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Abstract-Polarized Raman spectra of a single crystal of the chromium-doped elpasolite K2NaScF :Cr3'
yield an unambiguous identification of the symmetries and frequencies of the four Ramar'-active modes:
at, at 525cm-', e. at 403cm-' and t2 at 250 and 113 cm- 1. Low temperature spectra reveal a lower
symmetry phase involving substantial Jistortion of the potassium sublattice. The impurity concentration
dependence reveals a local mode of a,, symmetry at 541 cm- '. Vibration frequencies inferred from
unpolarized Ranran spectra are reported for a number of other halide elpasolites doped with either
chromium or titanium.

Keywords: Raman scattering, elpasolite, chromium, phase transition, phonons.

1. INTRODUCTION tution of monovalent and trivalent cations on the

The cubic elpasolite crystal structure with space divalent cation sublattice. The resulting compound

group 0' is consistent with first-order Raman scatter- has the formula A2 BMX,. where A and B are

ing, in contrast to the perovskite structure from monovalent cations, M is a trivalent cation and

which it is derived. Raman spectra have been re- X is a monovalent anion. (This description applies

ported previously for both oxide elpasolites [1, 2] and to halide elpasolites; all of the charges are doubled

halide elpasolites [3-11]. Of particular interest are in the oxide elpasolites.) The substitution of' B

those halide elpasolites with relatively large trivalent and M for D in the perovskite ADX, removes the

cations which exhibit a low temperature phase tran- inversion symmetry at the sites of ions A and X,
sition, exemplified by Cs2NaLnCI6 , where Ln denotes with the consequence that first-order Raman scatter-
a light trivalent rare-earth ion. ing, which is forbidden by inversion symmetry at

We have employed polarized Raman spectroscopy all ion sites in perovskite, becomes allowed in

to investigate the dependence of normal-mode fre- elpasolite.

quencies on temperature, impurity concentration and Only zone-center optical modes (approximate
composition in a series of additional halide com- zero wave vector) of a,,, e, and tz, symmetry are

pounds of elpasolite structure. The materials investi- Raman active [25]. The elpasolite structure is fate-

gated here, which were all prepared originally as centered cubic and the primitive unit cell comprises
potential tunable solid-state-laser materials, are in- one formula unit of 10 ions. Of the 27 zone-center
tentionally doped with transition-metal impurities, optical normal modes [26], just nine are Raman active
mostly chromium. The optical absorption and emis- with only four distinct vibration frequencies by virtue

sion spectra of chromium-doped halide elpasolites of symmetry-induced degeneracies. The correspond-

have been the objects of extensive investigation :ng symmetry-adapted displacements are illustrated
[12-24]. in Fig. I. The normal modes of t4 symmetry are

Raman-active normal modes of elpasolite linear combinations of the symmetry-adapted dis,-
are identified in Section 2, experimental methods placements shown. However, since the anion X is

are described in Section 3 and experimental much less massive than the cation A in the corn-
results are presented in Section 4 and interpreted in pounds investigated, the anion displacement is tc.-
Section 5. pected to predominate in the higher fftquncyi #

mode, and the cation displacement in the lovw, Sime
the higher l'etquency t4 mode is primarily a bendilng

2. IDENTIFICATION OF RAMANACTIVE mode, its frequency is expected to lit lowr than that
NORMAL MODES of the asymmetric . stretching mode, whkh I% %wa

The cubic elpasolite crystal structure Is derived should lie belov that of the symmetrk eke stm"ionl
from the parovskite structure by alternate substi. mode.
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[01l]-'[lO0], light scattered by an e, mode is predom-
inantly polarized perpendicular to the laser (.); it is
more intense by a factor of three in X(ZX)Y geome-
try than in X(ZZ) Y geometry. On the other hand.
light scattered by both al, and t2, modes is polarized

alg eg t2g(2)  parallel to the laser (11) in this orientation and is
thus observable only in X(ZZ)Y geometry. Taken

Ktogether, polarized Raman measurements in these

F- two orientations suffice to distinguish all three al-
lowed symmetries of Raman-active modes.

0 Sc 3

0 K+ 4. EXPERIMENTAL RESULTS

t 2g ( I1) Polarized Raman spectra obtained at room tem-

Fig. I. Raman-active zone-center modes of the elpasolite perature with a single crystal of K2NaScF6 Cr3 * are
KNaScF,. shown in Figs 3 and 4 for the two sample orientations

of Fig. 2. Two scattering geometries are employed for
3. EXPERIMENTAL METHODS each orientation, X(ZZ)Y and X(ZX)Y, yielding

A line of a Spectra-Physics 2025-05 spectra polarized parallel (11) and perpendicular (±)
Theo n 5 r wto the laser, respectively. These four spectra, together

argon-ion laser was used as the excitation source in wihteplrzio slcinruslsedao.
our easremntstogthe wit a arrw-bad lserwith the polarization selection rules listed above.our measurements, together with a narrow-band laser suffice to provide a unique determination of the

line filter to suppress Ar plasma lines. Scattered light symet ro v a u n i e m ination ere are

was detected at 90' with respect to the direction of the symmetry of each Raman-active mode. There are
four principal lines as expected, and they appear in

incident light. Sheet polarizers were employed, and the anticipated order (tt, t12, e, and a,, with increas-
the scattered light was subsequently passed through ing frequency); thus the lines can be confidently

a polarization scrambler into a computer controlled correa e cwith the ym etry ap e d ents

Spex double spectrometer (Spex 1404), equipped with so wi Fig s.

1800 lines mm-' holographic gratings. Conventional st in Fig. 5n
photn cuntng tchnque, inludng lownoie -It is evident from Fig. 5 that pronounced qualitat-

photon counting techniques, including a low-nois ive changes in the Raman spectra are observed at
photomultiplier (RCA 31034), preamplifier and am- liquid nitrogen temperature. Two distinct novel
plifier/threshold discriminator, were employed for features are evident: (I) a splitting of the tl line into
signal detection. The data were recorded and stored several lines; and (2) the appearance of side structure
by an Apple Ie computer. The signal intensity was associated with the a,, line. The origins of these two
normalized to the exciting laser intensity, features appear to be quite different. The splitting of

Polarized Raman measurements were made on a the An
single crystal of KNaScF6 which was grown at MIT th

temperature, as shown in Fig. 6, suggesting that it is
in a closed vessel by the Czochralski method with associated with a phase transition. The side structure

4 dof the al, line, on the other hand, is simply seen with
Cs, NalnCl: :Cr3 ' and RbNaScF, : Ti , both with better resolution at low temperature. A comparison
nominal I% doping, were also grown at MIT. The of the Raman spectra of K NaScF,:Cr"' samples
remaining samples employed in this investigation
were small pieces of a variety of compounds with
clpasolite structure selected from polycrystalline (a)
materials prepared at GTE Laboratories by slow
cooling from the melt in sealed quartz or platinum s (,00) analyztr
tubes [20]. Two samples were doped with Cr3 + at lemssion

5at.% and all of the remaining samples at 1%.
The single crystal of K:NaScF,: Cr3  was X-ray

oriented and polished, and mounted on the cold
finger of a Helitran flow-cryostat in two different
orientations, us shown in Figs 2(a) and 2(b). In the (b)

orientation of Fig. 2(a), [001]-([100], polarization
selection rules [25] dictate that light scattered by"h "00W na r
modes of al and e, symmetry is polarized parallel to laser
the laser (It) and is therefore observable only In
X(ZZ) Y scattering geometry, while light scattered by
modes of t:, symmetry is polarized perpendicular Fit, 2. Tvo odentatlon& of the K NaScpC" agh
to the laser (.) and it is observable only In X(ZX)Y crystal tmployed In polar(Kd Raman svcitt as wesut-
geometry, In the orientation of Fis. 2(b).
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Fig. 3. Polarized room-temperiture Raman spectra of Fig. 4. Polarized room-temperature Raman spectra of
K, NaScF 6: Cr" (1%) for sampie orientation (a) of Fig. 2, K2 NaScF 6 : Cr' I (I%) for sample orientation (b) of Fig. 2.
with parallel (---) and perpendicular (-) polariz- with parallel (- -) and perpendicular (-) polariz-

ations. ations.

with I and 5% impurity concentrations, shown in Raman scattering. The consequent reduction to tetra-
Fig. 7, reveals that this side structure is impurity gonal symmetry could account for the splitting of the
related. t t) line observed at 225 K, as shown in Fig. 6.

Unpolarized, room-temperature Raman spectra Additional distortion of the potassium sublattice is
have been obtained on a number of elpasolite crystals observed at still lower temperatures. Of particular
doped with chromium or, in one case, titanium. The interest is the lowest energy line in Fig. 6 which
phonon energies for vibrations of the host lattice are appears to move in from the laser line as the tempera-
listed in Table 1; the modes are identified by analogy ture is reduced. This line may correspond to a
with those of K,NaScF6 . Raman-active soft mode associated with a second

phase transition, as has been reported in the
analogous compound CsLiCr(CN), [271. From its

5, l)N(?ISC SON polarization dependence, It appears to be a composite

The four principal lines observed in the first-order of two lines. The presence of at least seven lines with
Raman spectrum of K, NaScF 6 : Cr' ' are attributed frequencies below 140 cm -' at 90 K suggests a distor-
to the zone-center normal modes of the host crystal. tion which not only removes the degeneracy of
The symmetry of the mode corresponding to each Raman-active modes but also enlarges the primitive
line has been identified unambiguously by polarized unit cell, thus introducing additional zone-center
Raman spectroscopy, and the lines appear in the Raman-active modes. Little additional change is ob-
anticipated order of vibration frequency. Host-lattice served in the spectrum as the temperature is reduced
vibration frequencies are reported here for a number to 10 K.
of additional halide compounds of elpasolite struc- The side structure of the a,, lines, whose resolution
ture, as well. is enhanced at low temperature. is attributed to

The splitting of the t" ' line in KNaScF6 : Cr 3+ is local and resonance modes associated with the
attributed to a phase transition which occurs at room Cr-+ impurities. This interpretation is corroborated
temperature. The fact that only the t, line is apprcci- by the concentration dependence of the Raman

ably affected suggests that the phase transition in- spectrum shown in Fig. 7. The elpasolite crystal
volves relatively little distortion of the (ScF 6 )3 -  structure has the property that it can accommodate
octahedral complexes. It may well be that the room- a trivalent cation substitutional impurity at a site of

temperature phase transition is initiated by a soft t, rigorously octahedral symmetry without charge com-

librational mode of the (ScF 6) - octahedra, as in the pensation. Thus the point symmetry is unaffected by

CsNaLnCI6 system; such a mode is invisible to doping and only the translational symmetry is lost,

Table I. Phonon energies (cm-') of Raman-active modes of vibration in some

transition-metal-doped halide elpasolites

Crystal Doping (%) 01, ,.' e

K:NaScF 6 : Cr' 5 115 251 409 525
K2NuScF: Cr0 +  1 113 250 403 $25
K2NaGaF,,: Cr* 1 124 284 - 553
K: LiScF&: Cr3'  1 113 265 378 527
Rb 3NaScF -TV 1 87 244 388 512
CsjNalnCI6: Cr' +  1 50 142 - 2W
CsINcYCls: Cr"+ 1 47 127 222 284
Cs, NaYCl: Cr 1 46 127 223 284
Cs3NaScClI: Cr 1 51 148 2 29
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Fig. 5. Comparison of unpolarized Raman spcctra or
K, NaScF,: Cr" ( 0%) at room temperature and at 77 K. Raman-shift (1/cm)

Fig. 7. Chro~aium concentration dcpcndcnce of ilic

quently, the polarization selection rules are preserved unpolarized room-temperature Raman spectrum of

buit not the restriction to zone-center phonons. It is KN~F r~
clear from iits polarization behavior that all of the side localized at the chromium impurity has an unusually
strutctu~re is associated with the projected density of large Raman cross-section.
sia Ics I~r pertutrbed al, vibrat ions. In particular, the
relatively narrow line at 541 cm 1lies above all the Acknowledgemnens-This work was supported by the U.S
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