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The temperature dependence of the electron Land�e g-factor in bulk cubic GaN is investigated over

an extremely broad temperature range from 15 K up to 500 K by time-resolved Kerr-rotation

spectroscopy. The g-factor is found to be approximately constant over the full investigated

temperature range. Calculations by k � p-theory predict a negligible temperature dependence g(T)

in complete agreement with the experiment as a consequence of the large band-gap and small spin

orbit splitting in cubic GaN. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4937128]

I. INTRODUCTION

The electron Land�e g-factor is a key parameter of a

semiconductor as it depends sensitively on details of the

band structure, like band gaps and interband matrix

elements. The g-factor further governs the spin splitting in

an external magnetic field, being of crucial importance

for numerous spintronics concepts.1 Low-temperature val-

ues of the g-factor are well-known for a broad variety of

semiconductors from experiments by various techniques

like electron spin resonance,2–4 photoluminescence spin

quantum beat spectroscopy,5–7 or time-resolved Kerr-rota-

tion (TRKR).8–10 Theoretically, the low-temperature value

of the g-factor is predicted with high accuracy for many

semiconductors by k � p-theory,11 which is generally an

extremely successful method for the description of semicon-

ductor bandstructures, including spin orbit coupling

(SOC).12 Apart from low-temperature values of the g-factor,

the full temperature dependence g(T) up to at least room

temperature is highly relevant not only for a deepened

understanding of temperature effects on the bandstructure,

but also for possible applications in spintronics. The temper-

ature dependence of the g-factor is, however, experimen-

tally studied only for few small-gap and medium-gap

semiconductors, and its theoretical description within k � p-

theory is still a matter of controversy.6,9,13 Initial work of

Oestreich et al. had shown a strong discrepancy between the

experimentally found temperature dependence of the g-fac-

tor and predictions of k � p-theory.5,14 Experimentally, an

increase of the g-factor with temperature towards the free

electron g-factor is found in GaAs,5,8,14–16 CdTe,9,14,17

InP,14 and GaAsBi,7 while first attempts to describe the

temperature-dependent g-factor via k � p-theory by includ-

ing the temperature dependence of the band gaps predicted

a decrease of the g-factor with temperature.5,14,17 Later

on, different approaches to the correct description of the

observed temperature dependence were pursued, taking into

account either only the dilatational change of the band

gaps together with an energy dependence of the g-factor,13,18

or the full change of the band gaps in combination with a pro-

nounced temperature dependence of the interband matrix

element.6 Besides, a more phenomenological approach models

g(T) via a strongly temperature dependent contribution of

remote bands.9 All these studies concentrated, however, on the

medium-gap semiconductors GaAs, CdTe, and InP.

Here, we experimentally determine the temperature

dependence of the electron Land�e g-factor in cubic GaN

(c-GaN) over an extremely broad temperature range from

15 K up to 500 K by time-resolved Kerr-rotation. The inves-

tigation of the temperature dependence g(T) in c-GaN allows

to test the predictions of k � p-theory for the extreme case of

a wide-gap semiconductor with small spin orbit coupling. In

addition, the knowledge of g(T) in c-GaN is highly relevant

for the design of possible spintronics devices as c-GaN is a

promising material system for spintronics due to its very

long electron spin lifetimes.19–21

II. EXPERIMENTAL

The c-GaN samples investigated were grown by plasma-

assisted molecular beam epitaxy.22 The 580 nm-thick c-GaN

epilayers were grown on top of cubic AlN-barriers with a

thickness of 30 nm and 15 nm for samples A and B, respec-

tively, on 3C-SiC substrates.23 Sample A was intentionally

undoped, resulting in a background n-type doping density of

nD ¼ 1� 1017 cm�3, while sample B was n-doped by Si

with a doping density of nD ¼ 1� 1018 cm�3.

The setup as described in Ref. 24 was used for the

TRKR measurements. The energy of pump and probe beam

was varied from 3.280 eV at 15 K to 3.113 eV at 500 K,

following the red-shift of the band gap for increasing temper-

ature. The average power of pump and probe was set to

10 mW and 1 mW, respectively. The samples were mounted

in a specifically designed cryostat allowing for temperatures

from 15 K up to 500 K. An external magnetic field Bext was

applied in the sample plane. The external magnetic field at

the sample position was calibrated via a Hall sensor.

III. RESULTS AND DISCUSSION

Figure 1 shows typical TRKR transients for sample B at

temperatures of 150 K and 500 K, respectively. The TRKR

transients show oscillations due to spin Larmor precession

around the external magnetic field, with the Larmor
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precession frequency xL ¼ ðlBBext=�hÞg as a direct measure

of the Land�e g-factor. The Larmor oscillations are almost

completely in phase for the transients at 150 K and 500 K as

indicated by the dashed vertical lines in Fig. 1(a), which

clearly hints at a weak temperature dependence of the g-factor.

The Larmor precession frequency xL is extracted by damped-

cosine fits of the form25 ½A1 expð�t=scÞ þ A2� expð�t=ssÞ
cos½xLðt� t0Þ� to the TRKR transients, where sc is a carrier

lifetime. We note that the long spin relaxation times in

c-GaN allow for the observation of numerous Larmor

oscillations even at high temperatures and small external

magnetic fields, thus enabling us to precisely determine the

temperature dependence g(T) up to 500 K. Figures 1(b) and

1(c) show the magnetic field dependence xLðBextÞ of the

Larmor precession frequency for samples A and B at a tem-

perature of T¼ 15 K. We find a perfectly linear dependence

of the Larmor precession frequency on the external magnetic

field as demonstrated by linear fits [solid lines in Figs. 1(b) and

1(c)]. This linear magnetic field dependence excludes possible

excitonic effects in the determination of the g-factor, as the

electron-hole exchange interaction d would lead to a hyper-

bolic magnetic field dependence xL;X ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðglBBextÞ2 þ d2

q
=�h

of the Larmor precession frequency xL;X for excitons.26 We

further find short radiative decay times sr < 40 ps from time-

resolved photoluminescence measurements (not shown), dem-

onstrating a fast decay of initially created excitons, which,

therefore, do not affect the determination of the g-factor.

Figure 2 shows the temperature dependence of the g-factor

g ¼ �hxL=lBBext resulting from the calibrated external mag-

netic field Bext ¼ 0:1 T and the xL obtained from the fitting

procedure for samples A and B from 15 K up to 500 K. The

error bars in Fig. 2 include the uncertainties from the fitting

procedure as well as from the stability and programming accu-

racy of the magnet power supply. The g-factor is within the

experimental error identical for both samples, and shows only a

negligible temperature dependence over the full investigated

temperature range. This robustness of the g-factor against tem-

perature variations is clearly beneficial for possible applications

in spintronics, as it would guarantee robust operation insuscep-

tible to temperature fluctuations. We note that electron localiza-

tion at donors for low temperatures does not have a spurious

influence on the determination of the g-factor as the g-factor of

donor-bound electrons generally shows only a minute deviation

from the g-factor of free conduction band electrons.2,27 In addi-

tion, the polarization of the pump beam was modulated

between left and right circularly polarized at a frequency of

50 kHz in our measurements, thus suppressing optical pumping

of nuclear spins via dynamic nuclear polarization.10 Artifacts in

the determination of the g-factor due to Overhauser fields can

therefore also be excluded.

In the following, we will compare the experimentally

observed negligible temperature dependence of the g-factor

to predictions of k � p-theory. Generally, spin orbit coupling

leads to a deviation Dg of the g-factor g� at the bottom of the

conduction band from the free-electron g-factor g0 ¼ 2:0023,

corresponding to

g�

g0

¼ 1þ Dg : (1)

It has to be noted that the g-factor measured in the experi-

ment is not the bare g-factor g� at the bottom of the conduc-

tion band, but an energetically averaged g-factor hgi as a

consequence of the energy dependence g(E) and the thermal

distribution of the electron energies. In c-GaN, the energy

dependence g(E) of the g-factor is not known. We assume,

however, a negligible energy dependence in the following

and compare directly the measured g-factor and the theoreti-

cally predicted g�, as an estimate based on an expression

originally derived for narrow-gap semiconductors gives

only a minute energy dependence.16 Further support for this

approximation comes from the pump power dependence of

the g-factor shown in Fig. 3. The g-factor is within the exper-

imental error independent of the pump power Ppump, indicat-

ing again a very weak energy dependence.

The initial k � p-description of the g-factor was given by

Roth et al.28 in a three-level model by

FIG. 1. (a) TRKR transients for sample B at a temperature of 150 K and

500 K, respectively, in an external magnetic field Bext ¼ 0:1 T. The vertical

dashed lines indicate the phase relation between the Larmor oscillations at

both temperatures. (b) and (c) Magnetic field dependence xLðBextÞ of the

Larmor precession frequency for samples A and B at T¼ 15 K. The very

good agreement with linear fits (solid lines) clearly demonstrates a perfectly

linear magnetic field dependence.

FIG. 2. Temperature dependence of the Land�e g-factor for samples A and B

from 15 K up to 500 K.
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Dg ¼ EP0

3

1

E0

� 1

E0 þ D0

� �
; (2)

where EP0 ¼ ð2m0=�h2ÞP2
0 is the Kane energy corresponding

to the interband matrix element P0. The band gaps E0 and D0

are defined in Fig. 4, following the convention of Ref. 13.

Hermann and Weisbuch29 later derived the expression

Dg ¼ EP0

3

1

E0

� 1

E0 þ D0

� �
þ EP1

3

1

E1 þ D1

� 1

E1

� �
þ C0;

(3)

within a five-level model, with the band gaps as defined in

Fig. 4 and the Kane energy EP1 ¼ ð2m0=�h2ÞP2
1 correspond-

ing to the interband matrix element P1. The constant C0

accounts for the influence of remote bands. The model of

Hermann and Weisbuch was further extended6,13,30 by inclu-

sion of the interband coupling �D

Dg ¼ EP0

3

1

E0

� 1

E0 þ D0

� �
þ EP1

3

1

E1 þ D1

� 1

E1

� �

� 2

9
�D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EP0EP1

p 2

E1 E0 þ D0ð Þ þ
1

E0 E1 þ D1ð Þ

� �
þ C0 :

(4)

The inclusion of �D contributes significantly to the g-factor

in, e.g., GaAs and InP.30,31

While the band parameters required for the calculation

of the g-factor via Eqs. (2)–(4) are well-established for GaAs

and other deeply studied semiconductors, only sparse infor-

mation is available for c-GaN. We will therefore give a brief

overview over available data for the band parameters in the

following. The fundamental gap E0 and its temperature

dependence E0ðTÞ are experimentally well-established and

described by the Vi~na relation32

E0 Tð Þ ¼ EB
0 � aB

0 1þ 2

eH0=T � 1

� �
; (5)

with EB
0 ¼ 3:351 eV, aB

0 ¼ 0:126 eV, and H0 ¼ 607 K.33 For

the spin orbit splitting, a temperature-independent experi-

mental value of D0 ¼ 17 meV is agreed on.34 The values for

the higher band gaps and interband matrix elements differ,

however, considerably in the literature.35–40 We restrict our-

selves therefore to two consistent parameter sets2,3 derived

from the low-temperature value of the g-factor (see Table I).

No values are available for the interband coupling �D in the

literature.

In the remaining, we will discuss the predictions of the

different approaches to incorporate the temperature depend-

ence of the g-factor into k � p-models. In the initial approach,

which we will refer to as Model I in the following, the

temperature dependence g�ðTÞ was ascribed to the full tem-

perature dependence E0ðTÞ of the fundamental gap.5,14

The corresponding temperature dependence of the g-factor

according to Eq. (3) is shown by the dashed-dotted lines for

parameter sets I and II, respectively, in comparison with

the experimental data in Fig. 6 and on an enlarged scale in

Fig. 7. The main difference resulting from the two parameter

sets is a slightly different zero-temperature value g�ðT ¼ 0Þ,
while the temperature dependence is approximately the

same. We will therefore concentrate only on parameter set I

in the following. Although Model I completely fails for

GaAs and CdTe,5,14 its prediction is compatible with the

negligible temperature dependence found in c-GaN. The

FIG. 3. Pump power dependence of the Land�e g-factor for samples A and B

at T¼ 80 K.

FIG. 4. Schematic band structure of c-GaN at the center of the Brillouin

zone for the five-level k � p-model. The zero of energy is chosen at the bot-

tom of the Cc
6-band. The interband matrix elements P0 and P1 as well as the

interband coupling �D are schematically indicated. The constant C0 summa-

rizes remote-band contributions.

TABLE I. Consistent sets of band parameters for c-GaN from literature.

Parameter

Set I

Reference 2

Set II

Reference 3

E1 (eV) 6.5 5.5

D1 (eV) 0.59 0.08 6 0.02

EP0 (eV) 15.4 28 6 2

EP1 (eV) 4.2 11.2
�D (meV) … …

C0 (eV) … …
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predicted weak temperature dependence results obviously

from the combination of a large fundamental gap E0 and a

small spin orbit splitting D0 in the leading term of Dg in Eq.

(3). We note that the g-factor according to the Roth formula

Eq. (2) shows a completely analogous temperature depend-

ence. Inclusion of �D in Eq. (4) leads again only to a minute

temperature dependence with an overall change of the g-fac-

tor of approximately 6 0.006 from 0 K to 500 K for a rough

estimate of the interband coupling j�Dj ¼ 30 meV.41

An alternative approach, referred to as Model II, takes

only the dilatational change instead of the total change of the

band gaps into account,13,16,18 in analogy to the temperature

dependence of the electron effective mass.42 The change

DEdl
0 ðTÞ of the fundamental band gap only due to the lattice

dilatation is given by13

DEdl
0 Tð Þ ¼ �3B

@E0

@P

� �
T

ðT

0

ath
~Tð Þd ~T ; (6)

with B as the bulk modulus, @E0=@P as the pressure-induced

shift of the band gap, and athðTÞ as the temperature-dependent

linear thermal expansion coefficient. Using B¼ 201 GPa,43

@E0=@P ¼ 43 meV/GPa,44 and athðTÞ according to Ref. 45,

Eq. (6) gives the dilatational temperature dependence of the

fundamental gap shown in Fig. 5(a). The corresponding tem-

perature dependence g�ðTÞ according to Eq. (3) is shown by

the solid black line in Fig. 6, clearly demonstrating complete

agreement with the experimental data.

In a third approach, which will be referred to as Model

III in the following, the temperature dependence of the g-fac-

tor is modeled by the full temperature dependence of the

band gaps in combination with strongly temperature depend-

ent interband matrix elements as proposed in Ref. 17 and

worked out in Ref. 6. The interband matrix element

P0 / a�1 is inversely proportional to the interatomic distance

a of the crystal atoms.46 A weak decrease of P0 with tempera-

ture hence arises from the thermal lattice expansion. In addi-

tion to the thermal lattice expansion, an increase of the

averaged effective atomic distance due to the stretching of

the crystal lattice by acoustic phonons is taken into account

in Ref. 6. The electrons are assumed to follow these lattice

expansions adiabatically, leading to a stronger decrease of the

matrix element P0 than by only the thermal expansion of the

lattice. Estimating the corresponding decrease of P0 along

the lines of Ref. 47 gives the temperature dependence of the

corresponding Kane energy EP0 shown in Fig. 5(b). The same

relative change with temperature is also assumed for EP1.48

Using the full temperature dependence of the fundamental

gap and the estimated temperature dependencies of EP0

and EP1, the temperature dependence g�ðTÞ shown by the

dotted line in Fig. 6 is obtained, which is again in complete

agreement with the experimentally found temperature

dependence.

All three approaches to incorporate the temperature de-

pendence of the g-factor in the k � p-models are thus fully

compatible with the experimental data as discussed before.

A detailed comparison of the predicted temperature depend-

encies (cf. Fig. 7) shows, however, different trends of the

three models. Generally, the g-factor tends towards the

free-electron g-factor g0 for high electron energies, if one

neglects the effect of bulk inversion asymmetry.13,49 Model

I, where the full temperature dependence of the fundamental

gap enters, contradicts this trend, just like it does for GaAs

FIG. 6. Temperature dependence of the g-factor for samples A and B

compared with predictions of k � p-theory. The dashed-dotted lines show the

predictions of Model I, which includes the full temperature dependence of

the fundamental gap. The solid line shows the temperature dependence for

only the dilatational change of the fundamental gap according to Model II.

The dotted line refers to the prediction of Model III for strongly temperature

dependent interband matrix elements. Also shown are low-temperature

values from the literature.

FIG. 7. Predicted temperature dependence g�ðTÞ according to Model I

(dashed-dotted lines) for parameter sets I and II, respectively, for Model II

(solid line) and for Model III (dotted line).

FIG. 5. (a) Dilatational temperature dependence Edl
0 ðTÞ of the fundamental

band gap used in Model II and (b) estimated temperature dependence of the

Kane energy EP0 for use in Model III.
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and CdTe. Model II, which takes only the dilatational change

of the fundamental gap into account, shows an extremely

weak decrease of g� with temperature, where it can, how-

ever, be assumed that inclusion of a weak energy depend-

ence of the g-factor would lead to the expected high-energy

behavior.13,16 We note that the extremely weak temperature

dependence of the g-factor in c-GaN is expected if the

energy dependence of the g-factor plays a key role for its

temperature dependence g(T), as argued by Pfeffer and

Zawadzki.13 The zero-temperature g-factor gðT ¼ 0Þ in

c-GaN is already very close to the free-electron g-factor

g0, and a minute temperature dependence is therefore antici-

pated. Finally, Model III with the assumption of temperature-

dependent interband matrix elements shows the expected

trend towards g0 already for the g-factor g� at the bottom of

the conduction band.

IV. CONCLUSION

In conclusion, we have experimentally investigated the

temperature dependence of the electron Land�e g-factor in

bulk cubic GaN for temperatures from 15 K up to 500 K. The

g-factor is approximately independent of the temperature

over the full investigated temperature range. Calculations by

k � p-theory reproduce this negligible temperature depend-

ence very well as a consequence of the large band gaps and

small spin orbit splitting in cubic GaN. The robustness of the

g-factor against temperature fluctuations and, as previously

reported,50 strain fluctuations makes cubic GaN a promising

material system for spintronics.

ACKNOWLEDGMENTS

We gratefully acknowledge financial support by the

German Science Foundation (DFG priority program 1285

“Semiconductor Spintronics” and DFG graduate program

GRK 1464 “Micro- and Nanostructures in Optoelectronics

and Photonics”).

1Semiconductor Spintronics and Quantum Computation, edited by D. D.

Awschalom and N. Samarth (Springer-Verlag, Berlin, 2002); I. Zutic, J.

Fabian, and S. D. Sarma, Rev. Mod. Phys. 76, 323 (2004); Y. Kato, R. C.

Myers, D. C. Driscoll, A. C. Gossard, J. Levy, and D. D. Awschalom,

Science 299, 1201 (2003); Z. Wilamowski, H. Malissa, F. Sch€affler, and

W. Jantsch, Phys. Rev. Lett. 98, 187203 (2007).
2M. W. Bayerl, M. S. Brandt, T. Graf, O. Ambacher, J. A. Majewski, M.

Stutzmann, D. J. As, and K. Lischka, Phys. Rev. B 63, 165204 (2001).
3M. Fanciulli, T. Lei, and T. D. Moustakas, Phys. Rev. B 48, 15144 (1993).
4A. Scholle, S. Greulich-Weber, D. J. As, C. Mietze, N. T. Son, C.

Hemmingsson, B. Monemar, E. Janzn, U. Gerstmann, S. Sanna, E. Rauls,

and W. G. Schmidt, Phys. Status Solidi B 247, 1728 (2010).
5M. Oestreich and W. W. R€uhle, Phys. Rev. Lett. 74, 2315 (1995).
6J. H€ubner, S. D€ohrmann, D. H€agele, and M. Oestreich, Phys. Rev. B 79,

193307 (2009).
7S. Mazzucato, T. T. Zhang, H. Carrre, D. Lagarde, P. Boonpeng, A.

Arnoult, G. Lacoste, A. Balocchi, T. Amand, C. Fontaine, and X. Marie,

Appl. Phys. Lett. 102, 252107 (2013).
8P. E. Hohage, G. Bacher, D. Reuter, and A. D. Wieck, Appl. Phys. Lett.

89, 231101 (2006).
9T. Ito, W. Shichi, Y. Okami, M. Ichida, H. Gotoh, H. Kamada, and H.

Ando, Phys. Status Solidi C 6, 319 (2009).
10G. Wang, C. R. Zhu, B. L. Liu, H. Ye, A. Balocchi, T. Amand, B.

Urbaszek, H. Yang, and X. Marie, Phys. Rev. B 90, 121202 (2014).

11L. C. Lew Yan Voon and M. Willatzen, The k � p Method (Springer-

Verlag, Berlin, 2009).
12R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional Electron

and Hole Systems (Springer, Berlin, 2003).
13P. Pfeffer and W. Zawadzki, J. Appl. Phys. 111, 083705 (2012).
14M. Oestreich, S. Hallstein, A. P. Heberle, K. Eberl, E. Bauser, and W. W.

R€uhle, Phys. Rev. B 53, 7911 (1996).
15T. Lai, X. Liu, H. Xu, Z. Jiao, J. Wen, and W. Lin, Appl. Phys. Lett. 88,

192106 (2006).
16K. L. Litvinenko, L. Nikzad, C. R. Pidgeon, J. Allam, L. F. Cohen, T.

Ashley, M. Emeny, W. Zawadzki, and B. N. Murdin, Phys. Rev. B 77,

033204 (2008).
17B. K. Meyer, A. Hofstaetter, U. Leib, and D. M. Hofmann, J. Cryst.

Growth 184, 1118 (1998).
18W. Zawadzki, P. Pfeffer, R. Bratschitsch, Z. Chen, S. T. Cundiff, B. N.

Murdin, and C. R. Pidgeon, Phys. Rev. B 78, 245203 (2008).
19J. H. Buß, J. Rudolph, T. Schupp, D. J. As, K. Lischka, and D. H€agele,

Appl. Phys. Lett. 97, 062101 (2010).
20J. H. Buß, A. Schaefer, T. Schupp, D. J. As, D. H€agele, and J. Rudolph,

Appl. Phys. Lett. 105, 182404 (2014).
21J. Rudolph, J. H. Buß, and D. H€agele, Phys. Status Solidi B 251, 1850

(2014).
22D. J. As, S. Potthast, J. Sch€ormann, S. F. Li, K. Lischka, H. Nagasawa,

and M. Abe, Mater. Sci. Forum 527, 1489 (2006).
23T. Schupp, K. Lischka, and D. J. As, J. Cryst. Growth 312, 1500 (2010).
24J. H. Buß, J. Rudolph, S. Shvarkov, H. Hardtdegen, A. D. Wieck, and D.

H€agele, Appl. Phys. Lett. 102, 192102 (2013).
25J. H. Buß, J. Rudolph, F. Natali, F. Semond, and D. H€agele, Phys. Rev. B

81, 155216 (2010).
26D. H€agele, J. H€ubner, W. W. R€uhle, and M. Oestreich, Physica B 272, 328

(1999).
27C. F. Young, E. H. Poindexter, G. J. Gerardi, W. L. Warren, and D. J.

Keeble, Phys. Rev. B 55, 16245 (1997).
28L. M. Roth, B. Lax, and S. Zwerdling, Phys. Rev. 114, 90 (1959).
29C. Hermann and C. Weisbuch, Phys. Rev. B 15, 823 (1977).
30P. Pfeffer and W. Zawadzki, Phys. Rev. B 41, 1561 (1990).
31M. Cardona, N. E. Christensen, and G. Fasol, Phys. Rev. B 38, 1806

(1988).
32L. Vi~na, S. Logothetidis, and M. Cardona, Phys. Rev. B 30, 1979 (1984).
33J. Petalas, S. Logothetidis, S. Boultadakis, M. Alouani, and J. M. Wills,

Phys. Rev. B 52, 8082 (1995).
34G. Ram�ırez-Flores, H. Navarro-Contreras, A. Lastras-Mart�ınez, R. C.

Powell, and J. E. Greene, Phys. Rev. B 50, 8433 (1994).
35M. Feneberg, M. R€oppischer, C. Cobet, N. Esser, J. Sch€ormann, T.

Schupp, D. J. As, F. H€orich, J. Bl€asing, A. Krost, and R. Goldhahn, Phys.

Rev. B 85, 155207 (2012).
36D. Fritsch, H. Schmidt, and M. Grundmann, Phys. Rev. B 67, 235205 (2003).
37W. J. Fan, M. F. Li, T. C. Chong, and J. B. Xia, J. Appl. Phys. 79, 188

(1996).
38P. Rinke, M. Winkelnkemper, A. Qteish, D. Bimberg, J. Neugebauer, and

M. Scheffler, Phys. Rev. B 77, 075202 (2008).
39I. Vurgaftman and J. R. Meyer, J. Appl. Phys. 94, 3675 (2003).
40S. Shokhovets, O. Ambacher, and G. Gobsch, Phys. Rev. B 76, 125203

(2007).
41The interband coupling is estimated via D0, D1 and the atomistic spin orbit

splittings as described in Ref. 31.
42R. A. Stradling and R. A. Wood, J. Phys. C 3, L94 (1970); H. Hazama, T.

Sugimasa, T. Imachi, and C. Hamaguchi, J. Phys. Soc. Jpn. 55, 1282

(1986).
43K. Kim, W. R. L. Lambrecht, and B. Segall, Phys. Rev. B 53, 16310 (1996).
44K. Reimann, M. Steube, O. Brandt, H. Yang, and K. H. Ploog, J. Appl.

Phys. 84, 2971 (1998).
45D. N. Talwar, Phys. Status Solidi B 235, 254 (2003).
46M. Cardona, in Atomic Structure and Properties of Solids, edited by E.

Burstein (Academic Press, New York, 1972).
47J. H€ubner, S. D€ohrmann, D. H€agele, and M. Oestreich, e-print arXiv:cond-

mat/0608534v4 [cond-mat.mtrl-sci].
48Note that the same absolute temperature dependence is assumed for EP0

and EP1 in Ref. 6, corresponding to an extreme relative change of EP1.
49W. Zawadzki, Phys. Lett. 4, 190 (1963).
50A. Schaefer, J. H. Buß, T. Schupp, A. Zado, D. J. As, D. H€agele, and J.

Rudolph, J. Appl. Phys. 117, 093906 (2015).

225701-5 Buß et al. J. Appl. Phys. 118, 225701 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

131.234.227.192 On: Tue, 08 Dec 2015 17:46:26

http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1126/science.1080880
http://dx.doi.org/10.1103/PhysRevLett.98.187203
http://dx.doi.org/10.1103/PhysRevB.63.165204
http://dx.doi.org/10.1103/PhysRevB.48.15144
http://dx.doi.org/10.1002/pssb.200983582
http://dx.doi.org/10.1103/PhysRevLett.74.2315
http://dx.doi.org/10.1103/PhysRevB.79.193307
http://dx.doi.org/10.1063/1.4812660
http://dx.doi.org/10.1063/1.2398909
http://dx.doi.org/10.1002/pssc.200879836
http://dx.doi.org/10.1103/PhysRevB.90.121202
http://dx.doi.org/10.1063/1.3703584
http://dx.doi.org/10.1103/PhysRevB.53.7911
http://dx.doi.org/10.1063/1.2202754
http://dx.doi.org/10.1103/PhysRevB.77.033204
http://dx.doi.org/10.1016/S0022-0248(98)80234-0
http://dx.doi.org/10.1016/S0022-0248(98)80234-0
http://dx.doi.org/10.1103/PhysRevB.78.245203
http://dx.doi.org/10.1063/1.3478838
http://dx.doi.org/10.1063/1.4901108
http://dx.doi.org/10.1002/pssb.201350185
http://dx.doi.org/10.4028/www.scientific.net/MSF.527-529.1489 
http://dx.doi.org/10.1016/j.jcrysgro.2010.01.040
http://dx.doi.org/10.1063/1.4804558
http://dx.doi.org/10.1103/PhysRevB.81.155216
http://dx.doi.org/10.1016/S0921-4526(99)00384-1
http://dx.doi.org/10.1103/PhysRevB.55.16245
http://dx.doi.org/10.1103/PhysRev.114.90
http://dx.doi.org/10.1103/PhysRevB.15.823
http://dx.doi.org/10.1103/PhysRevB.41.1561
http://dx.doi.org/10.1103/PhysRevB.38.1806
http://dx.doi.org/10.1103/PhysRevB.30.1979
http://dx.doi.org/10.1103/PhysRevB.52.8082
http://dx.doi.org/10.1103/PhysRevB.50.8433
http://dx.doi.org/10.1103/PhysRevB.85.155207
http://dx.doi.org/10.1103/PhysRevB.85.155207
http://dx.doi.org/10.1103/PhysRevB.67.235205
http://dx.doi.org/10.1063/1.360930
http://dx.doi.org/10.1103/PhysRevB.77.075202
http://dx.doi.org/10.1063/1.1600519
http://dx.doi.org/10.1103/PhysRevB.76.125203
http://dx.doi.org/10.1088/0022-3719/3/5/005
http://dx.doi.org/10.1143/JPSJ.55.1282
http://dx.doi.org/10.1103/PhysRevB.53.16310
http://dx.doi.org/10.1063/1.368433
http://dx.doi.org/10.1063/1.368433
http://dx.doi.org/10.1002/pssb.200301565
http://arxiv.org/abs/cond-mat/0608534v4
http://arxiv.org/abs/cond-mat/0608534v4
http://dx.doi.org/10.1016/0031-9163(63)90358-5
http://dx.doi.org/10.1063/1.4914069



