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Zinc blende {ZB) termary semiconductors present both fundamental and practical
interest and are currently studied by EXAFS and FIR lattice vibration. The informa-
tion thus gathered is necessarily an overail average over the irradiated sample, Pre-
cious to a theoretician would be the precise knowledge of elemental sizes and shapes
of the distinct discrete tetrahedra of ZB crystals as well as the preferences of their
occurrence. The unfold medel here presented quantifies the ternary compounds by
30 parameters, identifies the constraints among them ending with at most fen de-
grees of freedom, specifving the equations needed. Applied to retrieved data from
literature, the model yields the sought data on elemental tetrahedra. No comparison
being available in literature, validation of the model is carried out comparing ex-
perimental results with estimated variation with sample dilution of inter-ion pair
distances and coordination numbers, and correlation observed of obtained preference
coefficients with specific enthalpy of formation of constituent binaries, as well as
with evental disruption of the initial ZB structure.

Precious for a theoretician is the pre-
cise knowledge of elemental sizes and
shapes of the distinet discrete tetrahedra of
ZB erystals as well as the preferences of
their occurrence, This talk is about deter-
mining from EXAFS experimental obser-
vations each dimension (size and shape)
and site occupation preferences (S0OPs) of
the elemental tetrahedra of which a zinc
blende (ZB) crystal is composed (see
Fig.1). Binary compounds AZ (composed
of cations A and anions Z) have a structure
uniformly reproducible through space, with
each A suwrrounded by four Z's forming
regular tetrahedra with center at A, and vice

a

3|

Fig.1 Zinc blende crystal (with one of the four ele-
mental tetrahedra indicated). Crvstal cube edge s the

versa. Thus x-ray diffraction, which reflects
a long range order of crystalline structure,
vields the crystal lattice constant apz
{whence inter-ion distances a""z=a,:,z\|'3 fd,
PR a,uf\IIE} inter-ion angles Baz,=
=Bpaa=2s'[(2/3Y*], Oana=0zzz=m/3, vol-
ume V= anz 124).
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lattice constant @ . Dipolar pairs are visualized

In termary compounds A B2 (or
AY,Z, « for which the treatment is identical)
commonly crystallizing in the same structure,
cations A,B and anions 7 have relative con-
tents x and I-x respectively. Thus, the
Z-sublattice is homogeneous with each Z ion
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surrounded by four ions selected haphazardly
from A and B, while the cation sublatiice is
composed haphazardly of A and B cations
gach surrounded by four identical Z anions
forming “binary” regular tetrahedra, while
those around the Z ion are strained-distorted
[1] (in contrast with the previously used by
others, such as the rigid wndistorted cation
sublattice approximation [2] or derived other
approaches [3-6]. The five possible tetrahe-

dron configurations { Tk }i=04 With an A cation
at the center and four Z.,Y anions at the verti-
ces: “binary” Ty(A:'Y), “strictly ternary”
TAYH'Z), TAAPYHZ), Ti(A:'Y+FZ)
and “binary” T4(A:'Z), where & indicates
throughout the paper the number of B ions of
the N possible sites of the considered shell,
N=N;=4 for the 1" shell nearest neighbors
(NN), and N=N;=12 for the 2" shell next
nearest neighbors (NNN) (see Fig.2)

A1xBZ
AY.Z) .«
tetrahedra
Configurations To T, Tq
Type Binary J Ternary Binary
shape regular distorted regular

Fig.2. The five elemental configurations {Ty},-q+ of tetrahedral ABZ, or AYZ, ternary compounds.

To determine such a inhomogeneous
structure X-ray diffraction fails, so does lo-
cal infrared (IR) which observes only dipolar
pairs. while extended X-ray absorption fine
structure (EXAFS) — just a monochromatic
x-ray synchrotron radiation — reveals both
hetero and homo ion pairs. Tuning the
EXAFS beam frequency to the X-ray edge
(K. L, M...} of one of the three component
ion types, electron stripping takes place
throughout the sample for that selected
population type only. As the electron recom-
bines, an electromagnetic waves is emitted
from rhis center ion, and expands to meet
first the four NN ions of the 1% shell around
it, then proceeds to the twelve NNN ions of
the 2" shell. The interactions producing a
dispersion issued from each center-
peripheral pair (cp), overlap at the detector
leading to an average value for the sample
relative to the content dilution x.

We thus have to unfold these averages to
get to the elemental single contributions. In a
ternary compound ABZ, the possible pairs
are the two NN dipolar AZ and BZ pairs, and
the five homopolar AA, AB, BB, and ZAX
and ZBZ, with for three strictly ternary con-
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figurations 6 for Ty, 7 for T3, 6 for T4, a total
of 19 distinct pairs or distances {d;}.The
relative importance of each pair type contri-
bution is related to the relative population of
that configuration at the considered dilution
x. Random distribution populations are de-
scribed by Bernoulli binomial polynomials

{pi(x) = NULEN-R) (1) o v

where k is the number of B fills into the &
sites (V=N;=4 for the 1% shell of NN’s, and
N=N>=12 for the 2" shell of NNNs). How-
ever, while some compounds exhibit near to
random distributions, most deviate. Indeed, for
equal potential wells of specific enthalpy of
creation AHs; and éﬂ”m selection would
proceed without preference, vielding a random
distribution. However, when AH'i#AH":;
preference will occur for the deeper of the two
potential wells leading to site occupation pref-
erences (SOPs). To account for that, we attach
to each binomial polynomial a preference bi-
aSl[lg Weighl coefficient {rwll:}]=a_e‘>a;;:=|:|#\,'
(where { is the EXAFS emitting centre ion),
a total of 5+13+13=31 coefficients, with
‘wy> 1 implying preference respect to ran-
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dom, 'wir~1 quasi random, 'wi<1 reluc-
tance, wy=0 rejection. Thus to describe a
ternary system one needs 19+31=30 , a pro-
hibitive number of parameters to fit the ex-
perimental data, A model is thus needed.
For the strain-distorted tetrahedron
mode! we have already assumed
— The five tetrahedra are strain-distorted,
To describe all distribution populations
biasing weight coefficients are attached
to each of the thirty one Bernoulli poly-
nomials

{wi pCO=NUKIQN-1) X (1-%) s
1% shell around Z

£ P ()=N (K N-K R 1-305) 012
2™ shell around A

£ wi pr( =N RIN-RIRR (-0 1012
2™ shell around B

We now add the following axioms:

— NNN site occupations preference SOP
coefficients {*wi} and {Pwy) are deter-
mined by NN site preferences {“wy} (for
short written as W,="wy) leading to 26
linear equations (see Tab.1) [3,1], leav-
ing only five parameters free;

Table |, NNIN SOP coefficients in terms of NN S0Ps . All possible NNN distributions and resulting weights
for ternary ApB.Z with a B or A {or and Z ion in AY,Z,.,) as EXAFS cemtral ion,

[ Tali2 possible NNN B-ion fills of |  Resulting B-weights Resulting A-weights
| k! the4 NN centered tetrahedra By 12 =% o oM W | Aw llflk=ziﬂﬂmiﬁkw[41i}
0T 0000 W, Wo=1
1 0001 (AW, +Wa)/4 (AW, +W;)id
2 0002/0011 (SW1 + 2W; +W3)/8 (5Wo+ 2W; +W)/8
3 0003/0012/0111 (EW 4 Wt Wi+ W12 | (6Wo +4W 1+ Work W, )/12
41 0013/0022/0112/71111 | (3W+7WoHIW+ W) 16 | (5W +7TW+3 W, W) 16
5 0023/0113/0122 (4W H3WH3W 2 W12 | (W H3W 3 W, +2Ws Y12
6LO0033/0123/1113/0222/1122 | (AW +HOWoHOWH4 W )/20 | (W, +6W HOWaH W2 )20
i7 0133/0223/1123 (W H3W AW HAWL12 | (2Wo 3W +H3W - WL 12
§1 0233/1223/1133/2222 | (WiA3W+TWyt5Wel16 | (Wet3W +TWo35Ws)/16
9 0333/1233/2223 (Wt W Wi+e W)/ 12 | (Wt Wi r4WareWs)/12
10 133372233 (W22 W3+ W4)/8 (W +2Wo+5W5)/8
1 2333 (W33 W,)/4 (Wat3W3)/d
12 3333 Wy=1 W

- Boundary conditions x=0 and x=1 reduce
ternary to binary AZ and BZ respec-
tively, i.e., random W= Wy=1. Hence for
SOPs three degrees of freedom {W), W,
W3},

- Conservation at all dilutions of the total
average coordination number (CN) for
NN pairs

<ON(xp>=Emp o [ AW (2D}
<CNM(x)>=E o0 (4-EF)pMi(x))

for all sites of the shell values, lead to 0S| <4,
0=Wy=3, 0<i5=4/3. Similar six equations for
the NNN pairs ::CN*‘;@:), -:crezf}x},
<CN®(y), <CNBA), <CN“M(x), <CNZF(x)
given in [1], impose {0<"wy=12/k}jmr 12 and

{0=" w120k} i1 which further slightly re-
stricts the range of physical significance the
values of W, W,y — the three degrees of

freedom for preferences.

— The nineteen pair distances, being essen-
tially part of a tetrahedron, respect the
ning tetrahedron constraints reducing 1o
ten the number of free distance parame-
ters, with seven distance-pair curves to
be fitted.

The first of the seven equations is

<d® (x> = Tpoafd % k WHL P00
IEhegal B P00

differentiating it one has its sensitivity with a
linear proportionality of Ad” vs. AW}
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BIn(<d"(x)>) W< mC™,x"(1-x)*"f
H{Zimt s B h(x)}=0(e)=0 .

‘When the proportionality coefficient tends to

zero SOP coefficients may mor be deduced

from EXAFS distance observations, but must
be measured directly as average coordination
number observations.

The analogous rﬁ:mainin% six relations,

<d*(x)>, -::a'_Bigx}}, <d*Mx)r, <d“Mx)>,

<d" (x)=, <d"™(x)> and even that for ex-
perimentally unresolved ZAZ and ZBZ dis-
tances <d xunrﬁo]wd{x)}={apz'&‘z(x)+fﬂm(x)}

are given in [1].

- To minimize ecrystal strain-stress, the
volume pair (one per sublattice) for each
configuration relax to a common value
(experimental results confirm this logical
hypothesis) — extra three volume relaxa-
tion constraints (VRC).

Thus the model number of free parame-
ters reduces from the starting 50 coefficients,
to 10y=3+7) degrees of freedom at most. In-
deed, for when for a given compound a pref-
erence coefficient tends to zero implying the
relative configuration is rejected, the corre-
sponding two (for T3, T3) or three (for T3)
distance parameters become dummy reduc-
ing accordingly the number of degrees of
freedom.

The unfolding model was applied to
EXAFS data retrieved from literature (eleven
articles covering eight compounds: GalnAs
[7], GaAsP [8], ZnCdTe [3], ZnMnSe [9],
ZnMn$ [10-12], ZnMnTe [13], CdMnTe [2],
HgMnTe [14]). The resulting best fit (least
mean square deviation of values, with no ac-
count of relative error bars) output for
GaAsP [8] is presented in Table 2, giving
coefficients {W;} retrieved from distance
data, as well as elemental tetrahedra dis-
tances, angles, volumes (for the full set of all
eight compounds see [17).
~ The reasons for the choice of GaAsP is

five fold: a) its set of data has the greatest

number of reported points — i.e., greatest
reliability. b) It reports on six of the
seven possible pair types thus allowing to

c) check the validity of the volume re-

laxation constraint (deviations at the

level of per-mil is attributable to experi-
mental imprecision). d) Reports inde-
pendently measured average coordination
numbers (useful for model validation!).
e)in accord with X-ray micro-probe
analysis [15] and Auger spectroscopy ob-
servations (16] contradicts the cluster-
segregation suggested by Verleur and
Barker [15,17].

Table 2. GaAs, P\, complete set of SOPs+TCBF+VRC-determined set of S0P coefficients, distances, angles, and
volumes for all five elemental configuration tetrahedra. Eleven fit parameters (bold) (3 SOP + §-distance (PGaP
NMNM data not reported) to check VREC) used for 40 available experimental points,

Configurations To T; Ta Ts Ty
i k 0 1 2 3 4
i 1 Wi 1 0.93 1.15 1.07 1
¢Be [A] 5 2.42 2.43 2.44 2.450
d*z 2.359 297 247 2.38 5
A - 2 3.90 3.90 4.001
dasa 3.852 1.88 3.98 2 X
s - 3.91 3.90 3.99 -
' g - 3.95 3.97 3.98 4.001
d242 3.852 3.87 3.87 3.80 :
a(B:Z:B) °] 5 S 106.7 106.9 109.47
a(AZ:A) 109.47 109.7 114.3 S S
a(B:Z:A) s 109.3 107.36 112.0 >
<Vl centered™ [A7] - 7.28 737 741 7.55
Noli 6.74 6.84 6.86 6.91 =
<Volz cublattice™ 6.74 6.95 12 7.29 7.55
Mol 6.74 6.95 7.07 7.28 7.55
Difference | [%6] 0.0 0.1 0.1 0.2 B
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Thus, data are “nice” but, being inacces-
sible in literature for a check, how credible
are they?! We thus turn to a three-level vali-
dation: level 1,2,3:

Level-1. From the tables of elemental
preference coefficients {#}} and distances
{d";) we estimate the curves corresponding
to the seven average distance curves and the
eight average coordination number curves, as
well as the 3 virtual crystal approximation
(VCA) [18] curves to check their linearily as
per Vegard law [19]. All these curves, to-
gether with the reported points are plotted on
the same graph for comparison (see Fig.3 for
GaAsP, while for the remaining seven com-
pounds see [7]. The linearity of the estimated
VCA curves, and the overlap of 10-
parameter-curves within the error bars of the
reported 40 points are there to see!

GaAsP
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Fig3. Level-1 validation for NI-V group gallium-
contzining non magnetic semiconductors, Estimated
curves as 2 function of respective dilutions compared to
experimental data found in literature for the material:
excellent fit of experimental data, good agreement be-
tween deduced VCA curves linearity and respective
Vegard law lines. Note: curve < point fit and VCA
vz Vegard line (SOP fit) 40 pt/ 11 param (3+8)

However, one may object that these
curves are a best fit of these same 40 points
even if with only 10 parameters. Thus we
turn to

Level-2 wvalidation. Compare the inde-
pendently, directly measured average coor-
dination number values (points) with esti-
mated curves derived from distance obser-
vations. This is done for the only two com-
pounds for which such data is reported par-
tially, GaAsP [8] and ZnMnSe [9]. The
compatibility of model estimates with re-
ported points are there to see Fig.4, and dis-
cussed in details in [1].
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Fig 4. Level-2 validation for distance data good for
SOPs. The eight average coordination number curves
deduced from distance data vs. reported points (for
two pairs types of ZnMnSe, and six of GaAsF) as per
coordination number directly measured data

Finally, for level-3 validation - we tumn to
correlations of model output preference coef-
ficients {1, W2, 3} values with quantities of
which the model has no “knowledge”, namely
a) enthalpy AH%,5 and AHsz values [20-22],
and b)crystal structure disruption from the
starting zinc blende monophase to polyphase
systemn [23]. From Table 3 one sees:
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Table 3. Level-3 validation. List of standard molar enthalpy of formation, At [kI/mol], of the materials studied and
corresponding list of SOP coefficients obtained. 0" -assumed #,=0 value, i - assumed random as insensitive to

S0P,

Material | components | ﬂt-HG[k Jimol] SOP B
ABZ/AYZ l;a.zﬂszm&’ AZ BZ/AY | Wy Wi W, W; W,
GalnAs GaAs +InAs s =58.6.%¢ L N
GaAsP GaP +CaAs 88" =k B e RGO R TS
ZnMnSe | ZnSe +MnSe -163.0° -106.7"° AT 70 0
|;¢nMns ZnS +MnS | 2060°% 20598° |-2142% 2070°1 1 178 0 00150 |
ZnMnTe | ZnTe +MnTe -120.5° 947" 1 025 200 001 1
CdMnTe |[CdTe+MnTe | -92.5% -102.5"° -94.7% 1 068 1.33 u: 1
HgMnTe |HgTe +MnTe -42.0° -94.7" SRR S EER 1
CdZnTe  |CdTe +ZnTe | -92.5%,-102.5" -120.5° [ R i

T ref. [49] - CODATA values; " ref [S0); ©ref[51).
— Strict abidance of GalnAs, GaAsP, Conclusions

ZnMnSe, ZnMnS, ZnMnTe, CdMnTe to
the enthalpy relation of A s 7<AH sz
= W]-:il? ﬂfHﬂ,q_z}ﬁt'HﬂHz =;]PF’1?:-1, as
well as of GalnAs, GaAsP of
ﬁfHﬂﬁz{&fHu]jlt:} W].:’L

The five dilute magnetic semiconductors
ZnbnSe, ZoMnS, ZnMnTe, CdMnTe,
HgMnTe have their configuration re-
jected as per W3=0 which correlates with
the structure breakdown from mono- o
polyphase system [23].

ZnCdTe is insensitive to SOP coeffi-
clents as per sensitivity criterion for dis-
tances, hence the coefficients must be
determined by direct measurements and
cannot be deduced from distance obser-
vations only. Thus the SOP coefficients
have been assigned as random ~ this does
not conflict with defining the distance
parameters — but warns the reader that
the true values are to be measured,
HgMnTe is the only compound not to
correlate  with &1-HUM}&|-H”}R ==l
with the wvalue determined actually
W1=0.33<1 and may be attributed to the
number of reported point values of seven
equal to the number of parameters with a
large error bar attached to the lowest ob-
served dilution value. A further investi-
gation is needed before the model esti-
mated preference values for HeMnTe be
considered reliable.
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The strain-distorted tetrahedron model
besides correctly reproducing the experi-
mental curve behaviors (as per reported
points), defines correctly the site occupation
preferences from EXAFS distance observa-
tions (more precise than coordination num-
ber observations). In particular cases, direct
coordination number observations may turn
out to be unaveidable (see discussion relative
to CdZnTe). The model fully defines sizes
and shapes of all elemental tetrahedra mak-
ing up the compound, provided EXAFS ob-
servations are done on the X-ray edges of at
least two of the constituent ions, and at least
twelve values (points) are observed to con-
sent a best fit with ten (3+7) degrees of free-
dom parameters.

The sile occupation preference coeffi-
cients obtained using the model correlate
correctly with the specific enthalpy of
creation of the two binary constituents,
particularly for W), while for #3 does so
unless the ternary compound with increas-
ing dilution x, from its starting mono-phase
breaks down to a poly-phase structure, in
which case Wi turns nil indicating the re-
jection of configuration T3. A detailed dis-
cussion is given in [1].

To conclude, we consider the sirain-
distorted tetrahedron model performs cor-
rectly.
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K pyraasenTansHui, Tak | npuenagsdit imTepec | nochimEVIOTRCE METOTAMH
TOHKOT CTPYETYPH PEeHTTEHIBCREOIO NOTIMHAHES Ta Danewol indpadepromol
KONMMEHOT criekTpockomnil, OTpHMaHa TAKMM YHHOM [HQOpPMALIE € yoepeaHeHolo o
nimomy no onpoMinexoMy spasky. N4 TEOPETHRIB UIHHHM € TOMHE SHAHEHI
eNeMEHTAPHEX POIMIPIE 1 OpM BHPAAEHHX EHMCKDETHHX TOTPaeOpie kKpueTAnis 3
crpyrrypore L0, a Takes nepenampi yMoBH iX noann. JanponcHopana posropHyTa
MOSENLE TON2E KIIBKICHY NapakTepHeTHREY NoTpifinmx cnonyx 2a 50 napamerpasy,
imenTidikye cepen HEX oOMCHEHHA, 100 IBOJNTECA (UOHAHDIIBE mo mecsTu
cTynedip BiAeHOCTE, BHsHayac HeoOxiow! piewaHHA. ByOyyW 3acTOCOBAHOW 0
HEABHHX ¥ RITEPATYpl AaHHx, MOAETh A03BOMAE OTPHMATH IDYKAHI 3HAYCHHA
CTOUORHO eNeMSHTAPHHX TeTpaeapis. OCKinekM Hemac HameHOT JiTeparTypW 04
MNOPIEHAHHA, Nepepipka  Mojenl  DPOBOAMTLLA  INAAXOM  DOPIBHAHHA  eRC-
MEPHMEHTANBHHK PE3YALTATIE 3 OUIHKAMA 3MIHH Rignanel Mix I0HHUMH DapaMu fa
KOOPAAHALIHHMY Yucen BiI KOMOOMEHTHOTO CRAEATY, 8 TAKME wopenanil, mo
CTIOCTEPIrBETHCA MIE OHepmanHMi KoefilieHTaMH Ta THTOMOM EHTAABLITIER
YTEOpEHHA Epaifuix OiMapHux cionye, TAK CAMO, K | 3 MOMIMEHM PyiiHyBEHHAM
eHxigmHol cryprTypr LO,
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