interactions. The
electronic calculations were performed using the software
package GAUSSIANS6.° The electron charge densities for
the alkali-metal ions K and Rb* are from Ref. 10, and
that for Cs™ are calculated with the software of Liber-
man, Cromer, and Waber.!! The effective ion charges
used for the alkali-metal ion M+ was =+ 1.0, and those for
the oxygen and sulfur ions were obtained from the elec-
tronic calculation of the SO,2~ group using the Mulliken
population analysis method. The effective ion charge
found for the oxygen ion was —0.9700 and for the sulfur
ion 1.8801.

First, the crystal under consideration was statically re-
laxed by minimizing both the total forces acting on each
ion and the stresses to get a stable equilibrium structure.

Then the vibrational frequencies of the crystal were cal-
culated for the relaxed structure. The calculated struc-
ture parameters for the three alkali-metal sulfate crystals
are listed in Table IV. The calculated Raman frequencies
are listed in Tables I-III with the experimental values.

IV. DISCUSSION

The three alkali-metal sulfates K,S0,, Rb,80,, and
Cs,S0, have the same negative ion radical and have the
same crystal structure. The only differences among the
three crystals result from the properties of the positive
metal ions. Different alkali-metal ions have different
masses and different electronic structures. These factors,
especially the electronic structure, have major influences
on the lattice-dynamical properties of the crystals. Since
all three alkali-metal ions have closed-shell electronic
structures, the major differences in the electronic struc-
ture of the three alkali-metal ions can be well described
by ionic radius, electronegativity, and the polarizability
of the inner-shell electrons. The values of the masses,
ionic radii, electronegativities, and the ionic polarizabili-
ties are listed in Table V. It can be seen that the
differences in ionic radii are larger than the differences in

TABLE II. Experimental and calculated Raman frequencies of Rb,SO, (in cm™!).

Ag B 1g
298 K 78 K Calc. 298 K 78 K Calc.
46 47 48 71 71 80
69 70 87 75 104
76 95 92 92 115
81 81 98 111 115 130
115 118 136 147 141
122 128 148 166
128 136 172 176
445 446 488 450 450 502 v, of SO~
613 613 677 617 617 684 v of SO2~
623 623 688 630 630 704 vy of SO2
977 980 1045 v; of SO2~
1091 1093 1207 1103 1105 1218 vy of SO,2~
1132 1135 1218 1151 1154 1230 vy of SO,
By, B,
298 K 78 K Calc. 298 K 78 K Calc.
65 64 64 63 63 48
74 74 83 78 76 75
108 108 99 106 90
123 130 150 116 122 135
137 155 124 129 141
454 454 485 455 455 496 v, of SO~
618 618 682 618 618 688 v, of SO2~
1102 1104 1213 1100 1103 1208 v; of SO.2~
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Raman Intensity
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TABLE III. Experimental and calculated Raman frequencies of Cs,SO, (in cm ™).

298 K 78 K Calc. 298 K 78 K Calc.
38 39 44 56 59 67
48 51 67 70 72 79
54 56 73 78 83 95
62 64 78 124 130 98
107 125 125
108 113 131 148
114 120 147 159
440 442 487 444 445 497 v, of SO,2~
608 609 676 612 611 681 v4 of SO~
615 616 684 621 622 699 v4 of SO2~
970 970 1040 v, of SO,2~
1084 1084 1207 1092 1092 1217 v; of SO
1119 1118 1216 1135 1136 1227 v; of SO, 2
Blg B3g
298 K 78 K Calc. 298 K 78 K Calc.
49 52 59 49 52 48
60 69 60 60 71
100 103 101 98 102 98
112 120 134 109 114 119
129 143 118 124 129
449 450 485 448 4438 494 v, of SO~
613 614 679 612 612 684 vy of SO~
1091 1091 1213 1090 1090 1209 v; of SO~
b(aa)c n c(aa)b
N\A
a(bb)c c(bb)a
2 A
b(cc)a 2 a(cc)b
J =
£
c(ba)b
b(ab)c 5 (ba)
-
O
L o
b{‘ cb)c n c(bc)b
i)

0

FIG. 2. Raman spectra of K,S0, at 78 K.

50 100 150 200
Wave Number (cm—1)

0

50 100 150 200
Wave Number (cm~—1)

FIG. 3. Raman spectra of Rb,SO, at 78 K.
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FIG. 4. Raman spectra of Cs,SO, at 78 K.

electronegativities, which are relatively quite small. The
differences in ionic polarizabilities are large too. Howev-
er, we expect that ionic polarizabilities contribute to the
lattice-dynamical properties only through higher-order
terms, although they have a major influence on the
Raman-scattering intensities. The properties change
gradually from K* to Cs™. However, this does not
necessarily mean that the vibrational spectra of the three
crystals follow the same pattern and change gradually
from K,SO, to Cs,SO,, because the vibrational spectra
are not simply related to the properties of the alkali-
metal ions. Changing from K* to Rb™ can result in such
large changes that some features of the two vibrational
spectra no longer correspond. This can be seen from
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Figs. 2-4. However, some similarities in the spectra and
a consistent variation from K,SO, to Cs,SO, in both the
crystal structures and vibrational frequencies do exit.
For example, correspondence between the lowest 4, vi-
brational modes and correspondences between internal
modes of the three crystals can be found. The reason for
the latter is that the influence of the crystal environment
on the vibrational properties of the SO,2~ group is rela-
tively small.

A. Crystal structure

It can be seen from Table IV that the lattice constants
increase from K,SO, to Cs,SO,. The fractional coordi-
nates of ions in the crystal unit cells are about the same
for all three sulfates. There are some minor variations,
and most of them follow a particular order.

The alkali-metal-ion—oxygen-ion Gordon-Kim short-
range potentials for the three sulfates are plotted in Fig.
5. In the interion distance range of interest, i.e., around 6
a.u., the difference between the potentials of K,SO, and
Rb,SO, is smaller than that between Rb,80, and Cs,SO,.
This is consistent with the values of the ionic radii of the
three alkali-metal ions in that the difference between the
first two is smaller than that between the last two. In the
calculation the static relaxation for all three crystals con-
verges rapidly. The calculated crystal structures are very
close to the experimental ones, as seen in Table IV. The
calculated lattice constants are smaller than the experi-
mental values for all three crystals, but the errors are
within a few percent. The calculated ion fractional coor-
dinates in the crystal unit cells are very close to the ex-
perimental values. These results indicate that Gordon-
Kim potentials describe well the structural properties of
these ionic crystals. The starting point of the static relax-
ation process was the experimental crystal structure, ex-
cept for Rb,SO,. When the experimental crystal struc-
ture was used, the relaxed structure gave several negative
frequencies. When the experimental structure of Cs,SO,

TABLE IV. Lattice parameters of Pnam alkali-metal sulfates (in a.u.).

KzSO4 szSO4 CstO4
Parameter Expt. Calc. Expt. Calc. Expt. Calc.
a 14.1450 13.3850 14.7630 13.9940 15.5690 14.7700
b 19.0240 18.2390 19.7010 19.0040 20.6800 19.9040
c 10.8210 10.533 11.2800 10.9590 11.8250 11.4550
x/a of S(1) 0.2315 0.2330 0.2380 0.2342 0.241 0.2381
y/b of S(1) 0.4208 0.4195 0.4191 0.4191 0.4172 0.4181
x/a of M(1,1) 0.1755 0.1683 0.1750 0.1730 0.1771 0.1766
y/b of M(1,1) 0.0884 0.0882 0.0903 0.0884 0.0907 0.0897
x/a of M(2,1) 0.9906 0.9897 0.9884 0.9899 0.9888 0.9892
y/b of M(2,1) 0.7052 0.7008 0.7030 0.7034 0.7015 0.7026
x/a of O(2,1) 0.2899 0.3100 0.2974 0.3067 0.2973 0.3032
y/b of O(2,1) 0.5576 0.5613 0.5532 0.5557 0.5460 0.5497
x /a of O(3,1) 0.0454 0.0258 0.0471 0.0358 0.0620 0.0498
y/b of O(3,1) 0.4157 0.4227 0.4137 0.4214 0.4127 0.4179
x/a of O(1,1) 0.2996 0.3010 0.3030 0.2996 0.3035 0.3011
y/b of O(1,1) 0.3530 0.3468 0.3540 0.3494 0.3558 0.3523
z/c of O(1,1) 0.0426 0.0348 0.0497 0.0428 0.0570 0.0514
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TABLE V. Ionic properties of K*, Rb*, and Cs*.

Property K* Rb™* Cs*
Mass 39.10 85.47 132.91
Electronegativity 0.91 0.89 0.86
Ionic radius 4 1.33 1.48 1.69
Polarizability 0.84 1.41 2.42

was used instead, the negative frequencies disappeared.
This may indicate that the potential surfaces of the
alkali-metal sulfates are very flat so that the relaxation
process may easily converge on saddle points on the sur-
face. Consequently, the calculation results for Rb,SO,
reported here were obtained using the experimental
structure of Cs,SO, as the starting point for the relaxa-
tion process.

B. Raman spectra

As mentioned earlier, generally no obviously similar
pattern can be found for the external-mode region among
the Raman spectra of the three sulfates, especially in the
spectral intensities. Since all the modes are identified for
the 4,, B,,, and B;, symmetry, it is possible to make
comparisons for these modes. In general, the Raman fre-
quencies decrease from K,SO, to Cs,SO, and the
changes are much larger for the external modes than for
the internal modes. The internal modes of the three sul-
fates correlate well, and the changes follow a simple pat-
tern. It can also be seen that the relative order of the Ra-
man frequency values of different symmetries may change
from one crystal to another. The decrease of vibrational
frequencies from K,S80, to Cs,SO, is expected. It can be
explained by the values of the ionic radii and the masses
of the alkali-metal ions. For larger ionic radius, the sepa-
rations between ions are larger and the Coulomb interac-
tions between ions are smaller. Also, since the vibration-
al frequency of a harmonic oscillator is proportional to
the reciprocal of the square root of the mass, larger
values of masses of the ions should result in smaller vi-
brational frequencies.

KpSOy4
Rb,SO,

Potential Energy (10=2 hartree)

[

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Distance (a.u.)

FIG. 5. Gordon-Kim potentials between alkali-metal ions
and the oxygen ion.
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The intensities of the external modes of the Raman
spectra increase from K,SO, to Cs,S8O,. For example,
the lowest 4, mode has an intensity of 600 counts for
K,S0,, 10000 for Rb,SO,, and 22000 for Cs,SO,. Ap-
parently, this is related to the larger polarizabilities of the
inner-shell electron distributions of Rb™* and Cs™ ions.

It can be seen from Tables I-III that the calculated Ra-
man frequencies, especially those of the external modes,
are in general agreement with the experimental values.
The agreement seems better for rubidium sulfate and
cesium sulfate than for potassium sulfate. The calculated
frequencies are higher than the experimental ones for
K,S0, for the higher external-mode frequencies. This
may be because the Gordon-Kim potentials for the K™
ion might be a little too hard. The calculated internal
frequencies for all three crystals are higher than the ex-
perimental values. The principal cause is that zero-point
motion for these high frequencies is sufficient to ensure
that the effective curvature of the potential for the oxy-
gen motion is significantly smaller than that calculated by
GAUSSIANS86.

Common to the 4, Raman spectra for all three alkali-
metal sulfates is a feature at about 900 cm ™!, shown in
Fig. 6. It is strongest in the spectrum of cesium sulfate.
This feature has a sharp rise and fall with a broad, rela-
tively structureless, nearly flat top, differing from usual
first-order Raman peaks. Its spectral shape and tempera-
ture independence suggest that it is not due to higher-
order Raman scattering either. It is too strong to be at-
tributed to an impurity, because of the relatively high
purity of the growth materials. This feature has not been
reported for other sulfate crystals and seems peculiar to
the B-K,SO, structure sulfates. At this time we have not
identified the origin of this feature.

Isotope peaks of the totally symmetric internal mode

KoSO4g b(cc)a
2
B
-
L | RboSO4 a(ce)b
-
[
e (N
&

Cs5S04 A}\J b(cc)a

N L

850 900 950 1000 1050

Wave Number (cm~—1)

FIG. 6. Isotope peaks of the 4, internal modes.
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be identified for all three alkali-metal sulfates, as shown
in Fig. 6. This agrees with the results of Montero,
Schmolz, and Haussuhl. They gave a full explanation of
these peaks, attributing them to the isotopes O!” and O'®
occupying three nonequivalent positions in the sulfate
ion. The weaker peak closer to the A, peak is attributed
to O'7, and the stronger one is attributed to O'®. The
triplet structure of the O'% peak can be identified. It can
be noted that the separation between the isotope modes
becomes smaller from potassium sulfate to cesium sulfate.
This indicates that the interaction between the sulfate ion
and the alkali-metal ions becomes smaller for cesium sul-
fate.

V. SUMMARY

The Raman spectra of K,SO,, Rb,SO,, and Cs,SO,
were measured at both room and liquid-nitrogen temper-
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atures. It was found that there is no straightforward
correspondence among the external modes of the Raman
spectra of the three sulfate crystals. A particular feature
is found at about 900 cm ™! in the A, Raman spectra of
all three crystals. Its origin remains unexplained.

The crystal structure and the vibrational frequencies of
the three sulfate crystals were calculated using a recently
extended Gordon-Kim method for the short-range poten-
tials. The calculated crystal structures agree well with
the experimental ones. The calculated Raman frequen-
cies are in general agreement with experiment.
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