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Raman Study of the Anomalous TO Phonon Structurein GaP
with Controlled | sotopic Composition
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The transverse optical (TO) phonon in GaP has been measured in crystals with varying Ga isotopic
composition by means of Raman scattering. In high resolution experiments at low temperature, we
find a striking double peak structure in the line shape of natural GaP which varies with the Ga isotope
abundance in a systematic manner. We calculate the spectra assuming anharmonic interaction of the TO
phonon with a band of acoustic modes given by a model two-phonon density of states. This approach
explains the measured Raman profiles and the isotope effects. [S0031-9007(99)09441-7]

PACS numbers: 63.20.Kr, 63.20.Ry, 78.30.Fs

Raman investigations of (stable) isotope effects havéndividual isotope disorder of each sublattice can be tuned.
been started with germanium and diamond and extenddd contrast to elemental semiconductors, the mass depen-
recently to a variety of elemental as well as binary com-dence of phonon frequencies in compounds varies continu-
pound semiconductors. In these systems, isotope sulbusly with the wave vector along a specific branch. This
stitution offers new possibilities to understand phononproperty has been exploited recently to determine phonon
properties in detail. For recent reviews, see [1,2], and refeigenvectors from the measured frequency shifts induced
erences therein. In the work reported here, we resolve By isotope substitution [4]. In GaP only the Ga sublattice
previously not observed fine structure in the Raman spe@an be modified since phosphorus is an isotopically pure
trum of the transverse optical (TO) phonon of GaP and uselement {!P).
isotope replacement as a simple and powerful means to in- The TO and longitudinal optic (LO) phonons'itGaP
vestigate this anomalous line shape. Itis found to originatdave been studied earlier under variation of temperature
from anharmonic coupling of the TO Raman phonon with 3] and pressure [5]. The TO phonon line exhibits a strong
continuum of two-phonon states. Our measurements angsymmetry (shoulder) to the low-energy side at room tem-
calculations show that disorder due to defects or isotopgerature, first observed by Barker [6]. The occurrence
mass fluctuations is not responsible for the unusually largef this shoulder was attributed, at high temperatures, to
broadening of the TO line shape in natural G&PGaP) anharmonic interaction of the T®O) phonon with a nearly
which was suggested eatrlier [2,3]. degenerate band of combined transverse and longitudinal

The phonon frequencies of an elemental and isotopicallycoustic (TA+ LA) states around th& and K points of
pure semiconductor with isotope mak& obey, in har- the Brillouin zone [5—7]. Weinstein tuned the spectral
monic approximation, the mass dependemce M, /> position of the low-energy shoulder @& = 300 K with
at zero temperature which is valid for all phonon branchesgespect to the main peak by applying hydrostatic pressure
in the entire Brillouin zone. Many elements found in na-[5]. This led to a reduction of the asymmetry reflecting
ture, however, consist of more than one stable isotope aritie loss of resonance between (TQand the two-phonon
possess a characteristic isotopic composition. In such sysombinations TA+ LA. In Ref. [3] the TO Raman line
tems, thevirtual crystal approximation (VCA), which re-  was considered to be nearly symmetric at low temperature,
places the individual isotope mask¥;, by the average and only disorder due to defects in the crystal was assumed
mass,M, is applied. Anharmonic phonon-phonon inter-  to be responsible for the broadening, while neglecting
actions also depend on the isotopic composition and afthe influence of anharmonicity. Our new high-resolution
fect the phonon properties. Isotope effects beyond thosexperiments af = 6 K show that a significant asymmetry
found within the VCA arise from the fact that the isotopesof the TO Raman profile df*'GaP exists also at low tem-
are usually distributed randomly in the crystal lattice andperature. Furthermore, the spectrum exhibits a striking
thus, a certain degree @fotope mass disorder is present double peak structure with a narrow splitting of approxi-
[1,2]. Both mechanisms-anharmonicity andmassdisor- mately 1 cm™!'. A similar Raman line shape is clearly
der—lead toadditional line shifts of the harmonic Raman found in all investigated samples.
frequency andietermine the broadening of the observed The samples were unoriented bulk crystals grown from
spectral peaks. It is not knovanpriori which mechanism Ga-P solution at 1340 K with typical dimensions of several
contributes predominantly. hundred microns. Natural G&*(Ga) contains 60.11%

In general, the above contributions to changes in th&’Ga and 39.89%!Ga [8]. In addition to thé&2'GaP speci-
Raman spectrum also apply to binary compounds. Moremens, two isotopically pure crystals with highly enriched
over, in these materials the average isotope randshe  contents of°Ga (99.7%) and'Ga (99.6%) were grown.
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Another isotopically disordered “antinatural” sample
("*'GaP) with an isotopic Ga composition of %°Gay4-
1Gays, complementary to that of "*'Ga, alows us to
better interpolate between the data of the isotopically pure
crystals and probe possible disorder effects.

First-order Raman spectra were recorded in backscat-
tering configuration using a microscope and a cold fin-
ger cryostat. The red 6764.4 A krypton laser line was
used for excitation, and low power densities were ap-
plied. Because of the transparency of GaP in the red part
of the visible spectrum, heating effects are not expected
and have not been observed. The scattered light was dis-
persed in a DILOR XY triple-grating spectrometer in the
high-dispersion mode, yielding a spectra resolution of
0.25 cm~!. For calibration purposes, the neon emission
line at 6929.467 A, corresponding to a frequency shift of
352.15 cm™ ! with respect to the laser line, was measured
simultaneously with the phonon spectra which were read
out by a charge-coupled device detector.

Figure 1 shows the measured low temperature TO Ra
man spectra (symbols) together with the results of line
shape caculations (solid lines) and the respective two-
phonon density of states (DOS, dashed lines). The ver-
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FIG. 1. Raman spectra of the TO phonon of (a) ®GaP,
(b) "'GaP (“Gays’' Gay4P), (c) "*'GaP (¥ Gay4' GaysP), and
(d ""GaP a T =6K. The solid lines are fits to the
experimental data (symbols) using the indicated two-phonon
DOS, p(w), (dashed lines), respectively. The vertical lines
a wro represent the §-function peaks of the harmonic TO
phonons prior to renormalization. See text for details.
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tical lines represent the &-function-like peaks that would
correspond to the bare harmonic TO phonon at wtg. The
Raman lines of al investigated samples are nonsymmet-
ric and shoulders are observed even on alinear intensity
scale unlike, eg., in Refs. [5,6] where a log scale was
used to visualize the asymmetry in the spectra recorded
a T = 300 K. In the following, we denote these spec-
tral features by A and B, as shown in Fig. 1, referring to
the main peak and shoulder positions, respectively. Note
that, for reasons which will become clear below, peak A in
"atGaP does not correspond to the intensity maximum. In
fact, while the position of peak A tends to decrease only
dlightly with increasing Ga mass, feature B exhibits much
stronger shifts. Compared to the LO phonon and most
Raman phonons in other semiconductors [1,2], the TO
phonon in GaPis unusually broad even at low temperature,
and its width does not increase significantly up to room
temperature [3,9]. Isotope disorder has been conjectured
to explain this behavior, in analogy to recent observations
for ZnSe[2,10]. However, the experiments presented here
do not corroborate this suggestion, since the linewidths of
the two isotopically pure samples with amost zero mass
disorder are also quite large and, intriguingly, they differ
significantly by aimost a factor of 2 (see Fig. 1).

We therefore calculate the Raman spectrum of the TO
phonon based on the assumption that solely third-order
anharmonicity causes the broadening. This calculation
is equivalent to a renormalization of the &-function-like
harmonic TO phonon by the interaction with the acoustic
two-phonon DOS. This approach is supported by the pre-
vious investigations [5,6] and ab initio calculations [11]
where TO(I') — LA + TA near X is proposed to be the
main decay channel in GaP.

For a mathematical description of the renormalized
quasiparticle, we use the complex phonon self-energy,
S(w) = Alw) — il'(w), whose imaginary part [12] is
directly proportional to the two-phonon DOS, p>(w),

I(w) = Vs’ pa(w). )

V3 is the effective (i.e, including prefactors) third-order
anharmonic coupling constant given in Ref. [12], which
is assumed to be q independent. The real part, A(w),
reflects the correction to the phonon frequency, whereas
the imaginary part, I'(w), gives the broadening of the

Raman line. A Kramers-Kronig transformation yields
? o'py(w)
A an do'. (2

Mw) = 2Vl |

The renormalized Raman line shape [13] is given by

I'w)

) oo — AP + TP O

Equation (3) is strongly influenced by the frequency
dependence of the self-energy. In the following we
show that the renormalization implicit in Eq. (3) distorts
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the Lorentzian line shape and leads to the observed
asymmetries.

To evaluate Egs. (1)—(3), we use the histogramlike two-
phonon DOS of Ref. [14] shown asasolid linein Fig. 2(a)
which was derived from lattice-dynamical calculations.
However, the steps of the histogram are too coarse (low
energy resolution) for our purposes since discrete jumps
in the DOS, in particular, near the phonon frequency un-
der investigation, are reflected in the Raman line shape as
additional spurious features. To avoid such artifacts, we
smoothen the calculated DOS around wto (dotted line in
the inset in Fig. 2) retaining as the main feature a kink at
wy that liesnear wtg. We assume a constant value of the
DOS for frequencies below the kink and a VVan-Hove-type
decrease (p2 * /o — wy ) towards higher frequencies
and normalize this model DOS according to [ pa(w) X
dw = 36. For reasons explained below, we chose a
slightly steeper decrease of ps(w) for w > wy than sug-
gested by the calculated DOS. Figure 2(b) displays A(w)
calculated from p,(w) with this analytical approximation
around wto and atypical value of |V3|?> = 57 cm™2 (see
below). The large pileup of the DOS above 400 cm™!
implies A(w) < 0 near the TO frequency. Thisrenormal-
ization reduces wro by about —1.5 cm™! and overcom-
pensates a positive frequency shift which is expected from
the asymmetric DOS near and below wto [see Fig. 2(a)].

In an iterative procedure, we adjust the parameters wro,
wy, and |V3|? and simulate the experimental spectra un-
til we obtain optimum visual agreement with the data (see
solid lines in Fig. 1). We find that the kinks (wy) in the
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FIG. 2. (a) Calculated two-phonon DOS, p,(w), for GaP
(solid line) from Ref.[14] used to simulate the Raman
spectra.  Near wro =~ 366 cm™! this p,(w) was replaced
by an analytica approximation (dotted line; see inset) to
avoid artifacts. (b) Rea part of the phonon self-energy,
A(w), as calculated from the modified two-phonon DOS using
|V3|2 =57 cm2,

two-phonon DOS are close to the features B of the Raman
line shapes. The frequencies wto and wy obtained from
the fits are plotted as open symbols in Fig. 3. With in-
creasing Gamass, they show asteady decrease with signifi-
cantly different slopes (dashed linesto guidetheeye). This
observation can be explained as follows: in the harmonic
approximation, the zone-center optical mode freguency
depends on the reduced mass pgp = Mg, + Mp' and
scales like w(T") o ,uéiéz, whereas acoustic mode fre-
guencies at the X point are proportional to ME,;/ 2 (inafirst
approximation). We illustrate this scaling behavior by
means of the thin solid lines in Fig. 3 with the values
for 7'GaP as reference points, since in this sample al-
most no disorder is present, and the line shape renormal-
ization should be little. These predictions are in good
agreement with the dashed lines connecting the respective
values of wro and wi. The deviations from the ideal har-
monic behavior can be mainly attributed to deficienciesin
the analytical approximation of p,(w) near wro. Further
modifications are expected from the fact that TA modes
are involved, where wy = Hg;/ > does not hold strictly.
The TO(I") mode might also interact with numerous states
along the X-K line which have a different mass-frequency
relation. Note that these significantly different mass de-
pendences of wto and wy make it possible to perform
the present study; otherwise no changes in the Raman line
shape would be observed. From the fact that wto and wi
of the disordered crystals "#'GaP and "*'GaP interpolate
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FIG. 3. Mass dependences of the bare TO frequency, wro,
the kink frequency in the two-phonon DOS, wy, and the
anharmonic coupling constant |V;|> (inset). The symbols
(0,0, X) are results from fits of wrg, wy, and |V;]? to the
experimental data. The thin solid lines are theoretical mass
dependences for the respective parameters. The filled diamonds
display the measured frequencies of the spectral features A and
B of the TO Raman spectrum. See text for details.
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the values of the isotopically pure samples almost linearly,
we conclude that effects of mass disorder on the phonon
renormalization are negligible.

The filled diamonds in Fig. 3, connected by the thin
dotted lines to guide the eye, represent the characteristic
frequencies determined from the measured (renormalized)
TO line shapes, i.e., of both peak A and feature B. The
intensity maxima of “GaP and "'GaP (peak A) closely
correspond to renormalized TO phonons which experience
only little disturbance by the kink in p,(w). Their posi-
tions with respect to the bare wto are mainly determined
by the constant negative shift of about —1.5 cm™! men-
tioned above [see Fig. 2(b)]. Between these Ga masses
the TO phonon crosses the kink that causes the observed
strong peak distortions. Accordingly, a situation similar
to alevel anticrossing occurs for the mass dependences of
peak A and feature B in the Raman line shapes. peak A
for Mg, = 69 changes from opticlike to acousticlike be-
havior with increasing Gamass and turnsinto feature B for
Mg, = 71. Feature B behaves vice versa[acousticlike for
Mg, = 69 and opticlike (A) for Mg, = 71]. The renor-
malized TO frequency would follow the thick solid linein
Fig. 3 in the case of a mere crossing without interaction.
This result demonstrates that the description of the Raman
line shape in terms of a frequency shift and a linewidth
becomes ill-defined for "#'GaP: the spectral dependence of
A(w) and I'(w) has to be taken into account. Because of
the strong distortion of the spectrum a single value for the
TO freguency cannot be assigned. In other more extreme
cases, anharmonic renormalization of the TO phonon re-
sultsin richly structured and very broad TO Raman spec-
tra, e.g., in CuCl, where a Fermi resonance occurs [13].

Thevaluesfor |V;3]? found from the fits are shown in the
inset of Fig. 3 (symbols). The general mass dependence
of V3 is given in Ref. [12] and can be estimated in our
case by the product of the approximate individual mass
dependences of the three phonons participating in the
anharmonic scattering process, namely, TO(I'), LA(X),
and TA(X):

VP o pgab M, Mg, . (4)
This behavior is shown by the solid line in the inset in
Fig. 3. Thevaluesof |V3]? around 57 cm™? indicate are-
duced anharmonic coupling strength compared to |V3|*> =
70 cm~2 obtained for the more ionic CuCl [13].

Note that fits of lattice-dynamical models to inelas-
tic neutron scattering data must be very accurate near
TO(I') and the LA and TA frequencies along X-K in or-
der to provide arealistic two-phonon DOS around TO(I').
Conversely, our Raman experiments can be used as an
extremely sensitive tool for probing details of the two-
phonon DOS and to either verify or falsify different lattice-
dynamical models. To test the quality of the analytica
approximation of the DOS near wy, we have performed
model calculations for kinks with varying steepness. The
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shallower decline of p;(w) for o > wy suggested by [14]
[solid line, Fig. 2(a)] leads to line shapes which do not
fit the Raman data as well as those in Fig. 1. Further-
more, the fitted values of |V3|?> deviate significantly from
the theoretically expected mass dependence, even when
uncertainties in the three factors of Eq. (4), as outlined
above, are considered.

In conclusion, we have found a new double peak struc-
ture in the Raman line shape of "'GaP which changes
with atering the Gaisotopic composition and reflects both
the real and the imaginary part of a frequency-dependent
phonon self-energy. Isotope substitution is the method
of choice for a systematic investigation since it alows
a fine-tuning of the effect in highly resolved steps. The
theoretical approach presented here, based on third-order
anharmonic phonon-phonon interaction and a model two-
phonon DOS, explains all measured low temperature Ra-
man line shapes in remarkable detail. The individual
mass dependences of the parameters wro, wy, and |V3|?,
which were not subject to restrictions during the fits, are
consistent with known isotope effects. The results show
that third-order anharmonicity is the dominant scattering
mechanism in GaP at low temperature. |sotope disorder
effects and higher-order anharmonic contributions seem
to be unimportant. The results derived from this study
are crucial for the interpretation of temperature dependent
measurements, which are expected to revea informa
tion about higher-order anharmonic terms. Such experi-
ments have aready been performed and will be presented
elsewhere.

We are indebted to J. Kuhl for a critical reading of the
manuscript.
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