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Raman scattering, defect luminescence, and phonon spectra of LiH, LiH, and Lio crystals
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Two types of phonon spectra, obtained by Ar+-ion-laser irradiation of lithium hydride crystals,

have been observed and analyzed for the three isotopic components 6LiH, 'LiH, and 'Lio. Two-

phonon Raman spectra of pure crystals were measured at 300 and 10 K. One-phonon spectra were

obtained from measurements of the resolved sideband structure of a strong zero-phonon emission

line around 600 nm. This emission is produced by defects of very weak electron-phonon coupling,

which are present in crystals either irradiated or containing a slight nonstoichiometric excess of Li,
Both Raman and luminescence spectra show in their detailed resolved structure pronounced isotope

shifts allowing a classification of thc phonon modes involved. Comparison with data from neutron

scattering and lattice-dynamics calculations gives very close agreement and identifies the modes as

originating essentially from X and I. points at the Brillouin-zone edges. Isotope effects on the zero-

phonon lines of thc defect luIIlincsccncc arc also obscrvcd and discussed.

I. INTRODUCTION

I ithium hydride provides, besides interesting material
properties (such as the highest density form of hydrogen
storage), several outstanding qualities for scientific studies:

(a) With only four electrons in the primitive cell it is the
simplest ionic solid in terms of electronic structure. Both
cations and anions have closed shell 1s-conftgurations like
He atoms.

(b) Isotope exchange ill both catioll Rlld RI11011 sublattlccs
allows by far the largest relatiue mass uariation among all
Ionic solids.

Both these features make LiH crystals very attractive for
studies of solid-state properties, such as lattice dynamics,
intrinsic dectron excitation, defect properties, etc. Weii-
established experimental results with sizable isotope ef-
fects 1I1 tllls sllllplc clcctfolllc structure call pfovidc pfoto-
typical model cases for the theory, e.g., for testing lattice-
dyllaIlllcs of dcfcct coIIlplltatlolls. Ultllllatcly, thcsc silll-

ple ionic solids are prime candidates for first-principles
calculations —for example, the theoretical derivation of
lattice dynamics from electronic properties. '

In spite of these attractive features, work on LiH crys-
tals has been somewhat limited, particularly when com-
pared to the abundantly studied alkali halides. In a series
of classical papers in the early 1960's, Pretzel and co-
workers at Los Alamos described the preparation and
main properties of LiH crystals and studied various irradi-
Rtloll llldllccd dcfccts. Ill spite of Rll cxtclldcd
phenomenological collection of optical and EPR spectra,
basically no well-secured microscopic defect models could
be derived. (Even the assignment of the F center to an op-
tical absorption is still controversial. ) Systematic doping
studies are essentially missing. Infrared absorption and
reflectivity as well as elastic constant' measurements have

been reported, and shell-model calculations6 of the effec-
tive charge have been performed and compared to experi-
ments. Results from neutron s and second-order Raman
measurements have been used, with good success, as a
basis for lattice-dynamics calculations. ' Only the H~D
isotope variation, however, was exploited in these studies.
A first parameter-free microscopic theory for the lattice
dyllailllcs of Rll lolllc crystal was applied to tllc calcula'tloll
of phonon dispersion curves of LiD as a test case, yielding
good agreement at least in the acoustic branches.

We have started a program toward a systematic defect
study in these materials, in which highly pure, as we11 as
systematically doped, materials, modern tools such as Ra-
man spectroscopy, and the full possibilities of isotope ex-
change are being applied. In the first report we establish
thc light scattenng and emission properties of thc pure
materials, extendin~ the earlier second-order Raman work
by including thc L1H case. %c originally planned to
proceed from there to doped or irradiated crystals, at-
tempting to obtain for the first time defect-induced one-
phonon Raman spectra and their isotope effects. It turned
out, however, that even the pure compounds already con-
tained defects with interesting optical behavior, which had
to be studied first. These defects —too low in concentra-
tion for optical absorption or Raman detection —show up
under visible laser light excitation by a strong optical
emission at low temperature. The weak electron-phonon
coupling of the defects results in a very strong zero-
phonon emission line accompanied by essentially a one-
phonon sideband sptx:trum. The resolved structure of the
latter —very similar to a Raman spectrum —allows com-
parison with results from lattice-dynamics calculations
and neutron scatterings. The pronounced isotope effects
on the frequencies of both the intrinsic two-phonon and
extrinsic one-phonon spectra, observed in I.iH, LiH, and
LiD, turn out to be a very powerful tool in classifying the

various modes and assigning their origin to particular
points in the Brillouin zone.

Oc1983 The American Physical Society
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The spectra have many obvious similarities, and corre-
sponding peaks for the different isotopes have been indi-
cated by dotted lines. It is seen that the spectra at 10 K
are somewhat shifted (-20—40 cm ') to higher energies
and show better resolution (reduced peak widths) com-
pared to the room-temperature (RT) spectra. An addition-
al feature observed at the higher temperature is the ap-
pearance of a strong peak (labeled no. 1 in Fig. 1) at lower
frequencies. The loss of intensity of this peak as the tem-
perature is lowered identifies it as a difference mode (hot
band), and results from a depopulation of the lower-energy
state involved in the combination.

The small peak observed at —1870 cm ' in the LiD
spectrum (Fig. 2) has no corresponding counterpart in the
LiH spectra. It has been observed in earlier work" and in-
terpreted to arise from a local mode of H defects in LiD,
calculated to lie at vL ——917 cm ', and expected to appear
in Raman scattering at 2v. We will not consider it further
in this work.

In Table I frequencies of the 11 observed peaks in the
two-phonon spectra of the three crystals are listed, togeth-
er with their corresponding ratios. In the right-hand
column, we have labeled corresponding frequencies ac-
cording to one of five categories. These are based on iso-
topic mass dependencies and will be discussed in the next
section.

During the Raman measurements under Ar+ laser exci-
tation, further sharp spectral features were observed at

high-wave-number shifts. Variation of the exciting laser
lines preserved the absolute spectral position of these emis-
sions, identifying them as a luminescence effect. The
strength of this emission was found to be correlated to the
blue-grey color of the crystals caused by nonstoichiometric
excess of Li. By long-time annealing of the crystal under

H2 or D2 atmosphere, the luminescence signal essentially
vanished together with the color of the crystal. After
short exposure to electron irradiation at RT both the color
and the luminescence spectra could be restored. Variation
among the available Ar+ laser lines (between 454 and 514
nm) revealed a steady increase of the luminescence intensi-

ty under excitation tuning to longer wavelengths.
At the lowest temperature reached (10 K), the emission

shows greatest strength and the simplest spectral struc-
ture, consisting of a strong zero-phonon line accompanied
by a phonon-sideband spectrum. Figure 3 displays for the
three isotopic compounds the spectral position of the
sharp emission line and the spectral shape of its sidebands.
The frequency difference of the sideband peaks from the
zero-phonon line and their ratios for the different isotopic
components are summarized in Table II.

At 10 K the peak intensity of the sharp line emission is
about 30 times stronger than the peak intensity of the
sideband spectrum. [Count rates as high as 10 per second
were recorded for the zero-phonon line with spectrometer
slits at their narrowest setting (10 pm) and laser powers as
low as 50 mW]. The width of the zero-phonon line is ap-

TABLE I. Two-phonon Raman peaks (numbers 1—11) of LiH, LiH, and 'LiD crystals at 300 and

10 K.

Peak'
number

Temperature
(K)

Observed frequencies (cm ')
(a) LiH (b) LiH (c) LiD

Frequency ratios
(au(b) ( )r(c) (a)r(c) Type

10

300
10

300
10

300
10

300
10

300
10

300
10

300
10

300
10

300
10

300
10

300
10

486
np'
631
660
731
753
786
821
825
857

1121
1153
1228
1257
1309
1346
nr
1662
1814
1849
2087
2136

508
np'
589
611
685
704
739
767
776
802

1108
1134
1206
1241
1289
1324
nr

1671
1832
1876
2109
2151

284
np'
591
617
695
711
753
772
795
804
907
917
968

1000
1049
1059
nr

1125
1305
1317
1495
1508

0.956 1.789 1.711

1.071 0.997 1.068
1.080 0.990 1.070
1.067 0.986 1.052
1.070 0.990 1.059
1.064 0.981 1.044
1.070 0.994 1.063
1.063 0.976 1.038
1.069 0.998 1.066
1.012 1.222 1.236
1.017 1.237 1.257
1.018 1.246 1.269
1.013 1.241 1.257
1.016 1.229 1.248
1.017 1.250 1.271

0.995 1.485 1.477
0.990 1.404 1.390
0.986 1.424 1.404
0.990 1.411 1.396
0.993 1.426 1.416

EorC

EorC

EorC

'See Figs. 1 and 2 for labeling of peaks.
'See Sec. IV (discussion) and Table III for basis of classification.

'Not present.
Not resolved.
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proximately 5 cm ', which means that the integrated
sharp line and the integrated total sideband emission are
roughly of the same order of magnitude.

Under temperature increase to -80 K, the zero-phonon
line intensity decreases drastically (-a factor of 100),
becoming comparable in strength to the sideband spec-
trutn which decreases itself by approximately a factor of
5. Together with this decrease, several new sharp lines

and new broad emission features appear which become
more prominent than the original low-temperature emis-

sion. Apparently, a photochemica1 conversion or an ener-

gy transfer from the defect responsible for the 10 K emis-

sion occurs to other defects with slightly different spectral
emission properties. As we were interested in this work
essentially for the analysis of the phonon spectra, we did

not follow up on these interesting transformations of de-

fect emissions, leaving this to future work.

IV. DISCUSSION

The spectra in this work are in good agreement with
those from a previous polarized Raman study on LiH
and LiD, though of higher resolution and improved
signal-to-noise ratio. In addition, the frequencies corre-
sponding to maxima in the two-phonon spectrum of LiH
provide valuable information for identifying the form of
the modes. No polarization properties were investigated
in the present work.

In order to help categorize the observed peaks, we have
calculated the expected frequency ratios for the three dif-
ferent lithium hydride isotopes, according to the basic
types of modes at the Brillouin-zone center and edges.
These are summarized in Table III. For type-A modes,
the frequencies are inversely proportional to the square
root of the proton or deuteron mass, and for type-8
modes, to the square root of the lithium-ion mass. Type-C
modes correspond to antiphase motion of the two ions at
the zone center with frequencies varying inversely as the
square root of the reduced mass, p, =MHML;/(MH+~L; ).
We have also calculated the ratios for difference and sum
modes (types D and E, respectively), using the simplifying
assumption that the force-constant dependence is identical
for each of the combining modes {types A and 8) and
therefore cancels. This is strictly true only for a linear-
chain nearest-neighbor model' but should approximate
the behavior at the I. point of the Brillouin zone for a
crystal with the rock-salt structure.

As seen in Table I, the observed frequency ratios for the
three isotopes fall into distinct groupings. Those at high
frequencies correspond to hydrogen motions (A type),
those at low frequencies to lithium motions (8 type), and
those at intermediate frequencies to either reduced-mass
modes (C type) or a combination of A and 8 types. The
latter is considered more likely, since the experimental ra-
tios are slightly closer, and zone-edge modes appear to be
more involved than zone-center ones in the two-phonon
spectra. This is certainly true for the difference bands (no.
1 in Fig. 1) mentioned earlier and observed only at higher
temperatures. Their frequency ratios at first sight seem to

be anomalous, with v( LiH):v( LiH) less than unity and
v{ LiH):v( LiD) much greater than v 2. The "inverse" ef-
fect for the lithium isotopes may be readily explained.
The higher-frequency (A-type) mode is the same for both
crystals, whereas the 8-type mode is higher for 6LiH.
Hence the difference (A-8) is larger for Li, as observed.
Similar arguments may be used to explain the value for
the LiH:Lio ratio.

The surprising simplicity of these categorizations im-

plies that two-phonon transitions involving more complex
modes (which would give frequency ratios other than
those described in Table III) do not contribute appreciably
to the Raman intensity —at least not to the resolved and
detailed spectral structure. Secondly, it appears that
zone-edge modes, where one or the other type of ion is sta-

tionary, are responsible for the major resolved features of
the observed spectra.

These findings, based on straightforward mass-
dependence arguments, can be confirmed and extended by
a detailed comparison of the observed spectra with inelas-
tic neutron scattering data and with lattice-dynamic cal-
culations. ' We shall concentrate on a comprehensive
theoretical treatment by Verble, Warren, and Yarnell
based on a seven-parameter shell model fitted to neutron
data on 7LiD. In Table IV calculated frequencies at the I,

Lithium Hydride Isotopes, Luminescence at IOK

~452
~289~

679
527~390~

~256~::

620 640 660
{A)'aveleng th ( nm)

FIG. 3. Defect luminescence spectra of lithium hydride iso-

topes at 10 K.
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TABLE II. Defect luminescence spectra of ~LiH, LiH, and Lio crystals at 10 K.

Luminescence peak

Zero-phonon hne

Observed frequencies (cm )

(a) 6I.iH (b) LiH (c) LiD

16839 16859 17209
(~=593.87 nm) (A, =593.16 nn1) (A, =581.10 nm)

Frequency ratios
(a)/(b) (b)/(c)

Phonon sideband 1

Phonon sideband 2
Phonon sideband 3
Phonon sideband 4

289
432
743

1005

1.07
1.09
1.00
1.01

1.06
1.02
1.40
1.47

'See Fig. 3 for labeling of peaks.
~Frequencies are absolute for zero-phonon lines; for the phonon sidebands, frequencies are expressed as displacements from the zero-
phonon hnes on the Stokes (love-frequency) side.

X, and i. points Of thc Qrillouin zone for LiH and LiD
alc listed. (These have been read from thc graphs present-

ed in Ref. 8.) We also show frequency ratios and note that
differences between these and corresponding entries in
Table III for mode types A, 8, and C are minimal. This
indicates that at both zone-edge points, X and L, the
modes involve, predominantly, motion of one ion (hydro-

gen for the LO and TO modes, A type; and lithium for the
LA and TA modes„8 type}. This is expected for the I.
point, since the (111) direction is perpendicular to alter-
nate layers of anions and for this case the calculated fre-

quency ratio (1.40) is indeed most close to V 2. Even for
the X-point modes, however, involving motions within

{100)layers containing both cations and anions, the cal-
culated frequency ratio (1.39) indicates very predominant
contribution from the hydrogen motion.

In Table + we have used the values at the X and L
points f«m Table I& to calculate the frequencies of vari-
ous conlblllatlolls of TQ, TA, LQ, and LA modes and
compare them with the observed two-phonon Raman
peaks for LiH and LiD. In general, the agreement is
very satisfactory, especially for the lower-frequency peaks.
The discrepancies at higher frequencies may result, at least
partially, from limitations of the theory, since no neutron
data were available to fit the LO branches.

B. Defect luminescence

As our main interest in this work is directed Rt the
detection and analysis of phonon-spectra and their isotope
effects, we discuss this aspect of the observed defect
luminescence at first, while treating other features only

peripherally and later. The defect in question shows in
CID1881on R sharp zcfo-phonon line and R low-cncfgy sldc-
band spcctruIQ —both having foughly equal lntcgfRtcd
strength at low temperatures. This implies in linear

electron-phonon coupling theory' a very weak coupling
with a Huang-Rhys factor of S= 1. Thc cIlllssloll transI-
tion at low temperatures occurs from the n =0 vibrational
state of the electronic excited state with about equal
strength into the 11=0 and n= 1 vibrational state of the
clcctfonlc glound state. Thc Sideband spectrum, mcRsufcd
in its displacement from the 0~0 purely electronic transi-
tion, fcvcals, very similarly to a RRITian spectrum, thc dis-
tribution and coupling strengths of phonon frequencies
which couple to the electronic transition of the defect.

The observed sideband spectra (Fig. 3} reveal four dis-
tinct peaks which show pronounced isotope efflx:ts. From
the frequency ratios of corresponding peaks for the three
lsotopcs, listed ln Table II, it ls scen that the same classlfl-
cation of mode types is applicable as for the two-phonon
Raman spectrum. The two higher-frequency bands corre-
spond to hydrogen motion only (mode type A), and the
two lower-frcqllcllcy bands to llthluI11 motion only (Illodc
type 8). In Fig. 4 the luminescence sideband spectra for
I.iH and I.io have been replotted on a wave-number

scale Rnd compared with the phonon density-of-states
curves obtained from lattice-dynamic calculations. Also
indicated, by vertical hnes, are the frequencies at the zone
center (I point) and edges (X and I. points), obtained from
Table IV (which were read from the graphs in Ref. 4). As
scen, thcfc 18 very close agreement, indicating that thc
main features of the sideband spectra correspond to maxi-
ma in the phonon density-of-states curves, which in turn
relate to the zone-edge frequencies. Apparently, the defect
in question introduces only in a negligible way local
force-constant changes, so that it acts as an ideal "local
probe" for the detection of unperturbed lattice phonons.

The spectral contributions to the sideband spectra at en-
ergies beyond the one-phonon density (Fig. 4} are contri-
butloIls from lllghcl'-order (n =2) pholloll cxcltatlolls.

TABLE III. Calculated frequency ratios of LiH isotope components for different types of modes.

Description of Q1ode

Calculated frequency ratios
for (a) LiH, (b) LiH, (c) 'LiD

(a)/(b) (b)/(c) (a)/(c)

H motion only
Li motion only
Reduced" mass n1otlon
Difference: 3 —8
Sum A +8

1.00
1.08
1.01
0.95
1.01

1.41
1.00
1.33
1.89
1.28

1.41
1.08
1.35
1,80
1.30
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TABLE IV. Calculated frequency values and ratios for I, X, and I. point phonons of LiH and LiD
(from Ref. 8}.

Phonon
branch

Calculated phonon frequencies (cm ')
(b) 'LiH (c) 'LiD

X I. I X

Calculated frequency
ratios (b)/(c)

X L

LO
TO
LA
TA

1080 937
606 821

0 392
0 286

968
749
569
244

672
589
396
285

689
535
586
251

1.33
1.33

1.39
1.39
0.99
1.00

1.40
1.40
0.97
0.97

Qualitatively, it can be seen in Fig. 4 that these contribu-
tions, relative to the one-phonon spectrum, are stronger in
LiD compared to LiH. This is an expected effect: The
coupling parameter S, representing the order of the most
probable phonon transition, depends on the mean value of
the phonon frequencies, and therefore should depend on
isotope variation. This predicted isotope effect, ' which is
normally extremely small, has never been observed. The
large variation in the mean phonon frequencies of LiH
and LiD make this effect easily observable, causing a
higher ratio of the second- to first-order phonon spectrum
for LiD compared to LiH.

Not only the phonon effects in the sidebands but also
the purely electronic transitions, as seen in the sharp zero-
phonon lines (ZPL), exhibit distinct and interesting isotope
effects. The position v of the ZPL is shifted, both by

I 1 I I
/

I I
f

I I I I [ I

TA
L x I

.LA. .TO " -LO-
x L r L xxLr

-r I I I t I

.TO .LO.

) I I I 'L I l I I I I

500 (000 1500

Wave Number (cm ~}

FIG. 4. Sideband luminescence spectra, phonon density-of-
states curves, and frequency positions of I -, L-, and X-point
phonons for LiH and LiD. The X- and L-point TA and LA
frequencies, which remain unchanged under H —+D isotope vari-
ation, are left out of the lower figure for clarity.

Li~ Li substitution (hv/v= + 1.2X10 ), and by
H~D substitution (hv/v=+2X10 ). Isotope shifts
of electronic transitions can, in principle, be caused either
by a static effect (due to changes in lattice parameter) or
by a dynamic effect (due to changes in the quadratic terms
of the electron-phonon coupling). ' The change in lattice
parameter between LiH and LiD is known to be
b,a/a= —4X10 . The corresponding value for Li~ Li
substitution is apparently unavailable, but could be expect-
ed to lie close to the value ba/a = —2.5X10 observed
for Lip~ Lip substitution. Assuming that the isotope
shift is based essentially on these static lpga/a variations,
the ratio (hv/v):(b, a/a) for both Li+ and H isotope
variation is about —S. Comparable values of this ratio
(measured under hydrostatic pressure) for F centers' are
—3.5+1.0. VA'th the above assumption, these results indi-
cate for our defect a very strong, F-center-like, dependence
on the lattice spacing. Experiments under hydrostatic
pressure are under way to test and confirm these assump-
tions and conclusions.

Under temperature increase from 10 to 80 K, the ZPL
in LiH shifts by b,v/v= —7.5X10 . Again under the
assumption of a static origin of this effect and the validity
of the above ratio of (bv/v):(ha/a) = —5, this would in-

dicate a thermal lattice expansion between 10 and 80 K of
1.5)(10 . This rather low value may indicate the pres-
ence of sizable dynamic contributions to the thermal shift,
as observed in ZPL defects in alkali halides. '

The (lowest-energy) absorption spectrum of the defect in
question should consist of the same zero-phonon line and
a sideband spectrum at high energies, which is expected to
be roughly a mirror image of the luminescence sideband
spectrum. ' Maximum efficiency of the luminescence is
expected to occur for excitation into the peaks of this ab-
sorption sideband spectrum (about S60—580 nm range}.
Under variation of the exciting Ar -ion-laser line from
457 to 514 nm (corresponding to -5000—2600 cm
shift from the zero-phonon line} we found a steady in-
crease of the luminescence intensity, indicating a far ex-
tending high-energy tail of this absorption.

As mentioned in Sec. III, the observed def~t lumines-

cence decreases strongly with temperature and changes
into new luminescence spectra, consisting of at least two
new zero-phonon lines (at 599.6 and 618.7 nm) and new
sideband spectra. A systematic study into the nature and
optical properties of these defects, which will involve vari-
ation in doping and defect production, as well as systemat-
ic absorption, polarization, and photochemical conversion
measurements, is planned for a separate work.
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TABLE V. Assignments of two-phonon spectra (300 K).

Phonon frequencies {cm ')
LiH LiD

Observed Calculated' Observed Calculated'

Assignment
Zone Phonon
point combinations

508
589
685
739 '

776 .

1108

1289

505
572
678

1107
1213

l 1212
1212

[ 1293
1642
1717

1758
1936

t 1874

284
591
695
753 '

874
985

957
1178

' 1224

. 1261
' 1378

, 1344

L
X
X

X

X
X

X,
X
L'

X.

TO —TA
TA+ TA
LA+ TA

LA+ LA

TO+ TA
TO+ LA

LO+ TA

LO+ TA

TO+ TO

LO+ TO

LO+ LO

'From Ref. 8.
Peak no. 9 is not resolved at 300 K, but its frequency at this temperature has been estimated by apply-

ing a correction to its value at 10 K, equivalent to those observed for nearby peaks.

V. CONCLUDING REMARKS

In this paper we have described Raman and lumines-

cence spectra of three isotopes of lithium hydride crystals.
The two-phonon Raman spectra have been categorized by
observing the frequency ratios for various isotopes, and a
comparison with lattice-dynamics calculations allows

identification of the main features as zone-edge (I or I.
points) combination modes (see Table V}. The values for
LiH are documented for the first time. The presence

of—so far unspecified —defects with weak electron-
phonon coupling allowed us to observe, in their lumines-

cence side bands, one-phonon spectra, which reproduce

with amazing accuracy the phonon densities and their iso-

tope effects. Besides acting as ideal "local probes" for un-

perturbed phonons, these defects display in their zero-

phonon electronic transitions various interesting isotope
effects, which we plan to study further in future work.
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