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Generalized surface, pseudosurface, and high-frequency pseudosurface acoustic waves on„001…,
„110…, and „111… InSb
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A comprehensive polarization Brillouin study has been carried out on the dependence of the phase velocities
of the generalized surface, pseudosurface, and high-frequency pseudosurface acoustic waves on their propa-
gation direction on the~001!, ~110!, and~111! surfaces of InSb. The pseudosurface wave was found to have
two angular dispersion branches arising from its respective sagittal and shear-horizontal displacement compo-
nents. The dispersion curve of the latter was found to extend into regions which are not bounded by the two
transverse bulk mode branches, where pseudosurface waves are conventionally thought to be absent. An
observation of high-frequency pseudosurface modes in InSb is also reported.
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I. INTRODUCTION

The absence of translational invariance, on the free
face of an anisotropic crystal, permits the existence of in
mogeneous acoustic modes consisting of bulklike and e
nescent partial waves.1,2 In particular, both an acousti
surface mode, the generalized surface wave~GSW!, and two
different types of radiating modes, called the pseudosurf
wave ~PSW! and the high-frequency pseudosurface wa
~HFPSW! can exist. Of these only the GSW is a true surfa
mode. It possesses three partial waves, two of which pro
gate parallel to the surface, while the third decays expon
tially within the crystal. Its Poynting vector is directed alon
the free surface. PSW has two of its three partial wa
confined to the free surface while the third is a bulk wa
propagating into the medium. Energy is radiated away fr
the surface and the mode suffers attenuation. PSW
propagate along certain specific directions on the surfac
anisotropic crystals with the phase velocity lying betwe
those of the fast and slow quasitransverse bulk modes~la-
beled by FTW and STW, respectively!. With two of its three
partial waves radiating energy into the bulk, HFPSW is m
severely attenuated than PSW. HFPSW has a phase vel
slightly below that of the quasi-longitudinal bulk mode~LW!
but above that of FTW propagating parallel to the surfa
Because PSW and HFPSW radiate energy into the bulk,
are also referred to as leaky waves.

The phase velocities of GSW, PSW, and HFPSW in
isotropic crystals, are dependent on their propagation di
tion; the greater the anisotropy, the more marked the di
tional dependence. The anisotropic ratioh@52C44(C11
2C12)

21# gives a measure of the anisotropy in cubic cry
tals. With h51.99, anisotropy in InSb is the most pro
nounced among the common semiconductors like Sih
51.57), Ge (h51.67), and GaAs (h51.80).3

Brillouin scattering from surface acoustic waves in In
has been studied by Aleksandrovet al.4–6 using a five-pass
PRB 620163-1829/2000/62~24!/16665~6!/$15.00
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Fabry-Perot interferometer. However, literature data on
surface acoustic waves in this semiconductor are far fr
complete. More importantly, computed power spectra
InSb reveal the existence of a pseudosurface mode wi
shear-horizontal displacement component having a velo
which, contrary to conventional theory, does not lie betwe
those of the two transverse bulk modes. Thus far, no exp
mental evidence of this predicted PSW feature has been
ported for any anisotropic cubic crystal. Our work was m
tivated in part by the search for this component of PS
Additionally, we intended to investigate the polarization b
havior of GSW, PSW, and HFPSW on the~001!, ~110!, and
~111! surfaces of InSb over their entire dispersion rang
We have measured, for instance, polarization spectra and
HFPSW on the~110! and~111! planes of InSb, results which
have not been reported previously.

II. EXPERIMENT

Samples used were in the form of~001!, ~110!, or ~111!-
oriented n-type InSb single-crystal wafers of resistivity
31022V cm. The polished wafers were oriented to a pre
sion of 60.5°. Brillouin spectra were recorded using a JR
Scientific Instruments~313!-pass tandem Fabry-Perot inte
ferometer, with a finesse of 120, used in conjunction w
either an EG&G model SPCM-AQR-16 single-photon cou
ing detector or a photomultiplier module rated at 0.9 da
counts/s. The free spectral ranges~FSR! were set between 10
and 25 GHz. All measurements were carried out in an
ambiance at room temperature. The 514.5-nm line of a Sp
tra Physics 2080-15S argon-ion laser was used, with be
power ranging from 100 to 125 mW incident on the sampl
A stream of pure argon gas was directed at the irradiated
on the samples to cool them and to keep air away. The
periment was performed in the 180° backscattering geom
using anf /2.7 collection lens. The horizontal incident ligh
wave vectork made an angle ofu with either the@001#,
@110#, or @111# surface normal and the backscattered lig
16 665 ©2000 The American Physical Society
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was collected from the solid angle around2k, with the sag-
ittal plane vertical.

Samples were mounted on a miniature two-axis tran
tion stage attached to a rotation stage which permits varia
in the azimuthal anglef ~the in-plane angle between th
surface mode wave vectorq and the reference crystal axis!.
The latter was, in turn, attached to a vertically mounted
tation stage, with their axes orthogonal, that allows variat
in the incidence angleu. The composite sample holder e
sured that the same spot on the samples was irradiated a
angular setting ofu andf. Brillouin spectra were recorde
over entire angular periods, viz.,f ranges of 45°, 90°, and
30° for the~001!, ~110!, and ~111! planes, respectively. On
these planes,f is the angular displacement of the propag
tion direction of the surface wave from the respective@100#,
@001#, and @110# crystal axes. All spectra were recorded
either thep-p or p-s scattering configuration with each spe
tral run varying from 1 to 4.5 h. Peaks appearing in thep-p
configuration are due to shear-vertical~SV! surface excita-
tions via the ripple scattering mechanism and to longitudi
ones via subsurface elasto-optic coupling. Thep-s configu-
ration contains peaks arising from shear-horizontal~SH! sur-
face excitations via subsurface elasto-optic coupling.

III. RESULTS AND DISCUSSION

The recorded spectra are well polarized, as exemplified
Fig. 1 which shows two typical polarization spectra of t
three surface acoustic modes on~110! InSb. The phase ve
locitiesV of the surface acoustic modes were calculated fr
their corresponding Brillouin frequenciesn, using

V52pn/q. ~1!

The magnitude of the wave vectorq of a surface mode is
given by

q54p sinu/l, ~2!

wherel denotes the incident light wavelength. Bulk mo
phase velocities in InSb were determined using elastic s
ness constants7 C11567.2, C12536.7, andC44530.2 GPa,
as well as its density,7 which was taken to be 5770 kg m23.

FIG. 1. Polarization Brillouin spectra of GSW, PSW, and H
PSW on the~110! surface of InSb recorded atf540° and u
571°.
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Figure 1 showsp-p andp-s Brillouin spectra recorded a
u571° andf540° for ~110! InSb. Thep-p spectrum con-
tains three peaks at 6.3, 7.0, and 13.2 GHz with respec
linewidths of 0.2, 0.6, and 1.8 GHz. Only one peak appe
in the p-s spectrum. It has a frequency of 6.5 GHz and
linewidth of 0.5 GHz.

Aleksandrovet al.6 have computed the power spectra f
the various displacement components of surface mo
propagating along certain directions on~110! InSb. Refer-
ence to Fig. 2 reveals that our results agree well with
power spectrum calculated foru570° andf540°. Thus in
the p-p polarization, the 6.3 GHz~1714 m/s! peak is attrib-
uted to GSW, while the 7.0 GHz~1905 m/s! peak is ascribed
to the SV displacement component of PSW. The lonep-s
polarized peak, at 6.5 GHz~1768 m/s!, is identified as the
SH displacement component of PSW, arising from the ex
tence of SH excitation peaks in the continuum of surfa
states. The observation of the SH displacement compone
PSW on this surface has, to our knowledge, not been
ported before for any anisotropic cubic crystals, presuma
because of its weak intensity and its proximity to the GS
mode and the other two PSW components. Lastly thep-p
polarized peak at 13.2 GHz, in Fig. 1, as it has the high
energy and the widest linewidth, is assigned to HFPSW tr
eling on~110! InSb. Moreover, it is theoretically expected
have only a longitudinal displacement component.

Figures 3, 4, and 5 show the angular dispersion of
various surface modes propagating on the respective~110!,
~001!, and ~111! surfaces of InSb. Included in these figur
are the calculated velocities of the two quasitransverse b
modes ~FTW and STW! and the longitudinal bulk mode
~LW!. The theoretical dispersion branches of GSW and
PSW sagittal displacement component are also reproduce
the dispersion diagrams.3,6

A. Generalized surface waves

In the dispersion diagrams~Figs. 3, 4, and 5!, the bottom-
most dispersion curve is that of the GSW. For propagat

FIG. 2. ~a! Polarization Brillouin spectra of GSW and PSW o
~110! InSb recorded atf540° andu571°. ~b! Cartesian compo-
nents of calculated power spectra of~110! InSb from Ref. 6. The
longitudinal, shear-horizontal, and shear-vertical components
represented by solid, dotted, and dashed lines, respectively.
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on all the three basal planes, the measured curve, which
tends over the full angular dispersion range, parallels
theoretical one,8 with the measured velocities systematica
2% lower than the theoretical ones. Studies5,9–12have shown
that surface wave velocities measured by Brillouin sc
tering ~GHz range! are consistently lower than those dete
mined by ultrasonic techniques~MHz range!. Various
explanations9,10,13 have been advanced for this systema
discrepancy, but we will not concern ourselves with this.

For propagation on the~110! surface, GSW was observ
able in onlyp-p polarization for all propagation directions
However, on the~001! surface, GSW is a pure sagittal wav
only along the@100# direction (f50°). As thepropagation

FIG. 3. Angular dispersion of surface acoustic modes on~110!
InSb. The dashed lines represent the theoretical bulk m
branches, while the solid curves represent the calculated GSW
PSW branches. Experimental data for GSW, PSW~sagittal!, and
HFPSW are denoted by solid circles, squares, and inverted
angles, while those for PSW~SH! by open squares. The error ba
for the GSW and PSW experimental data are smaller than the s
bols used to represent them.

FIG. 4. Angular dispersion of surface acoustic modes on
~001! surface of InSb. The dashed lines represent the theore
bulk mode branches, while the solid curves represent the calcu
GSW and PSW branches. Experimental data for GSW and PSW
represented by circles and squares, respectively. Solid and
symbols denote the respectivep-p andp-s polarization data.
x-
e

t-

direction is rotated away from the@100# direction, GSW
gains a transverse horizontal displacement component
f545°, GSW degenerates completely into the slow qua
transverse bulk mode and as a consequence, it appears
in p-s polarization. For the~111! surface, while the sagitta
component of GSW was detected over the entire ang
dispersion range, its SH displacement component was
served only in the limited angular region of 0°< f < 18°.
However, the velocities of the two components are the sa
within experimental errors.

B. Pseudosurface waves

The experimental angular dispersion curves of PSW
low well their theoretical ones. In general, our measu
PSW velocities are some 2% consistently lower than
theoretical ones calculated using elastic constants determ
by ultrasonic methods. This discrepancy is outside the
perimental accuracy of 1%.

1. (110) surface

Theoretical calculations by Farnell3 show that no pseudo
surface mode is expected on the~110! surface of all cubic
crystals with an anisotropic ratio greater than one. Contr
to his prediction, experimental evidence of its existence,
this surface, has been reported.4–6 Indeed we discovered tha
it is observable for all propagation directions on the~110!
surface of InSb.

For f,55° (f'55° corresponds to propagation alon
the @111# direction; it also corresponds with the intersecti
of the two transverse bulk mode branches!, there exist two
experimental branches of PSW, associated with its respec
sagittal and SH displacement components~see Fig. 3!. The
former mirrors the theoretical curve calculated by taking
maxima of the SV displacement component of the pow
spectra.6 The SV branch of PSW is bounded by the tw
quasitransverse bulk mode curves. It is noteworthy that
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FIG. 5. Angular dispersion of surface acoustic modes on
~111! surface of InSb. The dashed curves represent the theore
bulk mode branches while the solid curve represents the calcul
GSW branch. Experimental data for GSW, PSW, and HFPSW
represented by circles, squares, and inverted triangles, respect
Solid and open symbols denote the respectivep-p and p-s polar-
ization data. The error bars for the GSW and PSW experime
data are smaller than the symbols used to represent them.
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SH branch, which has been predicted~from the presence o
SH peaks in computed power spectra, as discussed ab!
but not previously observed, lies below the STW curve. T
is unusual as PSW velocities are conventionally though
lie between those of the two transverse bulk modes.
PSW degenerates into the quasitransverse bulk modes a
the @111# direction. Interestingly, forf.55°, a region theo-
retically devoid of PSW, a peak is still observed in thep-s
Brillouin spectrum. Figure 6 shows that thep-s polarized
Brillouin peak, at 2120 m/s, coincides with the calculat
intense threshold excitations, of SH character, in thef
570° power spectrum.6 Based on this, the peak is assign
to the SH displacement component of PSW. It is noted t
the SH branch of PSW follows well the FTW curve.

The angular variation of the Brillouin linewidth of thep-p
polarized PSW on the~110! surface of InSb is shown in Fig
7. It agrees qualitatively with the predicted attenuation
this mode in~110! GaAs, computed from the imaginary pa
of its velocity.6 Interestingly the region of high attenuatio

FIG. 6. ~a! Polarization Brillouin spectra of GSW and PSW o
~110! InSb recorded atf570° andu571°. ~b! Cartesian compo-
nents of calculated power spectra of~110! InSb from Ref. 6. The
longitudinal, shear-horizontal, and shear-vertical components
represented by solid, dotted, and dashed lines, respectively.

FIG. 7. Angular dependence of the experimental linewidth
the sagittal displacement component of PSW on~110! InSb. The
dotted curve is only a guide for the eye.
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corresponds to the angular range over whichp-p polarized
PSW was observed. Scattering from this component of P
is more intense than that from itsp-s polarized component.

2. (001) surface

Our preliminary results14 show that on the~001! surface,
PSW can propagate along only certain directions with
locities lying between those of the two transverse b
modes, corresponding to the angular region, 20°< f < 45°.
This observation is consistent with theory. Atf545° ~the
@110# direction!, the PSW is a Rayleigh-type wave havin
purely sagittal polarization. Asf decreases, it develops
transverse displacement component normal to the sag
plane at the expense of the sagittal components until, af
' 20°, it degenerates into the STW. It is noteworthy th
from f ' 20° down to 0°, a weak peak, with a velocit
comparable to that of PSW, still appears in thep-s Brillouin
spectrum. Within this range off, the velocity of this Bril-
louin peak does not lie between those of FTW and STW~see
Fig. 4!. Hence no PSW is expected in this angular regi
However, as discussed above, a similar case was discov
for the propagation of the SH displacement component
PSW on the~110! plane. Based on this, thep-s polarized
Brillouin peak is also attributed to the SH displacement co
ponent of PSW.

Another notable feature is that the measured angular
persion of GSW and PSW, on~001! InSb, traces out two
separate and distinct branches, in accordance with the
~see Fig. 4!. This contrasts sharply with the measured cro
over, at an azimuthal anglef ' 30°, of the GSW to PSW
reported for anisotropic cubic crystals5,9–11,13,15–17including
InSb.18

The angular variation of the Brillouin intensities of GSW
and PSW forp-p scattering, displayed in Fig. 8, is consiste
with the angular dependence of their scattering cross sect
computed by Stoddartet al.13 for ~001! Si. For instance, the
GSW intensity is maximal for propagation along the@100#
direction (f50°), decreasing gradually until atf ' 20° it
drops sharply. Atf ' 30° it becomes very weak, finally

re

f

FIG. 8. The angular variation of the Brillouin intensities o
GSW ~denoted by circles! and PSW~denoted by squares! for p-p
scattering from~001! InSb. The errors are smaller than the size
the symbols. The dashed curves are only a guide for the eye.
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becoming barely visible atf545° at which point it degen-
erates into a transverse bulk mode. The angular variatio
the pseudosurface mode intensity is opposite to that of
GSW. At f ' 26°, the two surface modes appear with eq
intensity inp-p scattering, in accordance with theory.

The experimental linewidth of thep-p polarized PSW is
plotted as a function of its propagation direction in Fig.
The angular variation of the linewidth correlates reasona
well with the predicted angular variation of the calculat
attenuation of this mode on~001! InSb.5 In particular our
results lend support to the existence of a predicted minim
in the linewidth at aboutf532°.

3. (111) surface

The p-p scattering from PSW, on the~111! InSb surface,
is most intense at the azimuthal anglef50° ~@110# direc-
tion!, becoming weaker with increasingf and is not detect-
able in the neighborhood off530° ~see Fig. 5!. A similar
behavior has been observed for PSW traveling on the~111!
surface of Si by Kuoket al.12 These observations are cons
tent with the theoretical findings of Lim and Farnell.8 They
predicted that asf approaches 30°, the penetration depth
PSW into the bulk increases, until atf530°, at which point
it degenerates into a transverse bulk wave which, becaus
its SH character, does not contribute top-p scattering.

The PSW peak, in contrast, always appears in thep-s
Brillouin spectrum for all propagation directions on the~111!
surface. This peak is narrowest atf50°, and progressively
broadens as the wave vectorq of PSW is rotated away from
the @110# direction. This behavior is consistent with th
power spectra of surface displacement components on
~111! surface of GaAs calculated by Carlottiet al.1

The linewidth of PSW in thep-p polarized Brillouin
spectrum as a function of its propagation direction is sho
in Fig. 10. The angular variation of the linewidth is qualit
tively consistent with the angular variation of the attenuat
calculated for the pseudosurface mode on~111! GaAs by
Carlotti et al.1 In particular, both the experimental linewidt
and the theoretical attenuation peak at aboutf520°.

C. High-frequency pseudosurface waves

The existence of HFPSW in InSb was observed by B
louin spectroscopy. However, of the three basal planes

FIG. 9. Angular dependence of the experimental linewidth
the sagittal displacement component of PSW on~001! InSb. The
dotted curve is only a guide for the eye.
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amined, the presence of HFPSW could only be detected
the ~110! and ~111! surfaces. This is not surprising as HF
PSW is rarely observed on the~001! surface. The topmos
row of data points, in Figs. 3 and 5, represents the meas
angular dispersion of HFPSW on these two respec
planes. This high-frequency leaky mode, with a veloc
slightly below that of LW but above that of FTW, is prese
in only p-p scattering, thus confirming its theoretically pr
dicted pure sagittal character.1

On the~110! surface, the HFPSW intensity is greatest f
propagation directions in the angular region around the@110#
direction and gets progressively weaker with decreas
f until it vanishes forf below '10°. In contrast, Fig. 5
shows that the velocity of this mode is not particular
sensitive to changes in its propagation direction on the~111!
surface. The HFPSW has a sagittal character and its inten
increases with increasing azimuthal anglef from 0° to
30°.

IV. CONCLUSION

We have measured thep-p andp-s polarization Brillouin
spectra of GSW, PSW, and HFPSW on the~001!, ~110!, and
~111! surfaces of InSb as a function of their propagati
direction over the entire range of angular dispersion. She
horizontal displacement components of PSW, on~001! and
~110! surfaces, with phase velocity below that of STW, ha
been detected. The polarization character of the three sur
acoustic modes was found to be consistent with theoret
predictions. The angular dependence of the Brillouin lin
widths of the pseudosurface mode agrees qualitatively w
the computed angular dispersion of its attenuation. Additi
ally, HFPSW have been observed on the~110! and ~111!
surfaces of InSb.
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f FIG. 10. Angular dependence of the experimental linewidth
the sagittal displacement component of PSW on~111! InSb. The
dotted curve is only a guide for the eye.
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