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Influence of reduced mass differences on the Raman spectra of ternary mixed compounds:
Zn1ÀxFexS and Zn1ÀxMn xS
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A Raman scattering study of the mixed crystals Zn12xFexS and Zn12yMnyS has been carried out for
different Fe (0<x<0.05) and Mn (0<y<0.5) concentrations. It is found that both the strengths and the
frequencies of the TO and LO modes of ZnS are approximately independent of the Mn~or Fe! concentration.
However, as Mn~or Fe! is substituted for Zn, four additional first-order modes with frequenciesv(TO),v
,v(LO) are observed in the Raman spectra. Three of the new modes have frequencies equal to those of sharp
peaks in the density of states of ZnS and thus they are attributed to resonance or band modes. Another extra
mode, with frequency at 323 cm21, is observed in samples withx>0.10, and it is assigned to a breathing mode
of the nearest-neighbor sulfur atoms around Mn atoms. The observation of such extra features does not
correspond to the usual behavior observed in other ternary mixed crystals where either one-, two-, or mixed-
mode behavior is observed. Conversely, it is found that the measured frequencies of all the new peaks are
nearly constant, independent of the Fe or Mn concentration. This ‘‘frozen-mode’’ behavior is believed to occur
because of the small reduced mass difference between the binary end members when the Zn atoms are replaced
by either Fe or Mn. More specifically it is suggested that the frozen-mode behavior will occur whenever the
reduced mass difference between the end pairs~Dm! is less than or equal to approximately 2.0 amu. It appears
that consideration of the reduced mass difference may also be used to delineate between one- and two-mode
behavior. That is, the available data suggest that one-mode behavior occurs in samples with 2&Dm&7 and
two-mode behavior in samples withDm*7.

DOI: 10.1103/PhysRevB.68.054303 PACS number~s!: 63.20.Dj, 78.30.2j, 63.50.1x, 78.30.Fs
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I. INTRODUCTION

The addition of impurities to diatomic polar crystals ca
ideally, enable one to modify the structural, vibrational, a
optical properties of the host crystal in a controlled mann
This is important if one wishes to fully realize the technic
potential of compounds such as II-VI semiconductors. T
inclusion of dopants can also lead to new effects that ar
fundamental interest. For example, the optical and vib
tional properties of dilute-magnetic semiconductors that
obtained by doping II-VI semiconductors with Mn or F
have been widely studied.1,2 In a more general context th
lattice dynamics of ternary mixed crystals have reveale
variety of interesting phenomena.3–5 These include the oc
currence of so-called one-mode or two-mode behavior
well as intermediate mixed-mode systems. Another type
behavior is also observed, in which several new resonanc
band modes occur in the Raman spectra of the mixed c
pounds. Considerable effort has been expended3,4 to deter-
mine criteria that would enable one to predicta priori the
type of behavior one might expect in a given system. Mos
these are based on the various masses of the constituen
the mixed compound and/or the polarity of the end memb
Although considerable progress has been made, severa
tems exhibit behaviors that represent exceptions to the e
0163-1829/2003/68~5!/054303~9!/$20.00 68 0543
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ing criteria. In this paper we will present results obtained
two such systems.

We have carried out an investigation of the effects of M
and Fe substitution on the vibrational properties of ZnS. T
crystalline lattice dynamics of zinc sulphide~ZnS! have been
studied in the past from both the experimental6–8 and
theoretical9 points of view and thus we can consider the v
brational spectrum of pure ZnS to be relatively well know
The vibrational spectrum of the mixed compound has a
been investigated previously using Raman scattering s
troscopy and previous work includes detailed studies10–12 of
the first- and second-order Raman spectra of ZnS, which
simplifies the detection of modifications induced by the i
purity atoms. Raman scattering studies of the effects of a
ing relatively small concentrations of magnetic atoms to Z
have been carried out by a few groups.4,13 They found that
new modes, all with frequencies in the rangev(TO),v
,v(LO) appeared in their spectra when a small amo
~'1%! of a magnetic impurity such as Fe, Mn, Co, or C
was added to ZnS. Zigoneet al.4 found that the frequencie
of the new modes were approximately the same for eac
the five different impurities they studied. They also fou
that the frequency variation of the new modes with press
was similar to that of the LO~G! mode, and smaller than tha
of the TO~G! mode. On the basis of these results the n
©2003 The American Physical Society03-1
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modes were assigned to resonance modes.4 In this paper we
will extend these earlier studies by examining the effe
associated with much larger impurity concentrations.

Raman spectra have been obtained from the semimag
alloys Zn12yMnyS, with y50.01, 0.02, 0.03, 0.10, 0.20
0.35, and 0.50, and Zn12xFexS, with x50.02 and 0.05. It is
shown, that, in contrast to most other mixed crystals,
frequency of the Raman active modes of the ZnS host
mained basically unaltered~‘‘frozen modes’’! even for large
impurity concentrations. Moreover, the frequencies of fo
additional features that are observed in the spectra
Zn12xFexS and Zn12xMnxS, are also independent of impu
rity concentration. However, the intensity of the new mod
increases as the dopant concentration increases. It sh
also be noted that the frequencies of three of the impu
induced modes can be closely correlated with peaks in
density of states of ZnS. The observation of a frozen-m
behavior is not consistent with the more usual one-, two-
mixed-mode behavior3 that is observed in many mixed crys
tals. The observations presented in this paper have led u
propose an empirical mass criterion, as described below,
may be used to predict the occurrence of frozen-mode
havior.

II. RAMAN SPECTRA OF MIXED CRYSTALS

The study of mixed crystals has led to the observati
and definition, of predictable patterns of behavior that
pertinent to systems such asAB12xCx . If one observes the
so-called one-mode behavior, the LO and TO modes ofAB
change continuously into the LO and TO modes ofAC, with
the modes having approximately the same intensity throu
out the complete range.

On the other hand, if two-mode behavior is observed,
modes of both the end products~AB andAC! appear togethe
throughout much of the mixed range. In this case the int
sity of the modes are roughly proportional to the concen
tion of their parent compound. Chang and Mitra3 summa-
rized these observations with the relations

MB,mAC if M B,MC@or MC,mABif MB.MC#.
~1!

Here mAC and mAB are the reduced masses of the co
poundsAC andAB, respectively. Chang and Mitra found th
if Eq. ~1! was obeyed two-mode behavior was observed; o
erwise one-mode behavior was assumed to prevail.

The above criteria are obviously not adequate to add
the situations, such as those represented by Zn12xMnxS,
when several new modes appear in the spectrum and
neither single-mode or two-mode behavior, or even a com
nation of the two~mixed-mode behavior!, occurs. It appears
that the observation of several impurity-induced modes
be attributed to one of two other distinct scenarios.4,5 For
example, one can have local modes associated with the
purity atom that are in resonance with modes of the h
crystal and these give rise to what are called resona
modes in the spectra. The amplitudes of resonance mode
05430
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enhanced near the defect, but the modes may propa
through the lattice and should give rise to relatively bro
peaks in the spectrum.

Finally there is another possibility. The addition of imp
rities, particularly in large concentrations, can be viewed
creating disorder in the host crystal. In this case, crystal m
mentum is no longer conserved, andqÞ0 phonons can
appear4,5,14,15in the Raman spectra. These types of impuri
induced modes have been designated as band modes.
modes appear as new peaks in the spectra whose energ
be closely correlated with peaks in the density of states of
host crystal. This mechanism appears to be favored in th
situations in which the bond strengths of the host crystal
large. Our results also suggest that consideration of the
duced mass difference between the end pairs; that is,mAC
2mAB , leads to an overriding condition and we propose t
frozen-mode behavior should be observed in all samples
which

Dm5umAB2mACu&2. ~2!

III. EXPERIMENTAL DETAILS

The Zn12xFexS and Zn12yMnyS crystals used in our ex
periments were grown by the vapor transport technique
ploying the corresponding binary compounds in each c
and using iodine as the transport agent. In the case
Zn12xFexS it was not possible to grow good-quality crysta
for x.0.05. This is consistent with previous workers16 who
found that the range ofx for which Fe can be introduced int
ZnS is considerably less than in the case of Mn, when us
vapor transport techniques.

The samples were characterized using x-ray diffract
and the resulting patterns revealed that the samples had
cubic zinc-blende structure. For this structure the symme
of lattice vibrations can be used to classify them according
the irreducible representations of theTd point group: The
phonons are then designated5 asA1 ~or G1), E ~or G12), or F
~or G15).

Room-temperature Raman-scattering measurements
carried out in a Labram Dilor spectrometer where a He-
laser beam was utilized to excite the sample through the
3objective of a confocal microscope. This allowed us
focus the laser beam to a spot of approximately two micr
in diameter and thus verify the crystal homogeneity by o
taining spectra from different positions on the sample. T
scattered light was collected and analyzed with a thermoe
trically cooled charge-coupled device~CCD! interfaced to a
computer.

IV. RESULTS

A. Zn1ÀxFexS

Figure 1 shows the room-temperature Raman spectr
Zn12xFexS with iron concentrationsx50, x50.02, andx
50.05. In the spectra obtained from the Fe-doped sam
three prominent peaks appear in the spectral region betw
the TO ~276 cm21! and LO ~350 cm21! phonons. The three
lines appear at 300 (Y1), 312 (Y2), and 332 cm21 (Y3) in
3-2
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INFLUENCE OF REDUCED MASS DIFFERENCES ON . . . PHYSICAL REVIEW B68, 054303 ~2003!
both samples, in good agreement with previous meas
ments on samples with small Fe concentrations.4,13 The
bands appearing below 250 cm21 correspond to second-orde
modes not relevant for the present discussion. Polarized m
surements~not shown! indicated thatY1 exhibitedG11G15
symmetry, while the appearance ofY2 andY3 was consistent
with G15 symmetry. These symmetry assignments are als
accord with previous determinations.4,13 It is important to
note that:~i! the frequency of the TO and LO modes of Zn
remain constant, independent of the Fe concentrationx; ~ii !
the relative intensities of the extra modes increases with
creasing Fe concentration, and;~iii ! the frequency of the
three additional, doping-induced modes remain constant
dependent of the iron concentration.

Thus for the Zn12xFexS cases discussed here (x50.02
and 0.05!, we can conclude that the observed behavior d
not conform to the one-, two-, or mixed-mode behavior n
mally observed in other II-VI-based mixed crystals. It is i
teresting to consider this result in the context of the prop
ties of the two end products. Unfortunately very little da
are available on the optical properties of FeS. To get an
proximate estimate of the relevant quantities we carried
infrared reflectivity measurements on a pressed pellet of
powder. Although the spectrum was not of high quality t
measurements revealed a weak Restrahlen band and fi
the spectra yieldedvTO'128 andvLO'148 cm21. Raman
spectra obtained from the same powder had strong pea
53, 88, 148, 156, 214, 220, 467, and 473 cm21. There is no
evidence of a mode at 128 cm21 in the region of the Raman
spectrum between 88 and 148 cm21. However, one should
note that the TO mode of ZnS is also absent, or very weak
many of the spectra shown in Figs. 1 and 2. In addition,

FIG. 1. Room-temperature Raman spectra of pure ZnS an
ZnxFe12xS. The spectra have been displaced vertically for clar
The doping-induced features are indicated asY1 , Y2 , andY3 .
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fits to the infrared reflectivity must be considered tentat
given the relatively poor quality of the spectra. We will thu
assume thatvLO'148 cm21 and that 88,vTO,128 cm21.
Given these frequencies it is clear that the Resthrahlen
gions of ZnS and FeS are well separated and one might
pect two-mode behavior. As Chang and Mitra3 have shown,
however, the criterion given by Eq.~1! is much stronger and
according to this criterion Zn12xFexS should exhibit one-
mode behavior. Obviously this is not the case either, si
there are too many extra modes in the spectra and bec
the LO and TO frequencies are independent of doping.

As to the latter point, one might argue that five atom
percent of iron might not be enough to cause measura
changes to the ZnS vibrational modes. However, in the c
of another zinc chalcogenide, Zn12xMnxTe, a shift of 3 cm21

is measured for the LO frequencies whenx50.05, which is
certainly observable. In spite of this, however, these ob
vations raise the question as to whether crystals with hig
impurity concentrations might present evidence of a m
usual type of behavior—for example, that observed in mix
crystals based on zinc tellurides17 or selenides.2 In an attempt
to address this question Raman-scattering experiments
been carried out in Zn12yMnyS crystals withy values in the
0.01–0.50 range. Mn was chosen for these experiment~i!
because it is easily incorporated into the ZnS host and~ii !
because Mn and Fe are neighbors in the periodic table
therefore have similar atomic masses. The results of s
experiments are presented and discussed below.

of
.

FIG. 2. Room-temperature Raman spectra of ZnxMn12xS for the
indicated Mn concentrations. The doping-induced features are i
cated asY1 , Y2 , Y3 , andB. The spectra have been displaced v
tically for clarity.
3-3
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It should be mentioned that attempts to correlate the
ditional features in the Raman spectra of Zn12xFexS with the
Raman modes of FeS and FeS2 were not successful. Th
characteristic modes of FeS~Ref. 18! at 472 cm21 and of
FeS2-marcasite19 at 386 and 323 cm21 were not observed. In
the case of FeS2-pyrite Ushioda20 reported phonons at 351
386, and 443 cm21 while in the Raman spectrum of pyrit
films, de las Heraset al.21 measured phonons at 341, 37
and 427 cm21. Moreover, we carried out micro-Raman e
periments in FeS and FeS2 powders. For FeS we obtaine
strong peaks at 53, 88, 148, 156, 214, 220, 467, and
cm21. In the case of FeS2 the Raman modes were observ
at 343, 379, and 429 cm21, in agreement with the reporte
data of de las Heraset al.21 None of these features correla
with the modes observed in our samples of Zn12xFexS.

B. Zn1ÀyMn yS

Raman-scattering experiments were carried out
Zn12yMnyS crystals withy50.01, 0.02, 0.03, 0.10, 0.20
0.35, and 0.50. The room-temperature Raman spectra of
Zn12yMnyS samples are shown in Fig. 2. The spectra sho
were obtained by using a He-Ne laser for which the inten
of the TO mode is very weak and difficult to observe. T
low intensity of the LO mode in they50.10 sample was
probably due to a scattering geometry effect, where we co
have been measuring on a crystalline plane from which
servation of the LO mode is forbidden such as the~1 1̄ 0!
surface. Although the Zn12yMnyS crystals were unoriented
it was possible to observe partial polarization effects a
resolve the broad features in the spectra by performing
larized experiments. The frequencies of the different lines
the spectra are summarized in Fig. 3. From these one
observe that the frequency variations are surprisingly sm
considering the changes in sample composition. Another
teresting observation in Fig. 3 is the fact that the freque

FIG. 3. Frequency variation of the Raman modes observe
the spectra of the ZnxMn12xS samples as a function of Mn compo
sition.
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of the LO mode remains constant for manganese concen
tions of up to 35% and softens only two wave numbers wh
half of the zinc atoms have been substituted for mangan
atoms. This is an indication that, as in the case
Zn12xFexS, the effect of impurities on the Raman spectra
ZnS is accommodated by the host through the appearanc
the additional modesY1 , Y2 , Y3 , and of yet another mode a
323 cm21, which appears forx>0.10 ~Fig. 2!.

These results are thus similar to those found in ZnFeS
that the new, doping-induced modes have frequencies wi
the range defined by the TO and LO modes of ZnS, and
their frequencies are essentially independent of dopant c
centration. It is also clear that neither one-, two-, or mixe
mode behavior can be used to describe the results. Ins
there is a different behavior, one in which the impurit
induced modes appear to be ‘‘frozen,’’ in the sense that
vibrational frequencies of the Raman active modes do
exhibit significant variations as a function of doping. The
are, however, variations in the relative intensities and li
widths of the observed peaks~Fig. 2!. Clearly, the peaks
become broader with increasing Mn concentration, presu
ably as a consequence of the disorder introduced by the
corporation of Mn atoms into the ZnS lattice.

Other authors have also observed additional Ram
modes in the spectra of ZnS containing low concentration
transition-element substitutional impurities.4,13,22–24 Zigone
et al.4 carried out a detailed analysis of the Raman spectr
ZnS where various transition-element~Cr, Mn, Fe, Co, and
Ni! impurities were present at concentrations of the orde
1%. They observed additional features at frequencies sim
to those found here. Based upon the results of Ram
scattering experiments under pressure and numerical ca
lations employing a Green’s-function model which cons
ered impurity-host bonding and phonons in a rigid-i
model, they concluded that the observed features could
ascribed to resonant modes, as opposed to band modes.
resonant modes are expected to have a large amplitude i
vicinity of the defect but, in contrast to local modes, m
propagate through the crystal, and should have relativ
broad linewidths. Band modes are activated by disor
through wave vector nonconservation and may produce s
tra related to the single phonon density of states. In this c
the identification of the modes by Zigoneet al.4 was a subtle
point since the spectra of ZnS, with impurities present, sh
a remarkable similarity with the features of the one-phon
density of states,6 as illustrated in Fig. 4. Given that th
impurity-induced modes are also quite narrow, as are
sharp features in the density of states, one might argue
Y1 , Y2 , andY3 correspond to band modes. Such a desig
tion would also appear to be consistent with the observa
that the frequencies of these modes are independent o
impurity mass, although this would be a small effect in t
present case. It is interesting to note that spectra obtaine
a similar alloy such as Zn12xMnxTe ~Ref. 18! do not appear
to show a related behavior. The Raman spectra
Zn12xFexSe,2 however, do contain features whose freque
cies correspond well to the frequencies at which peaks oc
in the corresponding density of states.

in
3-4
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V. DISCUSSION

A. Agreement with existing models

The Raman spectra of the zinc chalcogenides and of s
gallium-based semiconductors have been studied by K
and Bilz.25 Their analysis was based on the overlap sh
model which is characterized by a positive shell cha
simulating the polarization of overlap charges. It is indica
in that work that, in general, the lighter or more polarizab
ions show stronger scattering than heavier or less polariz
ions, and that the influence of the ion mass ratio domina
over the influence of ionic polarizabilities. This is consiste
with the conclusions of Chang and Mitra,3 who found that
their mass criterion@Eq. ~1!# was the dominant factor in re
solving questionable cases. On the other hand, if one ap
this criterion@Eq. ~1!# to Zn12xMxS (M5Fe, Mn! it predicts
that one-mode behavior should be observed in both ca
which is in obvious disagreement with the experimental
sults. It is also interesting to note that for the zinc-blen
form of MnS the optical phonons are found26,27 at vTO

5286 cm21 and vLO5343 cm21 and the band gap isEg
'3.6 eV. These parameters are similar to those of ZnS
on this basis one would also expect3 to observe one-mode
behavior in ZnMnS. Recall that for ZnFeS the Restrah
bands of the end members are well separated and on
basis two-mode behavior is expected. However, both mi
compounds exhibit a similar behavior that differs from bo
of these more commonly accepted scenarios.28,29 It thus ap-
pears that none of the current criteria developed to pre
the phonon behavior in mixed crystals even consider a q

FIG. 4. Comparison between the Raman spectrum of
Zn0.95Fe0.05S sample and the ZnS one phonon density of states
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sistatic dependence of the phonon frequencies such as
have observed in Zn12xMxS (M5Fe, Mn!.

B. Consideration of reduced mass difference of end
members„Dµ›2…

Table I shows the differenceDm, Eq. ~2!, for various II-
VI-based mixed crystals and Table II for some III-V-bas
alloys. For the compounds studied here one should note
for Zn12xFexS the effective masses of the end members
remarkably similar (mZnS521.51 amu, mFeS520.37 amu)
having a difference of 1.14 amu. In the case of Zn12xMnxS
this difference is 1.27 amu. In fact, if one carries out t
same exercise for other mixed crystals, such as those b
on II-VI, III-V, and I-VII compounds, it is found that a trend
exists in the sense that mixed crystalsAB12xCx whose ef-
fective mass differenceDm5umAC2mABu is relatively small
exhibit one-mode behavior, while those with largerDm val-
ues exhibit two-mode behavior. This observation highlig
the relevance of the physical quantityDm, which may be
considered an important parameter for the vibrating tern
system. The usefulness of comparing the effective masse
the end members in mixed crystals has been already poi
out by Elliot et al.30 who proposed a criterion based on th
coherent potential approximation for crystals of the ty
AxB12xC. For two-mode behavior they obtained the con
tion

U12
m

m8
U.«~0!2«~`!

«~0!1«~`!
, ~3!

where the primed variable indicates the effective mass va
of the minor binary component. However, if one applies
lation ~3! to the cases of Zn12xMxS (M5Fe, Mn!, it is
found that the system should present one-mode behavio
is interesting to note that the difficulty of applying Eq.~3!
whenm>m8, which is the situation in Zn12xMxS (M5Fe,
Mn!. We would argue that the empirical criterion proposed
Eq. ~2! should be considered to be dominant over Eq.~3!.

The Raman spectra of Zn12xNixS, Zn12xCoxS,13,22 and
Zn12xCrxS ~Ref. 4! also present additional modes with fre
quencies similar to those reported in this work. In these th
cases the values ofDm are 0.77, 0.75, and 1.68 amu. In Re
24 it is noted that no additional modes appeared in the
man spectra of Zn0.97Ti0.03S (Dm52.31 amu) within the
TO-LO range. Assuming that the absence of the additio
lines between the TO and LO modes for a particular crys
composition is an indication that the frozen-mode behav
will be absent for a wide range of concentrations, then, fr
the values in Tables I and II and from the current availa
data, one may tentatively assume that ifDm< f , where f
'2.0 amu, frozen-mode behavior should be observed. T
condition is satisfied if the mass of atomB is close enough to
that of atomC. Therefore, from the lattice mechanics poi
of view, the frequencies of the vibrational modes should
vary significantly between those of a pairAC vibrating with
effective massmAC and those of a pairAB vibrating with
effective massmAB , provided that there is not an abrup
change in the chemical bond~force constant! when atomsC
substitute for atomsB.

e

3-5
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TABLE I. Observed mode behavior~column 8! of II-VI-based mixed crystals (AB12xCx) compared to the Chang-Mitra mass criterio
~CMMC! of Eq. ~1! ~column 7! and to the effective mass difference of the end members~column 9!.

AB12xCx mA mB mC mAB mAC

CMMC
@Eq. ~1!# Observed mode Dm5umAB2mACu

SZnMn 32 65.37 54.95 21.48 20.22 1 Frozen~this work! 1.26
SZnFe 32 65.37 55.85 21.48 20.34 1 Frozen~this work! 1.14
SZnNi 32 65.37 58.69 21.44 20.71 1 Frozen~Refs. 13 and 22! 0.73
SZnCo 32 65.37 58.93 21.48 20.74 1 Frozen~Refs. 13 and 22! 0.74
SZnCr 32 65.37 52 21.48 19.81 1 Frozen~Ref. 4! 1.67

SeZnCo 79 65.37 58.93 35.66 33.75 1 Two~Ref. 2!, frozen? 1.91
SeZnFe 79 65.37 55.85 35.66 32.72 1 Two~Ref. 2!, frozen? 2.94
SZnCd 32 65.37 112.4 21.51 24.94 1 One~Refs. 34, 35, and 36! 3.43

TeZnMn 127.6 65.37 54.95 43.23 38.41 1 Two~Ref. 17! 4.82
ZnSeTe 65.37 78.96 127.6 35.76 43.23 1 One~Ref. 37! 7.46
SeCdZn 78.96 112.4 65.37 46.38 35.76 1 One~Ref. 38!, intermediate~Ref. 39! 10.62
CdSeTe 112.4 78.96 127.6 46.38 59.76 1 Two~Ref. 40! 13.38
SeCdMn 79 112.4 54.95 46.38 32.4 1 Two~Ref. 39! 13.98
ZnSeS 65 79 32 35.66 21.44 2 Two~Ref. 41! 14.22

TeZnCd 127.6 65.37 112.4 43.22 59.76 1 Two~Ref. 42! 16.54
SeZnMg 79 65.37 24.3 35.76 18.58 2 Two~Ref. 43! 17.17
TeHgCd 127.6 200.6 112.4 78.0 59.76 1 Two~Ref. 44! 18.24
TeCdMn 127.6 112.4 54.95 59.76 38.4 2 Two~Ref. 32! 21.36
CdSeS 112.4 79 32 46.6 24.9 2 Two~Refs. 45 and 46! 21.5
SnSSe 118.7 32 79 25.2 47.4 2 Two~Ref. 47! 22.2

TeZnMg 127.6 65.37 24.3 43.2 20.4 2 Two~Ref. 48! 22.8
TeMgCd 127.6 24.3 112.4 20.4 59.76 2 Two~Ref. 33! 39.36
e
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Finally, one should note that SeZnCo and SeZnFe app
to represent exceptions to the trend we have identified in
they haveDm'2 and yet their spectra have been interpre
in terms of two-mode behavior.A priori one might simply
argue that these samples should be eliminated from con
eration on the basis that the end members FeSe and CoS
not exist2 and therefore any predictions based on their
05430
ar
at
d

id-
do
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duced masses might be suspect. We would like to point
however, that, given the data in Ref. 2 another interpreta
is, perhaps, possible. For example the impurity induced L2
feature observed in that work occurs at the same freque
as a peak in the one-phonon density of states.31 In addition,
this frequency, as well as the host ZnSe frequencies~labeled
LO1 and TO2) remain approximately constant as the imp
n
TABLE II. Observed mode behavior~column 8! of III-V-based mixed crystals (AB12xCx) compared to the Chang-Mitra mass criterio
~CMMC! of Eq. ~1! ~column 7! and to the effective difference of the end members~column 9!.

AB12xCx mA mB mC mAB mAC

CMMC
@Eq. ~1!# Observed mode Dm5umAB2mACu

PInGa 30.9 114.8 69.7 24.34 21.40 1 One~Ref. 49!, two ~Ref. 50!, modified~Ref. 51! 2.93
PGaAl 30.9 69.7 26.9 21.40 14.38 1 Two~Refs. 52 and 53! 7.02

GaAsSb 69.7 74.9 121.75 36.10 44.32 1 Two~Ref. 54!, mixed ~Ref. 55! 8.22
AsGaIn 74.9 69.7 114.8 36.10 45.32 1 Two~strained! ~Ref. 56!, mixed ~Ref. 57! 9.22
PInAl 30.9 114.8 26.9 24.34 14.38 1 Two~Ref. 58! 9.96

InAsSb 114.8 74.9 121.75 45.32 59.08 1 Mixed~Ref. 57! 13.76
GaPAs 69.7 30.9 74.9 21.40 36.10 2 Two~Ref. 59! 14.69
SbGaIn 121.75 69.7 114.8 44.32 59.08 1 Mixed~Ref. 60! 14.76
AsAlGa 74.9 26.9 69.7 19.79 36.10 2 Two~Refs. 61 and 62! 16.31
InPAs 114.8 30.9 74.9 24.34 45.32 2 Two~Refs. 63, 64, and 65! 20.98

SbAlGa 121.75 26.9 69.7 22.03 44.32 2 Two~Ref. 66! 22.29
GaPSb 69.7 30.9 121.75 21.40 44.32 2 Two~Ref. 67! 22.91
AsAlIn 74.9 26.9 114.8 19.79 45.32 2 Two~Ref. 68! 25.53
InPSb 114.8 30.9 121.75 24.34 59.08 2 Two~Ref. 67! 34.74
3-6
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rity concentration is increased. Thus it appears possibl
consider these compounds as ‘‘border line’’ frozen-mode s
tems. This assignment would be consistent with the redu
mass difference limits we have proposed for such behav

In summary, ZnS-based mixed crystals are favorable
terials for the frozen-mode behavior to occur since:~i! the
frequencies of the TO and LO modes are relatively la
~strong bonds!, ~ii ! there is a large LO-TO splitting evidenc
ing large polarity,~iii ! the dispersion curves are flat near t
high-symmetry pointsG, X, W, andL of the Brillouin zone
which produces sharp and well defined peaks in the den
of states,~iv! the second-order scattering of phonons w
frequency between the TO and LO modes is negligible,
~v! the low mass of the sulphur atom is usually the domin
factor when the effective masses of the end members
computed. Moreover, in accordance with the effective m
criterion mentioned above and with the reported experim
tal data in Zn12xCrxS, Zn12xNixS, and Zn12xCoxS we be-
lieve that the frozen-mode behavior should describe the
tice dynamics of such mixed crystals in a wider range
transition-metal concentrations than those currently repor

C. Samples withDµœ2

If we now direct our attention to those compounds
Table 1 that haveDm.2 we note that for those with 2
,Dm&7 we find that in general one-mode behavior is o
served. We would thus like to suggest this might lead to
adoption of such a criterion; namely that if 2,Dm&7 we
should expect one-mode behavior. The only exception to
proposal is TeZnMn (Dm54.82) which experimentally ha
been found17 to exhibit two-mode behavior. This result is i
defiance of both the Mitra criterion@Eq. ~1!# and the reduced
mass criterion proposed here. If we now move to the low
members in Table 1 (Dm*7) it appears that two-mode be
havior is universally observed. We would thus again sugg
that this observation be adopted as an empirical criter
namely we should expect two-mode behavior in those co
pounds for which the reduced mass difference of the
membersDm.7. Note that this results in much better agre
ment with experiment than does the Mitra mass criterion

VI. B MODES

Finally, we would like to discuss the mode at 323 cm21

which was evident in the Zn12xMnxS samples forx>0.10
~Fig. 2!. The frequency of this mode remains constant and
intensity increases as the manganese concentration is
creased. A similar mode was reported by Zigoneet al.4 at
328 cm21 whose theoretical model was able to reprodu
phonons at frequencies similar to those of theY modes~Fig.
3!, but could not account for the 328-cm21 mode which re-
mained unexplained. It is noticed that the 323-cm21 mode
lies within the gap of the phonon frequency distribution~Fig.
4!, and that its behavior is similar to that of the so-calledB
mode reported for mixed crystals such as Zn12xMnxTe,18

Cd12xMnxTe,32 Zn12xCoxSe, and Zn12xFexSe ~Ref. 20! in
the sense that its intensity increases, while its frequency
mains constant with increasing Mn content. The frequenc
05430
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the B mode does, however, have a magnitude that stron
depends on the type of chalcogen atom involved in the c
tal composition. In Ref. 36 it is mentioned that a simil
mode was reported before at 118.8 cm21 in Cd12xMgxTe,
however, in an earlier paper Nakashimaet al.33 pointed out
that the temperature dependence of the 118.8-cm21 mode
indicated that it was a second-order Raman band. In our c
the low-temperature Raman measurements showed tha
mode at 323 cm21 is not a second-order mode.

B modes have been interpreted as breathing modes o
nearest-neighbor chalcogen atoms around an impurity a
which remains immobile. The intensity of such a mode m
then be proportional to the impurity concentration, whi
indeed is observed experimentally. In addition, it is expec
that the frequency of the mode would be independent of
mass of the impurity and determined basically by the int
actions with its surrounding atoms. The strength of tho
interactions must be strongly dependent on the polariza
field surrounding the chalcogen-impurity pair. A quantity th
reflects the intensity of such a field is the LO-TO splitting
the II-VI host. In addition, since forB modes it is speculated
that the chalcogen atoms move around the impurities i
breathinglike pattern, the squared frequency of these mo
(vB

2) should scale, if one assumes a harmonic-oscillator-t
motion, as 1/mCh wheremCh is the chalcogen atom mass. I
Fig. 5 we have taken into account these two factors a
plotted vB

2 vs the magnitude of the LO-TO splitting of th
II-VI host divided bymCh. The linear relationship obtaine
shows that, for the currently available data,B modes are
indeed consistent with a picture of moving chalcogen ato
in the polarization field of the II-VI host crystal.

VII. CONCLUSIONS

We have carried out a Raman-scattering study
Zn12xFexS, with x50.02, 0.05, and on Zn12yMnyS with y

FIG. 5. Squared frequency of the reportedB modes
(Zn12xMnxTe, Cd12xMnxTe, Zn12xFexSe, and Zn12xCoxSe) and
of the B mode determined in this work (Zn12xMnxS) as a function
of the LO-TO splitting of the II-VI host divided by the atomic mas
of the chalcogen atom.
3-7
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S. JIMÉNEZ-SANDOVAL, A. LÓPEZ-RIVERA, AND J. C. IRWIN PHYSICAL REVIEW B68, 054303 ~2003!
50.01, 0.02, 0.03, 0.10, 0.20, 0.35, and 0.50. It was obse
that the inclusion of Fe and Mn atoms within the ZnS latt
caused the appearance of four additional modes betwee
LO and TO modes of ZnS in the Raman spectra of the
nary alloys. The spectrum of additional lines does not co
spond to the more conventional behavior3 observed in other
mixed crystals where the one-, two-, or mixed-mode beh
ior is generally encountered. The impurity-induced mode
300, 312, and 332 cm21 were identified with the similar
modes observed and studied by Zigoneet al.4 and classified
as resonance modes. However, based upon the existen
appropriate peaks in the density of states of ZnS, the narr
ness of the impurity-induced lines, and the fact that th
frequency is independent of impurity mass we suggest
band modes might be a more appropriate assignment
additional mode at 323 cm21 was observed to follow a be
havior similar to the so-calledB modes~a breathing mode
associated with the vibrations of the nearest-neighbor c
cogen atoms around the immobile impurity atoms!.

A remarkable characteristic of the six first-order pea
observed in our Raman spectra in the intervalvTO<v
<vLO , namely the LO, TO, and the four additional line
was the fact that their frequency did not vary significan
with changes in the impurity concentration. This froze
mode behavior appears to occur in ternary mixed compou
which have a relatively small difference between the redu
masses of the end members. More specifically, from
analysis of the current data in mixed crystals it is sugges
that frozen-mode behavior should occur in those compou
for which the absolute value of the reduced mass differe
of the end members~Dm! is less than approximately 2.0 am
This empirical criterion suggests that frozen-mode beha
should also occur in compounds such as Zn12xCoxS,
Zn12xNixS, and Zn12xCrxS, and indeed additional mode
lying between the TO and LO lines have been observed4 in
these cases. It is surprising that the frozen-mode mode
havior persists to such high (y'0.5) impurity concentrations
and this raises some obvious questions. To answer som
these questions it would now be interesting to carry out si
lar investigations on a series of samples that are doped f
both theAB end and theAC end. This would enable one t
investigate a ‘‘crossover’’ regime and gain additional insig
into the origin of such frozen-mode behavior. A review of t
existing data suggests that the reduced mass difference
rion might also be appropriate for the prediction of sing
mode (2&Dm&7 amu) and two-mode (Dm*7 amu) behav-
ior. We may conclude, from the above-mention
observations, that when the reduced mass difference of
end members is small (Dm&2), the ternary crystals respon
driven mainly by disorder effects caused by the random
corporation of the dopant species, that is, additional pho

*Electronic mail: sjimenez@qro.cinvestav.mx
1For a review, see K. Furdyna and J. Kossut,Semiconductors and

Semimetals, edited by R. K. Willardson and A. C. Beer~Aca-
demic, San Diego, 1988!, Vol. 25.

2C. L. Mak, R. Sooryakumar, B. T. Jonker, and G. A. Prinz, Ph
Rev. B45, 3344~1992!.
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modes are observed which relate to peaks in the one-pho
density of states and the frequencies of the TO and
modes remain constant~frozen-mode behavior!. If the re-
duced mass difference increases within certain limits
&Dm&7 amu), the corresponding modes of theAB andAC
sublattices are able to couple and yield only a pair of LO-T
modes~one-mode behavior!. Finally, if the reduced mass dif
ference increases further (Dm*7 amu), the phonons of the
AB and AC sublattices decouple and two pairs of LO-T
modes are observed. It thus appears that the value of
reduced mass difference might serve as a simple, powe
criterion for the characterization of the optical modes in t
nary mixed compounds. From the physical point of view, t
Dm criterion considers the crystal as formed by two sets
two-mass oscillators~one set formed with massesA and B
and the other with massesA and C!, and compares thei
reduced masses to elucidate the dynamic response o
mixed system.

A final remark related to the frozen-mode behavior a
the criterion proposed by Chang and Mitra: according to E
~1!, mixed crystals such as ZnxFe12xS and ZnxMn12xS
should present one-mode behavior; however, a frozen-m
behavior is observed. This does not represent necessar
complete failure of Chang and Mitra’s model, since t
frozen-mode behavior could be considered as a special
of the one-mode behavior in the sense that only a pair
TO-LO modes are present with the particularity that the f
quencies of these phonon modes remain constant. That i
a ~frequency of TO an LO modes! vs ~x, impurity percent-
age! graph, the lines describing the variation of the mod
frequency would be nearly horizontal, within experimen
error, as the behavior of the LO mode in Fig. 3. In this wa
the criterion given for the frozen-mode behaviorDm&2
could be thought as complementary to Eq.~1!. It has been
shown, however, that the consideration of the reduced m
differences does not find application only for frozen mod
for exists a direct relationship between the magnitude ofDm
and the one- and two-mode behaviors. The reason why
border line values forDm, ;2 and ;7, obtained from the
experimental data, are so is not clear at this point. Additio
theoretical work is required to determine more precisely
border values in terms of physical parameters of the pa
binary compounds.
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