PHYSICAL REVIEW B VOLUME 55, NUMBER 23 15 JUNE 1997-I

Determination of interfacial strain distribution in quantum-wire structures
by synchrotron x-ray scattering
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High-resolution grating x-ray diffraction from a periodic quantum-wire structure is shown to be highly
sensitive to strain-field variations near a surface or an interface. Information on two types of strain gradients
can be obtained: bpongitudinal gradient, which can produce asymmetric diffraction profiles, at@dmsverse
gradient, which can generate additional diffuse intensity streaks in reciprocal space. These effects are demon-
strated in a synchrotron x-ray experiment on B8, /As/GaAs quantum-wire array. Kinematical diffraction
theory is used to describe the diffraction patterns and is found to agree very well with the experimental results.
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[. INTRODUCTION periment. From such measurements, both the longitudinal
and the transverse strain gradients can be determined along
Elastic strain field, due to lattice mismatch and surfacewith the average strain. We demonstrate this capability of
relaxation, plays an important role in the physics ofhigh-resolution x-ray diffraction with an experiment on the
mesoscopic-scale crystalline materials of several to 100 nrin ¢ ,Ga& gAs quantum-wire array. Our results indicate that a
in size. Although its effect on electronic band structures forattice parameter gradient as small as 108/A can be
bulk and two-dimensional thin-film materials has beenreadily detected using the new x-ray analysis. Given its con-
known for quite a long timé,systematic studies of the strain venience and nondestructive nature, we believe that this
effects in lateral low-dimensional nanostructures, such as-ray technique should be a powerful alternative to electron
guantum wireQWR’s) and quantum dot€QD’s), have be- diffraction methods such as high-resolution transmission
come available only recentfy® Recent experimental and electron microscopy.
theoretical developments on self-organized surface
corrugation&®’ have further enhanced the scientific interests Il. UNIFORMLY STRAINED QWR's
in studying strain and strain distributions near an interface of '
dissimilar materials during heteroepitaxial growths. In all A periodic lateral QWR array epitaxially fabricated on a
these cases it is important to experimentally determine thérystalline substratéFig. 1) can be viewed as a coherent
strain fields in the corrugated surface structures or quantungrating with a submicron period. An x-ray diffraction pat-
confinement structures and to correlate the measured strai@rn from such a grating structure consists of a set of super-
with other physical properties such as optical luminescencéttice peaks around each Bragg reflectiGn of the internal
and epitaxial growth modes. QWR crystal lattice. The diffracted x-ray intensities of the
In recent years high-resolution x-ray diffraction has beersuperlattice peaks are given'By
used as a convenient, nondestructive technique to character-
ize the geometric shape and the lattice strain in periodic B o[ Sin(Ng,L/2)]?
nanostructure$®-13The effect of coherent grating x-ray dif- (@ =Ifo(@] sin(OxL/2) | -
fraction, i.e., the constructive interference among the peri-
odic structures within the x-ray beam coherence wiiten ~ wheref (q) is the scattering amplitude from a single period,
enhance the scattering signal from individual features, an®dlL the coherence length of the x-ray beam, anis the
thus significantly improve the strain detectability by x-ray momentum transfer measured froB The grating super-
diffraction. Based on this technique, average lattice relaxlattice diffraction peaks occur at intervadsq,=2#/L and
ations have been studied for free-standing multiple-layetheir intensities are determined by the geometric profile and
quantum wires>*3and more recently, in a synchrotron x-ray the internal crystalline structure within a single period.
experiment, a lateral-size-dependent lattice distortion has For a box-car-like QWR structurgrig. 1(a)], the enve-
been observed on a single-layer of 10-nm-thick quantuntope functionlfp(q)l2 gives rise to a single-slit Fraunhofer
wires of Iny ,Ga, gAs buried in a GaAs substrate. diffraction pattern in both the, and theq, directions. If the
There have been very few attempts, however, to studyvire is strained with respect to the substrate, tht;;ﬁq)|2
possible lattice constantariations in quantum-wire and would be centered around the reciprocal lattice p@ntof
guantum-dot structures using x-ray diffraction, primarily duethe wire crystal structure rather tha®d of the substrate.
to the diffuse weak signal from any strain-varying region of However, as illustrated in Fig.(t), the grating superlattice
a few nanometers in size. In this paper, we show that byeaks are still positioned commensurately with respect to the
using an intense synchrotron x-ray beam and by taking adsubstrates, as pointed out by Holgt al,'® because the grat-
vantage of the coherent-grating nature of a quantum wire oing period L is determined by an integral number of the
dot array, diffraction profile from a strain-varying region in lateral lattice parametez, of the substrate instead of that of
the quantum wire or dots can indeed be observed in an exthe QWR lattice.
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Iz (@) Without strain relaxation ll. EFFECT OF STRAIN GRADIENT
S Because of their large surface-to-volume ratios, the physi-
2, cal properties of quantum wire and quantum dot structures
ul fo-Wa—| / AN can be significantly affected by the existence of a strain gra-

dient near the surfaces or the interfaces. The gradient may
result from a natural lattice relaxation, or from a lattice mis-
match between the QWR or the QD and its surrounding ma-
terials.

A dynamical theory of x-ray diffraction involving lattice
distortions in perfect semi-infinite bulk crystals was devel-
oped in the 196@) by Takagt® and Taupin’ Their theory
takes into account multiple scattering and has been applied to
relatively perfect multilayer system in which lattice proper-
ties may change as a function of dep¥tHowever, a general
solution to the Takagi-Taupin equations for an arbitrary
e e tota—] strain gradient is rather difficult. Since we are interested in

a, nanostructures of only 1-100 nm in size, multiple scattering
is negligible and the kinematic approximation can be applied
instead, which is the approach that we will be using in this

(c) With lateral strain gradient

a, paper.
r”m To describe a general strain gradient, we make use of an
Ep ana!ogy to_ acoqstic waves or phonons an_d c_ategorize the

FHEHH strain gradients in crystal in to two typesngitudinal gra-
H T dients e.g.,da,/dz and da,/dx, involving a lattice constant
sk and its variation along the same direction, ananhsverse

gradients e.g.,da,/dx, involving a lattice constant and its
FIG. 1. llustrations of grating x-ray diffraction profiles from Vvariation along two orthogonal directions. For QWR’s and
quantum-wire array€a) without lateral strain relative to the sub- QD’S with well-defined geometric shapes, these two types of
strate, (b) with uniform lateral strain relative to the substrate, and Strain gradients can introduce distinctly different additional
(c) with a lateral strain gradient toward the side walls of each quanfeatures in an x-ray grating diffraction pattern.
tum wire. Although studies of longitudinal strain gradient or varia-
tion exist for multilayer structuré&®and for surface relax-
To show the above point more explicitly, we consider aation of flat silicon waferg? to our knowledge the present
row of atoms in the QWHRFig. 1(b)] with a lateral lattice study is the first of its kind to apply the concept of longitu-
constant ofa,, a width of w=Wa,, and a period ofL dinal strain variations to lateral quantum structures such as
=Ma;. The scattering amplitude from such a row of atomsQWR’s and QD’s. We show that in general, a longitudinal
is given by strain variation, which itself can be along either lateral or
vertical direction, gives rise to amsymmetridntensity pat-

"L we o tern [Fig. 1(c)] of the grating diffraction peaks along the
F(QX)ZHE:O equaanln :E—W/z e'heznz, (2 corresponding reciprocal space direction.
! 2 To illustrate this point, we consider a free-standing, box-
which leads to a scattering intensity car-shaped QWR array with a lateral lattice relaxation. We
) NM/2)12 i Wi2)12 assume that within each QWR of width, the lattice con-
IF(q,)[2= 5|r-1(qxa1 ) S”"_'(arZ ) . (3 Stantayvaries from the center outward according to a power
sin(g,a;M/2) sin(gya,/2) law:
Equation(3) clearly indicates that while the intensity profile 2|x|\P
of the grating peaks has maxima at multiples af/2a,,the a.(x)=ag 1+s§ T) , (4)

positions of the grating peaks remain locked at multiples of
2m/(Ma;), which is commensurate with the substrate latticewherea, is the lattice constant at the center am1+gg)

as. is that at the edge. A similar quadratic dependence has been
In terms of strain-tensor components, the lateral strainused by Steinforet al. in the study of Ge hut clusters on a
described above represests. Similarly, a shifting ofthe  Si(001) surface’* Following the derivation similar to Eq2),
envelope functiomfp(q)|2 is related to component,,. The  We can calculate the scattering intensity from such an array
off-diagonal components,, and £,, may also exist, but and the result for the envelope functiffiy(q)|* is shown in
these components represent an overall rigid-body rotatiofrig. 2(@) for a lattice constant change ef=0.002 and sev-
and can be set to zero by a proper choice of the coordinateral values ofp.

system. A general description of strain-stress components in It is worth noting how the diffraction patterns in Fig. 2
free-standing QWR heterostructures in relation to crystallochange as the lattice distortion increases from more gentle
graphic axes has been given by De Caro and Tapéed the  (p>1) to more abrupt§<<1). First of all, the position of
readers are referred to their paper for further information. the central peak is essentially determined by #werage
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FIG. 2. Calculated grating peak intensity envelope profiles for
quantum wires with a lateral strain variation according to the

power-law model Eq(4). (@) Maximum strain variation is kept

constant,e,,,=0.002. (b) Average strain is kept constantg.

=0.001. In both cases, a stronger strain variatips 6) near the FIG. 3. Schematic illustration of grating diffraction patterns for
side walls gives rise to a more asymmetric envelope profile a buried quantum wire arraYa) without transverse strain gradient

da,ldx and(b) with a da,/dx gradient.

Etngg / (ET?)Tegzco\rchljt,h'zﬂe itr?thsiQt;/NaF;?r?m{e ??;ﬁ?}dtﬁlgvsec_v.ery different' diffraction 'patter'n that usually invo'Ives addi-

) ) - S tional diffraction streaksin reciprocal space, as illustrated
ondary modulations is very sensitive to the acttain dis-  gchematically in Fig. 3. Once again we demonstrate this phe-
tribution in the QWR, especially the lattice variation near the h,omenon quantitatively with a box-car-shaped QWR array.
side walls. For example, the cage=5 has the smallest shift \ye assume that the wire array, of a lattice paramaseris
due toa,, yet it gives rise to the largest asymmetry in the pried in a semi-infinite substrate of lattice constant and
secondary peaks because of the strong variation near the Sigigated at a depth from the substrate surface. Using a power-
walls [Fig. 2@ insef. On the other hand, the cage=0.1  |aw model similar to Eq(4), we assume that the vertical
gives a more uniform lattice constant across the QWR anghiice constana, varies with the lateral distance in the
thus yields more symmetric secondary modulations, evefpllowing way:
though it has a larger shift in the central-peak position due to
a largera,.

For comparison, we also calculate the diffraction profiles a(X)=a,
for a constantaveragelateral strain,e,=0.001, but with
different maximume? and exponentp. The results are wheree? is the maximum difference between the strains at

shown in Fig. Zb). In this case, the asymmetry in the sec-the center and at the edge of the QWR.

2|x[\"

, ®

1+8(Z)

ondary diffraction lobes is even more pronounced ger5 In Fig. 4 we plot the calculated intensity contour images
since the maximum strain is now much larger than that inn the gy-q, plane around a (0,0, Bragg reflection for three
Fig. 2(a). different transverse strain variation® p=1, (b) p=5, and

A transverse strain gradient, e.ga,/dx, can produce a (c) p=20, all with w=980 A, L=4000 A, and&l=
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IV. EXPERIMENT ON BURIED In ,Ga,gAs QWR’s

We show in this section some recent experimental results
obtained in a high-resolution synchrotron x-ray diffraction
experiment on a buried RGaysAs QWR array. These
QWR'’s, embedded in a GaAs substrate, were fabricated by a
combination of electron beam lithography and molecular
beam epitaxial growth techniqué&ach wire in this particu-
lar array (area of 0.5 mf) has a nominal width of 50 nm
and a height of 10 nm and the period of the array is 400 nm.
Because the GaAs cap layer on top of thgBa, /As QWR
is about 380 nm thick, x-ray diffraction is one of the few
nondestructive techniques that can be used to probe the
structural properties of the QWR'’s.

The experiment was done at the A2 station at the Cornell
high Energy Synchrotron SourcéCHESS. The incident
x-ray beam was monochromated by a pair ¢fi$1) crystals
to an energy of 8.3 keV. Most of our measurements were
concentrated around the symmeti094) and the asymmetric
(115 reflections of Ig.,GaygAs and GaAs. The QWR
sample was mounted at the center of a standard four-circle
diffractometer equipped with a postsampl€13il) analyzer.

The incident beam, about 1 mm by 0.5 mm in size, covers a
sample surface area about twice as large as the patterned
QWR region at typical diffraction geometries. Bragg-
reflection topographs were taken to ensure that the x-ray
beam was centered on the patterned region. We show that
several types of strain information, discussed in the last sec-
tion, can indeed be obtained from the high-resolution x-ray
diffraction measurements.

(1) Average Strainin Fig. 5, we show the measured x-ray
diffraction pattern around the (115 reflection of
Ing ;Gay gAS: a two-dimensional reciprocal-space magah
and a line scan profile through the, b6 a, sAs peak in(b). It
can be clearly seen that the center of the grating peak inten-
sity envelope is shifted with respect to tfiELS peak from
the unpatterned region, even though the grating peaks remain
at positions that are commensurate to the unpatterned and

~ FIG. 4. Calculated grating diffraction patterns around a symmetspstrate peaks. This result of the satellite-peak commensu-
ric (0,0,1) reflection for a buried quantum wire array with several rality directly confirms the theoretical arguments presented

different transverse strain variation®@) p=1, (b) p=5, and(c)
p=20, according to the power-law model E@). the maximum
strain is assumed to b€ = —0.025 and its variations are illustrated

in (d).

in the last section. The amounts of the shifts in bothdhe
and theq, directions reveal an orthorhombic distortion of
Aey,=1.1x10"% and Ae,,=—2.5x10 3. It should be
noted that this distortion in the QWR'’s is the strain relax-
ation relative to the tetragonal strais,,=—0.014 ande,,

—0.025. Again, the diffraction patterns shown in these plots= + 0.013 with respect to the bulk {pGa, gAs, that already
are very sensitive to the strain distribution in the quantum-exists in the two-dimensional thin film of jBGa, gAs.

wire structures. In both casé€sa) and(b), there exist notice-

(2) Longitudinal strain gradient.Besides the average

ably broad, tilted intensity streaks in the envelope functionstrain components, the effect of a longitudinal strain gradient
which are characteristic of the diffraction pattern from ain the lateral directioa,/dx can also be observed in Fig. 5.
transverse strain gradient. By measuring the position and thie particular, the grating peak intensities on the highside
direction of these streaks in reciprocal space, we can obtaiare substantially reduced compared to the corresponding
the strain gradient directly from an x-ray diffraction experi- peaks on the love, side, just as illustrated in Fig.(d).

ment.

Using the power-law strain distribution model Ed@), we

A plot of how the lattice constard, varies according to can fit the intensity envelope of the experimental data in Fig.

Eq. (5) is shown in Fig. 4d). The case op=5 is particularly

5(b) by adjusting the exponeptand the effective wire width

interesting because it shows a central region with roughly av, while keeping the average strai,=1x 102 constant.
constant lattice parametar, and a transitional region near The best visual fit, shown as the dashed envelope curve in
the side walls whera, varies almost linearly. We will show Fig. §b), is obtained withp=0.8+0.3 andw=113+6 nm.

in the next section that this case is very close to the trudhe effective widthw appears to be much larger than the
strain variation in a real quantum-wire structure.

true QWR widthw, due to the effect of the transverse strain
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FIG. 5. (a) Measured grating x-ray diffraction pattern @15 2 10t
Bragg reflection from a buried §nGa, gAs/GaAs quantum-wire ar- §
ray. The wires are nominally 50 nm wide and 10 nm high with a E 3
period of 400 nm. Intensities are converted into a 32-level gray 10
scale with uniform logarithmic intervals from (Wwhite) to a cutoff
intensity of 4x10* (black counts.(b) A line scan in the K,h,0) 10° == . :
direction through the kL,Ga, gAs (115 peak, atl =4.88. Experi- -0.01  -0.005 0 0.005  0.01
mental data are shown as filled circles connected by solid lines. The (8, 4, 0)

calculated best-fit intensity envelope function is shown as the

dashed curve. Included in the calculation is a lateral strain variation FIG. 6. X-ray diffraction patterns around the symmet@©4)

as shown in the inset. This spatial distribution of strain gives rise taeflection of the 1§ ,Ga, gAs/GaAs QWR array(a) Measured dif-

the enhanced intensities on the Ibmside and the diminished in-

tensity on the high side in the diffraction profile.

gradientda,/dx as we will discuss in the next paragraph.
The inset of Fig. B) illustrates how the lateral lattice con-
stant varies with lateral positiox, according to the best fit

fraction pattern in which intensities are converted into a 32-level
gray scale with even logarithmic intervals fromfyhite) to a cutoff
intensity of 1xX 10° (black counts.(b) Best-fit calculation showing

the tilted diffuse scattering streaks due to the existence of a trans-
verse strain gradienta,/dx near the QWR side wallgc) Same
calculation without the strain gradientd) A line scan in the
(h,h,0) direction through the ypGa gAs (004) peak. Experimental

values of the power-law model. This indicates a roughly CONYata are shown as filled circles and the best-fit calculation is shown

stant strain gradient ofa,/dx=+1.0x 10" °, which shows
a very gradual relaxation of the lateral lattice parameter

from the center to the edge of the QWR.

(3) Transverse strain gradienfhe best way to observe
the transverse strain gradiefa,/dx is around a symmetric
Bragg reflection such as th@®04) where the influence of
lateral lattice distortiond a, /a, is minimal. In Fig. §a) we

as the solid curve with the dashed curve indicating the envelope
function. The strain variation used in the calculation is shown in the

inset as the solid curve, which can also be represented by a trap-
ezoid model as indicated by the dashed curve in the inset. For
comparison the envelope function calculated without the linearly

strained region in the trapezoid model is shown as the dash-dotted
curve in the main figure.
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show the measured x-ray diffraction pattern around the symda, /dx, which produces an asymmetric profile in the grating
metric (004 reflection of I ,Ga, gAs. We see in this plot peak intensity envelope, and the other is a transverse strain
that there is no lateral shift in the JpiGa, gAs (004) peak gradient such a®a,/dx, which produces tilted diffraction
with respect to the substrate peak because of the null lateratreaks in reciprocal space. The diffraction patterns of both
momentum transfer. However, the tilted diffraction streaksof these cases are qualitatively distinct from that of a uni-
as illustrated in Fig. 3 due to a transverse strain variatiorformly strained QWR structure, which exhibits only an over-
da,ldx, can be clearly observed. This strain variation in theall shift in the centroid position of the grating peak envelope
QWR arises from the compressive pressure supplied by therofile.
surrounding GaAs substrate on its sjdee Fig. &)]. Using From an x-ray crystallography point of view, the ability to
the power-law model Eq5), we can again fit the diffraction determine strain gradients and strain variations in nanostruc-
pattern by adjusting the exponept and the wire width ture arrays can be easily understood. The material within
w.The maximum strairsgz: 0.025, is kept constant in the each period of the array, involving a single quantum wire or
fitting, which is obtained by the strain measurement aroundlot, can be viewed as a unit cell of the superlattice, and the
the (115 and is determined by the lattice mismatch betweergrating peaks are simply the Bragg reflections from this su-
the In, ,Ga, gAs and the GaAs substrate, the Poisson’s ratigoerlattice and their intensities are uniquely determined by the
of the In, ,Gay gAs, and the strain relaxatiohe,,. The best positions of each atom in the unit cell. Thus, in principle, the
fit to the diffraction pattern is shown in Fig.(§ and is information on strain as well as strain variations in the quan-
obtained withp=5 andw=103+5 nm. AQ, scan through tum wire or dot can be obtained completely by measuring the
the Iny ,Ga, oAs (004) peak atQ,=3.9(27/a,) is shown in  grating peak intensities and solving the crystallographic
Fig. 6(d) to demonstrate the excellent agreement between thehase problem. What we have shown is that for most epitax-
fit and the experimental data. ial quantum-wire or -dot systems the possibility of strain
The inset of Fig. &) shows the vertical lattice constant variation is constrained by lattice misfits, geometric shapes,
a, as a function of the lateral positian, according to the and elastic properties of the wire or dot. Therefore the analy-
best-fit power-law model. It can also be approximated by &is can be greatly simplified by concentrating on the interfa-
trapezoid model consisting of a strain-relaxed conssant- Cial regions and by models that only involve monotonic
central core of about 55 nm in size and a linearly strained/ariation in lattice constants.
interfacial region of 24 nm on each side of the QWR, with a  The information on strain, especially on strain variation
gradient of da,/dx=—6.3x10"% as indicated by the near the interfaces, of quantum-wire and -dot structures is
dashed line in the inset. In fact a fit to the data using the/€ry important to the fabrication and the performance of
trapezoid model produced an almost identical result as thée€se quantum confinement devices. As we have shown, the
one shown in Fig. @). We would like to point out that Strain may vary over a substantial fraction of the quantum-
although the line scan in Fig.(@ could be fit by a single Wire or -dot size, and thus may modify the confinement po-
wire Fraunhofer diffraction profile with a wider wire width, tential well in a significant way. On the other hand, one may
it is impossible to describe the overall two-dimensional dif-Pe able to tune the strain variation to achieve a particular
fraction map in Fig. 6) without the linearly strained or the Potential well shape. An example is the strain-induced con-
power-|aw_varying interfacial region near the QWR Sideﬂnement structures In Wh|Ch no geomet”c quantum confine-

walls, as shown clearly in Fig.(6). ment exists, and strain is the sole contributor to the confine-
ment potential. This may be the case where the x-ray
V. CONCLUDING REMARKS diffraction method described here can be applied to deter-

mine the quantum confinement potential experimentally.

We have shown both theoretically and experimentally that
high-re;_olution x-ray diffraction from quantum wire arrays is ACKNOWLEDGMENTS
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tions can be distinguished unambiguously from the diffrac-ence Foundation through CHESS, under Award No. DMR-
tion pattern. One is a longitudinal strain gradient such a$311772.

1F. H. Pollak, inSurface/Interface and Stress effects in Electronic 3M. Notomi, J. Hammersberg, H. Weman, S. Nojima, H. Sugiura,
Material Nanostructuresedited by S. M. Stokes, K. L. Wang, M. Okamoto, T. Tamamura, and M. Potemski, Phys. Re%2B
R. C. Cammarata, and A. Christou, MRS Symposia Proceedings 11 147(1995.
No. 405(Materials Research Society, Pittsburgh, 19%6 3. 4M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev58
2E. S. Tentarelli, J. D. Reed, Y.-P. Chen, W. J. Schaff, and L. F. 11 969(1995.
Eastman, J. Appl. Phy§8, 4031(1995. 5Quan Shen, S. W Kycia, E. Tentarelli, W. Schaff, and L. F. East-



55
man, Phys. Rev. B4, 16 381(1996.

6J. Tersoff, C. Teichert, and M. G. Lagally, Phys. Rev. L&8,
1675(1996.

"Several review articles can be found in Mater. Res. Soc. Bjl.
18-54(1996, edited by L. J. Schowalter.

8L. Tapfer and P. Grambow, Appl. Phys. 30, 3 (1990.

9A. T. Macrander and S. E. G. Slusky, Appl. Phys. L&it.443
(1990.

OM. Tolan, G. Konig, L. Brugemann, W. Pres, F. Brinkop, and J.
P. Kotthaus, Europhys. Let20, 223(1992.

11| Tapfer, G. C. La Rocca, H. Lage, O. Brandt, D. Heitmann, and

K. Ploog, Appl. Surf. Sci60, 517 (1992.

2Qun Shen, C. C. Umbach, B. Weselak, and J. M. Blakely, Phys.

Rev. B 48, 17 967 (1993; 53, R4237(1996; Qun Shen, B.
Weselak, and J. M. Blakely, Appl. Phys. Lef4, 3554(1994).
13y, Holy, A. A. Darhuber, G. Bauer, P. D. Wang, Y. P. Song, C.
M. Sotomayor-Torres, and M. C. Holland, Phys. Rev.5B

8348(1995.

DETERMINATION OF INTERFACIAL STRAIN . ..

15797

14Qun Shen, inSurface/Interface and Stress Effects in Electronic
Material Nanostructuresedited by S. M. Stokes, K. L. Wang,
R. C. Cammarata, and A. Christou, MRS Symposia Proceedings
No. 405 (Materials Research Society, Pittsburgh, 1996121.

15_. De Caro and L. Tapfer, Phys. Rev.®, 4381(1995.

185, Takagi, J. Phys. Soc. Jaz6, 1239(1969.

17D. Taupin, Bull. Soc. Fr. Mineral. Crystallog87, 469 (1964.

18y, J. Bartels, J. Hornstra, and D. J. W. Lobeek, Acta Crystallogr.
A 42, 539(1986.

19y, Kashihara, T. Kase, and J. Harada, Jpn. J. Appl. Phgs.

1834(1986.

Y. Kashihara, K. Kawamura, N. Kashiwagura, and J. Harada, Jpn.

J. Appl. Phys26, L1029 (1987.

2LA. J. Steinfort, P. M. L. O. Scholte, A. Ettema, F. Tuinstra, M.
Nielsen, E. Landemark, D.-M. Smilgies, R. Fiedenhans'l, G.
Falkenberg, L. Seehofer, and R. L. Johnson, Phys. Rev. T#tt.
2009(1996.

20



