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A Raman scattering study of the mixed crystals, ZiFgS and Zn_,Mn,S has been carried out for
different Fe (6=x=<0.05) and Mn (B<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 ter 8 concentration.
However, as Mn(or Fe is substituted for Zn, four additional first-order modes with frequenei€E0)< w
< w(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 ¢m, is observed in samples wi0.10, 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 faits 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 Wwiik=Z and
two-mode behavior in samples withu=7.
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[. INTRODUCTION ing criteria. In this paper we will present results obtained on
two such systems.

The addition of impurities to diatomic polar crystals can, We have carried out an investigation of the effects of Mn
ideally, enable one to modify the structural, vibrational, andand Fe substitution on the vibrational properties of ZnS. The
optical properties of the host crystal in a controlled mannercrystalline lattice dynamics of zinc sulphid&nS) have been
This is important if one wishes to fully realize the technical studied in the past from both the experimefitland
potential of compounds such as 1l-VI semiconductors. Theheoretical points of view and thus we can consider the vi-
inclusion of dopants can also lead to new effects that are dfrational spectrum of pure ZnS to be relatively well known.
fundamental interest. For example, the optical and vibraThe vibrational spectrum of the mixed compound has also
tional properties of dilute-magnetic semiconductors that ardeen investigated previously using Raman scattering spec-
obtained by doping 1I-VI semiconductors with Mn or Fe, troscopy and previous work includes detailed studidd of
have been widely studielf In a more general context the the first- and second-order Raman spectra of ZnS, which thus
lattice dynamics of ternary mixed crystals have revealed simplifies the detection of modifications induced by the im-
variety of interesting phenomena These include the oc- purity atoms. Raman scattering studies of the effects of add-
currence of so-called one-mode or two-mode behavior, aig relatively small concentrations of magnetic atoms to ZnS
well as intermediate mixed-mode systems. Another type ohave been carried out by a few grodds. They found that
behavior is also observed, in which several new resonance olew modes, all with frequencies in the rang¢TO)<w
band modes occur in the Raman spectra of the mixed com<w(LO) appeared in their spectra when a small amount
pounds. Considerable effort has been expeﬁﬂm deter- (=~1%) of a magnetic impurity such as Fe, Mn, Co, or Cr,
mine criteria that would enable one to predictriori the  was added to ZnS. Zigoret al? found that the frequencies
type of behavior one might expect in a given system. Most obf the new modes were approximately the same for each of
these are based on the various masses of the constituentstbé five different impurities they studied. They also found
the mixed compound and/or the polarity of the end memberghat the frequency variation of the new modes with pressure
Although considerable progress has been made, several sysas similar to that of the L@") mode, and smaller than that
tems exhibit behaviors that represent exceptions to the exisof the TQI') mode. On the basis of these results the new
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modes were assigned to resonance mddeshis paper we enhanced near the defect, but the modes may propagate
will extend these earlier studies by examining the effectdhrough the lattice and should give rise to relatively broad
associated with much larger impurity concentrations. peaks in the spectrum.

Raman spectra have been obtained from the semimagnetic Finally there is another possibility. The addition of impu-
alloys Zn_yMn,S, with y=0.01, 0.02, 0.03, 0.10, 0.20, rities, particularly in large concentrations, can be viewed as
0.35, and 0.50, and Zn,Fe S, withx=0.02 and 0.05. It is creating disorder in the host crystal. In this case, crystal mo-
shown, that, in contrast to most other mixed crystals, thenentum is no longer conserved, awd0 phonons can
frequency of the Raman active modes of the ZnS host reappeat>'*1%in the Raman spectra. These types of impurity-
mained basically unaltergdfrozen modes” even for large  induced modes have been designated as band modes. Such
impurity concentrations. Moreover, the frequencies of fourmodes appear as new peaks in the spectra whose energy can
additional features that are observed in the spectra dbe closely correlated with peaks in the density of states of the
Zn, _,FeS and Zn_,Mn,S, are also independent of impu- host crystal. This mechanism appears to be favored in those
rity concentration. However, the intensity of the new modessituations in which the bond strengths of the host crystal are
increases as the dopant concentration increases. It shodlmrge. Our results also suggest that consideration of the re-
also be noted that the frequencies of three of the impurityduced mass difference between the end pairs; that 4s,
induced modes can be closely correlated with peaks in the- uag, leads to an overriding condition and we propose that
density of states of ZnS. The observation of a frozen-modéozen-mode behavior should be observed in all samples for
behavior is not consistent with the more usual one-, two-, owhich
mixed-mode behavidithat is observed in many mixed crys-

tals. The observations presented in this paper have led us to Ap=|ppg— pacl=2. (2
propose an empirical mass criterion, as described below, that

may be used to predict the occurrence of frozen-mode be- IIl. EXPERIMENTAL DETAILS

havior.

The Zn_,FeS and Zp_,Mn,S crystals used in our ex-
periments were grown by the vapor transport technique em-
Il. RAMAN SPECTRA OF MIXED CRYSTALS ploying the corresponding binary compounds in each case

The study of mixed crystals has led to the observation2nd Using iodine as the transport agent. In the case of

and definition, of predictable patterns of behavior that areznlfoP«S it was not possible to grow gpod-qualli(t]ércrystals
pertinent to systems such &8, ,C,. If one observes the for x>0.05. This is consistent with previous workers/ho

so-called one-mode behavior, the LO and TO modeABf found that the range of for which Fe can be introduced into

change continuously into the LO and TO modesAGE with ZnS is considerably less than in the case of Mn, when using

the modes having approximately the same intensity through?POr transport techniques. . I
out the complete range. The samples were characterized using x-ray diffraction

On the other hand. if two-mode behavior is observed. thénd the resulting patterns revealed that the samples had the

modes of both the end produdB andAC) appear together cubic zinc-blende structure. For this structure the symmetry
throughout much of the mixed range. In this case the intenf lattice vibrations can be used to classify them according to

sity of the modes are roughly proportional to the concentratn€ irreducible representations of tfig point group: The
tion of their parent compound. Chang and Mitsumma- Phonons are then designatexsA; (orT';), E (orI'yy), or F

rized these observations with the relations (or I'yg). _
Room-temperature Raman-scattering measurements were

carried out in a Labram Dilor spectrometer where a He-Ne

Mg<mac if Mg<Mc[or Mc<ppgif Mg>Mc]. laser beam was utilized to excite the sample through the 50
() X objective of a confocal microscope. This allowed us to

focus the laser beam to a spot of approximately two microns

Here uac and uag are the reduced masses of the com-in diameter and thus verify the crystal homogeneity by ob-
poundsAC andAB, respectively. Chang and Mitra found that taining spectra from different positions on the sample. The
if Eq (1) was Obeyed two-mode behavior was observed; othsgattered I|ght was collected and analyzed W|th a thermoelec-
erwise one-mode behavior was assumed to prevail. trically cooled charge-coupled devi¢€CD) interfaced to a

The above criteria are obviously not adequate to addresgomputer.
the situations, such as those represented by avin,S,
when several new modes appear in the spectrum and thus IV. RESULTS
neither single-mode or two-mode behavior, or even a combi-
nation of the two(mixed-mode behavigr occurs. It appears
that the observation of several impurity-induced modes can Figure 1 shows the room-temperature Raman spectra of
be attributed to one of two other distinct scenafiosfor ~ Zn;_,FeS with iron concentrations=0, x=0.02, andx
example, one can have local modes associated with the im=0.05. In the spectra obtained from the Fe-doped samples
purity atom that are in resonance with modes of the hosthree prominent peaks appear in the spectral region between
crystal and these give rise to what are called resonancée TO (276 cm 1) and LO (350 cmi'Y) phonons. The three
modes in the spectra. The amplitudes of resonance modes diiees appear at 300Y(;), 312 (Y,), and 332 cm® (Y3) in

A. Zn,_,FesS
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FIG. 1. Room-temperature Raman spectra of pure ZnS and of 150 200 vz\lf)a()venu?r?ger (C?nf’.q) 400 450
Zn,Fe, _,S. The spectra have been displaced vertically for clarity.

The doping-induced features are indicatedvas Y,, andYj. FIG. 2. Room-temperature Raman spectra ofNm, _,S for the

indicated Mn concentrations. The doping-induced features are indi-
both samples, in good agreement with previous measuréated asyy, Y, Y3, andB. The spectra have been displaced ver-
ments on samples with small Fe concentratibhisThe  tically for clarity.
bands appearing below 250 chcorrespond to second-order
modes not relevant for the present discussion. Polarized mefits to the infrared reflectivity must be considered tentative
surementgnot shown indicated thaty, exhibitedI'y+T';5  given the relatively poor quality of the spectra. We will thus
symmetry, while the appearancef andY; was consistent  assume thaiv, o~148 cm * and that 8& wyo<128 cm *.
with I';5 symmetry. These symmetry assignments are also igjven these frequencies it is clear that the Resthrahlen re-
accord with previous determinatiohs® It is important to  gions of znS and FeS are well separated and one might ex-
note that:(i) the frequency of the TO and LO modes of ZnS pect two-mode behavior. As Chang and Mitreve shown,

remain constant, independent of the Fe concentratidii) ~ however, the criterion given by E¢L) is much stronger and
the relative intensities of the extra modes increases with IN3ccording to this criterion Zn Fe,S should exhibit one-
creasing Fe concentration, andiji) the frequency of the

o S . . mode behavior. Obviously this is not the case either, since
three additional, doping-induced modes remain constant, Nt ere are too many extra modes in the spectra and because

dependent of the iron concentration. : . :
. the LO and TO frequencies are independent of doping.
Thus for the 2§ F6S cases discussed hene<(0.02 As to the latter point, one might argue that five atomic

and 0.03, we can conclude that the observed behavior does . .
not conform to the one-, two-, or mixed-mode behavior nor-PEcent of iron might not be enough to cause measurable

mally observed in other 1l-VI-based mixed crystals. It is in- changes to the ZnS vibrational modes. However, in the case

teresting to consider this result in the context of the proper®f @nother zinc chalcogenide, ZnMn,Te, a shift of 3-cm_1

ties of the two end products. Unfortunately very little datais measured for the LO frequencies when 0.05, which is

are avai|ab|e on the Optica' properties of FeS. To get an aﬁ:ertainly Observable. In Spite Of thiS, hOWeVer, these Obsel’-
proximate estimate of the relevant quantities we carried ouyations raise the question as to whether crystals with higher
infrared reflectivity measurements on a pressed pellet of Fe®npurity concentrations might present evidence of a more
powder. Although the spectrum was not of high quality theusual type of behavior—for example, that observed in mixed
measurements revealed a weak Restrahlen band and fits ¢rystals based on zinc telluridéor selenideg.In an attempt

the spectra yieldedro~128 andw o~148 cni'l. Raman to address this question Raman-scattering experiments have
spectra obtained from the same powder had strong peaks la¢en carried out in Zn ,Mn,S crystals withy values in the

53, 88, 148, 156, 214, 220, 467, and 473 ¢nThere is no  0.01-0.50 range. Mn was chosen for these experimgnts
evidence of a mode at 128 crhin the region of the Raman because it is easily incorporated into the ZnS host @nd
spectrum between 88 and 148 cmHowever, one should because Mn and Fe are neighbors in the periodic table and
note that the TO mode of ZnS is also absent, or very weak, itherefore have similar atomic masses. The results of such
many of the spectra shown in Figs. 1 and 2. In addition, theexperiments are presented and discussed below.
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' ' ' ' ‘ ' of the LO mode remains constant for manganese concentra-
350 E—E—E—E< 1 tions of up to 35% and softens only two wave numbers when
1 half of the zinc atoms have been substituted for manganese
Zn1_ Mn S L L. . .

340, vy | atoms. This is an indication that, as in the case of
v Zn, _,FeS, the effect of impurities on the Raman spectra of
— ZnS is accommodated by the host through the appearance of

330 T the additional mode¥, Y,, Y3, and of yet another mode at

B 323 cm'!, which appears fork=0.10 (Fig. 2.

3204 — _ These results are thus similar to those found in ZnFeS in
that the new, doping-induced modes have frequencies within
- the range defined by the TO and LO modes of ZnS, and that
3101 \ . 1 their frequencies are essentially independent of dopant con-

Frequency (cm™)

centration. It is also clear that neither one-, two-, or mixed-
300 i mode behavior can be used to describe the results. Instead
o Y, - f[here is a different behavior, one in yvhich the impurity-
_— . induced modes appear to be “frozen,” in the sense that the
00 01 02 03 04 05 vibrational frequencies of the Raman active modes do not
y exhibit significant variations as a function of doping. There
o _are, however, variations in the relative intensities and line-
o FIG. 3. Frfe%uen:}l/ Va“;‘t'on °f| the Ra:cnan _mOd?SMObserved Nvidths of the observed peak®ig. 2. Clearly, the peaks
the spectra of the ZMn, -, S samples as a function of Mn compo- o me proader with increasing Mn concentration, presum-
sition. . . .
ably as a consequence of the disorder introduced by the in-
d(_:orporation of Mn atoms into the ZnS lattice.

290

It should be mentioned that attempts to correlate the a

ditional features in the Raman spectra of, Zg-e S with the Othe.r authors have also obggrved additional Raman
Raman modes of FeS and keere not successful. The modes in the spectra of ZnS containing low concentrations of

characteristic modes of Fe®ef. 18 at 472 cm* and of transition-felement substitutional impuritié%?’zz‘z“Zigone
FeS-marcasit®’ at 386 and 323 cnt were not observed. In et al” carried OL_Jt a deta|le_(_1 analysis of the Raman spectra of
the case of FeSpyrite Ushiod&° reported phonons at 351, £nS where various transition-eleme(@r, Mn, Fe, Co, and
386, and 443 cmt while in the Raman spectrum of pyrite Ni) impurities were present at concentrations of the order of
films, de las Heragt al?* measured phonons at 341, 377, 1%. They observed additional features at frequencies similar
and 427 cm®. Moreover, we carried out micro-Raman ex- {0 those found here. Based upon the results of Raman-
periments in FeS and Feowders. For FeS we obtained Scattering experiments under pressure and numerical calcu-
strong peaks at 53, 88, 148, 156, 214, 220, 467, and 47%tions employing a Green’s-function model which consid-
cm L. In the case of FeSthe Raman modes were observed€red impurity-host bonding and phonons in a rigid-ion
at 343, 379, and 429 cm, in agreement with the reported Model, they concluded that the observed features could be
data of de las Herast al?! None of these features correlate @Scribed to resonant modes, as opposed to band modes. Such
with the modes observed in our samples of ZiFe,S. resonant modes are expected to have a large amplitude in the
vicinity of the defect but, in contrast to local modes, may
propagate through the crystal, and should have relatively
broad linewidths. Band modes are activated by disorder
Raman-scattering experiments were carried out onhrough wave vector nonconservation and may produce spec-
Zm_yMn,S crystals withy=0.01, 0.02, 0.03, 0.10, 0.20, tra related to the single phonon density of states. In this case
0.35, and 0.50. The room-temperature Raman spectra of fiiie identification of the modes by Zigoee al* was a subtle
Zm _yMn,S samples are shown in Fig. 2. The spectra showipoint since the spectra of ZnS, with impurities present, show
were obtained by using a He-Ne laser for which the intensitya remarkable similarity with the features of the one-phonon
of the TO mode is very weak and difficult to observe. Thedensity of state§,as illustrated in Fig. 4. Given that the
low intensity of the LO mode in theg=0.10 sample was impurity-induced modes are also quite narrow, as are the
probably due to a scattering geometry effect, where we coulgharp features in the density of states, one might argue that
have been measuring on a crystalline plane from which obY,, Y,, andY3 correspond to band modes. Such a designa-
servation of the LO mode is forbidden such as thel 0)  tion would also appear to be consistent with the observation
surface. Although the Zn Mn,S crystals were unoriented, that the frequencies of these modes are independent of the
it was possible to observe partial polarization effects andmpurity mass, although this would be a small effect in the
resolve the broad features in the spectra by performing popresent case. It is interesting to note that spectra obtained on
larized experiments. The frequencies of the different lines ira similar alloy such as zn,Mn,Te (Ref. 18 do not appear
the spectra are summarized in Fig. 3. From these one map show a related behavior. The Raman spectra of
observe that the frequency variations are surprisingly smalfn, _,Fe,Se? however, do contain features whose frequen-
considering the changes in sample composition. Another ineies correspond well to the frequencies at which peaks occur
teresting observation in Fig. 3 is the fact that the frequencyn the corresponding density of states.

B. Zn;_yMn,S
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Ly sistatic dependence of the phonon frequencies such as we
have observed in Zn,M,S (M =Fe, Mn).

B. Consideration of reduced mass difference of end
members(Apu=<2)

Table | shows the differencau, Eq. (2), for various II-
VI-based mixed crystals and Table Il for some lll-V-based
alloys. For the compounds studied here one should note that
for Zn,_,Fe S the effective masses of the end members are
remarkably similar fz,s=21.51 amu, pres=20.37 amu)
having a difference of 1.14 amu. In the case of ZiMn,S
this difference is 1.27 amu. In fact, if one carries out the
same exercise for other mixed crystals, such as those based

0 UV g gyt

10 295 on II-VI, llI-V, and I-VIl compounds, it is found that a trend
exists in the sense that mixed crystal8,_,C, whose ef-
ZnS fective mass differencA u=|uac— uag is relatively small
F;?Og?:tegensi'y exhibit one-mode behavior, while those with largex val-

ues exhibit two-mode behavior. This observation highlights
the relevance of the physical quantityu, which may be
considered an important parameter for the vibrating ternary
system. The usefulness of comparing the effective masses of

. : ! " the end members in mixed crystals has been already pointed
366 333 300 266 out by Elliot et al*° who proposed a criterion based on the
Y(cm™) coherent potential approximation for crystals of the type

AB; ,C. For two-m havior th in h ndi-
FIG. 4. Comparison between the Raman spectrum of the’fiénl xC. For two-mode behavior they obtained the cond

Zng o€ 055 sample and the ZnS one phonon density of states.

w| _€(0)—e(=)
V. DISCUSSION 1= > o) ()
' w'| e(0)+e(=)
A. Agreement with existing models where the primed variable indicates the effective mass value

The Raman spectra of the zinc chalcogenides and of sonfd the minor binary component. However, if one applies re-

gallium-based semiconductors have been studied by kun@tion (3 to the cases of zn,M,S (M=Fe, Mn), it is

and Bilz?® Their analysis was based on the overlap shellfoqnd that_ the system should present one-modg behavior. It
model which is characterized by a positive shell chargés |ntere~$t|n,g to potg that the d!fﬁcglty of applying EQ)
simulating the polarization of overlap charges. It is indicated."€N 4= 4", which is the situation in Zp.,M,S (M=Fe,
in that work that, in general, the lighter or more polarizable
ions show stronger scattering than heavier or less polarizab

ions, and that the influence of the ion mass ratio dominate

over the influencg of ionic polarizabilitigs. This is consistentquencies similar to those reported in this work. In these three
with the conclusions of Chang and M'ﬁ?""’ho found that  c5ses the values dfu are 0.77, 0.75, and 1.68 amu. In Ref.
their mass criterioiEq. (1)] was the dominant factor in re- 24 it is noted that no additional modes appeared in the Ra-
sqlvmg qgestlonable cases. On the other hand-, if one appligfian spectra of Zg;TipoS (Aw=2.31amu) within the
this criterion[Eq. (1)] to Zn, _,M,S (M=Fe, Mn it predicts  TO-LO range. Assuming that the absence of the additional
that one-mode behavior should be observed in both casefnes between the TO and LO modes for a particular crystal
which is in obvious disagreement with the experimental recomposition is an indication that the frozen-mode behavior
sults. It is also interesting to note that for the zinc-blendewill be absent for a wide range of concentrations, then, from
form of MnS the optical phonons are foufid’ at wro  the values in Tables | and Il and from the current available
=286cm ! and w o=343cm! and the band gap iEq data, one may tentatively assume thatii<f, where f
~3.6 eV. These parameters are similar to those of ZnS anet2.0 amu, frozen-mode behavior should be observed. This
on this basis one would also expetd observe one-mode condition is satisfied if the mass of atddis close enough to
behavior in ZnMnS. Recall that for ZnFeS the Restrahlerthat of atomC. Therefore, from the lattice mechanics point
bands of the end members are well separated and on thig view, the frequencies of the vibrational modes should not
basis two-mode behavior is expected. However, both mixedtary significantly between those of a p&C vibrating with
compounds exhibit a similar behavior that differs from botheffective massu,c and those of a paiAB vibrating with

of these more commonly accepted scenafids .t thus ap-  effective massuag, provided that there is not an abrupt
pears that none of the current criteria developed to prediathange in the chemical boritbrce constantwhen atomsC

the phonon behavior in mixed crystals even consider a quasubstitute for atoms.

Mn). We would argue that the empirical criterion proposed in
|Eq. (2) should be considered to be dominant over &).

€ The Raman spectra of Zn,Ni. S, Zn,_,CoS, % and
n;_4CrS (Ref. 4 also present additional modes with fre-
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TABLE |. Observed mode behavigcolumn 8 of II-VI-based mixed crystalsAB,; ,C,) compared to the Chang-Mitra mass criterion
(CMMC) of Eq. (1) (column 7 and to the effective mass difference of the end membtmimn 9.

CMMC
AB;_Cy Ma Mg Mc HaB Hac [Eq. (1)] Observed mode Ap=|pas— pacl
SZnMn 32 65.37 54.95 21.48 20.22 1 FrozZéms work) 1.26
SZnFe 32 65.37 55.85 21.48 20.34 1 Froz#ms work) 1.14
SZnNi 32 65.37 58.69 21.44 20.71 1 Frozétefs. 13 and 22 0.73
SZnCo 32 65.37 58.93 21.48 20.74 1 FrozBefs. 13 and 22 0.74
SZnCr 32 65.37 52 21.48 19.81 1 Froz@ef. 4 1.67
SezZnCo 79 65.37 58.93 35.66 33.75 1 T(Ref. 2, frozen? 1.91
SeZnFe 79 65.37 55.85 35.66 32.72 1 TiRef. 2, frozen? 2.94
SznCd 32 65.37 112.4 21.51 24.94 1 Qirefs. 34, 35, and 36 3.43
TeZnMn 127.6 65.37 54.95 43.23 38.41 1 TyRef. 17 4.82
ZnSeTe 65.37 7896 127.6 35.76  43.23 1 ORef. 37 7.46
SeCdzn 78.96 1124 6537 46.38 35.76 1 ORef. 38, intermediatg Ref. 39 10.62
CdSeTe 1124 78.96 1276 46.38 59.76 1 Twef. 40 13.38
SeCdMn 79 112.4 54.95 46.38 324 1 TRef. 39 13.98
ZnSeS 65 79 32 35.66 21.44 2 TwRef. 41 14.22
TezZnCd 127.6 65.37 112.4 43.22 59.76 1 TiRef. 42 16.54
SeZnMg 79 65.37 24.3 35.76 18.58 2 TRef. 43 17.17
TeHgCd 127.6 200.6 112.4 78.0 59.76 1 TyRef. 49 18.24
TeCdMn 127.6 1124 5495 59.76 38.4 2 Tyref. 32 21.36
CdseS 112.4 79 32 46.6 24.9 2 TWRefs. 45 and 46 21.5
SnSSe 118.7 32 79 25.2 47.4 2 TéRef. 47 22.2
TeZnMg 127.6 65.37 24.3 43.2 20.4 2 TwRef. 48 22.8
TeMgCd 127.6 24.3 112.4 20.4 59.76 2 TRef. 33 39.36

Finally, one should note that SeZnCo and SeZnFe appealuced masses might be suspect. We would like to point out,
to represent exceptions to the trend we have identified in thdtowever, that, given the data in Ref. 2 another interpretation
they haveA u~2 and yet their spectra have been interpreteds, perhaps, possible. For example the impurity induced LO
in terms of two-mode behavioA priori one might simply  feature observed in that work occurs at the same frequency
argue that these samples should be eliminated from consias a peak in the one-phonon density of statds. addition,
eration on the basis that the end members FeSe and CoSe tthis frequency, as well as the host ZnSe frequen@a=eled
not exist and therefore any predictions based on their re10; and TGQ) remain approximately constant as the impu-

TABLE Il. Observed mode behavidgcolumn 8 of IlI-V-based mixed crystalsAB;_,C,) compared to the Chang-Mitra mass criterion
(CMMC) of Eq. (1) (column 7 and to the effective difference of the end memb@dumn 9.

CMMC
AB;xCy Ma Mg Mc tag  Mac  [EQ. (D] Observed mode Ap=|pag— tacl
PInGa 30.9 1148 69.7 24.34 21.40 1 aref. 49, two (Ref. 50, modified (Ref. 51 2.93
PGaAl 30.9 69.7 26.9 2140 14.38 1 Twiefs. 52 and 58 7.02
GaAsSb 69.7 74.9 121.75 36.10 44.32 1 TURef. 59, mixed (Ref. 55 8.22
AsGaln 74.9 69.7 1148 36.10 45.32 1 Téstrained (Ref. 56, mixed (Ref. 579 9.22
PInAl 309 1148 26.9 2434 14.38 1 TwRef. 58 9.96
INAsSb 114.8 749 121.75 45.32 59.08 1 Mix@kef. 57 13.76
GaPAs 69.7 30.9 749 21.40 36.10 2 T(Ref. 59 14.69
SbGaln  121.75 69.7 114.8 44.32 59.08 1 Mixee:f. 60 14.76
AsAlGa 74.9 26.9 69.7 19.79 36.10 2 TwRBefs. 61 and 62 16.31
InPAs 114.8 30.9 74.9 2434 45.32 2 TWRefs. 63, 64, and 65 20.98
SbAIGa 121.75 26.9 69.7 22.03 44.32 2 TyRref. 66 22.29
GaPSb 69.7 30.9 121.75 21.40 44.32 2 TiRef. 67 22.91
AsAlIn 74.9 26.9 114.8 19.79 45.32 2 TwRef. 68 25.53
InPSb 114.8 30.9 121.75 24.34 59.08 2 TiRef. 67 34.74
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rity concentration is increased. Thus it appears possible tc¢  1.2x10° —T— T T
consider these compounds as “border line” frozen-mode sys-
tems. This assignment would be consistent with the reducec
mass difference limits we have proposed for such behavior.
In summary, ZnS-based mixed crystals are favorable ma-
terials for the frozen-mode behavior to occur sinGg:the 8.0x10"
frequencies of the TO and LO modes are relatively large s~
(strong bond (i) there is a large LO-TO splitting evidenc- '€
ing large polarity,iii ) the dispersion curves are flat near the NS 6.0x10°
high-symmetry pointd”, X, W, andL of the Brillouin zone il
which produces sharp and well defined peaks in the density
of states,(iv) the second-order scattering of phonons with
frequency between the TO and LO modes is negligible, and
(v) the low mass of the sulphur atom is usually the dominant 2.0x10*
factor when the effective masses of the end members art
computed. Moreover, in accordance with the effective mass 0.0 . . . . .
criterion mentioned above and with the reported experimen- ' 0.0 0.5 10 15 20 25
tal data in Zn_,Cr,S, Zn,_4Ni,S, and Zp_,Ca,S we be- (LO-TO)/mCh(cm'1/amu)
lieve that the frozen-mode behavior should describe the lat-
tice dynamics of such mixed crystals in a wider range of FIG. 5. Squared frequency of the reporteB modes
transition-metal concentrations than those currently reportedZn,_yMn,Te, Cd_,Mn,Te, Zn,_,FgSe, and Zp_,Co,Se) and
of the B mode determined in this work (4n,Mn,S) as a function
of the LO-TO splitting of the 11-VI host divided by the atomic mass
of the chalcogen atom.

1.0x10°

4.0x10*

C. Samples withAp=2
If we now direct our attention to those compounds in he B mode d h h itude th |
Table 1 that haveAu>2 we note that for those with 2 the B mode does, however, have a magnitude that strongly

. . S depends on the type of chalcogen atom involved in the crys-
<Au=7 we find that n general one-mo_de b_eha"'or IS 0D~ composition. In Ref. 36 it is mentioned that a similar
serveq. We would thus I|I§e to suggest thls.mlght lead to the,nge was reported before at 118.8 ¢nin Cd, ,Mg,Te,
adoption of such a criterion; namely that iKAu=7 we  however, in an earlier paper Nakashiretal 3 pointed out
should expect one-mode behavior. The only exception to thighat the temperature dependence of the 118.8tcmode
proposal is TeZnMn 4 .= 4.82) which experimentally has indicated that it was a second-order Raman band. In our case,
been found’ to exhibit two-mode behavior. This result is in the low-temperature Raman measurements showed that the
defiance of both the Mitra criterigiEqg. (1)] and the reduced mode at 323 cm' is not a second-order mode.
mass criterion proposed here. If we now move to the lower B modes have been interpreted as breathing modes of the
members in Table 1Xu=7) it appears that two-mode be- nearest-neighbor chalcogen atoms around an impurity atom
havior is universally observed. We would thus again suggeswhich remains immobile. The intensity of such a mode must
that this observation be adopted as an empirical criterionthen be proportional to the impurity concentration, which
namely we should expect two-mode behavior in those comindeed is observed experimentally. In addition, it is expected
pounds for which the reduced mass difference of the enéhat the frequency of the mode would be independent of the
membersA 1> 7. Note that this results in much better agree-mass of the impurity and determined basically by the inter-

ment with experiment than does the Mitra mass criterion. actions with its surrounding atoms. The strength of those
interactions must be strongly dependent on the polarization

field surrounding the chalcogen-impurity pair. A quantity that
VI. B MODES reflects the intensity of such a field is the LO-TO splitting of
the 1I-VI host. In addition, since foB modes it is speculated

hich ident in th Mn.S les fox=0.10 that the chalcogen atoms move around the impurities in a
which was evident in the Z.lnx N> Samples Tox=1. . breathinglike pattern, the squared frequency of these modes
(Fig. 2). The frequency of this mode remains constant and its > hould le if h ic-oscillator-t

{wg) should scale, if one assumes a harmonic-oscillator-type

intensity increases as the manganese concentration is Imotion as T whereme. is the chalcooen atom mass. In
creased. A similar mode was reported by Zigatel? at : : Ch .Ch 9 '
Fig. 5 we have taken into account these two factors and

328 cm! whose theoretical model was able to reproduce 5 . I~
phonons at frequencies similar to those of ¥hemodes(Fig. plotted wg vs the magnitude of the LO-TO splitting of the

3), but could not account for the 328-cthmode which re- [1-VI host divided by mgy,. The Iinegr relationship obtained
mained unexplained. It is noticed that the 323-¢rmode ~ Shows that, for the currently available dat, modes are
lies within the gap of the phonon frequency distributi@ig. !ndeed congstgnt Wlth a picture of moving chalcogen atoms
4), and that its behavior is similar to that of the so-caled N the polarization field of the II-VI host crystal.

mode reported for mixed crystals such as, ZMn,Te 8
Cd,_,Mn,Te,*? Zn, _,Ca,Se, and Zp_,FeSe (Ref. 20 in
the sense that its intensity increases, while its frequency re- We have carried out a Raman-scattering study on
mains constant with increasing Mn content. The frequency ofZn, _,FeS, with x=0.02, 0.05, and on Zn Mn,S with y

Finally, we would like to discuss the mode at 323 ¢m

VII. CONCLUSIONS
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=0.01, 0.02, 0.03, 0.10, 0.20, 0.35, and 0.50. It was observeghodes are observed which relate to peaks in the one-phonon
that the inclusion of Fe and Mn atoms within the ZnS latticedensity of states and the frequencies of the TO and LO
caused the appearance of four additional modes between theodes remain constarifrozen-mode behavior If the re-
LO and TO modes of ZnS in the Raman spectra of the terduced mass difference increases within certain limits (2
nary alloys. The spectrum of additional lines does not corresA <7 amu), the corresponding modes of #hB and AC
spond to the more conventional behaviobserved in other sublattices are able to couple and yield only a pair of LO-TO
mixed crystals where the one-, two-, or mixed-mode behavmodes(one-maode behavigrFinally, if the reduced mass dif-
ior is generally encountered. The impurity-induced modes aference increases furtheA =7 amu), the phonons of the
300, 312, and 332 cit were identified with the similar AB and AC sublattices decouple and two pairs of LO-TO
modes observed and studied by Zigaeal and classified modes are observed. It thus appears that the value of the
as resonance modes. However, based upon the existenceretiuced mass difference might serve as a simple, powerful
appropriate peaks in the density of states of ZnS, the narroweriterion for the characterization of the optical modes in ter-
ness of the impurity-induced lines, and the fact that theimary mixed compounds. From the physical point of view, the
frequency is independent of impurity mass we suggest thatu criterion considers the crystal as formed by two sets of
band modes might be a more appropriate assignment. Atwo-mass oscillatorgone set formed with masseésand B
additional mode at 323 cnt was observed to follow a be- and the other with masses and C), and compares their
havior similar to the so-calle® modes(a breathing mode reduced masses to elucidate the dynamic response of the
associated with the vibrations of the nearest-neighbor chamixed system.
cogen atoms around the immobile impurity atoms A final remark related to the frozen-mode behavior and
A remarkable characteristic of the six first-order peaksthe criterion proposed by Chang and Mitra: according to Eq.
observed in our Raman spectra in the interglo<w (1), mixed crystals such as Zre,_,S and ZpMn;_,S
<w_ o, hamely the LO, TO, and the four additional lines, should present one-mode behavior; however, a frozen-mode
was the fact that their frequency did not vary significantlybehavior is observed. This does not represent necessarily a
with changes in the impurity concentration. This frozen-complete failure of Chang and Mitra’s model, since the
mode behavior appears to occur in ternary mixed compoundsozen-mode behavior could be considered as a special case
which have a relatively small difference between the reducedf the one-mode behavior in the sense that only a pair of
masses of the end members. More specifically, from affO-LO modes are present with the particularity that the fre-
analysis of the current data in mixed crystals it is suggesteduencies of these phonon modes remain constant. That is, in
that frozen-mode behavior should occur in those compounda (frequency of TO an LO modeéws (x, impurity percent-
for which the absolute value of the reduced mass differencage graph, the lines describing the variation of the modes
of the end member& ) is less than approximately 2.0 amu. frequency would be nearly horizontal, within experimental
This empirical criterion suggests that frozen-mode behavioerror, as the behavior of the LO mode in Fig. 3. In this way,
should also occur in compounds such as; Z4&€qS, the criterion given for the frozen-mode behavidu =<2
Zn, _,Ni,S, and Zrp_,Cr,S, and indeed additional modes could be thought as complementary to Ef). It has been
lying between the TO and LO lines have been obséhied shown, however, that the consideration of the reduced mass
these cases. It is surprising that the frozen-mode mode belifferences does not find application only for frozen modes,
havior persists to such higly£ 0.5) impurity concentrations for exists a direct relationship between the magnituda of
and this raises some obvious questions. To answer some afd the one- and two-mode behaviors. The reason why the
these questions it would now be interesting to carry out simiborder line values fodu, ~2 and ~7, obtained from the
lar investigations on a series of samples that are doped fromxperimental data, are so is not clear at this point. Additional
both theAB end and theAC end. This would enable one to theoretical work is required to determine more precisely the
investigate a “crossover” regime and gain additional insightborder values in terms of physical parameters of the parent
into the origin of such frozen-mode behavior. A review of thebinary compounds.
existing data suggests that the reduced mass difference crite-
rion might also be appropriate for the prediction of single- ACKNOWLEDGMENTS
mode (2<A =<7 amu) and two-modeXx=7 amu) behav-
ior. We may conclude, from the above-mentioned This work was partially supported by the National Coun-
observations, that when the reduced mass difference of thel of Research and Technolog€ ONACyYT) of Mexico. The
end members is small\(u<2), the ternary crystals respond financial support of the Natural Sciences and Engineering
driven mainly by disorder effects caused by the random inResearch Council of Canada is also gratefully acknowl-
corporation of the dopant species, that is, additional phonordged.

*Electronic mail: sjimenez@gqro.cinvestav.mx 3For a review, see I. F. Chang and S. S. Mitra, Adv. Pi@s.359

IFor a review, see K. Furdyna and J. Koss#miconductors and (1972.
Semimetalsedited by R. K. Willardson and A. C. Beé¢Aca- 4M. Zigone, M. Vandevyver, and D. N. Talwar, Phys. Rev2®&
demic, San Diego, 1988Vol. 25. 5763(198)).

2C. L. Mak, R. Sooryakumar, B. T. Jonker, and G. A. Prinz, Phys. SW. Hayes and R. LoudorScattering of Light by Crystal&John
Rev. B45, 3344(1992. Wiley & Sons, New York, 1978

054303-8



INFLUENCE OF REDUCED MASS DIFFERENCES ON .. .. PHYSICAL REVIEW@B, 054303 (2003

SN. Vagelatos, D. Wehe, and J. S. King, J. Chem. PB¢s3613 J. Phys. Soc. Jpr&0, 1508(1971).
(1974. %80, Brafman, Solid State Commuihl, 447 (1972.

7L. A. Felkkamp, D. K. Steinman, N. Vagelatos, J. S. King, and G. ’R. G. Alonso, E. K. Suh, A. K. Ramdas, N. Samarth, H. Luo, and
Venkataraman, J. Phys. Chem. Sol&® 1573(1972. 4o, - K. Furdyna, Phys. Rev. BG, 3720(1989. .

83, Bergsma, Phys. LetB2A, 324 (1970. h/(l.lSL).?gorska and W. Nazarewicz, Phys. Status Solicb B K65

9 : PSS .

Kl.lel;uen((igl\;léBalkanskl, and M. A. Nusimovici, Phys. Rev. B, 40, Brafman, I. . Chang, G. Lengyel, S. S. Mitra, and E. Cranall,
190, Brafman .and S. S. Mitra, Phys. Re1 931 (1968 Jr., in Localized Excitations in Solidsedited by R. F. Wallis
et ) T » PIYS. ) : (Plenum, New York, 1968 p. 602.

W. G. Nilsen, Phys. Rev82, 838(1969. 42D, N. Talwar, Z. C. Feng, and P. Becla, Phys. Rev® 17 064
123, C. Irwin, Can. J. Physi8, 2477(1970. (1993.

13A. V. Krol', N. V. Levichev, A. L. Natadze, and A. I. Ryskin, Fiz. 43D. Huang, C. Jin, D. Wang, X. Liu, J. Wang, and X. Wang, Appl.
Tverd. Tela(Leningrad 20, 154 (1978 [Sov. Phys. Solid State Phys. Lett.67, 3611(1995.

20, 85 (1978]. 4. Mooradian and T. C. Harmafhysics of Semimetals and Nar-
R. J. Nemanich and S. A. Solin, Phys. Rev2@ 392 (1979. row Gap Semiconductoredited by D. L. Carter and R. J. Bate
153, G. Naeini, B. M. Way, J. Dahn, and J. C. Irwin, Phys. Rev. B (Pergamon, Oxford, 19F1p. 297.

54, 144(1996. 45J. F. Parrish, C. H. Perry, O. Brafman, I. F. Chang, and S. S.
B\, Giriat and J. K. Furdyna, isemiconductors and Semimetals ~ Mitra, II-VI Semiconducting Compoundsdited by D. G. Tho-

edited by J. K. Furdyna and J. Kossitcademic, San Diego, mas (Benjamin, New York, 196 p. 1164.

1988, \ol. 25, pp. 1-33. 81 F Chang and S. S. Mitra, Phys. Ra2 924 (1968.

47
1D, L. Peterson, A. Petrou, W. Giriat, A. K. Ramdas, and S. Rod-48A' K. Garg, J. Phys. 49, 3949(1986. )
riguez, Phys. Rev. B3, 1160(1986. R. Vogelgesang, A. J. Mayur, M. D. Sciacca, E. Oh, I. Miot-

184 L. Park and W. B. White, Phys. Status Solidi Bi4 K69 kowski, A. K. Ramdas, 5. Rodpuez, and G. Bauer, J. Raman
(1987. 4o Spectrosc27, 239(1996.

195, Sourisseau, R. Cavagnat, and M. Fouassier, J. Phys. Chem.ng:?;?}?&éﬁg?ﬁ%%' Balkanski, and J. Chevalier, Solid
Zossﬂlsdhsig(?aSEéZ)I(izgggte Commut0, 307 (1972 50R. M. Abdelouhab, R. Braustein, K. Barner, M. A. Rao, and H.
21C. de las Heras, I. J. Ferrer, and Cn8aez, J 'Phys : Condens. s1 Kroemer, J. Appl. Phys66, 787 (1989.

: v ’ U - * “*B. Jusserand and S. Slemkes, Solid State Com#a®yra5 (1984).

Matter 6, 1 (1994. o _ _ 52G. Lucovsky, R. D. Burnham, and A. S. Alimonda, Phys. Rev. B
22A. L. Natadze, 1. V. Pevnitskii, A. I. Ryskin, and G. I. Khil'ko, 14, 2503(1976.

Fiz. Tverd. Tela(Leningrad 18, 1933(1976 [Sov. Phys. Solid  53G. Armelles, J. M. Calleja, and E. Nioa, Solid State Commun.

Statel8, 1125(1976)]. 65, 779(1988.

3M. Zigone, R. Beserman, and M. BalkanskiRmoceedings of the 54T, C. McGlinn, T. N. Krabach, M. V. Klein, G. Bajor, J. E.
Second International Conference on Light Scattering in Splids  Greene, B. Kramer, S. A. Barnett, A. Lastras, and S. Gorbatkin,

edited by M. Balkansk{Flamarion Sciences, Paris, 197f. 61. Phys. Rev. B33, 8396(1986.
243, A. Lopez-Rivera, Jpn. J. Appl. Phys., ParB2, Suppl. 32-3, %°R. M. Cohen, M. J. Cherng, R. E. Benner, and G. B. Stringfellow,

403 (1993. J. Appl. Phys57, 4817(1985.
25K, Kunc and H. Bilz, Solid State Commua9, 1027 (1976. °6S. Emura, S-I. Gonda, Y. Matsui, and H. Hayashi, Phys. Rev. B
260. Goede and W. Heimbrodt, Phys. Status Solidi1®6 11 38, 3280(1988.

(1988. 5’G. Lucovsky and M. F. Chen, Solid State Commu.1397
27E. Jahne, O. Goede, and V. Weinhold, Phys. Status Solitd& (1970.

K157 (1988. ®8H. Asahi, S. Emura, and S-l. Gonda, J. Appl. Ph§s, 5007
?8L. Genzel, T. P. Martin, and C. H. Perry, Phys. Status Solié2B g (1989. _ _

83 (1974. P. Galtier, J. Chevallier, M. Zigone, and G. Magg, Phys. Rev.

B 30, 726 (1984.

80M. H. Brodsky, G. Lucovsky, M. F. Chen, and T. S. Plaskett,
Phys. Rev. B2, 3303(1970.

618, Jusserand and J. Sapriel, Phys. Re2437194(1981).

520. K. Kin and W. G. Spitzer, J. Appl. Phy50, 4362 (1979.

SR, Carles, N. Saint-Cricg, J. B. Renucci, and R. J. Nicholas, J.

2%E. Jahne, Phys. Status Solidi75, 221 (1976.

30R. J. Elliot, J. A. Krumhansl, and P. L. Leath, Rev. Mod. Ph6;.
465 (1974).

813. C. Irwin and J. LaCombe, Can. J. Phg6, 2596 (1972.

323, Venugopalan, A. Petrou, R. R. Galazka, A. K. Ramdas, and

Rodrguez, Phys. Rev. B5, 2681(1982. Phys. C13, 899 (1980.
*3shin-ichi Nakashima, Takaaki Fukumoto, Akiyoshi Mitsuishi, and 6, N Talwar, M. Vandevyver, and M. Zigone, J. Physig 3775
Kohji Itoh, J. Phys. Soc. Jpr35, 1437(1973. (1980.

*Yu A. Mityagin, L. K. Vodopyanov, and E. A. Vinogradov, Fiz. 65N p_ Kelkelidze, G. P. Kelkelidze, and Z. D. Makharadze, J.
Tverd. Tela(Liningrad) 17, 2054(1975 [Sov. Phys. Solid State Phys. Chem. Solid84, 2117(1973.

17, 1341(1976)]. %6G. Lucovsky, K. Y. Cheng, and G. L. Pearson, Phys. Ret2B
3G. Lucovsky, A. Mooradian, W. Taylor, G. B. Wright, and R. C.  4135(1975.

Keezer, Solid State CommuB, 113 (1967). 7Y, T. Cherng, D. H. Jaw, M. J. Jou, and G. B. Stringfellow, J.
36M. P. Lisitsa, M. Ya. Valakh, and N. K. Konovets, Phys. Status  Appl. Phys.65, 3285(1989.

Solidi 34, 269 (1969. %8s, Emura, T. Nakayawa, and S-i Gonda, J. Appl. Plbps 4632
37Shin-ichi Nakashima, Takaaki Fukumoto, and Akiyoshi Mitsuishi, ~ (1987.

054303-9



