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Accurate determinations of the energy gap Eg at liquid helium temperatures in alloys of 
0.24<x<0.30 have been made by two-photon magnetoabsorption techniques. They are shown to 
help verify the use of the Hansen-Schmit-Casselman (HSC) relation over the range 0 < x < 0.30 
at these temperatures. In contrast, the observed temperature dependence of Eg below 77 K is 
nonlinear and thus cannot be described accurately by the HSC relation. Analysis of Eg (T) data 
for three samples with 0.24<x<0.26 has allowed the deduction of a new relationship for Eg (x, T) 
that more properly accounts for the nonlinear temperature dependence below 77 K and the 
linear behavior above 77 K, while still accurately describing the x dependence Eg (x,T) 
= - 0.302 + 1.93x + 5.35( I - 2x) (10- 4

) [( - 1822 + T 3 )/(255.2 + T2) 1 - 0.81Ox2 
+ 0.832x3

, for Eg in eV and Tin K. This relation should apply to alloys with 0.2 <x <0.3. The 
maximum change from the HSC relation in this range is 0.004 eV for x = 0.2 at -10 K. 

I. INTRODUCTION 

Infrared detectors fabricated from mercury cadmium tellu
ride (MCT or Hg i ~xCdx Te) alloys are extremely impor
tant components of modern infrared systems. The primary 
parameter controlling the wavelength range for these intrin
sic detectors is the fundamental energy gap Eg , defined as the 
energy difference between the conduction and valence 
bands. The exact value of Eg depends quite critically upon 
the value of the mole fraction of cadmium (x) and the lattice 
temperature T. Numerous studies have thus been carried out 
by various authors over the last two decades to determine an 
accurate empirical relationship Eg (x, T) that properly pre
dicts how Eg depends upon the mole fraction and the tem
perature. I

-
11 Unfortunately, there is still considerable dis

agreement among the many different authors and no 
universally accepted relationship for Eg (x,T) exists. In this 
paper we resolve this controversy for 0<x<0.3 by using the 
results of two-photon magneto-optical measurements for 
various values of x. In addition, the nonlinear temperature 
dependence of Eg observed at low temperatures (T < 77 K) 
is analyzed and incorporated into a new empirical relation
ship for Eg (x,T). We note that the 8-12 and 3-5 /lm wave
length regions are very important since the majority ofMCT 
infrared detectors are based upon material with x;:::: 0.2 and 
x;:::: 0.3. 

The most frequent methods for determining the MCT en
ergy gap are based on either detector cutoff wavelength or 
optical absorption cuton. However, the definition of the en
ergy gap from these types of measurements is ambiguous. 
The absorption edge is not infinitely sharp . because of free 
carrier and phonon absorption along with band tailing ef-

fects. An example of the variability of defining Eg from an 
optical absorption measurement is (1) using the photon en
ergy value2 at which a = 500 cm ~ I, as opposed to (2) using 
the energy at the turning point where the sharply rising re
gion of the absorption curve crosses the comparatively 
smooth region of intrinsic absorption (usually observed for 
a = 3000-4000 cm ~ 1).9 

Photoluminescence experiments have also proven diffi
cult to perform in the smaller band gap materials. 12 Other 
techniques used in the past to determine Eg involve a mag
netic field: the analysis of the Hall coefficient in the intrinsic 
region,8 the determination of the electron effective mass 
(and then a calculation of Eg from an E(k) dispersion rela
tion) by the magnetophonon effect,13 and magneto-optical 
methods based upon one-photon interband methods,4.6.14-16 
cyclotron resonance, 17 electron spin resonance,18 and com
bined- or cyclotron-phonon resonance. 19 Nonlinear optical 
methods using four-photon mixing20 and two-photon ab
sorption (TPA) techniques with a CO2 laser21 .22 have also 
been successfully used to determine Eg • Recently, it has been 
shown that TP A methods using a CO2 laser can be used to 
accurately determine Eg for samples with 0.24<x<0.30 by 
applying external magnetic fields. 23.24 

In this paper we will (I) show how two-photon magne
toabsorption (TPMA) methods are used to determine Eg , 

(2) review magneto-optically obtained liquid helium tem
perature data which, along with our new TPMA values for 
Eg , are used to confirm which empirical relationship for 
Eg (x, T) most accurately fits the data for the region 
0<x<0.3, and (3) present and analyze the nonlinear vari
ation of Eg with temperature to determine a new functional 
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relationship that can be used to describe the observed tem
perature nonlinearities. 

II. EXPERIMENTAL WORK 

The experiments reported here were carried out on single 
crystal, bulk grown samples (both n- and p-type) with x 
values ranging from :::::0.24 to 0.30. All samples were pol
ished, etched, and had contacts made with pure indium. A 
summary of the sample properties is given in Table I. For 
samples #3-5, the value of x and its uncertainty were sup
plied by Cominco and are tied to x values determined by wet 
chemistry.25 Sample # 1 was supplied by Honeywell with its 
x value derived by infrared cutoff measurements, and sample 
no. 2 was supplied by Texas Instruments. For sample no. 2 
we have determined x by first measuring Eg and then using 
an Eg (x, T) relationship.7 For the purpose of determining 
the x dependence of Eg , sample no. 2 was not used since x 
was not independently measured. 

The monochromatic output of a grating tunable contin
uous wave (cw) CO2 laser was focused onto a sample placed 
in the solenoid of a superconducting magnet capable of pro
ducing dc magnetic fields as high as 12 T (or 120 kG). The 
direction of propagation of the linearly polarized laser light 
was parallel to the magnetic field, while the samples were 
mounted in a transverse magnetoresistance geometry. A 
zero-order wave plate could be used to produce circularly 
polarized light. Lattice heating effects are important to 
eliminate since most of the sample properties are tempera
ture dependent. This was accomplished in two ways: ( 1) the 
laser beam was mechanically chopped into 20 f.Ls wide pulses 
with a low duty cycle ( < 1 %), and (2) the beam was signifi
cantly attenuated by a commercial attenuator. Photocon
ductivity (PC) measurements were used to detect and re
cord the small changes in absorption due to weak 
two-photon magneto-optical transitions. The resulting mag
neto-optical spectra, obtained by boxca.r-averaging tech
niques, were then recorded on an x-y recorder. 

The sample temperature was measured using a calibrated 
carbon-glass resistor placed close to the sample. The accura
cy of the temperature measurements is estimated to be ± 0.5 
K at low temperatures and about ± 1 to 2 K at higher tem
peratures. The calibration constant of the superconducting 
magnet (tesla/amp) was verified by utilizing the Shubni
kov-de Haas (SdH) effect in GaSb samples. The SdH effect 
is an oscillatory magnetoresistance effect which is periodic 
in inverse magnetic field and is observable over the entire 
magnetic field range of the magnet (0.3 to > 12 T). Com-

TABLE I. Sample electrical properties and x values. 

Sample n (17K) f.t(17K) 
number (cm- 3 ) (cm2/Vs) x value 

I.4XI014 l.6x 105 0.239 
2 2.8X 1014 l.2x 105 0.253 
3 l.OX 1014 7.6X 10' 0.259 ± 0.0015 
4 1.4 X 1014 6.6X 10' 0.217 ± 0.001 
5 9.9X 1013 5.3X 10' 0.300 ± 0.0035 
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parison of these results with those obtained with a dc electro
magnet (0--2 T) calibrated with nuclear magnetic resonance 
techniques allowed us to establish a 1 % absolute field accu
racy. 

III. RESULTS 

A. Determination of Eg by TPMA techniques 

In this section of the paper we illustrate how Eg can be 
accurately determined from TPMA spectra. Figure 1 shows 
the PC response versus magnetic field for sample no. 2 for 
various CO2 laser wavelengths. As pointed out previous
ly,23,24 the dominant TPMA structure for HgCdTe alloys 
consists of two peaks in the PC response caused by two
photon absorption between specific valence band Landau 
levels and conduction band Landau levels. The TPMA tran
sition energies can be written 

(1) 

where fzuJ is the laser photon energy, E~,b (nc,B) 

[E~·b(nv,B)] represents the energies of the conduction 
band [valence band] Landau levels in different spin states a 
or b as calculated by a modified Pidgeon-Brown band mod
el,6 n is the Landau level number, and B is the magnetic field. 
Polarization studies show that the two peaks arise for the left 
circularly polarized TPMA transitions a + ( - 1) __ aC

( 1) 
[L 1 transition, at highest fields and nv = - 1, nc = + 1] 
and b + ( - 1) -- bC 

( 1) [L2 transition], where the plus sign 
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FIG, l. Photoconductive response of sample no, 2 (x = 0.253) for various 
CO2 laser wavelengths at 7 K. The two large broad peaks, identified as L, 
and L 2 , arise from resonant two-photon absorption processes identified in 

the text. 
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FIG. 2. Two-photon transition energies vs magnetic field for sample no. 2. 
The solid lines represent the best fit of the transition energies calculated 
from Eq. (I) to the data giving Eg = 146.5 meV ± 1.0 meV. The data 

points are restricted by the 2fzw values that can be obtained from the CO, 
laser. T= 7 K. 

refers to light hole Landau levels. Note that as B--+O, 
2fuv --+ Eg • 

Figure 2 shows a plot of the experimental data shown in 
Fig. 1 of the values of2fuv versus resonant B field. Theoreti
cal results f<;>r the dependence of 2fuv on B are calculated 
from Eq. 1 by using a modified Pidgeon-Brown energy band 
model. 6 The Landau level energies were calculated by using 
Weiler's set of band parameters6: Ep = 19 eV,!::. = 1 eV, Y1 
= 3.3'Y2 = 0.I'Y3 =0.9,K= -0.8,F= -0.8,q=0.0, 

and N1 = 0.0. The value of Eg is then easily determined by 
fitting the theoretical calculations to the data with Eg as an 
adjustable parameter. The result for sample no. 2 is Eg 
= 146.5 ± 1.0 meV at T = 7 K. These two-photon mag-

neto-optical techniques are the best method for accurately 
determining the energy gap of a semiconductor in part be
cause resonant optical absorption processes occur between 
Landau levels. One key advantage of TPMA is that it takes 
place in the bulk of the sample and is thus much less sensitive 
to surface preparation than one-photon techniques. 

In addition, exciton corrections are much smaller for 
TPMA than for one-photon absorption and thus do not sig
nificantly impact the observed transitions. We note that al
though samples no. 3-5 are compensated, TPMA effects can 
still be easily observed and thus used to determine accurate 
values for Eg • 

B. Dependence of Eg(x, T) on x value (for O.;;;x.;;;O.3) 

A number l
-

11 of Eg (x, T) relationships exist in the litera
ture and various researchers use different ones in their day
to-day applications. No consensus exists as to which actually 
describes the real variation of Eg with x. In this section we 
show that our TPMA-derived Eg values verify the Hansen, 
Schmit, and Casselman (HSC)? relationship for Eg (x,T) 
(0.;;;x.;;;0.3). We also review various Eg(x,T) relation
ships5.?9.10 and the magneto-optical dataI5.16.18-20.26 that can 
be used as a basis to derive the Eg (x,T) dependence. Mag
neto-optical studies have proven capable of accurately deter-
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FIG. 3. The low-temperature (::::4 K) x dependence of the energy gap for 
alloys with 0(x(0.3 selected magneto-optical data are presented as identi
fied by the various symbols. The two solid lines represent extremes of the 
published Eg (x,n relationship: Weiler (Ref. 6) and HSC (Ref. 7) .• Ref. 

26, IMA; 0 Refs. IS, 16, IMA;,0,. (1) Ref. 18 ESR;,0,.(2) Ref. 19, CCCPR; 
6 (3) Ref. 20, four photon mixing (ESR): D present work, TPMA. 

mining energy band parameters (e.g., Eg values) of semi
conductors because of the resonant optical transitions that 
occur between magnetically quantitized electronic states. 
For this reason we concentrate on magneto-optical determi
nations of Eg • We note that our calculations of the two-pho
ton transition energies show negligible dependence on the 
crystallographic orientation of the magnetic field direction 
because of the particular set of band parameters that de
scribe MCT. Unoriented samples can thus be used because 
anisotropic effects need not be considered. 

Figure 3 shows a plot of Eg (x, T) for several sets of mag
neto-optically derived Eg values for very low temperatures 
( < 10 K), 15.16.18-20.26 along with our TPMA-deduced values 
of Eg. Table II gives the values of Eg and x used in the graphs 
of Figs. 3 and 4 along with the magneto-optical technique 
used to obtain them. To the authors' knowledge, these are 
the most reliable data to use. The variations of two empirical 
relationships that represent the most extreme behavior are 
also shown in Fig. 3 by the solid lines (Weiler's6 and the HSC 
relationship?). It is immediately clear that the biggest differ-
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TABLE II. Low temperature magneto-optical derived values of Eg (x). Various magneto-optical techniques used include ( I) IMA-interband magnetoab

sorption, (2) ESR-electron spin resonance, (3) CCCPR-cyclotron, combined and cyclotron phonon resonances, (4) four-photon mixing, and (5) 
TPMA-two-photon magnetoabsorption. These values are used in Fig. 3 and/or Fig. 4. 

x value 

0 

0.01 
0.025 
0.05 
0.105 
0.115 
0.15 
0.185 
0.215 
0.25 
0.28 

0.193 

0.203 

0.234 

0.239 
0.259 ± 0.0015 
0.277 ± 0.001 
0.300 ± 0.0035 

Eg (meV) 

- 299.7 ± 0.5 

- 285 
- 261 
- 207 
-110 
-90 
- 30 

35 
86 

161 
208 

56 

64± 3 

119 

122± 1 
158.5 ± I 
195 ± 1 
224 ± 2 

Magneto-optical 
technique used 

IMA 

IMA 

ESR 

CCCPR 

Four-photon 
mixing (ESR) 

TPMA 

ences in these two relationships occur in the 0.2-0.3 x-value 
region. Thus, in order to test which relationship is most ac
curate, we replot the magneto-optical data in the range 0.2-
0.3 in Fig. 4. For completeness we also include the variations 
of three additional empirical relationships that have also 
been reported in the literature: Nemirovsky and Finkman 
(NF),s Chu, Xu, and Tang (CXT),9 and Legros and Tri
boulet (L T). 10 In addition we have added two values from 
the recent EMIS Datareviews Series No.3. II The Schmit 
and Stelzer3 relationship was not included because the low 
value of Eg ( - 250 meV) obtained from it at x = 0 is in 
major disagreement with the low x-value MCT data of 
Guldner et al. 15

•
16 and the HgTe results from Dobrowolska 

et al. 26 The extremely wide variation in predicted Eg values 
from these relationships is apparent The important observa
tion to note is that the present TPMA work verifies the use of 
the HSC relationship as representing the best value of 
Eg (x,T) in the range 0.0-0.3 at very low temperatures ( < 10 
K). Unless the good fit is fortuitous, it implies the validity of 
the gap determination using detector cutoff energy and 
a = 500 cm - I absorption edge data. 

C. Dependence of Eg on T(for O.24<x<O.26) 

Most workers have ignored the fact the Eg (T) should 
vary nonlinearly with T at low temperatures (see the ther
modynamic arguments presented later). Accurate low tem-
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Reference Comments 

26 at 8 K 

15,16 at4 K 

18 at4 K 

19 at4 K 

20 at4 K 

present work at 2-10 K 

perature Eg (T) data simply did not exist. Now, however, 
the accuracy of determining Eg (T) by TPMA techniques 
allows an empirical expression for Eg (T) to be determined. 
Figure 5 shows how the TPMA spectra obtained at 
A = 10.24 f1m depend upon lattice temperature T. A shift in 
magnetic field positions of the resonant LI and L2 structure 
is seen to be small for T <; 15 K, but quite noticeable for 
T> 15 K. The shift of the resonant structure to lower mag
netic fields for increasing temperatures is a direct conse
quence of the increasing energy gap, since as Eg becomes 
larger, the valence and conduction band Landau levels be
come further apart in energy. Thus, smaller values of mag
netic field are required to meet the TPMA resonant condi
tion for a given two-photon energy. At each temperature, 
multiple wavelengths were then used to determine values of 
Eg in the manner described in Sec. IlIA. 

We propose to replace the linear temperature term Tin 
the HSC relation by the term (A + T 3 )/(B + T2). This 
functional relationship agrees with the HSC relationship at 
high temperatures, while allowing for an offset from the 
HSC relationship at 0 K. It also agrees with the fact that 
dEgldT = 0 at 0 K. The size of the 0 K offset is determined 
by AlB, while the temperature above which agreement with 

HSC occurs is determined from the inequalities T~ 3 fA and 

T~fJJ. 
We have simultaneously fitted a composite of three sets of 

Eg versus T data for the samples with x = 0.239, x = 0.253, 
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FIG. 4. The low-temperature (;:::4 K) x-dependence of the energy gap for 
0.2<x< 0.3. This is the most technologically interesting region for infrared 
detectors and is the region where the various Eg (x, n relationships differ 

the most. Again, various magneto-optical data are presented as well as the 
numbers given in the recent EMIS Datareviews Series (Ref. II). The solid 
lines represent various published relationships describing E" (x, n: w 
(Ref. 6), NF (Ref. 5), eXT (Ref. 9), LT (Ref. 10)' and HSe (Ref. 7). 
Note that the TPMA data from the present work agrees best with the Hse 
relationship. 0 Refs. 15 and 16; • EMIS Datareviews Series no. 3 ( 1987). 

and x = 0.259 by the nonlinearly least squares routine con
tained in DATAPLOT. 27 The first and third values were ob
tained from Cominco, while the second was chosen to be 
consistent with the HSC relationship at high temperatures. 

Our data merge smoothly with the HSC relationship 
above 100 K. Below 100 K the data lie below the HSC rela
tionship, and become constant before 10 K. Figure 6 shows 
the composite data rationalized for comparison by subtract
ing the 0 K energy gap obtained from HSC and dividing by 
0.535(1 - 2x). Rationalized HSC values are used at high 
temperature so that a fit was obtained between 0 and 300 K. 
The constants A and B that best fit all the data are: 
A = - 1822 K3 and B = 255.2 K2. Although A and B can 
vary with x, no trend was observed by fitting the data indi
vidually for each sample, and thus we obtain the A and B 
values which best fit all the data. The offsets between our fit 
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FIG. 5. Temperature dependence of the photoconductive TPMA spectra for 
sample no. 2. Note the ( 1 ) TPMA structure can clearly be seen up to 120 K 
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and HSC at 0 K are on the order of2 me V, which is compara
ble to the value implied by the uncertainty in x values. Even 
though at 0 K the offsets are small, the differences predicted 
by our new relationship and associated with the nonlinear 
temperature dependence of Eg are on the order of 3-4 meV 
at 10-12 K and should be taken into account in experiments 
requiring high accuracy. 

Figures 7(a)-(c) show the data for the energy gap as a 
function of temperature for each sample along with the re
sult of the composite fit. In each case the fit is adequate 
relative to the ± 2 meV uncertainty that arises mainly from 
the uncertainty in x. Figure 8(a) shows dEg IdT, rationa
lized as in Fig. 6, determined from the data as well as the fit 
(represented by the line). It is seen that dEg I dTrises rapidly 
at low temperatures, reaches a peak at 10-12 K, and then 
becomes asymptotic to that ofHSC. A peak was predicted by 
Popko and Pawlikowski28 from the dilatational part of the 
temperature dependence of the energy gap. We have revised 
their calculations by using more recent data obtained by Ca
poraletti and Graham29 for the thermal expansion coeffi
cient ofHg , _ xCdx Te alloys. We have obtained the value for 
x = 0.25 alloys by averaging the values obtained at 0.20 and 
0.30 in Ref. 29. The 25% rise in dEgldT above unity at 10-
12 K seen in Fig. 8(a) is found to agree numerically when 
the new expansion coefficient value is used in the formula of 
Ref. 28. Figure 8 (b) shows the difference between our new 
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HSC at high temp and fit. Rationalized values from HSC are used at tem
peratures above those reached by the data. Fit by the expression (A 

+ T 3 )/(B + T2) is the solid line. (b) An expansion of (a) betweenOand 
100 K. Sample nos. 1-3 and fit. 

relationship and that ofHSC as a function of temperature for 
x = 0.2, 0.25, and 0.3. The difference peaks near 10-12 K 
and becomes negligible above lOO K for each curve. 

According to the laws of thermodynamics discussed by 
Thurmond,3o the forbidden energy gap, !1Eev' is the stan
dard Gibbs energy for formation of electrons and holes as a 
function of temperature. The temperature dependence of 
!1Eev may be found from the standard thermodynamic rela
tions3l : 

d(!1Eev) = d(!1Hev) - Td(!1Sev ) - dT(!1Sev ) 

= Td(!1Sev ) + (!1Vev )dp - Td(!1Sev ) 

- dT(!1Sev ) 

= (!1Vev )dp - dT(!1Sev )' 

d(!1Eev )/dT = - !1Sev if dp = 0 (fixed pressure) 

where !1Hev is the enthalpy off ormation, !1Sev is the entropy 
of formation, !1 Vev is the volume change, T is temperature, 
and p is pressure. By the third law of thermodynamics, 
!1Sev ->0 as T ->0, so that d(!1Eev )/dT ->0 as T ->0. The en-
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FIG. 7. (a) Energy gaps of sample # 1 (x = 0.239) asa function of tempera
ture. The fit by our new relationship is the solid line. (b) Same as (a) for 
sample no. 2 (x = 0.253). (c) Same as (a) for sample no. 3 (x = 0.259). 

tropy in this case goes to zero physically because all valence 
states become filled and all conduction states become empty. 
It is mathematically satisfying that the derivative becomes 
zero because there is no temperature below absolute zero, 
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which would be needed in the definition of the derivative ifit 
were finite. 

IV. SUMMARY AND CONCLUSIONS 

Accurate determinations of the energy gap by two-photon 
magnetoabsorption techniques at liquid helium tempera
tures in alloys of 0.24<;x<;0.30 have been made. They are 
shown to help verify the use of the Hansen-Schmit-Cassel
man relation, one of many existing, over the range 
o < x < 0.30 at these temperatures. In contrast, the observed 
temperature dependence is nonlinear and thus cannot be de
scribed accurately (better than 3-4 meV) by the HSC rela
tion below 77 K. Analysis of Eg (T) data for three samples 
with 0.24<;x<;0.26 has allowed the deduction of a new rela
tionship for Eg (x,T) that more properly accounts for the 
nonlinear temperature dependence below 77 K and the near
ly linear behavior above 77 K 
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Eg (x,T) = - 0.302 + 1.93x + 5.35( 1 - 2x) (10- 4
) 

X [( - 1822 + T 3 )/(255.2 + T2)] 

- 0.81Ox2 + 0.832x3
, 

for Eg in eV and Tin K. 

This relation should apply to alloys with 0.2 <x < 0.3. 
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For samples with lO,um cutoff wavelengths (i.e., x;:::: 0.2), 
the maximum deviation of our new relation from that of 
HSC is approximately 3-4meVat -10--12 K. At lower tem
peratures, Eg becomes independent of T and for higher tem
peratures the difference grows smaller, finally becoming 
negligible at temperatures over 100 K. The major reason for 
the observed nonlinear behavior of Eg seems to be related to 
( 1) the dilatational part of Eg as predicted earlier by Popko 
and Pawlikowski and (2) the fact that dEg /dTmust go to 
zero at T = 0 K as predicted by the third law of thermody
namICS. 

The work in this paper on the nonlinear temperature de
pendence of Eg at T < 77 K is also significant because it pro
vides valuable input for the proper interpretation oflow tem
perature photoluminescence (PL) spectra. For example, 
low temperature PL spectra for alloys with x;:::: 0.3 are often 
composed of multiple lines attributed to Jrecombination 
originating from band-to-band, band-to-acceptor, donor-to
acceptor, and/or bound exciton transitions. 12,32,33 The iden
tification and interpretation of each particular PL line is 
usually made by determining the variation in intensity of the 
line with pump power and the shift in the line energy with 
lattice temperature. The energy of the PL lines usually shift 
with temperature and those shifts are then compared with 
the shifts in band gap energy with temperature. Consequent
ly, accurate knowledge of the nonlinear temperature vari
ation of Eg for T < 77 K is important. 
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