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Second-order Raman spectroscopic study of lithium hydride and lithium deuteride
at high pressure
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Second-order Raman spectra of LiH and LiD have been measured as functions of pressure up to 15 GPa
(AVIVy=—0.25) at ambient temperature. The assignments of the many features in these spectra have been
thoroughly studied. The features have been compared with the two-phonon dispersion curves derived from
neutron-scattering data and with isotope effect scaling. In addition, an internal self-consistency procedure is
employed to validate the phonon assignments. Most of the features are assigned to combinations of zone-
boundary phonons. The pressure and volume dependence of many zone-boundary phonons have been deter-
mined. These include all of the phonons at ¥hpoint as well as some at theand theW points. Most of these
phonons have constant mode Geisen parameters, while others exhibit volume-dependent modeeiGen
parameters. There is significant variation in the magnitude of these parameters between the various modes. The
results are shown to be in good agreement withauinitio calculations[S0163-182€07)00322-6

l. INTRODUCTION ’LiD. Using a simple force-constant model applied to zone-
boundary phonons, they were able to classify the various
Lithium hydride and lithium deuteride are rocksalt- features in the spectrum. By comparing with the data from
structure quantum crystals that are ideal candidates for boifhe shell-model fif, they assigned most of the features in the
experimental and theoretical studies. There are only fouRaman spectra to zone-boundary phonons atXhend L
electrons per unit cell, making them the simplest ionic CrYSyoints. Tyutyunnik and TyutyunniR studied the second-

tals in terms of electronic structure. Moreover, there is & rder Raman spectra SLiH and “LiH They showed that

large isotope effect provided by proton and deuterqn ®Xihe features in the 2LO region of the spectrum exhibit a very
change. Because of these factors and because of their use

. i ; le'ong resonance as the excitation wavelength is tuned to the
thermonuclear weapons, LiH and LiD have been extens'\/(aliﬁltraviolet They used a similar force-constant model to the
studied both theoretically and experimentally for the pas ' y

four decades. An extensive review has recently been pubo-ne us_ed by Anderson a}ndﬂ_yubut p_ecause they cons_idered
lished by Islamt other high-symmetry points in addition to tieandL points

Second-order Raman scattering at high pressure offers they arrived at differe&t assig_nment.s. More recently, Plekha-
very attractive method for investigating phonon properties oftov and co-workers~'¢ have investigated the second-order
crystals. The second-order Raman spectra reflect the twd@man spectra at room temperature for mixed JOH
phonon density of states, which can be Compared direct|y0$XS 1) Crystals. These authors attributed the strong reso-
with current lattice-dynamical theories. In the past, secondhant component in the 2LO features to the 20 phonon.
order Raman scattering at high pressure has been limited tb should be noted that there is some mutual agreement be-
semiconductor materiafsin this paper, we present the re- tween these attempisto assign the various features, but
sults of study of the pressure dependence of the secondthere are also some significant differences.
order Raman spectra of LiH and LiD. In this paper, we report studies of the pressure depen-

The second-order Raman spectra of LiH and LiD havedence of the second-order Raman spectra of LiH and LiD at
been studied by a number of groups. Jasetahl*® made high pressure. We were motivated to attempt a Raman study
detailed measurements and a theoretical calculation of thef LiH and LiD using modern diamond-anvil-cell technology
second-order Raman spectra. They obtained complete spduy the following reasons. First of all, the second-order Ra-
tra for all three group-theoretical symmetries. No attemptman spectra of these crystals are unusually strong, making
was made to assign the various features in the spectrum them suitable for Raman study in diamond-anvil cell. Sec-
critical points in the second-order density of states. Theyond, in spite of a comprehensive collection of second-order
developed a deformation dipole model based on the neutrorRaman spectra, the assignment of various features in the
scattering dafawhich explained many of the features in the second-order Raman spectra to critical points in the two-
spectra. LaplaZe® studied the second-order Raman spectrgphonon density of states is still unclear. We will show that a
of LiH and LiD and assigned the various features in thestudy of the effects of pressure can remove some of these
spectra to critical points based on the shell-model fits taambiguities. Third, the equation-of-stdf€0S measured by
neutron-scattering dafaAnderson and [ty® subsequently Bessonet al!® will allow us to determine the mode Qmu
made careful measurements on crystalélaH, “LiH, and  eisen parameters for a number of phonons at high-symmetry
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zone-boundary points. Because of the large compressibilitgpectra of LiH and LiD are very rich in features. The

of the crystals we will be able to produce a large volumepressure-dependent features in the second-order Raman spec-
change with application of modest pressure; this will lead tara will now be discussed.

mode Gruneisen parameters that are volume dependent. In a Features A—1E are identified as optic minus acoustic
companion papét we will compare our experimental results difference modes since they vanish at low temperatafe’

with ab initio calculations. Feature B corresponds to the strong feature 1 seen in the
earlier works. Higher-frequency featureB and 1C are seen
Il. EXPERIMENT more clearly only in LiD as the pressure increases. We also

] ) ) ] observed the lower frequency difference featurel, dnd
Single crystals of LiH and LiD were furnished by the 1£ in LiH in our high-pressure spectra.

Crystal Growth Laboratory at the University of Utah. Special  Feoatures 2—5 are acoustic sum modes. In LiD features
precautions were taken in handling these crystals since theélA and 2B become very evident at high pressure. Feature

are hygroscopic. A single crystal was loaded in a diamond-2C which was seen as a sharp peak, featufBefs. 9 and
anvil cell with argon as the pressure-transmitting medium., -’ . o .
10) evolves into a square-ro®, singularity at high pres-

The pressure was determinedsitu by the calibrated shift in . .
sure. The overlap between regions corresponding to feature 1

the rubyR; fluorescence liné! ; .
High-pressure micro-Raman experiments were performer?nd feature 2 in the LiH spectra conceals many of the sub-

in a 135° backscattering geometry up to 15 GPa at ambie gatures seen in LiD. In LiH we were able to follow fegture
temperature. The experiments terminated at about 15 GPE- as Well as a new featurelPwhich appeared weakly in a
because the quality of the spectra degraded. Raman measuf@W Spectra. In LiD features 3 and 4 become increasingly
ments were also repeated at ambient pressure and tempef¥erlapped as pressure increases, while in LiH this does not
ture. Raman spectra were excited by the 5145 A lines of afccur. Feature 5 is clearly seen in both LiH and LiD.
argon-ion laser. Other lines from the argon-ion laser and a Features 6—8 are acoustic plus optic sum modes. Fea-
krypton-ion laser extending to 4067 A were also used in arfures 6, 7, and & [feature 8(Refs. 9 and 1 are clearly
attempt to observe the resonant Raman scattering describsden in both LiH and LiD. FeaturesB8and 8C have been

by earlier studies®!>?>2however the increased diamond observed in LiD and LiH at ambient conditions by Plekha-
luminescence prevented observations at these other wavaev and co-worker$ '8 Anderson and Lty® observed fea-
lengths. The scattered light was dispersed by a triple spegure 8C as a weak shoulder in thefiLiH and “LiH Raman
trometer(Spex, Model 187)using a 600 grooves/mm grat- spectra at 300 K, however they labeled it as feature 9 in their
ing in the final dispersing stage. A liquid-nitrogen-cooledfigyre. We will show later why we differentiate between
intensified charge-coupled devit8pex Spectrum Onevas  gg in LiD and 8C in LiH.

used for multichannel photon detection. A wide slit width The optic sum mode region includes the previously iden-
was used, resulting in a resolution approximately equal tQifiag features 9—12Ref. 9.2 Feature 9 was previously ob-

71 . . . . .
10 cm = This resolution is more than adequate con&dermggerved only in LiH both at low temperatdrand at ambient

the broad_ nature of the second-order Rama_n spectra that Vilgmperaturéf’ We observed a weak indication of feature 9 in
are studying. All spectra were carefully calibrated by neon

lines our LiH spectra, however it could not be reliably followed
' due to the background. Feature 9 was not observed in LiD.
Feature 10 is a broad feature without apparent subfeatures,
ll. RESULTS although Tyutyunnik and Tyutyunniksaw two distinct fea-
tures in this region. Feature 11 is resolved into features
11A and 1B which will be assigned to 2LOX) and 2LO
). The upper end of feature 11 will be called feature
1C and will correspond to 2LQI"). We estimatedthe lo-

The second-order Raman spectra of LiD and LiH at sev
eral pressures are shown in Figga)land Xb), respectively.
These Raman spectra taken on microscopic crystals in th
diamond-anvil cell are of comparable quality to the earlier—— oo ek >
Raman spectra taken at ambient pressure and temperature G#ion of 1L in LiD in all our spectra. In LiH all of feature

macroscopic crystals. The major resolved features are Iakl IS in the same region as the second-order Raman spectrum
beled following the conventions used in Refs. 9 and 100f the diamond. We were unable to separate these two spec-

However since we |dent|fy more features than previous autral contributions in order to locate subfeatures. Feature 12 in

thors did, letters are appended to numerals for subfeaturddD is identified as the overtone of an impurity local mode
which were not explicitly identified previously or which be- involving H™ motion?®
came evident with increased pressure. Most of the data at ambient pressure used in the analysis
The main focus in this paper is on the pressure depensome from Raman measurements that we repeated at ambi-
dence of the frequencies of two-phonon features which arent pressure and temperature. However, we have also used
interpreted as critical points in the two-phonon density ofdata from other sources to supplement our own. The frequen-
states. There are few changes in the intensity of the variougies at ambient pressure and temperature for featuBesn@l
features, however some features take on the familiar chara8C in LiD and LiH, respectively, were read from the figures
teristic appearance of critical points at high pressure. Theublished by Plekhano¥.The ambient pressure data for fea-
detailed phonon assignment of these features will be deferrddre 12 [2v(H™)] was measured by Plekhanov and
to a later section. For clarity these features will be labeledveltri.!!1?
with the assignments that we will make later. The pressure dependence of the frequencies of the various
As shown in Figs. (a) and 1b), the second-order Raman second-order features plotted as a function of pressure for
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FIG. 1. The second-order Raman spectra of LiD and LiH at high press(@agLiD, (b) LiH. All spectra were taken at room temperature.

The major resolved features are labeled and followed as functions of pressure. The intense peak in the middle is the first-order Raman peak

of the diamond, which prohibits direct observation of features when they move into it. Feahw&€3 dre optic minus acoustic difference
modes. Features 2-5 are acoustic sum modes. Features 6—8 are acoustic plus optic sum modes. FeaOrasel@ptitlsum modes.
Feature 12 is the overtone of the Hmpurity mode in LiD. Feature 11 in LiH was obscured by the second-order Raman spectrum of the
diamond.

both LiH and LiD are shown in Figs. 2-5. These features argaring the two-phonon dispersion curves and the two-phonon
classified into the following four groups: acoustic sumdensity of states with the experimental Raman spectra re-
modes in Fig. 2; optic sum modes in Fig. 3; acoustic plusveals a number of possible assignments of the observed fea-
optic sum modes in Fig. 4; and optic minus acoustic differ-tures. This comparison is an essential part of our analysis.
ence modes in Fig. 5. The various frequencies have been fit Features A, 2B, 2C, 2D, 3, 4, and 5 are acoustic sum

to second-order polynomials in pressure. The coefficients ofyodes. In the present work feature 2 in LiD shows much

these fits are given in the Ref. 3. substructure. The higher frequency featuf@ @ust be 2TA
(X) by comparison with Fig. 6, while the lower frequency
IV. ANALYSIS OF ASSIGNMENTS 2B must correspond to 2TAL(). Features A and 2D are
_ ) ) likely to be due to interior points in the Brillouin zone. Fea-
A. Two-phonon dispersion curves and density of states ture 3 has been variously assigned. We will show later that

As we have mentioned above, several of the earliethe TA+LA (X) assignment is unambiguous. Feature 4 has
studie$™*° have made attempts at assigning these featurepresented something of a problem. In the two-phonon den-
mostly based on a comparison with the shell-model fit to thesity of states from the shell model at ambient pressure feature
neutron-scattering dafawe shall also use this model as a 3 and feature 4 are not resolved. In our companion theoreti-
starting point in our analysis. The assignments made in theal paper this problem will be resolved by showmg that fea-
previous studies are summarized in Table I. In the same tableire 4 can be unambiguously assigned #s 2W).?° Fea-
the current assignments are also given. We have used tligre 5 has almost always been assigned as 2K\ (The
shell model with the parameters determined by Verble, Wardispersion curves agree with this assignment, but also reveal
ren, and Yarnefl to calculate the phonon frequencies. Thethat there may be a contribution from FATO (L).
frequencies are used to generate the two-phonon dispersion Features 10 and AE-C are optic sum modes. Feature 10
curves and the two-phonon density of states at ambient prefas been previously assigned as-idD (X,L,I"). It is ob-
sure and temperature which are shown in Fig. 6. This modelious by looking at the two-phonon dispersion curves that
produces a two-phonon density of states that is in qualitativéhere is a broad region in the Brillouin-zone where the fre-
agreement with the second-order Raman spectra. The resufijgency of these sum modes are nearly constant. While the
for LiH are similar, except that the optic branches are muctcalculated second-order density of states clearly indicates the
higher in frequency than the acoustic branches and the optigresence of two features in this region, we observe only one
acoustic difference and acoustic sum branches overlap. Comverall feature. Our assignment corresponds to these earlier
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FIG. 3. The pressure dependence of the optic sum modes, fea-
Pressure (GPa) ture 10 for LiH (open symbolsand features 10, 2, B, C, and 12
for LiD (closed symbols The LiH features are scaled b rela-
FIG. 2. The pressure dependence of the acoustic sum modesve to LiD features since these features are due mostly to hydrogen
features 2-5, for LiH(open symbolsand LiD (closed symbols  motion. Feature 10 agrees with this scaling. Featur€ isl our
The curves are quadratic fits. estimate of 2LQ(I). Feature 12 in LiD is the overtone of the H
impurity mode. The curves are quadratic fits.
assignments. Feature 11 corresponds to the 2LO region. In ] ] )
the earlier studies some authbthave realized that there are Sumptions and the various isotope masses, Anderson and
two separate component in this feature. In LiD the singulariluty were able to classify all the modes in the second-order
ties 11A and 1B develop very clearly at high pressure. By Raman spectra into five classes. These classesyreftic
comparing with Fig. 6, these can only be assigned as 2L@Um modes with only H or D™ ion motion; (B) acoustic
(X) and 2LO (). The end of the spectrum is labeledcll ~Sum modes with only Li ion motion; () reduced-mass
Although this is not a clear singularity, comparison with Fig. motion at the zone centerD( mixed difference modes, op-
6 indicates that this is 2LQI"). Because of its importance we tic minus acoustic; andg) mixed sum modes, acoustic plus
have estimatedits location. A more Comp|ete discussion OptiC. Note that the letters assigned for these classes in Ref. 9
and comparison between the shape of the observed featur@ave no relation to the letters we have used to designate
and the expected Van Hove singularities deduced from theubfeatures in the spectra.
shell-model fit to neutron-scattering data is given in Ref. 3 ~ The frequency ratios between LiH and LiD for these vari-
ous classes will now be discussed. Cléssnodes involve
modes that both involve mainly Hor D™ ion motion, so
B. Isotope effects that the frequencies should scale #¥ between LiH and
A simple force-constant model was used in earlyLiD. ClassB modes involve mainly LYi ion motion, so they
studie$'*°to classify the effect of isotope substitution on the should have the same frequency for both LiH and LiD. Class
various features in the second-order Raman spectra, and thGsmodes involving zone-center optic modes should scale by
to put constraints on the assignments of the various featurete square root of the reduced mass. The frequency ratios for
The model that has been used relies on two assumptions: TikassD and E are slightly more complicated. The relation
first is that for zone-boundary acoustic phonons only theébetween the two frequencies fbr andE are given by
heavier Li* ions move, while for zone-boundary optic

phonons the lighter Flor D™ ions move. This is strictly true ViH (0iF 02)in V2K myF V2Ko/my;

only for zone-boundary phonons along certain high- vio (03T o)) 2K mpT 2K/ my,
symmetry directions, i.e., the andL points in the Brillouin

zone. The second assumption is that for a simple model of 1.891 for a typeD difference mode
lattice dynamics that can be represented by harmonic springs ~11.269 for a typeE sum mode. )

between nearest-neighbor ions, the same force constant can
be used for both acoustic and optic modes. Using these as- Here, because both masses are involved, the ratios will
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FIG. 4. The pressure dependence of the acoustic plus optic sum FIG. 5. The pressure dependence of the optic minus acoustic
modes, features 6-8, for Likbpen symbolsand LiD (closed sym-  difference modes, featuresAl 1D, and IE, for LiH (open sym-
bols). The LiH and LiD features are scaled by the ratio of 1.269:1.bols) and features A, 1B, and IC for LiD (closed symbols The
The curves are quadratic fits. See text. LiH and LiD features are scaled by the ratio of 1.891:1. The

curves are quadratic fits.

hold only if both force constants are the same. This will hold
for combination modes involving either both transverse orapart as the pressure increases.
both longitudinal modes. The expected ratio will not hold for  The frequencies of the difference modes, clBsswith
transverse plus longitudinal combination modes. Thus, therthe frequencies scaled by the 1.§%qg. (1)] factor are pre-
may be clas® and E combination modes that obey these sented by Fig. 5. Only featureAlcan be compared between
expected ratios better than others. We will call the mode4.iH and LiD. The 1A difference mode scales closely to this
that obey the above scaling cla®$ and clas<E*. ratio indicating it is clasD*. This is consistent with the
In Fig. 2 the pressure dependence of features 2-5, thassignment of TO-TAX).
acoustic sum modes, clags are plotted for both LiH and
LiD using the same frequency scale. As can be seen, most of
these features are nearly the same for LiH and LiD. In gen-
eral the LiH frequencies are all slightly lower than their LID |t was pointed out by Brafman and Mit‘athat pressure
counterparts; this is attributed to a slight softening of thestudies may be used to clarify phonon assignment of mul-
force constant in LiH due to the larger zero point motion oftiphonon Raman spectra. In this earlier work, the authors
the H™ ion. As we have mentioned earlier, feature 4 isapplied this principle to identify the overtone and difference
anomalous for LiD since at higher pressures the LiD fre-modes in a limited way. Here we will exploit this principle

C. Assignment by self-consistency

guency crosses over to fall below the LiH frequency. fully and demonstrate the utility of pressure dependence in
The optic sum modes, clags, feature 10 for LiH and phonon assignment.

features 10, 1A, 11B, and 1T for LiD, are shown in Fig. 3 We have verified assignments by the use of pressure-

with thev2 factor used for the LiH features. Feature 10 com-dependent self-consistency checks whenever possible. The

pares very favorably between LiH and LiD. procedure is described as follows. First, we assign the over-

The acoustic plus optic sum mode, cl&sfeatures 6, 7, tone features using the results from the shell-model fit to the
8A, 8B, and &) are shown in Fig. 4. They are plotted with neutron-scattering data; the overtone features in general can
the LiD frequency on the left and the LiH frequency scaledbe assigned unambiguously. We also make trial assignments
by 1.269[Eqg. (1)] on the right. Feature 6 appears to scaleto other acoustic and optic sum features. These features are
with this ratio and is a clasg*. We will assign feature 6 to assigned with less confidence than the overtone features.
TA+TO (X). Features 7 and M scale less satisfactorily; These hypothetical assignments are tested by comparing the
they will be assigned to LATO (X) and TA+LO (L), re-  frequencies of the acoustic and optic sum features with com-
spectively. FeaturesBin LiD and 8C in LiH scale at am-  binations of individual phonon frequencies determined from
bient pressure, indicating that they may be the same featuréhe overtone features. The pressure dependence of all these
however the scaled frequencies of these two features moveatures allow us to confirm or reject assignments that have
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TABLE I. Assignments of features in the second-order Raman spectra of LiH and LiD showing previous
proposals along with our assignments.

Anderson and

Tyutyunnik and

Feature LaplaZe Liity® Tyutyunnik® Present work
1A LA-TA (L) TO-TA (L) TO-TA (W,X) TO-TA (X)
TO-TA (X) LO-LA (K,W)
1B LO-LA (X) d e d
1c LO-TA (X) d e d
1D e e e d
1E e e e d
oA d d e d
2B 2TA (L) d e 2TA (L)
2C 2 TA (X) 2 TA (X) 2 TA (X) 2 TA (X)
2D e e e d
3 LO-TA (X) TA+LA (X) 2 TA (W) TA+LA (X)
4 2 LA (X) 2 LA (X) 2 LA (W) 2 Ay(W)
5 2 LA (X) 2 LA (X) 2 LA (K) 2 LA (X)
6 TA+TO (X) TA+TO (X) TA+TO (X) TA+TO (X)
7 LA+TO (X) TA+LO (L) TA+TO (W) LA+TO (X)
LA+TO (X) LA+LO (W)
8A TA+LO (X) TA+LO (L,X) LA+LO (K) TA+LO (L)
8B e d e LA+LO (X)
8C e d e d
9 e 2 TO (X) 2 TO (X) e
10 TO+LO (L,X,I) TO+LO (L,X) 2TO (W) TO+LO (L,X,T)
2 LO (K,W)
11A 2 LO (X) 2 LO (X) e 2 LO (X)
11B 2 L0 (L) 2 L0 (L) e 2 L0 (L)
11C 2L0 (T) € € 2LOT)
12 € 2v (H7) € 2v (H)

8Reference 7.
bReference 9.
‘Reference 10.
INot assigned.
®Not observed.

previously been made on the basis of measurements madve the Brillouin zone. This is because all phonon combina-
only at ambient pressure. A summary of the self-consistentions at theX point are allowed by the selection rules for
pressure dependence checks that we have done is shownsecond-order Raman scattering in the rocksalt struéfure.
Table II.
It has turned out that the assignments of features involvf TA+LA ( X)] is the average of feature<C2[ 2TA (X)] and
ing the X point are more straightforward than it is elsewhere5[2LA (X)] for LiD. The same relation holds for LiH. This
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In Fig. 7(@) we show that the frequency of feature 3

FIG. 6. The two-phonon dispersion curves
and the two-phonon density of states of LiD cal-
culated using the shell-model fit to the neutron-
scattering datéRef. 6. The dispersion curves for
the overtone modes, combination modes, and dif-
ference modes are shown as the solid, dashed,
and dotted lines, respectively.
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TABLE Il. Assignment checks between observed features. We have compared various combinations of
the frequencies of features as a function of pressure in an attempt to check for the internal consistency of
assignments that have been proposed. The first column gives the primary feature and its tentative assignment.
The second column gives the equation which was used to obtain an equivalent expression along with their
assignment. The third column gives the panel of Fig. 7 where this comparison is presented. The last two
columns show the results of the check for both LiH and [(iB- agreementX= disagreement

Assignment checked Comparison made Figures LiH LiD

Optic minus acoustic difference modes

1A vg— Vacl2— v5/2 9 X X
TO-LA (X) [TA+TO]—[2TA)2—[2LA]/2

1A Vg~ Vac 9 v v
TO-TA (X) [TA+TO]—[2TA]

1B (vi1a—vs5)/2 9 X X
LO-LA (X) ([2LO]—[2LA])/2

1C (vy10— Vo) 2 9 X X
LO-TA (X) ([2LO]—[2TA])/2

Acoustic sum mode

2C,3,5 (Vzc+ 7/5)/2 7(a) \ \
TA+LA (X) ([2TA]+[2LA])/2

Acoustic plus optic sum modes

6 Vocl2+ vig— v11a/2 8 N N
TA+TO (X) [2TA}2+[TO+LO]~[2LOJ/2

7 (vog+vi1m)/2 X
TA+LO (L) ([2TA]+[2LO])/2

7 vgl2+ vig— v11a/2 8 J N
LA+TO (X) [2LA}2+[TO+LO]~[2LOJ/2

8A (vopt v118)/2 7(d) V
TA+LO (L) ([2TA]+[2LO))/2

8A (voct+vi1n)/2 7(c) X
TA+LO (X) ([2TA]+[2LO])/2

8B (vs+vq1a)/2 7(b) N
LA+LO (X) ([2LA]+[2LO])/2

Optic sum mode

10 V6+ 1/2(:/2+ VHA/Z 8 \J“ \4“’
TO+LO (X) [TA+TO]—[2TA)2+[2LO]/2

analysis fixes the frequencies of TX) and LA (X) in both  derived from both combination acoustic plus optic features

LiH and LiD with very little uncertainty. as well as optic-optic sum features. We show in Fig. 8 de-
We now consider a few other examples of the applicatiorterminations of the TOX) and LO (X) in both LiD and LiH

of the self-consistency check to the assignments of acoustioy several methods. The frequency axis for LiH is scaled

plus optic sum features. Featur® 8n LiD has not previ- with the v2 factor with respect that for LiD. The pressure

ously been identified. The pressure dependenceBadi®ws  dependence of LOX) in LiD is very well determined from

us to easily assign it to LALO (X) as shown in Fig. (b).  the overtone feature R[2LO (X)]. We demonstrate several

Self-consistent pressure dependence checks can also be useays of obtaining TO X). We can calculate TOX), W, in

to reject an assignment. As shown in Figc)7 feature &\ in LiD from features Z [2TA (X)] and 6[ TA+TO (X)] be-

LID and the frequency of the previous assignmeht, cause we have the pressure-dependent frequency for feature

TA+LO (X) move apart as the pressure increases. We a$ over the entire pressure range. This determination will be

sign feature & to TA+LO (L) in accord with the pressure used for the further analysis. We can also use featligt B

dependence check shown in Figd)Z However, this assign- (X)] and feature TLA+TO (X)], 4. This is in fair agree-

ment is not consistent with the selection rules for the secondment with the TO K) determined from features@ and 6.

order Raman scattering for rocksalt structtfte. We also show TOX) for LiD determined using features 10
For the optic modes we have less data than we do for theETO+LO (X)] and 1A [2LO (X)]. The pressure depen-

acoustic modes. Consequently, the optic phonons must kgence of this determination of TOX| does not agree as well



55 SECOND-ORDER RAMAN SPECTROSCOPIC STUDYFO. . 14 825

1800
® 5 -2LAX) @)} |(b) '.0'
O (2Cc+5)/2 o 0®
® 3 ITAHLACO °®
1600 + | 2C-2TAX) o ®
I *
? ~ 04
= L Q
21400 0000
g ®
ot @0
h=| ® ®
= 1200 o®?
3 o0 wu®
® 1000} o *° o0 * L
®® - : :
o’ ¢ @ ©® o®® e " FIG. 7. Self-consistency checks between vari-
8008 ©@©©@ — " ® 1A 2L0X) ous experimental frequencies as a function of
d ®® L nm & SBoarlom pressure. See text and Table 1@ Comparison
_— " B 5 -2LAKX) of acoustic sum modes in LiD. Featur& 2and
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at low pressure with the determinations above and thereforapparent that the LO-LAX) and TO-LA (X) assignments
we do not use this TOX) in the subsequent analysis. We can be ruled out because of their very different pressure de-
attribute this to the problem mentioned before, namely thapendence. The results of our comparison show that TO-TA
feature 10 contains contributions from many places in thgX) is the most likely candidate; it has by far the closest
Brillouin zone and therefore the pressure dependence of itsressure dependence and it is only 10 édower than fea-
center is not a reliable source of data. ture 1A. This result also holds true for featuré ln LiH.

In LiH we do not have data on any optic overtone fea-We were not able to assign other difference features.
tures. To obtain the pressure dependence of XPwe used
the methods as above calculating from featur€s [2TA V. PRESSURE AND VOLUME DEPENDENCE
(X)] and 6[ TA+TO (X)] as well as features LA (X)] OF PHONONS
and 7[LAfj;.;|;.o (X)]. Wh'ChtLS shovxlltn fm FI%H 8. Iior theth The pressuredependence of the zone-boundary phonon
gg;pfosre d%telrrlt?iginvg\;eTrge)gebecZLiseutr?e rgrrgssféer;\lf]c;sseoffrequencies thqt we have determined are nqnlingar. Fits of
data availability complement each other. We then determinthese. frequenues to second-order polynomials in pressure
an estimate of the pressure dependenée of XD if LiH gre given in Table Ill. The volume Cjepe_ndence of the acous-
from this TO (X) and from feature 10 since this is the only tic and optic phonons are shown in Figs.(d0and 10b),

L . . . respectively. These plots are log-log plots of frequency vs
complngtlop that mcl_udes LG). This determination O.f LO V/Vy. The volumes are calculated from the pressure using
(X) in LiH is less reliable because of the problem with fea-

: the third-order Birch-Murnaghan EOS fit to the neutron-
ture 10 mentioned before.

) . diffraction measurements by Bessehal!® up to 10 GPa.
The assignments for the difference features are the MO$/e have made the modest extrapolation to 15 GPa
difficult to establish. As shown in Fig. 6, the two-phonon X

) . . o ) . Mode Grineisen parameters are typically assumed to be
dispersion curves are especially dense in this region. ContrEonstant Based upon this assumption, the moda&sen
butions come from thé, W, X, K points, and their neigh- : Y

. arameters are obtained by fitting the phonons to an equation
borhoods. We have compared features, 1B, and IC in P y g P q

. : . i of the form
LiD with some possible assignments as suggested by the

two-phonon dispersion curves in Fig. 9. It is immediately wi= wei(VIVy) Y. 2
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Data are fit to a constant mode @eisen parameter. See Table IIl.

Such fits will be a straight line on a lagvs log(V/V)
plot as shown in Figs. 18) and 1@b). The constant mode
Gruneisen parameters obtained this way are given in Table

The straight-line fits to the data are reasonably good for
the optic phonons as shown in Fig.(bp However, the fits
to the acoustic phonons in Fig. (HD are less satisfactory,
especially at low pressure. We have carefully remeasured the
Raman spectra at ambient pressure to make certain of the



TABLE Ill. The pressure and volume dependence of phonons of LiH and LiD. The modeiSem parameters are calculated using the B, 19. The phonon frequencies are derived
from the overtone frequencies, except for TK) (in LiD and TO (X) and LO (X) in LiH. TO (X) in LiD is derived from features @ [2TA (X)] and 6[ TA+TO(X)]. TO (X) in LiH is
deduced from features@[2TA (X)], 5[2LA (X)], 6 [TA+TO (X)], and 7[LA+TO (X)]. In LiH, LO (X) is determined from feature J0rO+LO (X)] and previously determined TO
(X). The pressure and volume dependencé& W) and LO(T') in LiD must be regarded as an estimate. Values in parentheses are calculated YRe¥IR0. See Figs. 1@ and 1Qb).

;=g +a;P+b;P? Constant mode gamma Volume-dependent mode gamma
LiD LiH LiD LiH LiD LiH
Woj a b; Woi ai b;

Phonons  (cm™?) (cm YGPa) (cm YGP&) (cm™h (cm YGPa) (cm YGP&) i Vi Yoi q Yoi q
TA (L) 260+ 1 9.2:0.4 —0.14+0.02 1.19-0.02 1.26:0.06 0.4:0.3

(232 (7.6 (—0.11) (220 8.3 (—0.14) (1.19 (1.20 .27 (0.6 (1.39 0.7
TA (X) 303.2:0.8 8.2£0.2 —0.15-0.02 299.a:0.8 8.0£0.2 —0.14-0.02 0.88%0.012 0.9020.010 0.920.05 0.6-:0.3 0.96-0.04 0.4-0.03

(304 4.7 (—0.11) (303 (7.0 (—0.16) (0.47 (0.65 0.7 (2.6 (0.98 (2.9
Ay (W) 378+2 11.5£0.5 —0.320.03 3706:2 11.5£0.4 —0.24+0.03 0.8G:0.03 0.96-0.02 1.2%-0.05 3.x0.3 1.15-0.05 1.2£0.3

(399 (10.9 (—0.21) (389 (12.7) (—0.26) (0.8 (0.9 (1.14 1.6 (1.27 1.6
LA (X) 400.3-1.3 14.6:0.4 -0.29-0.02 393.61.4 13.3-0.4 —0.26+0.03 1.06:0.02 1.06:0.02 1.29-0.05 1.2:0.2 1.22-0.05 0.9:0.2

(451 (14.2 (—0.24) (443 (159 (—0.30) (1.02 (1.07 (1.29 1.2 (1.39 1.3
TO (X) 586+ 3 15.6-0.8 —0.25+0.05 806+ 2 23.8:0.7 —0.55+0.05 0.92£0.02 0.88:0.02 0.93:0.08 0.rx0.5 1.1G-0.06 1.4:0.3

(570 (16.6 (—0.22) (793 (23.95 (—0.36) (1.06 (1.0 (1.10 0.2 (1.06 0.3
LO (X) 736+2 13.9-0.5 —0.23+-0.03 1015-6 18+ 2 —-0.2+0.2 0.680-0.007 0.6%0.03 0.68-0.03 0.0600.3 0.62£0.09 -0.8£1.0

(992 (16.5 (-0.21) (1408 (27.0 (—0.41) (0.67 (0.70 (0.63 (-0.3) (0.69 (—0.1)
LO (L) T774+2 18.0£0.5 —0.34+0.03 0.770.01 0.84£0.04 0.6£0.3

(1084 (20.5 (—0.28) (1569 (31.9 (—0.50) (0.72 0.70 0.72 (0.0) 0.72 (0.0
LO (') 829+ 3 24.0-0.8 —0.60+0.05 0.82:0.02 1.02#0.08 1.705

(1312 (20.7) (—0.29) (1788 (30.) (—0.48) (0.62) (0.60) (0.60) 0.0
v(H™) 926+ 2 21.1+0.9 —-0.6£0.1 0.72:£0.01 0.78-0.03 0.8:0.4

" 7OdAdNLS J1dOJS0d103dS NVIAVYH 43ad0-dNOJ3S
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data at 1 bar. This lack of straight-line behavior indicates thamode Grueisen parameters than the longitudinal phonons.
the mode Groeisen parameters for these acoustic modes ar€his general trend is also corroborated by @by initio
not constant. It is well known that the overall @risen calculations® with the exception of TA X) and LA (X)
parameter varies with density from studies in the geophysicalhere a large discrepancy shows up in TX)(between
science. Many authof$* have employed a volume- experiment and theory.
dependent mode Gneisen parameter in the form of We can compare the acoustic mode @isen parameters
= e (VIVg)d 3) with the mode Groeisen parameters determined by ultra-
%= il ol sonic measuremerifson LiH. We compare the zone-edge
whereyy, is the mode Groeisen parameter at ambient pres-values determined in LiD and assume that the values for LiH
sure andy, the second Gmeisen parameter, is the logarith- would be essentially the same. The mode r&igen param-
mic derivative of the mode Gneisen parameter with respect eters determined by ultrasonic measurements are very aniso-
to volume. Substituting Eg3) into the definition of mode tropic with values ranging from 0.5 to 2.15. Along tide

Gruneisen parameter, one obtains upon integrating direction (002), yta at the zone center is 0.5, while at the
zone boundaryyta(X) is 0.9; y (") at the zone center is
;= wg; exp(ﬁ [1_(V/V0)q]]_ (4) 1:9, vyhile at the zone boundary; A(X) .is 1.06. In. theA
q direction (££0), yta at the zone center is 1.35 while at the

h | d fit th | d q ‘ zone boundaryy;a(L) is 1.2. This variation of the mode
We have also used E@) to fit the volume dependence o Gruneisen parameters with direction and especially between

all the phonon frequencies. The results of these fits are alsQ ", o he-center and the zone-boundary phonons shows that

ﬁ'gvjrgsm Table Ill, however they are not shown in SeF)"’“"ﬂemode Gruneisen parameters measured at the zone boundary

cannot be assumed to be the same as the modee3an
parameters measured at the zone center. This result is to be
contrasted with recent measureméhisf mode Grueisen

The frequencies of the phonons at ambient pressure are Rarameters for the zone-boundary phonons in MgO at high
good agreement with the neutron-scattering Gareparticu-  pressure which are found to be equal to the moden€isen
lar, the acoustic phonons fall within 5% of that data, while parameters determined from elastic constants.
the frequencies of the longitudinal optic phonons are 10% The only other materials for which extensive studies of
higher than the corresponding shell-model fits. This is nothe pressure dependence of the zone-boundary phonons exist
surprising considering no neutron-scattering data was availre the semiconductofsThe TA modes in these materials
able to fit the LO branches. are characterized by negative mode @isen parameters.
Our measurements of LA") from feature 1C in LiD, = The mode Groeisen parameters of all the other zone-
when extrapolated to ambient pressure as shown in By, 8 boundary phonons are comparable to our results. However,
are in good agreement with the values determined by infrain the case of semiconductors many of the moden@isen
red reflection measuremeritS> This agreement gives strong parameters cannot be determined from second-order Raman
support to our estimate of the location of the 2D fea-  spectra and must be inferred from other studies.
ture. Several authol$'*?*?*have raised the conjecture that |, the cases where a constant mode r@isen parameter
the strong uv enhanced resonance observed in the 2LO rgsqqe js not applicable, the volume dependence of these
gion suggests that 2L((l“_) is the main component of both phonons is characterized by the two Geisen parameters
featur_(las_m .and 1. This _pLoposedhasggnment ISI not nec- vo andq. In LiD and LiH, most of the observed phonons
essarily In disagreement with ours, owever it would be VeDhave a g value of one or less, with the exception of
interesting to study the resonance in second-order Rama S o .
spectra at high pressure where the various 2LO features a (W) in I."D' A q value of less than one indicates negative
curvature in the volume dependence. The volume depen-

much more separated than they are at ambient pressure. -
When we compare the frequencies of the phonons ydence of these phonons further supports the hypothesis that

pressure for the two iotopes, LiH and LiD we have shownthe mode_ Groeisen para_meters_ decrease with incr_easing
that in the acoustic region the frequencies and their pressufg®SSUre, in agreement with previous study on the(I"'Gn
dependence are comparable except for the case of tfdkali halides?
A2 (W) phonon_ The volume dependence of all Dh¢)o|nt In the Companion papéP,We will show that ourab initio
phonons for both LiH and LiD are comparable. All of these calculations predict phonon frequencies that are generally in
phonons scale approximately by the ratio of 1 for acoustievery good agreement in the acoustic region with our experi-
modes and bw?2 for the optic modes shown in Figs. )  mental values, and these calculations also yield mode-Gru
and 1@b). eisen parameters that are in remarkably good agreement with
Substantial variations in the volume dependence betweeour results for both acoustic and optic phonons as shown in
the various phonons are observed. As shown in Figa)l0 Table Ill. The most serious disagreement between the experi-
the volume dependence for TA ) is greater than that for mental values and thab initio calculation occurs for TA
TA (X). with mode gamma’s of 1.2 and 0.9, respectively.(X). The theory predicts very significant difference mode
This is quite different from the rest of the acoustic phononsggammas for the hydride and deuteride neither of which agree
(see Table Ill. Among the optic phonons, TOX) has the  with our experiment. The theory paper will discuss possible
largest mode Gmeisen parameter as seen in Fig.0 reasons for the good agreement with all phonons except for
These results indicate that the transverse phonons have largee TA (X) modes.

VI. DISCUSSION
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VIl. CONCLUSIONS parameters. These mode @eisen parameters are shown to

The nonresonant second-order Raman spectra of LiH an?e In good agreement with the results of aitrinitio calcu-

LiD have been measured up to 15 GRaV(V,= —0.25) at ations. Finally, the pressure and volume dependence of the
P 0 : vertone of the H impurity mode was measured at ambient

ambient pressure. Many new features appear at high pres-
i . emperature.
sure. The assignments of the two-phonon features are inves-
tigated by three methods. Two methods, which have been
used before, involve a comparison with the two-phonon dis-
persion curves derived from shell-model fits to neutron- We wish to thank Professor Fritz bufor providing the
scattering data and scaling comparisons between isotopgamples. We also thank Professor Jumendez for the use
features. The isotope scaling approach has been greatly faf the Laser Facility at Arizona State University. Professor
cilitated by the pressure-dependent data. The third methodiohn B. Page provided the shell-model codes for the compu-
involves self-consistency checks among the various featuregation of the two-phonon dispersion curves and the two-
and has been used extensively to confirm or reject proposqehonon density of states at ambient pressure and tempera-
assignments. Most of the two-phonon features are attributetlire. Samples were loaded using Professor George H. Wolf's
to combinations of zone-boundary phonons atxhd., and diamond-anvil-cell loading facility. We also acknowledge
W points, however a few two-phonon features remain to behe help we received from David P. Wright and the Materials
assigned. We have determined the pressure dependence of&dlcility of the Goldwater Materials Science Laboratories of
of the phonons at th¥ point, as well as some at theand the Center for Solid State Scien(€SSS at Arizona State
the W points. Using the recently measured equation ofUniversity for sample preparation. Helpful discussions with
state!® we have also determined their volume dependenc®r. Wolfgang Wind| are also appreciated. A.C.H. would like
and mode Groeisen parameters. In some cases it is necego thank the Graduate College of the Arizona State Univer-
sary to use a volume-dependent model with two ri@igen  sity for financial support.
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