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System at i c measureme nts by Raman scatterin g of t he frequency and
line width of the zone-center optical mo des in GaS 0 : 2 5 Se0 : 75 layered crys-

tal over the temp erature range of 10{ 300 K are carried out . T he analysi s
of temp erature dependence of intralayer modes show s that frequency shif t
and line broadening are successfull y mo deled by includi ng the contributions
from thermal expansion and lattice anharmonici ty . T he purely anharmonic

contribution (phonon{pho non couplin g) is found to b e due to three- phonon
pro cesses.

PACS numb ers: 78.20. {e , 78.30. { j , 78.30.H v

1. I n t rod uct io n

GaS and GaSesemiconducti ng com pounds crysta l l ize in a layered structure.
These layered crysta ls are characteri zed by hi ghly anisotro pic bondi ng forces. The
hi gh anisotro py ari sesfrom the fact tha t the bonding wi thi n the layers is consi der-
abl y stro nger tha n tha t perpendi cular to them . In these compounds, van der Waals
forces contri bute predom inantly to the interl ayer intera cti on, whi le the bondi ng
forces wi thi n the layers are ionic-covalent. The layered compounds GaS and GaSe
form a conti nuous series of GaS1 À x Sex m ixed crysta ls ( 0 ç ç 1 ) [1, 2].

R aman spectro scopy is a powerf ul techni que for obta ini ng inf orm ati on on
vari ous vi bra ti onal m odes in crysta ls. The frequency and l ine wi dth of the phonon
l ines in the l ight scatteri ng spectra depend on the crysta l tem perature. The shift
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and bro adening of the phonon l ines duri ng heati ng are a m ani festati on of phonon{
phonon intera cti on and the measurements of phonon frequency and l ine wi dth
as a functi on of temperature al low one to study the anharm onicit y of the latti ce
vi bra ti ons.

The phonon spectra of GaS0 :2 5 Se0 : 7 5 layered crysta ls have been reported
previ ously at room temperature from Ram an [3, 4] and inf rared [5] measurements.
W hi le m uch is kno wn on the pho non spectra of GaS0 : 2 5 Se0 :7 5 , tem perature de-
pendence of the phonon frequency and line wi dth have not yet been studi ed. In
our previ ous paper [6], we presented the tem perature dependenci es (10{ 300 K) of
the R aman-acti ve mode frequenci es and line wi dths in GaS0 :5 Se0 :5 layered crysta l .
It was shown tha t the observed softeni ng and bro adening of the opti cal phonon
l ines can be expl ained by the contri buti ons from therm al expansion, latti ce anhar-
m onici ty and crysta l di sorder.

The aim of the present work was to m easure the f requency and l ine wi dth of
the zone-center opti cal m odes in GaS0 : 2 5 Se0 :7 5 crysta ls from the R aman spectra
in the 10{ 300 K tem perature range and to com pare the exp erimenta l results wi th
the existi ng theo ri es of anharm oni cit y of latti ce vi brati ons in crysta ls.

2. Cr y st a l sy m m et r y an d grou p-t heo r etical an al ys is

The GaSx Se1 À x mixed crysta ls, l ike binary com pounds GaS and GaSe, have
a layered structure. Each layer has four ato m ic planes wi th the sequence
S(Se){ Ga{ Ga{ S(Se). D epending on the lay er stacki ng ki nd, polytyp es " ; Ù and Û

are disti ngui shed [7]. GaSecrysta ls grown from the melt by the Bri dgm an metho d
present " modiÙcati on whereas GaS crysta ls invari ably present Ù m odiÙcati on,
whi ch someti m es is also found in vapor-grown GaSe. At x = 0 :2 5 , the GaSx Se1 À x

crysta l is a m ixture of the " and Ù -polytyp es [8].
The space groups of Ù -GaS and -GaSe crysta ls are 4

6 h
and 1

3 h
, respec-

ti vel y [3, 4]. In the - and -typ e structures the pri m itiv e hexagonal uni t cell
consists of four form ula uni ts from tw o neighbori ng layers. For GaS, there are 24
norm al m odes of vi brati on at the center of the Bri l louin zone and these can be
described by the i rreduci ble representati ons of the 6 h point group

2 + 2 + 2 + 2 + 2 + 2 + 2 + 2

Thus, there are six Ram an-acti ve modes(2 +2 +2 ) and two inf rared-acti ve
m odes ( + ) .

For -polytyp e of GaSe, 24 norm al modes are given by the i rreduci ble rep-
resentati ons of the 3 h point group

4 0

1
+ 4 00

2
+ 4 0 + 4 00

In thi s case, there are eleven Ram an-acti ve m odes (4 0

1 + 3 0 + 4 00 ) and six
inf rared-acti ve m odes (3 00

2 + 3 0 ). One of the Ram an-acti ve 3 0 m odes ( 0 (2 )
)

and acousti c m ode 0 (1 ) are counterpa rts of one of the six Davydo v doubl ets. The
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rem aining ten Ram an-acti ve m odes (4 A 0

1
+ 2 E 0 + 4 E 00 ) are components of Ùve

D avydo v doubl ets [9 ].

Fig. 1. A tomic displa cement vectors for interlayer and intralayer Raman- active optical

mo des of Ù -GaS and " -GaSe layered crystals.

The sym metry coordi nates found by Mel vi n pro jecti on operato r metho d were
used to obta in the di splacement vectors of ato m s in al l phonon modes of GaS and
GaSe crysta ls. Fi gure 1 shows the atom ic di splacement vecto rs for Ram an-acti ve
interl ayer and intra layer modes. In these m odes al l the gall ium and sul fur (sele-
ni um ) ato ms m ove either perpendicular or para l lel to the layers.

3. E xp er i m ental d et ai ls

GaS0 :2 5 Se0 : 7 5 sing le crysta ls were grown by the Bri dgman m etho d. The anal -
ysis of X-ray di ˜ra cti on data showed tha t they crysta l lize in a hexagonal uni t cell
wi th param eters: a = 0 : 3 7 1 4 and = 1 5 8 9 0 nm . Crysta ls sui ta ble for m easure-
m ents were obta ined by easy cleavi ng perpendicul ar to opti cal -axi s. GaS0 :2 5 Se0 :7 5

i s a -typ e semiconducto r havi ng an indi rect band gap energies of 2.23 eV and
2.10 eV at 4.2 and 300 K, respecti vely [10].

R aman scatteri ng m easurements in GaS0 :2 5 Se0 : 7 5 layered crysta l were per-
form ed in the backscatteri ng geom etry in the frequency range 10{ 360 cm À 1 . A
30 mW He{ Ne laser (632.8 nm ) was used as the exciti ng l ight source. The scattered
l ight was analyzed usi ng a Jo bin Yvo n U- 1000 doubl e grati ng spectrom eter and a
cooled GaAs photo m ulti pl ier suppl ied wi th the usual photo n counti ng electroni cs.
The R aman l ine positi ons were determ ined wi thi n an accuracy of 0 1 cm À 1 . A
CTI- Cryo genics M- 22 closed cycl e hel ium cryostat was used to cool the crysta ls
from room temperature down to 10 K. The temperature was contro l led wi thi n an
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accuracy of Ï 0 : 5 K. In order to avoid sam ple-heati ng e˜ects , we have chosen a
cyl indri cal lens to focus the incident beam on the sam ple.

4. R esul t s an d d iscu ssio n

Fi gure 2 represents the Ram an spectra of GaS0 :2 5 Se0 : 7 5 crysta l at 10 K.
The insets of Fi g. 2 show two extended indi vi dual parts of the spectra at 10 and
300 K. The shi ft and broadening of phonon l ines wi th increasing tem perature
are seen. One-m ode behavi or of interl ayer E 0 (2 )

(E 2
2g) and intra layer E 00 (2 )

( E 1
1g) ;

[ 0
(4 )

(TO ) ] ( 1 ) [ 0
(4 )

(LO ) ] ( 1 ) shear m odes, and two -mode behavi or of in-

tra layer 0(2 )
( 1 ) and 0(4 )

( 2 ) com pressional modes are in agreement wi th tha t
of Refs. [3, 4]. The room tem perature frequency values of GaS0 :2 5 Se0 : 7 5 crysta l
were found to be 16.6 [ 0

(2 )
( 2 )] 5 8 9 [ 0 0

(2 )
( 1 )] 1 2 9 1 and 145.9 [ 0(2 )

( 1 ) ],

212.2 f [ 0
(4 )

( TO ) ] ( 1 ) g 2 4 3 4 f [ 0
(4 )

( LO ) ] ( 1 ) g 3 0 0 4 and 324.9 [ 0(4 )
( 2 ) ].

The interl ayer shear mode 0
(2 )

( 2 ) i s related to the weak lay er{ layer intera cti on
for whi ch enti re layers vi brate ri gidly out of phase wi th thei r neighbors (Fi g. 1).
The low value of thi s mode frequency ( = 1 6 6 cm À 1 ) gives inform atio n about
the strength of the layer{ layer intera cti on in GaS0 :2 5 Se0 :7 5 There is large di ˜er-
ence between the m ode Gr�uneisen param eters ( ) of the interl ayer (22.7, 22.1)
and intra layer (1.0{ 2.6, 1.3{ 3.9) m odes of layered crysta ls GaS and GaSe, respec-
ti vel y [11, 12]. The di ˜erence in the m ode Gr�unei sen param eters represents the
di ˜erence in the interl ayer and intra layer restori ng forces. The frequency shif ts of
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GaS0 :2 5 Se0 : 7 5 R aman modes in the temperature range 10{ 300 K were found to be
1.5 [E 0

(2 )
( E 2

2g )] ; 1 : 2 [ E 0 0
(2 )

( E 1
1g)] ; 2 : 4 and 2.2 [ 0 (2 )

( 1 )] 3 9 [ 0
(4 )

( TO )] ( 1 ) ,

3.6 [ 0
(4 )

( LO )] ( 1 ) , 3.8 and 5.2 [ 0(4 )
( 2 ) ].

Ana lysis of the tem perature dependence of the frequency shift f or the low-
- frequency interl ayer mode 0(2 )

( 2 ) does not yi eld a physi cal ly m eaningful decay
channel . Thi s is consistent wi th the narrow l ine wi dth of thi s m ode, whi ch indi cates
a long l i feti me. Fi gures 3a{ d show the exp erimenta l resul ts (open circl es) for the
l ine positi ons ( ) of intra layer modes 00 (2 )

( 1 )
0 (2 )

( 1 ) [ 0(4 )
( TO ) ]( 1 ) ,

and 0 (4 )
( 2 ) respecti vel y. The phonon frequency shift wi th tem perature can be

described by the expression [13{ 15]

( ) = 0 + 1 ( ) + 2 ( ) (1)

where 0 + 2 (0 ) is the Ram an frequency as appro aches0 K, 1 ( ) represents the
vo lume dependence of the f requency due to the therm al expansion of the crysta ls
and 2 ( ) speciÙesthe contri buti on of anharm oni c coupl ing to phonons of other
bra nches. 1 ( ) can be wri tten as
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Â 1 ( T ) = ¡ 0

(

exp

"

À 3 Û

Z T

0

˜ ( T 0) d 0
À 1 (2)

where ( ) i s the coe£ cient of l inear therm al expansi on.
The purel y anharm oni c contri buti on to the frequency shift can be m odeled as

2 ( ) = 1 +
1

ex
À 1

+
1

ex
À 1

(3)

whi ch represents the opti cal phonon coupl ing to tw o di ˜erent pho nons (three-
-phonon pro cesses). Here, 1 = 1 and 2 = 2 . In the present
study the exp erim ents were carri ed out at tem peratures below the Debye tem per-
atures of GaS and GaSe crysta ls ( = 425 K [16] and 342 K [17], respecti vel y).
Thus, the three- phonon pro cessis dom inant and the higher-order pro cessescan be
neglected.

The frequency shifts for intra layer m odes of GaS0 :2 5 Se0 : 7 5 crysta l were Ùtted
by m eans of Eqs. (1){ (3) using the exp erimenta l values of and ( ) for GaS
and GaSe [11, 12, 18] wi th 0 1 , and 2 as adj ustable parameters, keep-
ing the sum, 1 + 2 = 0 , a constant (energy conservati on). For al l intra layer
m odes, the agreement between the theo reti cal and exp erim ental dependencies
wa s found to be good. Fi gure 3 shows thi s agreement for the intra layer m odes

0 0
(2 )

( 1 )
0 (2 )

( 1 ) [ 0
(4 )

( TO ) ] ( 1 ) , and 0(4 )
( 2 ) . The resulti ng parame-

ters for al l the intra layer m odes are shown in T able. General ly, to identi fy the decay
channels of phonon m odes, al l possibl e intera cti ons shoul d be considered for the
decay pro cessesta ki ng into account the phonon dispersion curves. Unf ortuna tel y,
lack of phonon dispersion curves for GaS0 : 2 5 Se0 :7 5 does not allow for conÙrm ati on
of decay channel s determ ined by Ùtti ng Eqs. (1){ (3) to data .

T ABLE
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W e have also calcul ated separatel y the therm al -expansion contri buti on
[ Â 1 ( T ) ] from Eq. (2) and the purel y anharm oni c contri buti on [Â 2 (T )] from Eq. (3)
to the l ine shift for intra layer m odes of GaS0 :2 5 Se0 :7 5 crysta l by usi ng the values
of adjusted parameters A; ¡ 0 ; ¡ 1 , and ¡ 2 obta ined above. For the m odes wi th
low Gr�uneisen param eter (Û ç 2 : 0 ) both contri buti ons Â 1 ( ) and 2 ( ) are
negati ve. For the mode havi ng = 3 5 1 ( ) conti nues to be negati ve, but

2 ( ) changes sign and becomes positi ve. The vari atio ns of 1 ( ) and 2 ( )

are given in Fi g. 4 for the intra layer (2 )
( 1 ) and (4 )

( 2 ) modes to gether

wi th the experim enta l frequency shifts. An interesti ng feature of these pl ots is
tha t for (4 )

( 2 ) m ode wi th low value of Gr �uneisen param eter ( = 1 5 ), the

2 ( ) slightl y prevails 1 ( ) both being negati ve. Ho wever, for the (2 )
( 1 )

m ode wi th higher value of Gr �uneisen param eter ( = 3 5 ), 1 ( ) and 2 ( ) have
opp osite signs. Thi s may be associated wi th the di ˜erence in sets of ato m ic di s-
pl acements for these m odes. In the (4 )

( 2 ) m ode the restori ng forces are due to
the stro ng intra layer gall ium {g all ium ( = 110 and = 108 N/ m for
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GaS [19] and GaSe[20], respecti vel y) and gall ium {sul fur (selenium ) (C G a À S = 130
and C G a À Se = 123 N/ m) and weak interl ayer sulfur À sul fur (selenium À selenium )
(C S À S = 9:5 and C À = 9 2 N/ m ) bonds (see Fi g. 1). On the other hand, in the

0

( ) m ode gal l ium { sulfur (selenium ) bonds are not inv olved in the restor-
ing forces. Here is the com pressional force consta nt associated wi th the relati ve
di splacements of the atom ic pl anes.

The l ine wi dth of the GaS Se phonons were studi ed as a functi on of
tem perature in the range of 10{ 300 K. The l ine wi dth of al l opti cal modes are
found to increase wi th tem perature. The broadening of the phonon l ines is due to
anharm onici ty of the latti ce vi brati ons. The presence of anharm onic f orces in a
crysta l leads to intera cti ons between the harm oni c norm al m odes. These intera c-
ti ons produce a tem perature dependent l i feti me of the norm al m odes.

The tem perature dependence of the phonon line wi dth can be described as
fol lows [13, 15, 21, 22]:

= + Ê 1 +
1

e À 1
+

1

e À 1
(4)

where is the tem perature- independent bro adening due to the disorder of crysta l ,
* is the bro adening of the phonon l ine due to the cubi c anharm onicit y at absolute

zero (the decrease in phonon l i feti m e due to the decay of the opti cal phonon into
two di ˜erent phonons).

The exp erimenta l data of phonon l ine wi dth for intra layer modes of
GaS Se crysta l were Ùtted by m eans of Eq. (4) wi th Ê , and
as Ùtti ng param eters, keepi ng the sum of + = constant. We obta ined
quanti ta ti ve agreement between calcul ated curves and experim ental points for al l
intra layer m odes. Fi gure 5 represents the l ine wi dth bro adening for the intra layer
[ 0 (TO ) ] ( ) m ode versus tem perature. The Ùtti ng param eters Ê ,
and are found to be 3.5, 0.4, 144.7, and 72.0 cm À , respecti vel y. It is worth
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noti ng tha t l ine bro adening of [ E 0
(4 )

( TO ) ] (E 1
2g) m ode due to crysta l disorder

(À 0 = 3 : 5 cm À 1 ) is less tha n tha t for the corresp ondi ng m ode in GaS0 : 5 Se0 :5

crysta l (À 0 = 6 :9 cm À 1 ) [6], as exp ected.

5. Co n cl usion s

The R am an l ine shift and broadeni ng of intra lay er m odes in GaS0 :2 5 Se0 :7 5

crysta l wi th tem perature is well described by purel y anharm oni c (pho non{ phonon
coupl ing) and purel y volum e (therm al expansi on) contri buti ons. The cubi c (three-
-phonon) pro cesses wi th energy conservati on is responsibl e for the purel y anhar-
m onic contri buti ons to the softeni ng and bro adening of the intra layer phonon l ines.
The broadening of the phonon l ines due to inherent disorder nature of the crysta l
is estim ated.
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