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Local atomic strain in ZnSe1ÀxTex from high real-space resolution
neutron pair distribution function measurements
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High real-space resolution atomic pair distribution functions~PDF’s! have been obtained from ZnSe12xTex

using neutron powder diffraction. Distinct Zn-Se and Zn-Te nearest-neighbor~nn! bonds, differing in length by
Dr 50.14 Å, are resolved in the measured PDF’s, allowing the evolution with composition of the individual
bond lengths to be studied. The local bond lengths change much more slowly with doping than the average
bond length obtained crystallographically. The nn bond-length distributions are constant with doping, but
higher-neighbor pair distributions broaden significantly, indicating that most of the strain from the alloying is
accommodated by bond-bending forces in the alloy. PDF’s of alloys across the whole doping range are well fit
using a model based on the Kirkwood potential. The resulting PDF’s give excellent agreement with the
measured PDF’s over the entire alloy range with no adjustable parameters.

DOI: 10.1103/PhysRevB.63.165211 PACS number~s!: 61.12.Ld, 61.43.2j, 61.66.Dk, 61.82.Fk
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I. INTRODUCTION

Ternary alloys, such as ZnSe12xTex , are technologically
useful because the band gap can be tuned between the
member values as the compositionx is varied. This makes a
proper characterization of these materials the subjec
much investigation.1–4 ZnSe12xTex is an example of a II-VI
semiconductor pseudobinary alloy that can be made ove
entire range of compositions.5 II-VI alloys are becoming in-
creasingly important because they are often used as the
for magnetic semiconductors with the additional alloying
small amounts of Mn on the metal sublattice.6,7 The recent
suggestion that high-speed logical circuits can be made
of devices using spin diffusion instead of electron diffusi
~so-called ‘‘spintronics’’! is adding extra impetus to researc
into these materials.8 Clearly, it is important to be able to
characterize the atomic and electronic structure of these
loys in detail.

The study of alloys is complicated by the fact that co
siderable local atomic strains are present due to the disor
ing effect of the alloying. This means that local bond leng
can differ from those inferred from the average~crystallo-
graphic! structure by as much as 0.1 Å .9,10 This clearly has
a significant effect on calculations of electronic and transp
properties.2 To characterize the structure of these allo
fully, it is necessary to augment crystallography with loc
structural measurements. In the past the extended x-ray
sorption fine structure~XAFS! technique has been exten
sively used.9,11,12 More recently the atomic pair distributio
function ~PDF! analysis of powder diffraction data has al
been applied to obtain additional local structural informat
from InxGa12xAs alloys.10,13,14 In that case high-energy
rays combined with good resolution and a wide range
0163-1829/2001/63~16!/165211~7!/$20.00 63 1652
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momentum transfer allow the In-As and Ga-As neare
neighbor peaks to be resolved. In this paper we describe P
measurements of the II-VI alloy ZnSe12xTex from neutron
powder diffraction measurements using the new General
terials Diffractometer~GEM! at ISIS. In these measuremen
the distinct Zn-Se and Zn-Te bonds, which differ in leng
by just Dr 50.14 Å, could be distinguished demonstratin
the quality of the data from the GEM.

Both ZnTe and ZnSe have the zinc-blende struct

(F4̄3m) where the Zn atoms and Te, Se atoms occupy
two interpenetrating face-centered-cubic~fcc! lattices. In the
alloys the lattice parameter of ZnSe12xTex interpolates lin-
early between the end member values consistent with V
ard’s law.15 However, both XAFS experiments11,12 and
theory16–19 show that the atomic nearest-neighbor~nn! dis-
tances deviate strongly from Vegard’s law. Rather, they s
closer to their natural lengths found in the end-member co
pounds:LZn-Te

0 52.643(2) Å andLZn-Se
0 52.452(2) Å.

A limitation of the XAFS method for studying the loca
structure of alloys is that it only gives information about t
first- and second-neighbor bond lengths and informat
about the bond-length distributions with less accuracy.
this study a PDF analysis of neutron powder diffraction d
is used. The PDF is the instantaneous atomic num
density-density correlation function which describes t
atomic arrangement of the materials. It is the sine Fou
transform of the experimentally observed total scatter
structure functionS(Q), obtained from a powder diffraction
experiment. Since the total scattering structure function
cludes both Bragg and diffuse scatterings, the PDF cont
both local and averageatomic structures, yielding accurat
information on short and intermediate length scales. Previ
©2001 The American Physical Society11-1
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high-resolution PDF studies on InxGa12xAs were carried out
using high-energy x-ray diffraction.10,14 This yielded data
over a wideQ range (Q is the magnitude of the scatterin
vector!, which resulted in the very high real-space resolut
required to separate the nearest-neighbor peaks from In
and Ga-As. The high-Q-range coverage andQ-space resolu-
tion of the GEM diffractometer at the ISIS neutron sour
allowed us to obtain similarly high real-space resoluti
PDF’s of ZnSe12xTex using neutrons, and to resolve th
Zn-Se and Zn-Te bonds that differ in length by on
0.14 Å. Furthermore, the data collection time was only
min compared to the 12 h for x-ray data with similar quali
The nn distances and average peak widths are fit u
model-independent techniques. The PDF’s of the full al
series have been calculated using a model based on the
wood potential giving excellent agreement over a wide ra
of r with no adjustable parameters.

II. EXPERIMENT

A. Synthesis and characterization

Finely powdered samples of;10 g of ZnSe12xTex were
made withx5 1

6 , 2
6 , 3

6 , 4
6 , and 5

6 . The starting reagents~zinc
selenide, metal basis 99.995%; zinc telluride, metal ba
99.999%) were finely ground, mixed in the correct stoic
ometry, and sealed in quartz tubes under vacuum.
samples were then heated at 900 °C for 12–16 hours.20 This
procedure~grinding, vacuum sealing, and heating! was re-
peated four times to obtain high-quality homogeneous pr
ucts. The colors of the solid solutions vary gradually fro
dark red~ZnTe! to yellow ~ZnSe! as thex value decrease
reflecting the band-gap of the alloy samples smoothly cha
ing in the optical frequency range. The homogeneity of
samples was checked using x-ray diffraction by monitor
the width and line shape of thê400&, ^331&, ^420&, and
^422& Bragg peaks measured on a rotating anode CuKa
source. Finely powdered samples were sieved through a
mesh sieve, then packed into flat plates and measure
symmetric reflection geometry. The^331& and~weak on high

FIG. 1. ^331& and weak̂ 420& peaks of ZnSe12xTex measured
at 300 K using a Cu rotating anode.
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angle side! ^420& peaks are reproduced in Fig. 1. Th
double-peaked shape comes from theKa1 and Ka2 compo-
nents in the beam. The linewidths are narrow, and smoo
interpolate in position between the positions of the end me
bers, verifying the homogeneity of the samples.

B. Neutron measurements and data processing

Time-of-flight neutron powder diffraction data were me
sured on the GEM diffractometer at the ISIS spallation n
tron source at Rutherford Appleton Laboratory in Oxfor
shire, UK. The finely powdered ZnSe12xTex samples were
sealed inside extruded cylindrical vanadium containe
These were mounted on the cold stage of a helium cryo
immersed in cold He gas in contact with a liquid He res
voir. The temperature of the samples was maintained at 1
using a heater attached to the cold stage adjacent to
sample. The empty cryostat, an empty container mounted
the cryostat, and the empty instrument were all measu
allowing us to assess and subtract instrumental backgrou
The scattering from a vanadium rod was also measure
allow the data to be normalized for the incident spectrum a
detector efficiencies. Standard data corrections were car
out as described elsewhere21,22using the programPDFGETN.23

After being corrected, the data were normalized by the to
scattering cross section of the sample to yield the total s
tering structure function,S(Q). This was then converted to
the PDF,G(r ), by a Sine Fourier transform according to

G~r !5
2

pE0

`

Q@S~Q!21#sin~Qr !dQ

54pr @r~r !2r0#, ~1!

where r(r ) is the microscopic pair density of the sampl
andr0 is the average number density.

The GEM instrument yields useful diffraction informatio
up to a maximumQ of greater than 90 Å21. Unfortunately,
due to a neutron resonance in Te, we were forced to ter
nate the Fourier transform at a maximumQ of 40 Å21 in this
experiment. This resulted in nn peaks in these alloys wh
are resolution limited rather than sample limited. This w
verified by Fourier transforming the ZnSe end member
higher values ofQmax. The nn peak kept getting sharper u
to Qmax560 Å21. Nonetheless, the distinct short and lon
bond distances were still evident in the alloy PDF’s. At t
time of this measurement the backscattering detector ba
on GEM were not operational. With the backscattering ba
yielding better statistics in highQ, and adding detector cov
erage, one might expect to obtain similar quality PDF’s in
fraction of the time. The reduced structure function
Q@S(Q)21#, obtained from the ZnSe12xTex samples, are
shown in Fig. 2, and the resulting PDF’s are shown in Fig

C. Method of modeling

The PDF can be calculated from a structural model
taking advantage of the definition of radial distribution fun
tion ~RDF!,21 T(r ),
1-2
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T~r !54pr 2r~r !5(
i , j

bibj

^b&2
d~r 2r i j !, ~2!

and substituting the calculatedr(r ) into Eq. ~1!. Herebi is
the scattering length of thei th atom, ^b& is the scattering
length averaged over the sample composition and isoto
r i j 5ur i2r j u is the distance separating thei th and j th atoms,
and the sums are taken over all the atoms in the en
sample. To approximate the atomic thermal motion we c
volute the delta functions with Gaussians. Before being co
pared to the data, the calculatedG(r ) is convoluted with a
termination function, sin(Qmaxr)/r, to account for the effects
of the finite range of the measured data.24,25

We have used three approaches to obtain structural in
mation from the PDF. First we carry out a model indepe
dent analysis by fitting Gaussian functions to peaks in
RDF. Next we calculate the PDF expected from the aver
crystal structure and refine, using a least-squares appro
atomic displacement~thermal! parameters to obtain empir
cally the PDF peak widths in the alloys. This is done us
the PDF refinement programPDFFIT.26 Finally, we calculate
the PDF from a Kirkwood potential based model where

FIG. 2. Q@S(Q)21# for ZnSe12xTex measured at 10 K.

FIG. 3. G(r )54pr @r(r )2r0# for ZnSe12xTex measured at
10 K.
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atom positions and thermal broadenings are fully determi
by the atomic potential parameters.

The ZnSe and ZnTe nn distances in the alloys were fo
by fitting two Gaussians, convoluted with termination fun
tions, to account for the termination effects, to the neare
neighbor peak in the PDF. Peak positions and widths w
varied. The relative peak intensities were constrained
those expected from the alloy composition. The widths
fined to the same values as the end members within the
rors for all the alloys. We thus repeated the fits constrain
the peak widths to have values refined from the end-mem
PDF’s. This more highly constrained fitting procedure r
sulted in less scatter in the refined peak positions.

To find the far-neighbor peak widths,PDFFIT ~Ref. 26!
was used. A zinc-blende crystal structure was used, with
the atoms constrained to lie on their average positions. L
tice parameters, scale factor, isotropic thermal factors,
r-dependent PDF peak broadening parameters24,26 were al-
lowed to vary, but the atoms were not allowed to move
their sites. In this way, all of the atomic disorder, static a
dynamic, is included in the refined thermal factors that
giving an empirical measure of the PDF peak widths
higher r. This approach is better than fitting unconstrain
Gaussians, because of the problem of PDF peak overla
higher distances. Clearly this approach does not result
good model for the alloy structure, but will yield a good fit
the intermediate PDF in the alloys. However, it should g
reliable empirical estimates of the width of high-r PDF
peaks, even when they are strongly overlapped, and all
us to separate the disorder on the cation and anion su
tices. The PDF’s were fit over the range 3 –15 Å21. This
range was selected so the global properties of the al
could be fit without influence from the nn behavior.

Potential based modeling to yield realistic alloy structu
was carried out using a model based on the Kirkwo
potential.27 This procedure was described in deta
elsewhere.16,17,28,29 The model consists of 512 atoms a
ranged in a zinc-blende structure with periodic bound
conditions, where the interatomic force is described by
Kirkwood potential. The system is then relaxed by movi
atoms to minimize the energy.

The Kirkwood potential can be written as

V5
a

2 (
i j

~Li j 2Li j
0 !21

L2b

8 (
i jk

S cosu i jk1
1

3D 2

, ~3!

whereLi j is the length of the bond between the atomsi and
j, and Li j

0 is the natural bond length. In this definition th
bond stretchinga and bond-bendingb force constants have
the same units, andu i jk5arccos(2 1

3 ), for an ideal tetrahe-
dron. Literature values30 were used for the bond-stretchin
and -bending parameters obtained from elastic constant m
surements. We also tried optimizinga andb by fitting to the
ZnSe and ZnTe end member PDF’s; however, the PD
calculated using both sets of parameters gave compar
agreement when compared to the alloy data, so we sim
report the results obtained with the literature values ofa and
b. The values ofa andb for ZnTe and ZnSe used are show
in Table I.
1-3
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P. F. PETERSONet al. PHYSICAL REVIEW B 63 165211
The PDF’s for alloys are calculated with no adjustab
parameters, using the same potential parameters used fo
end members. The additional bond-bending parame
present in the alloy due to Te-Zn-Se type configurations
determined as a geometric mean of theb parameters for the
end members.28 The thermal broadening of the PDF is ca
culated by determining the dynamical matrix from the pote
tial, and projecting out the atomic displacement amplitud
for each phonon.28

III. RESULTS AND DISCUSSION

A. Model-independent results

Upon inspection of the PDF’s presented in Fig. 3, one w
immediately note the splitting of the first peak. This com
from the fact that the nn distances of ZnTe and ZnSe s
close to the end-member values of 2.643~2! and 2.452~2! Å
respectively. The positions of each component of the dou
were determined by fitting Gaussians as described ab
The values for the nn bond lengths are shown as filled cir
with 2s error bars in Fig. 4. Also plotted in the same figur
as open circles, are the nn bond lengths determined from
earlier XAFS study by Boyce and Mikkelson.12 There is
clearly an excellent agreement between the two results.
perimposed on the data are lines which are predictions of
Kirkwood model for the nearest-neighbor bond lengths us

TABLE I. a and b reported for ZnSe12xTex and InxGa12xAs
~Ref. 17!.

a ~N/m! b ~N/m! b/a a**

ZnSe 33.7 4.6 0.14 0.78
ZnTe 31.1 4.7 0.15 0.76
InAs 35.1 5.8 0.16 0.74
GaAs 44.3 9.2 0.21 0.70

FIG. 4. nn positions from the PDF (d), XAFS data~Ref. 12!
(s), and Kirkwood modelz plot ~solid line! ~Ref. 17! as functions
of composition,x, for ZnSe12xTex . The dashed line is the averag
nn distance. Note that not all XAFS points have reported error b
so they were all set to the same value.
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the potential parameters given in Table I.17 Again, there is
excellent agreement with the data with no adjustable par
eters.

In contrast to the local structure, the long-range struct
is well described by the virtual crystal approximatio
~VCA!.31,32 The VCA assumes that the structural propert
of a crystal alloy all are a linear interpolation of the en
member values. If this were true in semiconductor allo
then not only would one be able to find the lattice parame
of the alloy from Vegard’s law but the nn distance would b
for zinc-blende crystalsA12xBxC, LAC5LBC5(A3/4)a.
This is shown in Fig. 4 by the dashed line.

It is clear that the local bond lengths remain closer
those in the end members than to the prediction of Vega
law. In fact, the bond lengths stay close to the Paul
limit,33 in which they would remain completely unchange
in length across the alloy series. The deviation from the Pa
ing limit is attributed to the disorder in the force constants,
we describe below.

The difference in the local structure of the alloys leads
a large amount of atomic strain, resulting in much broa
PDF peaks in the high-r region of the PDF. In Fig. 5 the
strain is quantified. The dotted line atsp

250.0056 Å2 repre-
sents the mean square width of the PDF peak,sp

2 , attributed
to the thermal motion of the atoms, while the parabolas
dicate additional peak broadening due entirely to static st
in the system. The largest peak broadening is seen in
mean-square width of the Zn-Zn peaks~cation-cation!,
which is as much as five times as large as the mean-sq
width due to thermal broadening and zero-point motion at
K. It is also evident that the disorder is larger on the un
loyed ~Zn! sublattice than the mixed~Se,Te! sublattice simi-
lar to the observation in InxGa12xAs.10,14

B. Kirkwood model

The Kirkwood potential27 is widely used to describe sem
conductor alloys. Petkovet al.10 showed that the Kirkwood

s,

FIG. 5. Square of the PDF peak widths for far neighbors a
function of composition,x. The extracted values~points! are plotted
with parabolas~lines! to guide the eye. The dotted line is a
0.0056 Å2.
1-4



t
is
oy
le

re

s
n

er

rk
n

ro
r
i

e
cu
n
s
o
a
tu

e-
s in
he

tor
a

the

ore

an
are

al,
ult
.

the
es

LOCAL ATOMIC STRAIN IN ZnSe12xTex FROM HIGH . . . PHYSICAL REVIEW B 63 165211
model is good at describing InxGa12xAs, a III-V semicon-
ductor. ZnSe12xTex is a II-VI semiconductor, so it is of grea
interest to know whether or not the Kirkwood model
equally successful for this more polar semiconductor all
The values ofa andb used in this study are shown in Tab
I, with appropriate values for InxGa12xAs for comparison.

Other quantities of note are the ratio,b/a, and the topo-
logical rigidity parametera** ,16 which is a function ofb/a:

a** 5
111.25~b/a!

113.6~b/a!11.17~b/a!2
. ~4!

The topological rigidity parametera** can vary from 0 to 1
and quantifies the effect of the lattice. The Pauling limit
sults whena** 51, the floppy lattice limit. Ifa** 50 the
lattice is rigid, and Vegard’s law will hold true locally a
well as globally. As can be seen in Table I, the values fou
for a** are close to 0.75, which appears to be fairly univ
sal for all semiconductors.16

In this study, thez plot shown in Fig. 4, and PDF’s from
each alloy composition, were all calculated using the Ki
wood parameters appropriate for the end members with
adjustable parameters. Figure 6 shows PDF’s obtained f
the Kirkwood model plotted with measured PDF’s for cha
acteristic compositions. The model is very successful
matching both the short-and longer-range behaviors of th
PDF’s for all alloy compositions. The measured and cal
lated PDF peaks of the nearest-neighbor bonds are show
an expanded scale in Fig. 7. It is clear that the model ba
on the Kirkwood potential does a very satisfactory job
explaining both the PDF peak positions and widths, and
pears to produce a very satisfactory model for the struc
of these II-VI alloys.

C. Comparison with InxGa1ÀxAs

The results found for ZnSe12xTex are not entirely unex-
pected. In a previous study of InxGa12xAs, similar results

FIG. 6. Comparison of the Kirkwood model~lines! and data
(s) PDF’s for ~from top to bottom! ZnTe, ZnSe3/6Te3/6,
ZnSe4/6Te2/6, and ZnSe.
16521
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were obtained.10 With high real-space resolution measur
ments now possible, direct observation of the nn distance
addition to the static strain in the system is observed. T
basis for the comparison between ZnSe12xTex and
InxGa12xAs is that the two systems are both semiconduc
alloys with zinc-blende structures. However, they vary in
couple of important aspects. The salient difference is
number of valence electrons. ZnSe12xTex are more polar al-
loys, and so might be expected to have a bonding with m
ionic character than InxGa12xAs, which should give rise to
smallerb values since ionic bonding is less directional th
covalent bonding. Indeed, the bond-bending magnitudes
less in ZnSe12xTex than InxGa12xAs ~Table I!. However, the
nearest-neighbor bonds are stiffer in InxGa12xAs. This is
presumably also due to the lower polarity of this materi
resulting in greater orbital overlap and covalency. The res
is that theb/a ratio anda** are similar for the two systems
Since it is this ratio, rather than the values ofa andb them-
selves, that has the greatest impact on the structure of
alloy, we find very strong similarities in the local structur

FIG. 8. Comparison of the theoretically calculated ZnSe12xTex

~solid line! and InxGa12xAs ~dashed line! z plots.

FIG. 7. Comparison of the Kirkwood model~lines! and data
~points! nn distances for ZnSe12xTex , wherex is 0 (3), 1

6 (s), 2
6

(L), 3
6 ( % ), 4

6 (>), 5
6 (n), and 1 (1).
1-5
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P. F. PETERSONet al. PHYSICAL REVIEW B 63 165211
of InxGa12xAs and ZnSe12xTex . For example, thez plots
from both systems are plotted on the same scale in Fig.

The similarity in thez plots is even more striking becaus
of the similar bond lengths of the end members in these
alloy systems. The ionic radii for the atoms in these t
alloy series are reproduced in Table II. Despite the ionic ra
themselves being somewhat different, it is clear that
sums of the ionic radii of the end members yield values t
are within 0.01 Å of each other.

As well as thez plots of InxGa12xAs and ZnSe12xTex
matching rather well, the observed magnitudes of the me
square widths of the high-r PDF peaks are rather similar i
the two alloy series. This can be seen by comparing Fig
with Fig. 4 of Ref. 10. For example, the static strain con
bution to the PDF peak widths of the unalloyed site h
maxima at 0.027 and 0.023 Å2 for x50.5 in ZnSe12xTex
and InxGa12xAs, respectively.

It thus appears that the structure of the alloys is prin
pally determined by the differences in bond length of the e
members, and by theb/a ratio rather than by the absolut
values ofa and b or the absolute values of the ionic rad
themselves. It has been shown16,17 that the b/a ratios of

TABLE II. Ionic radii from literature when atoms are in tetra
hedral covalent bonds~Ref. 34!.

A-B rA ~Å! rB ~Å! rA1B ~Å!

GaAs 1.26 1.18 2.44
InAs 1.44 1.18 2.62
ZnSe 1.31 1.14 2.45
ZnTe 1.31 1.32 2.63
B

.

s

A

d

n

S
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tetrahedral semiconductors are somewhat universal, resu
in a** values close to 0.75 for a wide range of semicond
tors. It also does not appear to matter whether the catio
anion sublattice is alloyed. The unalloyed sublattice acco
modates the majority of the atomic scale strain.

IV. CONCLUSION

From high real-space resolution PDF’s of ZnSe12xTex ,
we conclude the following. In agreement with earlier XAF
results and the Kirkwood model, the Zn-Se and Zn-Te bo
lengths do not take a compositionally averaged length,
remain close to their natural lengths. Direct measuremen
this was allowed by the GEM instrument at ISIS. The bon
length mismatch creates considerable local disorder, wh
manifests itself as a broadening of the PDF peak widths,
can be separated into thermal motion and static str
ZnSe12xTex was compared with InxGa12xAs. Despite hav-
ing different polarities the atomic strains in both systems
very similar, and both are well modeled by the Kirkwoo
potential-based model. This suggests that the atomic str
in tetrahedral semiconductor alloys are quite universal,
pending principally on the bond-length mismatch of the e
members and the ratio of the bond-stretch to bond-bend
forces.
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