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Abstract – We present element-specific effective bond-stretching force constants and Einstein
frequencies of (In,Ga)P ternary alloys determined by temperature-dependent extended x-ray ab-
sorption fine structure spectroscopy. The bond-stretching force constants of both bond species
show a nearly linear composition dependence between the values of GaP and InP. In contrast, the
corresponding Einstein frequencies are different for the two bond species over the whole composi-
tional range. Furthermore, we demonstrate that the composition dependence of bond-stretching
force constants and Einstein frequencies for (In,Ga)P, (In,Ga)As, and Zn(Se,Te) is mostly caused
by the associated bond length changes. Remaining deviations may be explained by coupling effects
between different bond species within the alloy.

Introduction. – Compound semiconductors with1

zinc-blende structure offer a wide range of possibilities2

for application in electronic and opto-electronic devices,3

like high-performance transistors [1,2], nanolasers [3], and4

high-efficiency solar cells [4]. Random ternary and qua-5

ternary alloys of these materials are used to specifically6

tailor their properties, especially the lattice constant and7

the band gap energy [5].8

While many properties of ternary alloys change con-9

tinuously between those of the binary parent materials,10

the description and prediction of vibrational properties of11

random alloys is still challenging [6, 7]. In particular, the12

different types of disorder, namely in atomic masses, bond13

lengths and force constants, which form on the microscopic14

and mesoscopic scale, necessitate a detailed analysis of the15

interplay between local and macroscopic properties.16

Two different measures commonly used to characterize17

the bond strengths of semiconductors are the elastic force18
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constants calculated from the elastic moduli [8, 9], and 19

the mode frequencies determined with Raman or infrared 20

spectroscopy [6]. However, the two properties are very dif- 21

ferent in nature since elastic force constants describe mac- 22

roscopic static properties averaged over the whole crys- 23

tal whereas Raman mode frequencies cover the dynam- 24

ics of single vibrational modes. A third measure are 25

the effective force constants determined with temperature- 26

dependent or pressure-dependent extended x-ray absorp- 27

tion fine structure (EXAFS) spectroscopy [10, 11]. Sim- 28

ilar to the elastic force constants, they describe the bond 29

strength between two atoms with a spring-like behaviour. 30

However, bond force constants determined from elastic 31

constants are accessible only for ordered compounds, while 32

EXAFS facilitates the determination of element-specific 33

bond-stretching force constants also in random alloys 34

[7, 12]. Furthermore, elastic force constants describe the 35

response to static stress and strain, whereas the force con- 36

stants determined from temperature-dependent EXAFS 37

are dynamic properties describing relative vibrations of 38

neighbouring atoms. The corresponding Einstein frequen- 39

cies therefore suggest comparability with Raman mode fre- 40

quencies. However, Einstein frequencies can be thought 41
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of as a weighted average over the whole phonon spectrum,42

therefore integrating all vibrational modes in contrast to43

the single mode frequencies of Raman spectroscopy [7].44

Hence, temperature-dependent EXAFS measurements45

represent a powerful technique that is complementary46

to Raman spectroscopy and measurements of elasticity47

in characterizing the vibrational behaviour of compound48

semiconductors with the unique advantage of yielding49

element-specific information even in random alloys.50

We used temperature-dependent EXAFS measurements51

to determine the element-specific effective bond-stretching52

force constants in random (In,Ga)P alloys as a function53

of composition and we discuss similarities and differences54

to the behaviour known from Raman spectroscopy and55

elastic constants. Furthermore, we compare the composi-56

tion dependence of force constants and Einstein frequen-57

cies in (In,Ga)P to the one known for (In,Ga)As [7] and58

Zn(Se,Te) [12] to draw a comprehensive picture of the vi-59

brational properties in ternary zinc-blende alloys.60

Experimental. – GaAs bulk wafers with a miscut61

of 10% relative to the (100) direction were covered with62

an AlAs layer approximately 50 nm thick [13]. Three63

(In,Ga)P thin films were then grown via metal organic64

chemical vapour deposition on these AlAs intermediate65

layers. The crystalline quality of the (In,Ga)P films was66

confirmed with Rutherford backscattering spectroscopy67

(RBS). The compositions were determined using RBS and68

energy dispersive x-ray analysis yielding In contents of69

0.36± 0.03, 0.51± 0.02 and 0.71± 0.02.70

The (In,Ga)P thin films were covered with Apiezon71

black wax and the AlAs was selectively etched with 10%72

HF [13, 14], separating the ternary layer from the GaAs73

substrate. The wax was removed using trichloroethene74

and the sample material was mixed with BN and thor-75

oughly ground for 15min. The homogenized powder was76

then filled into sample holders and sealed with Kapton77

tape to form samples suitable for EXAFS measurements in78

transmission mode. The samples absorbed between 25%79

and 85% of the incoming x-ray intensity 50 eV above the80

Ga- and In-K-edge. Equivalent BN-diluted samples of the81

binary materials GaP and InP were prepared from com-82

mercial bulk wafers.83

EXAFS measurements at the Ga-K- and In-K-edge84

(10367 eV and 27940 eV, respectively) were performed in85

transmission mode at Beamline C of DORIS III at DESY,86

Germany. Ten different temperatures ranging from 18 to87

295K were applied using a liquid-He flow-through cryo-88

stat ensuring temperature stability better than 1K. For89

the ternary samples, up to three spectra were taken at se-90

lected temperatures to confirm the reproducibility of the91

measurements and to improve the reliability of the results.92

The spectra show edge steps between 0.2 and 0.7 at the93

Ga-edge and between 0.15 and 0.7 at the In-edge. For one94

sample, spectra of both absorption edges are shown in the95

supplemental information.96

Data analysis. – Data analysis was done using the
software package Larch [15] with theoretical phase shifts
and scattering amplitudes calculated using Feff9. [16]
The fitting model based on the zinc-blende structure con-
tained the first twelve scattering paths (some of them split
into a Ga- and an In-containing path) to avoid a distortion
of the first shell results due to the higher shell contribu-
tions [17]. The first single scattering path and the split
second single scattering paths were parameterized with
one set of parameters each (interatomic distance, variance
and asymmetry parameter). The remaining paths, con-
sisting of all single and multiple scattering paths with a
half path length up to the fourth nearest neighbour dis-
tance, were described with three additional parameters
using geometrical considerations. While the interatomic
distances were left free to vary for each temperature, the
variances and asymmetry parameters were constrained by
a correlated Einstein model using all terms to the first
order [18] based on the interatomic potential

V (x) =
k0
2
x2

− k3x
3 + k4x

4,

where x denotes the deviation of the instantaneous first 97

nearest neighbour distance from its value at the poten- 98

tial minimum. Ignoring the quartic force constant k4, 99

this means that only the harmonic term remains for the 100

variance, while the asymmetry parameter is described by 101

one term proportional to the cubic force constant k3. All 102

potential parameters were assumed as temperature inde- 103

pendent. 104

To confirm this approach, the unconstrained variances 105

of the Ga-P and In-P distance distributions obtained from 106

individual fits of the spectra at each temperature are 107

shown in Fig. 1 as a function of temperature. They rise 108

with rising temperature due to increasing thermal vibra- 109

tions. This temperature dependence is represented very 110

well by the correlated Einstein model, which is determ- 111

ined by the bond-stretching force constant k0 and a static 112

contribution to the variance as free parameters. 113

The amplitude reduction factor S2
0 and the threshold 114

energy E0 were varied freely per sample in simultaneous 115

fits of all spectra of this sample measured at a given ab- 116

sorption edge (see supplemental material for details). The 117

degeneracy of each scattering path was fixed to the value 118

expected for the composition measured for the sample un- 119

der consideration. 120

The analysis parameters and settings were varied sys- 121

tematically for each sample and absorption edge to es- 122

timate the overall uncertainties of the resulting bond- 123

stretching force constants (see supplemental material for 124

details). These tests included variation of the background 125

subtraction parameters (edge energy and rbkg parameter 126

in Larch), the window function for Fourier transforma- 127

tion (kmin, kmax, tapering parameter dk, and weighting 128

exponent kw), the fitting range (rmin, rmax, and tapering 129

parameter dr), and the model used in the fit (different as- 130

sumptions for threshold energy and amplitude reduction 131
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was observed before [5, 7, 21] and might be due to fun-169

damental differences between the dynamic vibrational be-170

haviour studied with EXAFS and the static response to171

stress and strain described by elastic constants [7]. The172

difference between the binary elastic force constants 3α of173

GaP and InP is comparable to the difference of the EX-174

AFS effective bond-stretching force constants, despite the175

different absolute values.176

Bond-stretching force parameters 3α predicted by a177

combination of first-principles density-functional theory178

and valence-force-field calculations [20] are plotted in179

Fig. 2 as open symbols. While the values reported for180

the binary materials are higher than the EXAFS effective181

bond-stretching force constants plotted in Fig. 2 as solid182

symbols, they reproduce well the EXAFS values determ-183

ined using higher order anharmonic contributions in the184

fit. Again, the difference between the value for GaP and185

for InP is comparable to the difference of the two k|| val-186

ues.187

In contrast to the experimental determination of 3α [8],188

the theoretical calculation offers the possibility to obtain189

bond-stretching force parameters for the individual bond190

species in the random alloy. As is visible in Fig. 2, the com-191

position dependence is much more pronounced for these192

theoretically calculated values than for the EXAFS effect-193

ive bond stretching force constants. Since the focus of194

that theoretical work was to reproduce formation ener-195

gies rather than elastic properties, no explanation is given196

for the drastic change predicted for the force constants.197

Additionally, the force constants specified there relate to198

the values determined from elastic properties, hence they199

describe static behaviour. It is therefore not surprising200

that differences arise compared to the composition de-201

pendence of force constants determined with temperature-202

dependent EXAFS.203

Discussion. –204

Force constants and Einstein frequencies. A compar-205

ison of the first nearest neighbour effective bond-stretching206

force constants of (In,Ga)P, (In,Ga)As [7] and Zn(Se,Te)207

[12] is shown in Fig. 3. For Zn(Se,Te) the values were208

extracted from Fig. 4 in Pellicer-Porres et al. [12].The209

difference between the values of the binary compounds210

is approximately 20N/m for (In,Ga)P and (In,Ga)As,211

while it amounts to only 10N/m for Zn(Se,Te). In con-212

trast to (In,Ga)P, a bond strength inversion is visible for213

(In,Ga)As and Zn(Se,Te), where the stiffer bond compar-214

ing the binary parent compounds is the softer bond com-215

paring the bond species within one ternary sample. In-216

terestingly, in both cases only one bond species, namely217

In-As in (In,Ga)As and Zn-Se in Zn(Se,Te), shows a signi-218

ficant deviation from the linear interpolation of the binary219

values (dashed black line in Fig. 3).220

This impression changes when depicting the vibrational221

frequencies ν of the bonds calculated from the bond-222

stretching force constants k via 2πν =
√

k/µ, as done223

in Fig. 4. Since the conversion involves the reduced mass224

µ = mAmB/(mA + mB) of the bond A–B, the relation 225

between the bond species can change when moving from 226

bond-stretching force constants to Einstein frequencies. 227

The two figures, Fig. 3 and Fig. 4, therefore contain the 228

same information, but provide different perspectives on 229

the vibrational behaviour. 230

While the two bond species in (In,Ga)P exhibit fre- 231

quencies apart from each other over most of the compos- 232

itional range, the frequencies of (In,Ga)As lie closer to- 233

gether and the ones of Zn(Se,Te) form one common curve. 234

This suggests that coupling effects are more pronounced 235

in Zn(Se,Te) and (In,Ga)As than in (In,Ga)P. 236

The amount to which mode coupling can occur in the 237

alloy may be evaluated from the overlap of the phonon 238

density of states of the binary parent materials. As a rough 239

estimate the size of the frequency gap between the acoustic 240

and optical modes of the stiffer binary compound, with the 241

shorter bond length, can be used. If this gap is large, as 242

the approximately 3THz in GaP [23], the lower frequency 243

optical modes of the longer bond species will lie within the 244

gap. As a consequence mode coupling is inhibited, leading 245

to two well separated Einstein frequencies in (In,Ga)P. If 246

the gap is small or does not exist, as in GaAs [24,25] and 247

ZnSe [25], the optical modes of the longer bond species 248

may couple to the acoustic modes of the shorter bond 249

species. This may explain why the Einstein frequencies 250

of (In,Ga)As and Zn(Se,Te) lie much closer together than 251

for (In,Ga)P. With the additional simplification of relating 252

the frequency gap between acoustic and optical modes at 253

the Brillouin zone boundary to the masses of the vibrating 254

atoms, the amount of mode coupling in the alloy would 255

depend on the atom mass ratio of the shorter bond species, 256

with a ratio near one enabling coupling. 257

Comparison with Raman measurements. Raman spec- 258

troscopy probes single modes at the Brillouin zone centre, 259

while Einstein frequencies determined with EXAFS meas- 260

urements depend on all vibrational modes over the whole 261

Brillouin zone. Therefore, the vibrational properties meas- 262

ured by Raman spectroscopy differ substantially from 263

those obtained by temperature dependent EXAFS meas- 264

urements [7]. Nevertheless, it is informative to com- 265

pare the results of both techniques. In Raman studies, 266

(In,Ga)As shows two-mode behaviour, while (In,Ga)P and 267

Zn(Se,Te) exhibit mixed-mode behaviour [6]. The Ein- 268

stein frequencies of (In,Ga)As, in contrast, display a be- 269

haviour intermediate to that of (In,Ga)P and Zn(Se,Te) 270

as shown in Fig. 4. 271

The percolation model, which was applied successfully 272

to describe the Raman mode behaviour of ternary zinc- 273

blende alloys [6,26,27], offers insight into the mechanisms 274

underlying these vibrational properties. In the framework 275

of the percolation model of random (A,B)C mixed crys- 276

tals, the material is described as a composite of coexist- 277

ing A-like and B-like regions [27], Due to slightly differing 278

bond lengths within the two regions, they exhibit differ- 279

ing transversal optical (TO) mode frequencies leading to a 280
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changes or mass changes. Since (In,Ga)P and (In,Ga)As390

exhibit similar differences in both bond lengths and force391

constants, these cannot explain the different behaviour of392

the two alloys. The differences of the reduced masses of393

the bond species, listed in Tab. 1, are small for (In,Ga)P394

and larger for (In,Ga)As and Zn(Se,Te). This could, in395

principle, cause differing vibrational properties. Yet, the396

deviations from the pressure-induced curve are visible for397

the heavier In-As bond in (In,Ga)As and for the lighter398

Zn-Se bond in Zn(Se,Te), which is not reconcilable with399

the simple explanation of an effect based on the reduced400

mass of the bonds in the surrounding matrix.401

The vibrational properties could, however, also be re-402

lated to the Phillips ionicities of the different bond spe-403

cies under consideration. (In,Ga)P features a difference404

in Phillips ionicities of 0.094, while the differences for405

(In,Ga)As and Zn(Se,Te) amount to only 0.047 and 0.021,406

respectively (see Tab. 1) [9]. Interestingly, the In-As bond407

and the Zn-Se bond both belong to the more ionic bin-408

ary parent material of their respective alloy. This offers409

the possible explanation that the more ionic bond has a410

less defined force constant and therefore its vibrational fre-411

quency is changed more easily by an altered surrounding412

matrix.413

Conclusion. – In conclusion, temperature-dependent414

EXAFS measurements reveal a significant composition de-415

pendence of the individual bond strengths in (In,Ga)P.416

The element-specific effective bond-stretching force con-417

stants vary continuously between the values of the binary418

parent materials, while the Einstein frequencies are differ-419

ent for the two bond species. These results differ from the420

known behaviour of (In,Ga)As and Zn(Se,Te), where an421

inversion is visible for the bond-stretching force constants422

and both bond species exhibit similar Einstein frequencies.423

Plotting the Einstein frequency ratio as a function of the424

bond length ratio, the (In,Ga)P data is in excellent agree-425

ment with pressure-dependent EXAFS measurements of426

binary CdTe. Therefore, the composition dependence of427

bond-stretching force constants and Einstein frequencies428

in (In,Ga)P is well accounted for by considering only bond429

length changes. In contrast, mode coupling effects, which430

may depend on the atomic masses and bond ionicities431

involved, must be taken into account for (In,Ga)As and432

Zn(Se,Te).433
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