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The localized vibrational modes of th& 3ransition-metal ion$TMI's) substituting for the cations in CdTe,
ZnTe, and CdSe appear in infrared absorption with as many lines as there are isotopes of the impurity and with
intensities proportional to their natural abundances. The triply degenerate local mode in a zinc-blende host
splits into a singlet and a doublet in a wurtzite host, the former appearing only when the electria \&otdr
the incident radiation is parallel to the optic ax@) (and the latter whe L ¢. Replacement of Cd by a TMI
in CdSe results in high-frequency local vibrational as well as gap modes lying in the gap between the acoustic-
and optic-phonon branches, the latter exhibiting an optical anisotropy similar to that of the former. Both the
local and the gap modes exhibit a unigoenmonotonidrend across the @8 transition-metal series, with a
minimum at Mn.[S0163-18206)09519-7

[. INTRODUCTION gations on Mn-based alloys are now being applied to the
understanding of the electronic structure and vibrational
The wide range of physical properties of the tetrahedrallyproperties of DMS’s based on the othedt &ansition-metal
coordinated 11-VI semiconductors significant in the contextelements.
of basic physical issuésand semiconductor quantum well ~ The vibrational spectra of the II-VI-based alloys and
lasers in the blue greémave generated considerable currentDMS’s provide classic illustrations of the lattice dynamics of
interest in their study. The successful growth of 11-VI ternary mixed crystals. The relative masses of the atoms constituting
and quaternary alloys over a large composition range, ithe alloy and the force constants characterizing the inter-
turn, offers a flexible control over their semiconducting, op-atomic bonds determine the pattern of the evolution of the
tical, and structural properties such as band gaps, phononanultimode behavior” of the zone-center optical-phonon
and lattice parameters. A unique subset of the II-VI alloys isfrequencies with compositict® The zone-center optical
the diluted magnetic semiconduct@MS), in which some  phonons of Cd_,Mn,Te display a “two mode” behavir
of the group Il atoms are replaced with an element of thewith distinct CdTe-like and MnTe-like LO-TQwhere LO is
3d transition-metal series; in addition to their semiconduct-longitudinal optic and TO is transverse optghonon pairs
ing properties, such DMS’s exhibit spectacular magnetic anthecause of the significant mass difference between the cat-
magneto-optic phenomenaThe recent growth of DMS- ions Cd and Mn. Correspondingly, in the reflectivity spectra
based epilayers, multiple quantum wells, and superlatticethere are two distinct reststrahlen barids contrast, the
have created further opportunities for both physical studiezone-center optical phonons of Zn,Mn,Te exhibit a more
and novel applications. complex behavior termed “intermediat®'due to the closer
The Mn-based II-VI's in which Mn replaces Zn, Cd, or match between the Zn and Mn masses. In a quaternary sys-
Hg are the most extensively studied DMS’s thanks to theitem with three different cations as in
high miscibility while maintaining the zinc-blende or wurtz- Cd,_,_,Mg,Mn,Te, the significantly different masses of
ite structure characteristic of the II-VI host. For example,the three cations leads to an unambiguous “three mode”
Cd;_,Mn,Te retains the zinc-blende structure of the CdTebehavio? with MgTe-like, MnTe-like, and CdTe-like
host forx as high as 0.77 even though MnTe crystallizes inLO-TO phonon pairs in decreasing order of frequency. How-
the distinctly different NiAs structure. Although the other ever, the multimode behavior of a quaternary such as
elements of the @ series have a similar outer shell configu- Cd; _,_,Zn,Mn,Te is more complex® again on account of
ration, i.e., 31"4s?, their incorporation is significantly the closer match between the Zn and Mn masses, with only
smaller than that of Mn; it is tempting to speculate as tothe CdTe-like LO-TO pair remaining distinct with composi-
whether this behavior is associated with the exactly halftion, the MnTe-like and ZnTe-like LO-TO pairs exhibiting
filed d shell of Mn. Nonequilibrium growth techniques, an intermediate mode behavior. The multimode behavior of
however, do enable the realization of a significantly largeronly the Mn-based DMS’'s has been investigated
incorporation of the @ transition metals in the II-VI's; in  extensively with the exception of Z4n,Fe,Se and
fact, even zinc-blende MnTe and MnSe have been succes&n;_,Co,Se!! The collective vibrations involving the zone-
fully grown, but only as epilayers and constituents of mul-center phonons at high transition-metal {@MI) concentra-
tiple quantum well$. The insights gained from the investi- tions emerge from the localized vibration of the TMI when
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present in extreme dilution. Such an evolution of the local
mode of substitutional M§" in CdTe into the collective L O Y B I B M
zone-center “MgTe-like” mode has indeed been investi- - ST
gated by Oret al® It is therefore of fundamental interest to L
study the localized vibrations of the TMI's in the II-VI's as a
starting point towards an understanding of the vibrational
properties of the DMS'’s.

The TMI's are all lighter than the catiorign, Cd, or Hg
as well as the anionSe or T¢. Thus the replacement of the
cation by any of the TMI's leads to a localized vibrational
mode(LVM) above the reststrahlen. At extreme dilution the
isotopic nature of the substitutional TMI clearly manifests
itself in the infrared spectrum of its LVM and provides a
fingerprint for the impurity. Each triply degenerate, infrared
active, LVM of a given impurity isotope in a zinc-blende
host undergoes a splitting in a wurtzite host into two com-
ponents, a nondegenerate mode polarized along the optic
axis and a doubly degenerate mode normal to it. The char- o
acteristic fine structure in the LVM of the TMI's associated »
with the host-isotope disorder, revealed under ultrahigh reso-
lution, has been addressed in the preceding paper. A unigue [“)'vlm L il
trend in the LVM frequency as a funct|on.qf the number of 0 200 290 240 260 280
3d electrons of the TMI provided an additional motivation
for the present studdf In the present paper we report the
results of a systematic investigation of the infrared spectrum
of the LVM’s and the gap modes of the TMI’s in the zinc-
blende CdTe and ZnTe as well as in the wurtzite CdSe.
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FIG. 1. The infrared absorption spectruat 0.5 cni ! resolu-
tion) of CdTe:Ti¥* showing the five lines associated with the
LVM’s of the five Ti isotopes. The inset shows the spectrum after
subtracting the underlying CdTe absorption. The lines labeled
2"Mg, ?*Mg, and ?®Mg are the LVM'’s associated with residual Mg
. . i 8

The spectrometer and the associated equipment as well #sthe sample!
the procedure for sample preparation are described in the, . . L I . .
preceding paper. The crystals were grown by the vertic elative intensities indeed justify their assignment to the

; . ; VM’s of the Ti isotopes. The LVM’s of substitutional
Bridgman technique and possessed nominal TMI concentra(-:rH in CdTe have beSn similarly identified. However, the
tions of 13%-10°° cm 3. The details of the growth will be ' ’

described elsewheré.It was found that the CdSe crystals, Le\/sl\éll\?eacisz(r)g?egux;hf}tr;ii d'ﬁzggggrre'is;zps;a{g gzt tfglge_
which were opaque in the infrared region of interest, showe 9p ploy

remarkable improvement in transmission after a post trea g(;r_p(lang ét*helc:nllnttehneSIftlfwsda?:éjntglozlr:glic;rr} dtngrn?c?ﬁii gff
ment in Se vapor at-800 °C for approximately 12 HThe : ' y

treatment presumably removes the free carriers associat% 1 ;‘(}/SM ﬁzzocéeg:grvvggh ;[/\r/]i?h m:ﬁ;fiiibe %Tdﬁtt:eisﬁ;m‘?he
with Se vacancies, which act as shallow donors. monoisotopic Sc, Mn, and Co exhibit only a single LVM

with intensities that scale with the nominal concentrations.
Vanadium has one stabRV isotope with a natural abun-
The LVM of a light impurity in a host crystal is most dance of 99.75% and 2V isotope(0.25% with a half-life
commonly modeletf as an anharmonic oscillator confined of 6x 10*° yr. The LVM associated with the former has been
to a potential consistent with the site symmetry of the impu-observed, its intensity scaling with the nominal concentration
rity. Both CdTe and ZnTe have the zinc-blende structure anaf substitutional VP*. The LVM'’s associated with substitu-
hence the substitutional TMI h&%, site symmetry, the irre- tional Ni2* and C/* could not be observed, presumably
ducible representations being labeled as in Kosteal’®>  due to insufficient incorporation in the samples studied. The
Thus the LVM observed in their infrared spectra is a triply frequencies of the fundamental and second harmonic LVM’s
degenerate mode dfs symmetry belonging to the point of the various TMI's in CdTe are listed in Table I.
groupTy. The infrared absorption spectrum of CdT€& Tiis Similar experiments on ZnTe, another zinc-blende host
displayed in Fig. 1 in the range 180—280 cfn Five sharp  doped with TMI's, have been performed and the observed
signatures labeled )\ are observed around 225 crh LVM frequencies are listed in Table I. Again a curve fitting
between the reststrahlen and a multiphonon band of CdTerocedure was employed to establish the positions of the
The inset shows the spectrum after subtracting the underly-VM’s associated with the Cr isotopes; for substitutional
ing pure CdTe absorption. Titanium has five stable isotope§e®* only the LVM of *°Fe was observed. The LVM asso-
whose natural abundanc@sare listed in Table I; hence one ciated with only the overwhelmingly abundaftv isotope
expects five LVM's in its absorption spectrum with intensi- was observed in its infrared spectrum, its intensity being pro-
ties proportional to the natural abundances of the isotopes gfortional to the nominal concentration of substitutional
Ti. On integrating the areas under these excitation lines, th& ?*. The concentration of substitutionalT'i was sufficient

II. EXPERIMENTAL RESULTS AND DISCUSSION

A. Zinc-blende hosts: CdTe and ZnTe



12 886

A. J. MAYUR et al.

TABLE I. Fundamental §,yy) and second harmonicef() frequenciescm™?!) of the LVM's of
substitutional TMI's in CdTe and ZnTe dt=5.0 K. The Mn impurity mode in ZnTe is resonant with the

reststrahlen of ZnTe.

CdTe ZnTe

Transition Mass Natural
metal number abundancé (%) ®Lym WsH ®LyMm ® sH
Sc 45 100.0 245.1 489.3
Ti 46 8.2 228.5

47 7.4 226.7

48 73.8 224.8 240.2

49 5.4 223.0

50 5.2 221.2
\% 51 99.75 210.2 223.9
Cr 50 4.35 207.3 223.9

52 83.79 204.4 221.2

53 9.5 202.9 219.0

54 2.36 201.6 216.3
Mn 55 100.0 191.2 381.3 resonant
Fe 56 91.7 196.1 391.3 211.9 423.3
Co 59 100.0 199.0 397.5 217.5
%Ref. 16.

for identifying the LVM associated with only the most abun- of CdSe:Ca" in the spectral region where one expects the
dant *®Ti isotope. LVM’s associated with $¢, Ni2*, and LVM. The two lines labeledy, ), observed above the rest-
Cu?* were not observed due to their low concentrations instrahlen, at 226.4 cm' and 229.3 cm* for E[|¢ and E
the samples studied. Lc, respectively, are attributed to the LVM'’s of substitu-
It is interesting to note that in spite o°Ti and 5%Cr  tional Co®* in CdSe. Given the selection rules for electric
having the same atomic mass, their LVM's in CdTe are dis-dipole allowed transitions, the positions of the LVM's deter-
tinct, viz., at 221.2 cm® and 207.3 cm?, respectively. In  mine the ordering in whicli'; lies abovd’;, as illustrated in
contrast, the LVM's of bott?V and 2°Cr in ZnTe occur at the inset. The observed LVM frequencies of the TMI's in
223.9 cmi' L, although they possess different atomic massesCdSe are listed in Table II. They again display a trend simi-
It is immediately apparent from these examples that a simplggr to that observed in the zinc-blende hogts Wlth_ an increase
mass defect model is inadequate, implying a change in thi°™ Mn to Fe to Co. Whether there is a minimum of

: t Mn can only be confirmed after observing the
force constant brought about by the extent of the incomplete® VM a \ ) -
ness of the @ shell. A nonmonotonic trend is indeed ob- LVM's of the TMI's to the left of Mn in the 31 series. We

served in the LVM frequencies in CdTe with a minimum at hgve not observed the LV.M'S qsgociated with th_ese TMI,S’
Mn. Such a trend is also evident in ZnTe although one has tJJ\“’ and Cu, .because of insufficient concentrations in the
deduce the minimum at Mn, where the softening of thesamples studied.
Mn-Te bond coupled with the close match of the Zn and Mn

masses locates the Mn impurity mode at 210.3 ¢nbe- 2or
tween the LO and TO frequencies of ZnTe, thus resulting in L
an intermediate mode behavfbHence a direct observation 200
of the Mn impurity mode in ZnTe in an infrared measure- N
ment is not possible. The nonmonotonic dependence of the
LVM frequency on the number ofdBelectrons of the TMI is
discussed later.
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B. Wurtzite host: CdSe

CdSe crystallizes in the wurtzite structure and a TMI sub- i
stituting for Cd hasC,;, site symmetry. As a consequence, =
T H 1 1 1 1 1 | 1
thg I‘.5 fII’St. excngd _state (_)f the LVM assoglatgd with a sub- %20 40 6ok ¢ 220 240
stitutional impurity inTy4 site symmetry splits into a nonde— Wave number (om”)
generate and a doubly degenerate mode of symmdiries

and['s, respectively, of the point grou@s, , the symmetry FIG. 2. The absorption spectr@t 0.5 cm! resolution of

of the ground state bem@l.17 The selgctlon rules for infra- cdse:cé* for E|¢ (upped andEL & (lower) showing the anisot-
red active transitions aré;—1I'; for Ellc andT’;—T'3for E  ropy associated with the LVM of substitutional €a Gap modes
1c, whereE is the electric vector of the incident radiation showing a similar anisotropy are observed at frequencies below the
andc the optic axis. Figure 2 shows the absorption spectrumeststrahlen. The vertical dotted lines are to guide the eye.
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TABLE Il. LVM and gap mode frequenciggm 1) of substitutional TMI’s in CdSe foE||c andEL ¢ at

T=5.0 K.

. LVM Gap mode
Transition Mass
metal number Elc ELC Elc ELC
Mn 55 220.0 222.0 137.6 138.7
Fe 56 222.0 224.8 138.2 138.5
Co 59 226.4 229.3 138.5 139.4

In both CdTe and ZnTe the anion is heavier than the It is clear that the chemical trend reported here cannot
cation, whereas in CdSe the cation is the heavier constituerdrise from closed shell effects on bonding, which are known
Substitution of the cation by a TMI in the former producesto vary monotonically across the rows of the Periodic Table.
only a local mode above the reststrahlen of the host, wheredhe role of the open @ shell in the TMI's thus appears
for a similar substitution in the latter, in addition to the high- crucial for understanding the unique trend associated with
frequency LVM, the existence of a vibrational “gap mode” their LVM'’s and consequently the nature of the bonding be-
with a frequency in the gap between the acoustic- and opticiween the substitutional TMI and the host ligands. Following
phonon branches is predictédn Fig. 2 the two sharp lines Zunger® one finds that the binding energy of an impurity
labeledwgqpat 138.5 cm ! for E[|¢ and at 139.4 cm! for E  atom to the host lattice is composed of both closed and open
1 C below the reststrahlen of CdSe are attributed to the gaphell contributions. The open shell contributions, viz., the
modes of substitutional Gd in CdSe. The observed gap dominant multiplet correction energy, which represents a
mode frequencies of the substitutional TMI's in CdSe areloss of binding energy in going from the localizdestate of
also listed in Table Il. The gap modes exhibit an opticalthe free ion to the more extended states in the solid, and the
anisotropy similar to that of the LVM’s, witli'; lying above  weaker crystal-field stabilization energy yield a net repulsive
I'y. The gap mode frequencies also follow the trend ob-contribution to the TMI-anion binding energy. They further
served for the LVM frequencies, although the change is lessonspire in a manner such that the loss of binding energy is
pronounced for the gap mode as compared to that in thiargest for Mn and decreases on either side of tHes@ries
LVM. (Fig. 15 of Ref. 19. One could in turn correlate the loss in
binding energy with the weakening of the TMI-anion bonds
and consequently the nonmonotonic trend observed in the

C. LVM frequency and the electronic structure LVM frequencies with a minimum at Mn.

of the transition-metal ion

Inspection of the LVM frequencies in CdTe or ZnTe
listed in Table | reveals an intriguing nonmonotonic trend IIl. CONCLUDING REMARKS

across the 8 series with a minimum at the half-filledi shell The present investigation has revealed that the LVM'’s of
of Mn2*. For CdSe it is observed that the LVM frequencies g pstitutional TMI's in CdTe, ZnTe, and CdSe exhibit a

in Table Il increase from Mn to its right in thed3series,  cnaracteristicisotope shift associated with the different
although the minimum at Mn cannot be confirmed with the

samples available. The trend is more transparent when one

eliminates the mass dependence of the LVM frequency by T T T 1

defining an effective force constakt mw?,,, , wherem is 18- X .
the atomic mass of the TMI. For the wurtzite host we define | |
two effective force constantg andk, in a similar manner. ° N N

(It should be noted that this estimate of the effective force § '°[ ¢ i 7]
constants neglects the motion of the NN Te or Se but is g - ¢ 0 o .
adequate for the present illustrative purposés.Fig. 3 we D g4l * o ¢ o _
show a plot ofk, k;, andk, as a function of the number of ‘iq

3d electrons in the TMI based on the LVM frequency of its = [ * o i
most abundant isotope; the singular chemical trend is imme- < 1.2~ . ® ciTe
diately apparent. The intermediate mode behavior of L © znTe _
Zn,_,Mn,Te does not permit a direct observation of the M 4 caseent
LVM of %Mn in the infrared. However, in Fig. 3 thie for or Do TC"sel“e |

ZnTe:Mn?* was deduced from the Raman line at 210.3

_ . - ) 4ca ®sc ®Ti S'v S2cr %Mn Fe ®co NI %cu
cm™?! for the Mn?" impurity in ZnTe® Figure 3 also shows

adn=0 1 2 3 4 5 6 7 8 9

the effective force constants fdt°Ca in CdTe and ZnTe Number of 3d electrons (n)
deduced in the manner described above from its LVM fre-
quencies of 210.4 cm' and 228.5 cm?, in CdTe and FIG. 3. Force constant dependence on the numberdoélac-

ZnTe, respectively? the significant distinction between Ca trons in the substitutional TMI in CdTe, ZnTe, and CdSe hosts.
and the TMI's being the absence o lectrons in the outer Also shown for comparison are the force constants fof ‘Cin
shell of the former. CdTe and ZnTe.
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nuclear masses of the isotopes of the TMI andoatical  scribed above could possibly be duedeshell polarization
anisotropywhen the host is a wurtzite, e.g., CdSe. Observaeffects or, more likely, crystal-field and multiplet splitting
tion of the second harmonicagy) of the LVM'’s at slightly  effects, which can affect the bonding through tee-d

less than twice the fundamentab () frequency is indica- hybridization. A weakening of the Mn-Te bond in
tive of anharmonic terms in the LVM potential, although the Cd;_,Mn,Te has indeed been related tespd
effect of anharmonicity as seen in ¢,y — wsy) is less  hybridization?* A quantitative evaluation of the local force
than 1% ofw vy . The rich fine structure present in the constants from the observed LVM frequencies requires a
LVM’s of the Ti isotopes in CdTe has not been observed incomplete description of the lattice dynamics of the host and
the LVM'’s of the other TMI's. The presence of a fine struc- a prediction of its variation with the number ofi3lectrons
ture in the LVM'’s of Ti and Ca in the same CdTe sample,appears to be possible only from a calculation of the elec-
in which the LVM’'s of Mg and S were devoid of any, tronic structure usingl electron correlations. A study of the
leads to the speculation that effects other than crystal qualityVM's of the TMI's in the zinc-blende 111-V semiconductors
have precluded the observation of the fine structure in thas well as in the II-IV-\, (e.g., ZnGeAs) and the
LVM'’s of the other TMI's. For “®Ti in CdTe, the stretching I-11I-VI , (e.g., AgGaSe) chalcopyrites is attractive in the
(@) and bending @) force constants of thXY, model de- context of the nonmonotonic trend discussed above. The
duced in the previous paper may be used to derive an effe@lectronic configuration of the TMI's substituting for the cat-
tive force constantk=4(a+44)/3 in the limit of infinitely  ions in the I11-V’s is 3", whereas in the chalcopyrites the
massive NN'$? The value thus deduced, 1.230° dyn/cm,  inequivalent substitutional cation sites determines the elec-
compares reasonably with 1440° dyn/cm obtained using tronic configuration. The nonmonotonic trend in the LVM
the simple “mass on a spring” model. Although the latter is frequencies may then display unusual effects such as a mini-
an overestimate on account of ignoring the reduced mass ofium at Fe, which now has thed3 configuration, in the
the oscillator, the nonmonotonic variation in the force con-llI-V’s. In the chalcopyrites, one expects two trends with
stants with the minimum at Mn is still unmistakable. Indeedminima at different points on thed3series depending on the
nonmonotonic trends in properties such as the crystal-fielthequivalent substitutional sites.

splitting energies, ground-state multiplet correction energies,
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