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Surface and pseudosurface acoustic waves in superlattices
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We study theoretically the propagation of surface acoustic waves on the surface of a semi-infinite, periodic
superlattice consisting of anisotropic, elastic layers of cubic symmetry. By the use of a transfer-matrix method
the dispersion relations of surface modes predominantly polarized in the sagittal plane and also those polarized
horizontally, are derived. Pseudosurface-w@9&W branches are also found inside the frequency bands of
bulk acoustic waves. A remarkable feature is the existence of a PSW branch, which links a surface wave
branch below the bulk bands to a branch inside a frequency gap. We present numerical examples for AlAs/
GaAs superlattices with an AlAs top surface or a GaAs top surface. Focusing of ballistically propagating
surface and pseudosurface waves is also stufigil63-18208)06832-5

[. INTRODUCTION cally the existence and propagation characteristics of both
the surface and pseudosurface acoustic waves on the surface
For the last two decades there has been a great deal parallel to the layer interfaces of semi-infinite, periodic SL'’s.
work on the vibrational properties in superlattig&’s). In ~ We explicitly take account of the elastic anisotropy of the
particular, the propagation characteristics of bulk acousti€onstituent layers and develop in Sec. Il the formulation
phonons in periodic SL’'s have extensively been Studied.)ased on the transfer-matrix method. In Sec. Il we find the
theoretica”y and a|so Veriﬁed experimenta”y by phonon.solutions of the surface and pseudosurface waves in SL,S and
Spectroscopic and |mag|ng experime:h_té_However’ there illustrate the band Structures, angular dependence of dISper-
still exists a great deal of activity in this area. A recently Sion curves, amplitude profiles, and focusing characteristics.
studied topic is the problem of phonon surface modes in dhese numerical results are shown fdi00 AlAs/GaAs
semi-infinite SL. A picosecond ultrasonic study has revealedL's with both AlAs and GaAs surfaces. Conclusions are
the presence of localized acoustic surface modes in metalli@ven in Sec. IV.
superlattices, which appear in the frequency gaps of the dis-
persion relation of bulk phonorisThe eigenfrequencies of Il. FORMULATION

these surface modes coincide well with theoretical calcula- W q infinite SL . £ al ing |
tions based on the transfer-matrix method, though their VW€ Study asemi-infinite SL consisting of alternating lay-

damping rates are too large to be explained. Also a larg€'S OfA and B materials, W_hiCh occupies the half space
time delay is predicted theoretically for the reflection of a—C With a flat surface (az=0) parallel to thex-y plane.
phonon from the surface of a SL when its frequency coin-Figure 1 depicts the SL system under consideration, where

cides with an eigenfrequency of localized surface vibrationaf"d B layers have thicknesses, anddg, respectively, a/?d
mode<® the SL period isD=d,+dg. The displacement vectadd

So far, Djafari-Rouhani and his co-workers have theoretj-2nd the stress vect@i{* (the component of the stress tensor
cally studied the surface acoustic waves in semi-infinite SL’d'0rmal to the surfagein the A layer can be written as
with a surface parallel or perpendicular to the growth A 6 0
direction®~> However, the majority of the studies employ Un (D)) _ a0 €a
an isotropic continuum model. The real constituent materials St =" e
of semiconducting SL's are more or less anisotropic elasti- )
cally, which gives rise to a considerable change in the acous- =Wj(2)e'tx-en, (1)
tic properties. An example is the fact that the direction of the . - .
eneprg)? flow is not collirl?ear with the wave-vector direction, Wherexz(xﬂ 2) =.(x,y,.z), n andj are the indices th"?‘t dis-
leading to the focusing and defocusing of ballistically propa—cr'mmme the per_|od(§)|lay¢r5) and six wave$three pairs of
gating phonons and elastic wav&s'® The phonon focusing coun_terpropggatmg \./vav)em.a Igyer, respec’qvelya IS an
at solid surfaces has also been predicted and recently verifiead“p“tUde’ els a unt polarlzatlon_ vectorg is the str_ess
experimentally’®>-2% In addition, pseudosurface waves that VECtOr Whose components are defineday: Csjimkmé) with
behave like surface waves but have a wave componer?dImn the spffn_ess tgnso(‘the summation convention over
slowly radiating their energy into the bulk of the solid can 'éPeated indices is (_?ssun)edk=(ku kz) = (kx Ky ko)
exist in an anisotropic surfadd?® So far, two previous = (Ki.Kz2.ks) with k,=ky’, the wave vector, and is the
works on the lattice vibrations at SL surfaces include theangular frequency. The wave numbég8,(j=1-6), which
effects of anisotropy>!* but the properties of the surface are complex in general, are determined by solving the Christ-
and pseudosurface waves depending on the propagation diffel equation
rection are not fully analyzed. ) A .

The purpose of the present work is to investigate theoreti- (PA®"Oim~— CijmnkKiKn)en=0  (1=1,2,3) )

) explikil)z)e' ket
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we find
\\ W WA 4(nD)=T"WA(0). ®
yacuum The explicit expression foll is given below. To save the
\ \\\\\\\\\\\\\\> X| indices we definaV4, ;(nD)=w, and hencew?(0)=wj.
A Thus Eq.(8) is rewritten as

= TnWO . (9)

We now look for surface wave solutions satisfying

\ANNNNBANN 7
A

z2=2D N W,=AW,_1, (10)
. .
' with |\|<1. Comparing Eqs(9) and (10) we find
1

z=(N-1)D 1 (T=AE)wy=0, (11

\\ \ \\\\B\\\\Q n=N V\{her.eE is a 6X 6 unit matrix. This eige_nvall_Je equatif)n has

six eigenvalues.; and the corresponding eigenvectars’
with J=1-6. Among those six ; we keep three eigenvalues

D \\\\\\\\ ﬁ&% n =N+ with |\ ;|<1. Thus, at the surface=0

3

' wo=TpA;= > cwt?, 12
J=1
1 wherecj;'s are unknown coefficients. i;'s are known, the
, amplitudeA; in the firstA layer is determined as
3
FIG. 1. Schematic of a semi-infinite periodic superlattice con- _ —15(3)
sisting of alternatingd andB layers with thicknessed, anddg, Al_; il W (13
respectively. The superlattice occupies0 and has a surface at ) ) _
-0. Also applying Eq(8), the amplitude in ther(+1)th A layer

is given by
for givenk (real vectoy andw, wherep is the mass density.
In the B layer the expressions for the displacement and stress

3
Ani1= 2, Ci(A)DTOAND)] T WY, (14

vectors are given by Eq1) with the amplitudea and index =
A replaced byb and B, respectively. Hence we write the
six-component vectoW’:(z) as The coefficientsc;'s are determined from the boundary
condition at the surface of the SL. Putting
Wi(2)=Ta®a(2)A,, 3 @
where W(J):( S(J)) , (15
P (2 = () A ¢
o A @ and noting thatwy=W?(0)=[U?(x,01),S}(x,01)]", the
A (,-XD (,-5\2> o 0-<A6) boundary condltlor‘Sf(xH,Ot) 0 for the free surface leads
to
and
3
exp(iky)z) 0 e 0 2 )= (16)
0 exp(|k<2> co 0 o
DA(2)= . . . This gives
: : : : . , ,
0 0 o expliki®z) st/ s s’
5 def st s? s | =o. 17)
are 6xX6 matrices, and s sP s
A=@VY,a?,... a8t (6)  Equation (17) together with the secular equation det(
_ ) —\E)=0 determine the frequencies of the surface acoustic
is a six-component column vector. mode.
Now introducing a transfer matriX that relatesV, and The transfer matrixt is given by the product of the ma-
Wy as trices T, and Ty associated witth andB layers as

W3, 1(nD)=TWA[(n—1)D], (7) T=TgTa. (18)
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FIG. 2. Band structures and dispersion curves of both the bulk and surface acoustic waves in a periodic superlattice consisting of AlAs
and GaAs layers with the same thickness. The propagation direction is rotated 20° fridfiGhaxis. Filled circles are the surface acoustic
waves, and the bulk bands are discriminated by the thickness of dots according to the number of overlappir(g) (Bundisce layer A
layen is AlAs. (b) Surface layer A layer is GaAs.vy=3.33x10° cm/s.

The matricesT , andTg are constructed as followsEirst we
introduce 3x 3 matricese!” andoc® defined by

'=(e e 6, (19

=y, 62,6, (20

o =(oy 0 0y, (21)

'=(a o, 0\?) (22)
and also the diagonal matrices” given by

¢(2)
exp(=iki\)z) 0 0
= 0 exp( +iki)z) 0 ,
0 0 exp = ik\$)z)
(23

where we notek{ ;3= —k{, for j=1, 2 and 3. With these

matrices we next def|ne>66 matrices

e A
sz 0
Pl 0 g @9

where®,(z) is a 6X6 diagonal matrix. Similarly we also

define the corresponding matricBg and ®g(dg) with in-
dex A replaced byB. Thus, the transfer matricds, andTg
are given by

Ta=Pa®a(da) Pgl, (26)
Tg=Pg®ps(dp)Pg*

Note that det{,) =det(Tg) =det(T)=1.

(27)

Ill. NUMERICAL RESULTS

We present numerical examples for a periodic SL consist-
ing of alternating AlAs and GaAs layers with the same thick-
nesses, i.ef,=dg=D/22°

A. Surface acoustic waves

In Figs. 2a) and 2b) we have plotted the band structures,
i.e., the normalized frequenayD/vo[vo=(C$Y pgand /2
=3.33x10° cm/s (Ref. 29 versus normalized wave num-
ber kD, of the bulk and surface modes in semi-infinite
AlAs/GaAs SL’s with an AlAs top surface and a GaAs top
surface, respectively. As a typical example, the propagation
direction of §=20° rotated from th¢100] axis on the sur-
face is chosen. The filled circles are the surface branches that
appear either inside the gaps or below the frequency bands of
the bulk modes. The existence of surface wave branches in-
side frequency gaps of the bulk waves is characteristic of the
multilayered systems.

Notable results in contrast to the case of surface waves on
semi-infinite solids are as follows(l) Single or double
branches are found below the bulk bands depending on
whether the surface layer is AlAs or GaA§2) High-
frequency surface waves are found inside the frequency gaps
of the bulk acoustic waves. In order to see the dispersion
relations of the surface modes in more detail we have plotted
in Figs. 3a and 3b) the angular dependences of the band
structures fork D=2 andk D =10, respectively.
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FIG. 3. Angular dependences of the surface and pseudosurface wave frequencies in the periodic superlattice consisting of AlAs and GaAs
with the same layer thicknesses. The bold and thin gdlighed lines are the surfacgseudosurfagevave branches for the GaAs surface
(A=GaAs) and AlAs surfaceX= AlAs), respectively. Crosses on the dashed lines are the secluded surface waves on the pseudosurface
branches. Dotted regions are the same bulk bands as in Fig. BD=2. (b) kD =10.v,=3.33x 10° cm/s.

In Fig. 3@ for kD=2 we find three surface wave material is slower than that of the semi-infinite substrate.
branches below the bulk bands, i.e., two for the GaAs surfac&his is also the reason for the fact that the dispersion curve
and one for the AlAs surface. The lower branch for the GaA®f the RW-like mode below the bulk band is closer to the
surface corresponds to the Rayleigh waR&V), which ex- band edge for the AlAs surface than for the GaAs surface.
hibits an angular dependence very similar to the one in semi- More interesting is the band structure for a shorter wave-
infinite GaAs!® The upper branch for the GaAs top surfacelength shown in Fig. @) for kq{DZ 10. In this figure several
exists only for a restricted range of directions and close turface wave branches are found inside the frequency gaps
the bulk transverse band with horizontal polarization. Thus@S Well as below the frequency band of the bulk waves. In
the surface waves on this branch are expected to be alf@rticular, the LW-like upper branch of the surface mode for
polarized nearly horizontally, that is, they are Love-wave-the GaAs surface is connected to the surface branch inside
(LW-) like surface wave® The existence of this upper sur- the freq_uen_cy gap through the transverse bulk band. Near the
face wave branch for the GaAs top surface has been recol10] direction (9=45°) the surface waves on this branch
nized by Nougaoui and Djafari-Rouhdhibut the details are predominantly polarized in the sagittal plane. The branch
have not been analyzed. The surface wave branch for theonnecting these surface branches below and inside the bulk
AlAs top surface is also RW-like but it disappears at anbands is a pseudosurface branch which will be discussed in
angle of abou=30° by merging with the bulk band. This the next subsection.
is consistent with the result of Nougaoui and
Djafari-Rouhant* found for kD = 2. B. Pseudosurface waves

To confirm the polarizations of the waves in those As in the case for the surface of an anisotropic semi-
branches, we have shown in Fig. 4 the profiles of the threinfinite solid, pseudosurface wav8SW's exist on the sur-
components of the displacement vectorfat20°. We see face of a SL. The existence of PSW'’s in SL’s was previously
that the lower two branches are predominantly polarized irrecognized by El Boudouti, Djafari-Rouhani, and
the sagittal plane, indicating the RW-like character. How-Nougaout® as resonances in the bulk band of sagittal waves
ever, in the upper branch for the GaAs surface the wave i# the isotropic approximation. The PSW’s on semi-infinite
polarized almost perpendicular to the sagittal plane, i.e., LWsolids attenuate very slowly with propagation distance be-
like in character. The slow decay of the displacement amplicause of a weak coupling to a bulk shear mode. The search-
tude of this mode reflects the fact that this branch is veryng procedure for PSW's is essentially the same as that for a
close to the bulk transverse band. The amplitude decreassemi-infinite solid. That is, we add a small positive imagi-
more rapidly when the branch is located well below the bulknary part tok; by changingk(1+ie) with £>0, and find a
bands. This can be seen by comparing a similar plot foset of solutions\;(J=1—3), with |A4],|A5|<1 but |\
k;D =10 shown in the insets. >1. These solutions correspond to the wave growing into the

No LW-like surface mode exists below the bulk bands forSL, and hence should be found inside the frequency bands of
the AlAs surface. This is because the original LW is sup-a single mode where the propagation of the other two bulk
ported only when the transverse sound velocity of the layemodes are prohibited.
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_ FIG. 4. The_ amp_litudesabsolute valugsvs distance(normal- FIG. 5. Attenuation coefficient vs propagation direction for
ized by the unit period) from the surface for the three compo- the pseudosurface waves shown in Fig. 3. Solid lines are for a GaAs
nents of the lattice displacemeritt, normal to the surfacel); surface and dashed lines are for an AlAs surfaaek/D=2. (b)

parallel to the wave vector, and, perpendicular to the sagittal | p=10.[The numbering 1-3 of the lines corresponds to that for
plane.(a) The lower branch an¢b) the upper branch of the surface e pseudosurface branches in Figa)3 Due to the precision of
mode (below bulk bandsfor a GaAs surface. The propagation di- nymerical calculations, we could not obtaior kjD=10, in par-
rection is 20° from the100] axis andkjD=2. The insets show icylay) the solutions for in the vicinities of the angles wheeeis
similar plots fork,D=10 with the same direction of propagation. expected to vanish.

In Fig. 3 the angular dependences of the PSW frequencies
are shown by dashed curves. kgD =2 the PSW branches
are found at a relatively low part of the bulk band both for
AlAs and for GaAs surfaces. The corresponding attenuation
coefficiente versus propagation direction along the surface
has been plotted in Fig. 5 fdgD=2 andkD=10. This
figure shows that is quite small, that is~10"2 or less,
indicating the small coupling to the bulk wave as expected.
Thus the PSW'’s can propagate along the surface almost un-
attenuated, and should be observed experimentally just as
true surface waves.

From Fig. 3 we also see that at certain isolated directions
the waves on the PSW branches become true surface waves
(¢=0), for instance, at angles &~ 33° and#=45° from
the [100] direction for the GaAs top surface. The waves at 0.0 0. 0.2 03 04
these anglesthe corresponding positions on the dispersion Ao
curves are indicated in Fig. 3 by crossese called secluded ¢ (107m's)
supersonic su.rface wavés. N FIG. 6. Slowness curveghe first quadrantof the Rayleigh-

An interesting result Car? b? found in Fig(b® for kHD wave-like surface wavéRW, bold solid ling, Love-wave-like sur-
=10. At the lower part of this figure the PSW branch for thetace wave(Lw, thin solid ling, and pseudosurface wav®@SW,
GaAs surface links the surface wave branch below the bullgotted ling at wD/v,=3. ¢ denotes the phase velocities. The sur-
band to that inside a band gap. Also, the upper part of th@sce layer is GaAs. The pointa and B on the LW-like surface
surface wave branches inside the band gaps continue into tisanches an€ andD on the RW-like surface branches are inflec-
bulk bands as PSW branches both for the AlAs surface andon points which produce cuspidal points on the group-velocity
the GaAs surface. Note that only those surface waveurves.

¢t (10° m's)
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The shapes of the slowness curves of the RW-like mode
and pseudosurface mode are qualitatively the same as those
on the (100 surfaces of semi-infinite silicdh and GaAs:®

FIG. 7. The group-velocity curves &8 wD/vy=1 and (b)
wD/vy=3 of the Rayleigh-wave-like surface mod&W, bold
solid line), Love-wave-like surface mod&W, thin solid line), and  The pew feature is the structures due to the LW-like surface
pseudosurface mod®SW, dotted ling The surface layer is GaAs.  5qe. The slowness curves of the LW-like mode exist inside
The cuspidal point&—D of (b)_ cor_respond to the inflection points the slowness curve of the RW mode and they appear as if
A=D on the slowness curve in Fig. 6. they extend from the PSW branafThis can be also seen in

Fig. 3) A close look at the slowness curves of the LW-like
branches that intersect with a bulk band at a finite angle camode reveals that they have both convex and concave re-
continue into the bulk bands as PSW branches. For the sugions with inflection points separating these regions. These
face wave branches that intersect almost tangentially with @flection points(for instance, the points marked and B,
bulk band the PSW branches do not continue into this bandand the points equivalent to them farD/vy=3) produce
the cuspidal structures in the group-velocity curves on either
side of the[100] direction, as shown in Fig. 7.

The geometrical properties of the slowness and group-

The acoustic energy associated with elastic wave proparelocity curves associated with both the surface and pseudo-
gation is carried with the group-velocity. In elastically aniso- surface modes should be reflected in the spatial distribution
tropic solids the direction of the wave vector and the corre-of acoustic energy flux emanating from a point source. We
sponding group-velocity vector are not collinear in generaldefine the focusing factdf, which measures the enhance-
leading to the focusing and defocusing of energy flux emament of acoustic flux relative to that in an isotropic medium
nating from a point source. The focusing of the surfaceby F=|A0k”/A6\,|, WhereAek” is a small angle occupied by
acoustic waves is qualitatively understood by IOOking at thqhe wave VeCtOkH in wave-vector Spacd(ﬁ Space andAgv
shapes of the constant-frequen@y the slownesscurves s the corresponding small angle subtended by the group-
w(k))=wo (w is a given frequendyin the wave-vector velocity vectorv in real space. In the calculation & we
space whose outward normals give the directions of thessume a uniform distribution for the wave-vector directions
group velocitiesv=Vy . The departure of the shape of & in k; space. Actually,F is given by the sum ovek; for
slowness curve from a circle gives a measure of the anisotwhich the corresponding group-velocity vecty points the
ropy of the underlying lattices. In Fig. 6 we have displayedsame direction.
the slowness curves for the RW-like and LW-like surface Figure 8 shows the angular dependence of the focusing
modes(below the bulk bandas well as for the pseudosur- factorF in a given directiond,,. The surface layer is GaAs.
face mode atwD/vy=3. The surface layer is assumed to be Both the RW-like and LW-like modes have sharp peaks, that
GaAs. Here, we note that the shapes of these slowness curviss they have caustics, but PSW'’s are focused rather weakly
do not change markedly even if the frequency is changed. in the [110] direction. In contrast to the case of surface

C. Phonon focusing
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waves on the bulk solids the positions of the caustics change We have also searched for PSW branches in AlAs/GaAs
with frequency and an additional causfjoint A) appears SL's. PSW's are found inside bulk bands, and they often
for the LW-like mode at higher frequencies. appear as if they join up with the surface wave branches
below the bulk bands or with those inside the bulk band
gaps. A remarkable result is that at lalg® a PSW branch

. . . connects a surface wave branch below the bulk band with a
We have studied the surface acoustic waves propagatlrlgranch inside a band aan. Also the existence of several se-
on the surface parallel to the layer interfaces of semi-infinite . gap. AlS XIS  Of sev s
periodic superlattices, taking account of the elastic anisothUded supersonic surf_ace waves at isolated directions on the
ropy of the constituent materials. At low frequencies thePSW brapches IS conﬁrmed. i
wavelength of the surface waves is much larger than the FOcusing of acoustic energy flux on the surface emanating
layer thickness and the system is essentially equivalent to 0m @ point source is also studied for the branches below the
semi-infinite anisotropic solid with the same properties as th@ulk bands and in the low-frequency region. In addition to
top layer. Thus, well-known results for surface and pseudothose of the RW-like mode, sharp focusings with caustics are
surface waves in bulk substrates are obtained. However, tfeund for the LW-like mode near thl10] axis. The theo-
situation becomes quite different when the frequency inTetical results presented in this study could be verified by
creases and the wavelength becomes comparable to a umipserving focusing effects with optical excitation of incoher-
period of the superlattice. We found both RW-like and LW- ent surface acoustic waves in the 50-MHz renge through

like surface wave branches inside the gaps of bulk bands ake excitation of coherent surface acoustic waves in the 10-
well as below the bulk bands. These surface wave branchedHz range with focused immersion transducérs.

exhibit quite different characteristics depending on the mate-
rial of the surface layer. Below the bulk bands the RW-like
surface waves exist both for an AlAs surface and for a GaAs
surface, but the LW-like surface wave exists only for the
GaAs surface. In the case of a GaAs surface the sound ve- The authors would like to thank O. B. Wright for a critical
locity in the surface layer is slower than that in the AlAs reading of the manuscript. This work was supported in part
layer, and this is consistent with the condition for the exis-by the Grant-in-Aid for Scientific Research from the Minis-
tence of Love waves in a system consisting of an elasti¢ry of Education, Science and Culture of Jag&@rant No.
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