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The absorption and refractive indices of IV-VI semiconductor PbSe and,Fin,Se (x<0.013) epitaxial
layers are strongly influenced by band nonparabolicity in the absorbing regime above the fundamental energy
gapE,, as well as below in the transparent regime. This fact follows simply from causality since interband
transitions far above the energy gap contribute remarkably to the optical constéanand below E;. The
observation of multiple reflection and interference phenomena in the transmission spectrum of the epitaxial
layers grown on Baj-substrates, which were taken with high photometric accuf@ci?g, allowed us to
probe the dispersion of the refractive index very precisely as well as to determine the energy gap of PbSe and
Pb, _,Mn,Se with an uncertainty of 2 meV. A dielectric function is derived which contains the contributions
from the interband transitions at the point of the Brillouin zone and the residual dispersion from higher
critical point oscillators aE;=1.6 eV, E,=2.73 eV, andE;=4.2 eV. In contrast to previous studies, the
dissipative and dispersive parts of the dielectric funcsuictly obey the Kramers-Kronig causality relations.
Also, in this sense all level broadenings do not only appear in the imaginary part of the dielectric function,
but cause corresponding energy shifts in its real part. An analytic formula of the complex dielectric function
for the nonparabolic energy-momentum dispersion was derived within the framework of the six-band
many-valley k-p model, and compared with the results of a corresponding parabolic model, keeping
the oscillator strength and energy-level broadening identical. Only the dielectric function based on the nonpa-
rabolic band model correctly explains the observed transmission in the transparent regimépelod its
steep decrease above the gap. It turns out that both the extinction coefficient as well as the refractive index of
PbSe have considerably higher values than previously publif68d63-1828)01004-2

I. INTRODUCTION which determines the optical constants, i.e., the index of re-
fractionn(E) and extinctionk(E).*?"14
IV-VI lead-salt semiconductor compoundBbS, PbSe, So far derivations of the dielectric function of lead chal-

PbTe and their ternaries like Rb,SnTe, Ph_,SnSe, cogenides neglect band nonparabolicity effects for photon
Pb,_,EuTe, and Ph_,EuSe, play an important role as energiesnear the fundamental absorption edge. These were
midinfrared emitters and detectors in the wavelength rang®reviously only taken into account fde=2E, for 1Ei196h|y

of 3-30 um.'~" PbTe/Ph_,Eu,SgTe, , separate confine- doped samples or ternary samples like Bi$n,Te. ™™ In
ment buried heterostructure lasers hold the record for th&€S€ previous papefs the anisotropic multivalley structure
highest cw operating temperature of 223 K in the©f both conduction and valence band§) nonparabolic

midinfrared® The highestpulsed operation temperature of Kane-type energy dispersion, arid) k-dependent matrix
282 K was reported for a wavelength of 4am for a elements are already accounted for. Some salient features
PbSe/Ph_,St.Se diode laset.For the optimization of the like the rapid rise of the joint density of states with increas-

— X=X . H H i 1
resonator design, precise data on the optical constants e %hzl)_ton energy in cort'npagson o that foIIowmgﬂfr(;m ad
required. The elements like Eu, Mn, and Sr have gained rabolic energy-momentum dispersion was correctly found,

A . . - s well as the somewhat compensating influence of the
major importance since they provide a large tuneability ofgnergy_ dependent reduction of the interband momentum ma-

the energy gaps even for low concentrations. For lattiCgy elements'® The primary objective was the calculation of
matching to the substrates quaternary compounds likge frequency-dependent absorption coefficient in terms of
Pb _«EuTe;—,Sg (Ref. 10 or Py _Mn,S;_,Sg (Ref. 1) the joint density of states and anerage index of refraction
have been used. The derivation of optical constants from a nonparabolic
Lead salts exhibit properties which are unusual with re-energy-momentum dispersion relation has been exemplified,
spect to other semiconductors: they possess extremely highg., for PbTe in Ref. 17. So far in the literatdre!® the
dielectric constants, a narrow direct fundamental band gagnalysis starts with a given functional dependence of the
Ey<0.5eV at theL points of the Brillouin zonéBLZ) with  joint density of stated.(w) between valencev( and con-

a temperature coefficientdg,/dT)>0. The photonic duction () bands on the photon frequenay and continues
IV-VI compound devices benefit from the nearly mirror like with the calculation of the absorptian(w),

many-valley conduction and valence bands with their com-
paratively high density-of-state®OS) masses at thé/, R
critical point. The band structure determines the dielectric @ Im[e(w)] ot

. Jol(@)
function ¢(E), where E=%w denotes the photon energy, a(w)= co(N) Occ0<n)
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From a(w), the extinctionk(w) coefficient is derived: band parameters for PbSe and, PiMn,Se were derived
from magnetooptical experiments at low temperatures so
far28-30 Thus for the room-temperature transmission data it
is necessary to adjust two essential band parameters, namely,
the energy gap and the oscillator strength, as well as the
From the extinctionk(w) coefficient, via a Kramers- damping parameters and a background dielectric constant. In
Kronig transformation, the frequency-dependent index of reSec. IV the competition between the parabolic and the non-
fractionn(w) is determined. Equatiofl) presumes a knowl- parabolic dielectric function models are discussed, and the
edge of the index of refractioa priori, whose frequency most convenient model is applied for an accurate determina-
dependence is not known. It must be related by the causalitjon of thex dependence of the energy gap of, PtMn, Se.
(Kramers-Kronig relations to the extinction coefficient
k(w)—and in turn to the frequency dependencextb). To Il. MODEL DIELECTRIC FUNCTION OF PBSE
avoid violation of the causality principle, a constanerage
value ofn(w) is estimated. Reference 17 followed the same In thek-p treatment according to Mitchell and Wallis for
procedure: after calculatink(w) from Eq. (2), a Kramers- the lead salt€® the momentum-matrix elements between the
Kronig transformation was applied to obtain the frequency-Lg conduction band antl§ valence band are kept as fixed
dependenh(w). A subsequent self-consistency check of Eq.quantities regardless of the magnitude of the energy gap
(1) by replacing{n(w)) through thetrue n(w) was not per-  (which changes, e.g., with temperaturln this approxima-
formed. The Kramers-Kronig transformation was treataed  tion the enhancement of the transverse and longitudinal DOS
merically. To some extent it suffered from the arbitrarinessmasses is directly governed by the increas& pf Data on
of the choice of the upper cutoff wave-number boundarythe band paramete(sffective masses and momentum matrix
used for integration’ elements were collected with high accuracy in cyclotron
In this paper the inconsistencies quoted above areesonance studi&sand by optical four-wave mixing and co-
avoided, by the consequent use of Kramers-Kronig compatierent anti-stokes raman spectroscépyy.
ible optical constants, for which level broadening is included The adjacentv)=Lg , |c)=L4 valence- and conduction-
consistently. As an example, we use this formalism to anaband levels correspond to the fundamemtgl critical point.
lyze the optical transmission near the fundamental energgor finite wave vector, they are strongly coupled in this
gap of epitaxial PbSe and PhMn,Se x=<0.013) films approach using transverse and longitudinal momentum ma-
grown by molecular-beam epitakyon (111) BaF, substrates trix elements P, ,P;), which describe theanisotropyand
at room temperature. We derive analytic expressions for thaonparabolicityof the ellipsoidally shapeé (k) relation at
Kramers-Kronig pairse;(w)=Ref) and e;(w)=Im(e),  theL point of the BLZ. The far bands, s, L,sandLg , Lg
comparing both th@arabolicand the(more concisgnonpa-  (levels of the same symmetry as the band-gap Bloch states
rabolic k-p models. The correspondence of both models is{v> and |c)) are treated up to second-order perturbation
worked out thoroughly in order to recover the malfications ofg (k)«k?. The proportionality factors can be represented as
the parabolic model with respect to the nonparabolic one. far-band masses f, m, , m, , andm, . Again the super-
Nonparabolicity corrections are required for a correctscripts + label the valence- and conduction-band states, re-
phase match of the Fabry-Perot thickness interferences in thgyectively. The anisotropy of the ellipsoidal constant energy
transparent regimgs o <Eg), and in addition a background syrface is distinctly modified by these far-band contributions
dielectric function has to be considered as well. This nearlyong the transverse)(and longitudinal () directions with
frequency-independent  contribution arises from ~highefespect to thé-L direction of the star ok in the BLZ. Thus

critical-point transitions in the bandstructure of P&,  he energy-momentum dispersion can be finally expressed by
which are introduced afar-band oscillatorsinto the model  the following band-edge masseskat 0:

dielectric function. In the notation of Cardona and
Greenaway? the dominant features for the background di- Mo 2p? Mo

_ 20
k()= — a(w). 2

electric function of PbSe are the first shoulder=1.6 eV, —= +——, 3
the highest peak oscillatd,=2.73 eV, and a high-energy M Egmo  mp

shoulderE;=4.1 eV. We also use PbSe-related far-band os-

cillators, as quoted in Ref. 20, for a description of My ZPf Mo

Pb,_,Mn,Se samples, which seems to be justified for M) N Egmo+ m 4

<0.013. We rule out contributions from free-carrier absorp-

tion and phonons as being not relevant in the energy range afherem is the free-electron mass. The DOS magsésch

interest. They may be included by a two-term Sellmeierenter for all interband coupling and transition phenomena

equatior?>24 are reduced masses of the hole masfjnand of the elec-
The paper is organized as follows: In Sec. Il an analytictron mass irlc):

derivation of the dielectric function of PbSe from either the

parabolic or the nonparabolic six-bakdp model (with the 1 1

inclusion of far-band corrections up k3),%-%" and far-band M.~ wmF Tw- (transverse tol-L), ®)
. .. . . 1 s €

oscillators at other critical poinfS,is presented. In Sec. Il

the frequency dependence of the optical constants is deter- 1

mined, and room-temperature transmission spectra of PbSe —=_——+—— (parallel toT'-L), (6)

and Ph_,Mn,Se (x<0.013) are fitted with the theory. All My M7 M,
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TABLE I. The band parameters of PbSe at 4.2 K. h2k2  #2K2
E=E.~E,=E,+ =+ — (12)
— — + + ¢ v ¢ ZML ZMH .
Eq 2Pfim,  2P%/m, M m ™ m
(meV) (eV) (eV) my my my my Both relations can be rewritten as ellipsoidal constant
photon energy ) surfaces irk space with principal axes
146.3 1.98 3.6 0.27 0.95 0.29 0.37 andb:
. : k2 K2
Since the band edge mas$g&ss.(3) and(4)] contain the _iz + _2 =1, (12)
far-band corrections, the DOS mas§Esgs.(5) and(6)] con- a b
sist of bothmirrorlike contributions from thesquared mo-
mentum matrix element®, and P; (which do not select 2= M, (E2—E?)
between labels- and —) and of far-band contributions dif- h ﬁzEg 9 )
ferent for both= labels. The(nonparabolic and anisotropic M, (nonparabolig, (13
energy-momentum relation can be expressed in terms of b= 77E (E2-E))
these DOS masses and by the far-band maSses 9
2 2 2M
Eall)= 5 VL_ (i‘ i+) @+ |- %) "3} a'=7 (E-Ey
212 \mg m 2 \{m. m (parabolig. (14
E A2 K22\ 2 b?= # (E-Ey)
+ 9 (1 = —— ) (7)
2 EqM,  EgM,

) The differential volumealV, in k space between adjacent
The upper(+) and lower(—) signs correspond to the con- energy surfacek, E+dE can be calculated by differentiat-
duction () and valence«) bands, respectiveljk, andk, ing the ellipsoid volume/, = 4a?b/3. The number of states

are the wave-vector components parallel and perpendiculgfer unit volume withindV, is just thejoint density of states
to theI'-L direction of a valley. J[E):

The root of Eq.(7) reflects the nonparabolicity of the

bands. For small wave vectors—i.e., for terms in the root 1
only slightly different from unity—expressiof¥) can be ex- dN(E) = g5 dVi=Je(E)dE. (15
panded. Then parabolic dispersion relatioor the conduc-
tion and valence bands emerges from formla After some algebra, the explicit formulas fdg,(E) are
212 212 the following: for the nonparabolic case,
Eo(k)=+ Eg+hki+ﬁkz) (8) —
¢ 2 2M;  2My ' _ MM, 2_ E2y1/2.
JME) = 5273z E(E°—Eg) ™= (16)
2w Ey
E (k E, A% A% o
v(K) 2 Tomr oMy (9 and, for the parabolic one,
If the far-band corrections are neglected, the DOS masses M. VM, 12
; J(E)= (E-Eg)™ 17

do not distinguish betweert labels, and hence the bands
again become mirrorlikeE (k) = — E, (k). The band param-
eters and far-band masses of PbS&a#4.2 K are given in The imaginary part of the dielectric functiors propor-
Table |, and the effective masses and DOS masses in Tabi®nal to the joint density of states and to the electric dipole
1. transition matrix elemeniie- p.,|?, which in turn can be ex-
The joint-density of state3, (E=7%w) connects a certain pressed by the corresponding interband momentum matrix
|v) state with the corresponding state|@) at properk vec-  elementsP, and P, for a given light polarizatiore with
tors.E(=%w) is the photon energy in an absorption processrespect to the frame axes of the valley ellipsoid:
From Egs.(7) and(8) we find, for the nonparabolic case,

V272h3

| we’h? 2.3 (E 18

2 21172 _ - ) .

ECE E <El14 72Kk2 N 712K2 10 m(e) eom2E? le-perl?- I E) (18)
C 14 S| ESML ESM” ]

] o ] One should notice that—apart from the photon energy,
and, using definitiong5) and (6) for the parabolic case, the transition matrix element, and the joint density of
) _ states—only universal quantities enter the expression Eq.
TABLE Il. The effective masses and density-of-states masses 0(18)- Due to the ellipticity of the energy dispersion and due
PbSe at 4.2 K. to the many-valley character from equivalent center positions
of theL points at the edge of the BLZ, a proper average over
all valleys must be taken for the transition matrix element.
0.068 0.062 0.035 0.036 0.032 0.018 For normal incidence on €@.11) surface of PbTe and unpo-
larized light, the mean value ¢&-p|? averaged over the

M/mg  Mi/mg M/Img M/mg M;/my M, /my
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three oblique valleys and the one longitudifiill) valley is  equal parts to the average interband transition matrix element

evaluated in Appendix B of Ref. 17: (2P?+P?)/3. For polarized excitation, Eq23) has to be
op2 4 p2 recalculated, correspondingly.
e. 0. L A comprehensive derivation of the optical properties from
([e-Ped®) =059, —5— (19 P ptical prop

a nonparabolicenergy-momentum dispersion near tifg
critical-point transition following this procedure, as outlined
above by evaluating Eq20), has not been performed to the
best of our knowledge. We start with the imaginary part of
the dielectric function Eq(18), but take for the joint density
of states the nonparabolic case, Etp). Collecting the pref-
actors and introducing the oscillator strendtlaccording to

g. (23), we evaluate the KKT, Eq20),

whereg; is the spin-degeneracy factogd=2), andg, the

valley degeneracyg,=4). Previouslyt”*®a level broaden-

ing was introduced by convolving I with a Lorentzian

line-shape function'(E). Afterwards a Kramers-Kronig

transformation(KKT) was performed numerically to obtain

Re(). This procedure suffers from imponderabilities due tog

the arbitrariness in selecting the upper-frequency cutoff |n

the numerical KKT/ (E'2—E2)12
We follow the more straightforward procedure of deriving R &(E)] || f — 77— dE’. (24)

an analytic model dielectric function, as demonstrated in (E

Ref. 31 for GaP, GaAs, InP, InAs, and InSb, and in Ref. 20

for PbSe. However, in these publications nonparabolicity for The integration leads to

the M critical point transition was neglected, and the higher

critical points in the strongly absorbing regime were empha- . 2A u+(u?— Es)”2
sized. By subjecting Ina)) to an analytic KKT, Ref) was Re{e(E)]=— lim|In _E2
. . . ™ u—ce ( Eg)
determined by evaluating the integral
2_E2y12
2 (= E'Im{e(E")} A tanh Y ———-1p|.
Re[S(E)}: ; o E,z— dE’'. (20) m E (E —Eg)

2

Indeed, for a parabolic band dispersion at lg critical (25
point, Eq.(20) can be expressed in a closed foffri: Level Since we are interested in thispersionof the dielectric
broadeningi.e., damping of thévl transitior) is introduced  function, only the second term reflects the energy depen-
after KKT, with the advantage of retaining the expressions indence of Ref), which should be retained for the calculation
a closed analytic form. The photon eneifgyis continued in  of optical constants. The first pa@which diverges in the
the complex plane by adding an imaginary damping paramlimit) acts as offrequency-independemonstant which can
eteril’. Then the continued complex energy is inserted intdoe included ire., . Similarly, the higher interband transitions
thereal part of the dielectric function, contribute to a constantor weakly frequency dependent
background dielectric constaat, for the M transition as
well. Because we attempt to compare E2p) with the para-

: : . bolic one[Eq. (22)], we match both functions &=0. With
Replacing Img) in Eq. (20) by the expression E((18), this constraint and taking—E+iI", we obtain the follow-

and using Eqs(17) and(19) for the parabolic case, we find, . | i . . o
by integration for the complex dielectric function of PbSe N9 complex dielectric functions for direct comparison: for
the parabolic case,

near theM, critical-point transition, the following expres-
sion for the parabolic cas&:

EE+iTl. 21)

Eq 2 E\12 E\ 2
. 2 - E4il) 12 8(w)=8m(E)+\/2A(E) [2— 1+E—g —(1_E_g) }
8( ) E+|F — + Eg (26)
( E+il 1/2} and, for the nonparabolic one,
—-|1= (22)
S o 1 2
The dimensionless parametgiis interpreted as the oscil- e(B)=e.(E)+A %“L P
lator strength of thévl, transition,
2A (E>-EDY? |
90,82 M, VM, 2P?+P? o TE g @9
A= . 23 g
2meomah  Eg” 3 @3

£,(E) includes all contributions from the high&r, E,,
Equation(22) is the same expression as derived for PbSeand E; interband transitions in the notation of Refs. 20 and

in Ref. 20, but with the essential refinement for the oscillator22. The second term in Eq27) ensures that the dielectric
strength: an explicit dependence of the combined density-offunctions[Egs. (26) and(27)] are identical aE=0.
states mass on the valley anisotropy,(M ) appears, and To complete the analysis, we take for(E) the damped
a valley degeneracy factg,=4 can be factorized oufor  harmonic-oscillator contributions from the highey andE,
unpolarizedlight). Only in this case do all valleygthree transitions, and for th&; gap a two-dimensiona¥l , critical
oblique, one parallel to thgl11] direction contribute with  point, as defined in Ref. 20:
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TABLE lIl. Parameters of higher-energy critical-point transi- L S T e s S B
tions (far-band oscillatonsof PbSe at room temperature, taken from b ¥ Sample A
Ref. 20 Z o8 [EH (2.9 um) PbSe/BaF,
. . 9 H T=295K 1
194] J— rabolic 4
E, E, E, Ty Z o6 -~ paravolic
€V) V) @) C; C; By v (meV) e = 1 | =]
Z 04} W B\ E, =0.276 eV ]
< b s 1
16 273 41 35 154 1.2 0.00180.0024 1.5 198 £ | i | ket
02 [ LA ]
a/alue of Ref. 20 reduced by a factor of8L0 3. [ 1
bReplaces 1.5 of Ref. 20. P T R B . - ==
1000 1500 2000 2500 3000
C.E2 C.E2 @) WAVE NUMBER (cm' ')
A 1B 2E2
ex(B)=ent —o——— R = 02
EI-E“—-iy,EiE E5;—E“—ivy,E,E T T T T T
1 Y1iE1 2 Yob2 e e Sample A
2 i 2 V4 [ boli (2.9 um) PbSe/BaF,
-B 8 Inl 1— E+ils (28) S 015} with Tar-band osc. T=295K .
E+il' E, ' ©z - !
ot [E = ;}‘ B, after Ref. 20 2000 exp
The energieg; , oscillator strength8 andC; , and damping § 01 | 0276 VRS ]
parametersy, andI'; are given in Table Il < nonparabolio &
With the complex dielectric functions derived from Egs. B oos [ withour Py
(26)—(28), the optical constants(E) andk(E) of PbSe can b with far-band ose.
be calculated as usually performed in the dielectric theory of N T T T T e
homogeneous media: 2200 2300 2400 2500 2600 2700 2800 2900 3000
(b) WAVE NUMBER (cm )
n(E)= i {[Rez(?;)-l- Imz(é)]l’2+ Re(é)}lIZ_ (29) FIG. 1. Comparison of experimental transmission specipgn
V2 dotg with calculations. Solid line: nonparabolic model; dashed line:

parabolic model; second solid line: parabolic model using param-
1 eters from Ref. 20(a) Overall spectrum(b) magnified scale to rule
K(E)= — {[R§(§)+ |m2(§)]l/2_ Re(?;)}l/z. (30) out the parabolic models against the nonparabolic one. The influ-
V2 ence of the energy dispersion from far-band oscillators at energies
above 1.6 eV is shown itb) by the lowest dashed curve, neglecting
After the complex index of refraction+ik is determined the dispersion, in comparison with those which incorporate such
by calculation, the transmission through an epitaxial layercorrections(full and upper dotted line together with experimental
grown on an insulating substrate (BaFcan be evaluated data.
using the boundary conditions of fields across the interfaces
of the two-layer systen An efficient way of computing is samples was checked by high-resolution x-ray diffraction
the transfer-matrix methotf. The optical constants of the and scanning electron microscopy. The Mn content of the
PbSe film are taken from Eq$§29) and (30), and the sub- Pb;_,Mn,Se samples was determined independently by us-
strate (Bak) is assumed to be nonabsorbing in the frequencyng Vegard’s lawt''° The infrared transmission experiments
range of interestr(;=1.39). The optical thicknessi{d,) of = were performed with a Bruker 113v Fourier transform infra-
the substrate is so large that constructive interferences ared spectrometer. In the experimental spectral ran¢feom
only observed as “thickness fringes” from the film, but not E=124 to 380 meY, the substrate material Baks essen-
from the substrate. To fit the experimental room temperaturgially transparent. The transmission of the film is obtained by
transmission spectra of PbSe and its related compoundieviding the transmitted spectrum of a sample with the one
Pb,_,Mn,Se near the fundamental absorption edge four paef a bare Bak specimen. Thérelative) experimental accu-
rameters enter the calculations: The oscillator streAgéimd ~ racy for subsequent scans is better than 0.1%.
energy gapE, are essential parameters, and in addition the Figure 1 compares a measured transmission spectrum of
dampingI’ and the background dielectric constant. All  sampleA (2.9-.um-thick PbSe on Bajf with our calculations
remaining parameters are treated as fixed constants take&sing the parabolic and nonparabolic model dielectric func-
from Table III. tion. Thebestfit according to theparabolic model indicates
insufficient coincidence with the experimental spectrum: be-
low the band gap the thickness fringgéke dashed curve of
Fig. 1(@)] exhibit an enhanced phase lag towards the absorp-
tion edge at 0.276 eV. This is a consequence of the smaller
In the following we apply both the parabolic and nonpa-values of the index of refraction according to the parabolic
rabolic model dielectric functiongincluding the far band model with respect to the nonparabolic drsee Fig. 23)].
oscillatorg for the description of transmission spectra of Above the energy gap the absorption in the nonparabolic
PbSe and Ph,Mn,Se x=<0.013) atT=300 K. The PbSe model is strongefFig. 1(b)] than in the parabolic limit.
and Ph_,Mn,Se samples were grown by molecular-beam We show also a transmission curve calculated for recently
epitaxy on(111) BaF, substrates. The growth conditions published data on the dielectric constatRef. 20. The es-
were described in Ref. 19. The structural quality of thesential discrepancies between arrabolic model fit and the

Ill. TRANSMISSION SPECTRA OF EPITAXIAL PbSe
AND Pb;_,Mn,Se FILMS
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E,=0276 eV ]
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5.2 C nonparabolic

48 [
r parabolic
4.6 |-
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1500
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02f
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2. (a) Index of refraction andb) extinction coefficient of
PbSe afl =295 K as a function of photon energy. The solid curves

represent the nonparabolic dielectric function model, %), the
dashed curves the parabolic dielectric function model, @26),

with identical oscillator strengths, dampings, and energy gaps. Pu

lished data from previous works are

shown as black dots.
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£.(E)=¢,+C;+C,+B=const. (3D

The absence of the dependence leads to a stronger cur-
vature of the spectrurflowest dashed curve in Fig.(d)],
which is not observed in the experiment. The deviation from
the full curve which fits the data excellently demonstrates the
non-negligible influence of the dispersion of the damped os-
cillators far above the energy gap.

The photometric accuracy of our experimental transmis-
sion spectrum unambiguously rules out the parabolic model
in favor to the nonparabolic one. The essential fitting param-
eters of the fundamentall, critical point-transition neakg
are summarized together with the corresponding data of
Pb,_,Mn,Se samples in Table IV.

Figure 2 shows the resulting index of refracti@ and
extinction(b) of PbSe from our fits to the transmission spec-
tra (dashed and full lingstogether with previously published
data(black dot$.3* Especially for the index of refraction, a
substantial scatter of the experimental data is evident. The
cusp of the refractive index is rounded by finite damping
(I'=18 cm %), which is identical in both models. Note that
from the common scaling condition of dielectric functions,
bothn(E) curves converge to the same value at zero photon
energy. The extinction coefficiefFig. 2(b)] diverges in the
nonparabolic model at high frequencipshich introduces
mathematical divergences into the KKT for the frequency-
independent part of Eq25)] whereas for the parabolic case
it stays convergent in the entire frequency range. From the
finite damping of theM , transition a residual absorption ex-

d§ts also for below-band-gap excitation.

Figure 3 shows the high photometric accurd&@yl% of
the experimental transmission spectrum of PbSe in the ab-

parabolic model of Ref. 20 result from different values for sorbing spectral regimg=Ey=2225 cm . Only the non-

the oscillator strengti and damping parametels v, v,,  parabolic dielectric function yields a sufficiently accurate
andI'; (Tables Ill and 1V). Since, after Ref. 20, the damping agreement with the experimental data. Deviations of the en-
is much larger [ =81 cmi 1) the absorption edge is smeared ergy gap by more than 2 meV can be ruled out, since they
out to a greater extent. Therefore the amplitude of the thicklead to a fitting error larger than 0.001. Indeed, Fig. 3 dem-
ness fringes shrinks much more than experimentally obenstrates this fact by plotting calculated transmission spectra
served forE<Ey, However, the larger damping leads to afor Eq=273, 276, and 279 meV.

higher transmission in the absorbing regife E,. In Fig. Finally we apply our model to an analysis of room-
1(b) the influence of a residual dispersion from the far-bandemperature transmission spectra of ternary_RkIn,Se
oscillators[Eq. (28)] on the nonparabolic model is demon- samples(B and C). The manganese concentration is within
strated. If such a dispersion is neglected, &#) simplifies  0.00/&<x=<0.013. For these small Mn contents, the energy-
to band scheme and the symmetry of critical points should re-

TABLE IV. Fit parameters of the model dielectric function to experimental transmission spectra of PbSe,apbliBe epitaxial
layers of thicknessl. The fitted oscillator strength,,; is compared with theory according to E§6) including the far-band correctiag.
I" is the damping of thé/, critical point transition at the energy g#&fy, ande.. the background dielectric constant. To find coincidence
with Ag,pi, @ corresponding percentual incread®4) of the momentum matrix elements as cited in Table.4., for 2Pf/m0) must be
anticipated.

d Eq r P%
Sample X () (ev) (cm™ l) Aexpt K Atheor (%) €
A (PbSe 0 2.9 0.276 18 5.4 0.70 6.1 28 1.95
B 0.007 4.9 0.294 30 5.0 0.68 5.9 39 2.05
C 0.013 2.8 0.316 30 4.7 0.67 5.8 52 0.84
#PbS@ 0 2.9 0.276 81 4.64 1.5

®Bulk PbSe sample with parameters taken from Ref. 20.
bFor a comparison with our data in Fig. 1 we assumed the same thickness as for Sample
“The original cited value from Ref. 20 was 0.31 eV, which would not fit our transmission spectrum.
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FIG. 3. Accuracy of our nonparabolic model fits: The plots for
three values oE4 demonstrate that the energy gap of PbSe can be i 5 The dependence of the fundamental absorption edge
determined within an uncertainty of 2 meV. energy €,) as a function of manganese concentration of

Pb,_,Mn,Se. The linear regression formula holds only for

semble the ones of PbSe. We assume that the momentum295 K.
matrix elements are the same as for PbSe, and also the far-
band masses and far-band oscillators. Then, by inspection @f, __Mn,Se samples in Table IV. The dependence of the
Egs.(3) and(4), the band-edge masses depend only on th@nergy gap of the Rb,Mn,Se samples on the Mn content at

energy gap, which increases with Mn content. The transmisroom temperature is plotted in Fig. 5 together with a linear
sion spectra together with model fits are given for samplegegression formula.

B(x=0.007) andC(x=0.013) in Fig. 4. The spectrum of
sampleB shows a lower finesse of Fabry-Perot interference
minima in the transparent spectral regime. This distinct ap- IV. DISCUSSION

pearance with respect to the other samples is assigned to @The transmission spectra of the epitaxial layers, which

worse surface morphology of samjBe For this sample the were analyzed both in the transparent and absorbing regimes
density of cleavage steps was substantially higher than for hibi yh istioh hg £ th greg '
the other sample#é and C. Therefore the uniformity and exhibit a characteristiphase shifiof the Fabry-Perot inter-

flatness of the film layer is smaller for samde The param- ferences towarét = E , which yields the energy dependence

: ) . ; of the refractive index quite accurately. It turns out that this
eters for the model dielectric function are summarized for thel | . - ofn(w) can only be modeled by using a Kramers-

Kronig-compatible index of refraction extracted from a di-

T T ] electric function based on a model withonparabolic
Sample B 1 energy-momentum dispersion. Since the thickness of the lay-
Z o8y Pb, Mn,Se 7 ers is determined independently, the analysis is governed es-
g 06 x=0007 ] sen'tially by two fitting parameters: the energy'gﬁp ar?d'
S T=295K |{ oscillator strengthA. The former can be determined within
Z oaf d=49um j =2 meV (see Fig. 3 the latter has to be compared with our
~E! . theoretical prediction$Eq. (23)]. Most of the other param-
= ool ] eters like damping factors and far-band oscillators are taken
i ] from literature with adjustments to our model. The findings
L T e from our nonparabolic dielectric function fits are summa-
1000 1500 2000 2000 8000 rized in Table IV. To facilitate the handling of E(3) for
(@ WAVE NUMBER (cm™) the oscillator strength, we use a proper numerical expression
1 ———— using convenient energy unifeV) and effective masses in
LA Sample C] units of the free electron mass, as given in Tables | and II.
Z osl | b Pb, Mn Se
e | _ x=0.013]
2 oslf dT==22.§5u111(r A—5.2 M /mg(M;/mg)* 1 2( ZPJ_)Z
E .' it 1 =9.40s0, Eg[e\/]SIZ 3 Mo
<Zﬁ 0.4[f - op |2
E 02[ _ +(m_l) } : (32
_ ] 07 dev)
0 P R RS S B PO PR,
(b) 1000 ;‘fVE NS;:;ER (cn"f?;’ 3000 We investigate the explicit influence of far-band contribu-

tions at the equivalerit points of the BLZ. The DOS masses

FIG. 4. Experimental transmission spectra of BMn,Se epi-  [EQs.(5) and(6)] are rewritten as a product of the two-band
taxial films (x<0.013) on Bak substrates together with model fits. DOS masse#1, andM; and a correction factor due to the
The parameters of fits are given in Table IV. far bands:



2400 KRENN, YUAN, FRANK, AND BAUER 57

1 4p? 1 1 mSEg- 1 0 of Eqg. (36) it follows that the momentum matrix elements
—=——|1l4+|—F+—| — |=—g | 1+ —|, should increase with increasitg,, thus reducing the calcu-
M, mgE, m; m;) 4P{ M7 Mt : : . :

- - 33 lated oscillator strengthheo; iIN accordance with experi-
ments.
) To obtain agreement with the experimentally observed os-

1 4P] 1 1 mSEg 0 cillator strengths af =300 K, we have to increase the val-
M, m2E, 1+ m—|++ m | apZ | MO 1+ " ues of low-temperature momentum matrix eleme®tsand

(34) P, . This is done by multiplying their squared values as given
in Table I, by a factor (* P%/100), however, keeping the
anisotropyP, /P, constant. The required percentual increase
P% is shown in Table IV for our samples—C. Further-
l%ore, it should also be emphasized that more isotropic mo-
mentum matrix elements decrease the value of the oscillator

Reduced far-band masseg,(w,) are introduced instead
of the inner parentheses. Then the far-band correction for th
joint-density-of-states mass which enters E2R) takes the
following simple form:

strengthAeor-
L (Ij:inallg/ Wt?l corr;mefnthonfthebda?ping.”parametgz[s V2,
0 [0 210 7D andI'; (Table Ill) of the far-band oscillators &E;=1.6,
M, VM =M VM ME Mﬁ’ m=M VMK, E,=2.73, andE;=4.1eV. These transition energies were
1+ 7 1+ E kept constant for PbSe as well as for;,PiMn,Se using the
t

(35) values given in Ref. 20. However, the damping parameters
of the simple harmonic oscillators describing the higher criti-
cal points were reduced drastically with respect to the values
given in Ref. 20. The reason for this behavior is the fact that
over a wide frequency range a simple harmonic-oscillator
model for the higher critical point transitiols , E,, andE;
does not describe the dielectric response properhE at
=E,4. The reduction of the damping parameters for frequen-
cies close to the fundamental gap was necessary to obtain
good agreement for the Fabry-Perot fringes of the transmis-
sion spectra below the energy gap. Thus a rather strong dis-

where the correction factd¢ represents the influence of far
bands, and is a short notation for the fraction in 8%). It is
always smaller than unity, and is given in Table IV as well.
The masse#? and M can also be expressed by the mo-
mentum matrix element®, and P,, and the fundamental
energy gap, and thus the oscillator strength 68) is rep-
resented by the three band parameters P, andK:

2p? ZPf persion ofe..(E) is necessary to describe correctly the low-
1 2 Mo m_o energy transitionsE<Eg). . . .
A=1.8y.0, 3| T2p2) [2p2 T2 K. (36) In summary, we developed a dielectric function model for
( i) <_> optical interband transitions near the fundamental energy gap
Mo Mg for IV-VI many-valley semiconductors, with specific appli-

cations to PbSe and Pb,Mn,Se at room temperature. In the

All squares of momentum matrix elements in the parenframework of a six-bandk-p model, the nonparabolic
theses are written in energeV) units. It should be noted energy-momentum dispersion has been proven to be the only
that expression(36) holds only for constant, i.e.k- realistic model which is consistent with experimental data.
independent matrix elements and for unpolarized excitatiod he dielectric functions were developed asalytic expres-
(9,=4, gs=2). If the influence of the far bands can be ne-sions for both parabolic and nonparabolic models with a
glected (u, and u, are equal to infinity, K=1, and be- common expression for the oscillator strength. Their real and
comes independent &, as well. ForK =1, the conduction ~maginary parts indeed obey the causality principle, in con-
and valence bands become mirrorlike, i.e., this correspondéast to previous studies. The number of fit parameters was
to a two-band model. Thus, in this limit, for given values of kept to a minimum; only the energy gap, oscillator strength,
the momentum matrix elements and fixed anisotropy, the osahd damping were modeled to fit the transmission spectra.
cillator strength does not vary wits, and becomes indepen- Harmonic far-band oscillators—particularly important for
dent of thex content of Ph_,Mn,Se samples. gxplorlpg spectroscopic ellipsometry in the st.rongly absor_b-

With the aid of Eq.(36), a direct comparison with fits to INg regime—were adop_ted from recently pybhshed data with
the experimentally determined oscillator strengtl, can & modification of damping parameters, which brought excel-
be made, bearing in mind that the optical transmission eXlen_t agreement with the observed transmission spectra of the
periments were performed dt=300K. In Table IV, the epitaxial layers, even down to frequencies below the funda-
oscillator strengths as obtained from a fit to transmissioneéntal gap.
spectra and the values from the six-bdng model K<1)
according to Eq(36) are presentethowever, based on the
parameters obtained from low-temperature magneto-optical
experiments, i.e., folf <4.2 K). It turns out that the calcu- We thank H. Straub for the SEM measurement of the
lated valueAeor always exceeds the observed valug,,.  thickness of the samples, and acknowledge financial support
Apparently the assumption & andEg-independent matrix by the Gsterreichischer Fonds zur Feerung der wiss. Fors-
elements is not entirely justified. Generally, from inspectionchung under Grant No. 11557.
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