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Single cr yst als of Cd1 À x C ox T e and C d1 À x À y C ox Mn y Te are character -
i zed with X -ray powder di ˜raction and electron micropro be to establish com-

p osition al dependence of the lattice parameters and ded uce C o solubil ity
limit . T he exp erimental comp osition al pro Ùles are examined on specimens
ta ken from various location s of ingots along their longitud in al axes and com-
pared w ith normal freezing distributi ons. T he values of C o segregation coe£-

cient are analyzed for b oth ternary and quaternary alloys in terms of normal
freezing mo de.

PACS numb ers: 81.05.Dz , 81.10.{h

1. I n t rod uct io n

Am ong di luted m agneti c semiconducto rs (D MSs), Co-based I I { VI al loys are
of special interest due to the strong intera cti on between the Co 2 + ions [1{ 3] and
the large ẽ ecti ve Lande g -factor of Co2 + in the host latti ce [4]. As a consequence,
compared to other D MSs, Co-based compounds are exp ected to show magneti c or-
deri ng related phenom ena at hi gher temperatures [5]. T o date, m ost of the studi es
on Co-based I I{ VI D MSs have been carri ed out on the sulphi des and selenides
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[6{ 8]. One of the cri ti cal parameters l im iti ng the avai labi li t y of Co-based tel -
luri des is the low solubi l i t y of Co in the zinc-bl ende structure of I I{ VI com pounds
[9{ 11]. Theref ore, our e˜o rt has been focused on preparati on of homogeneous and
incl usion- free al loys usi ng opti m al sto ichi ometry contro l and cool ing condi ti ons
duri ng the crysta l growth.

W e have recentl y reported estimates of the Co solubi l i t y in CdT e using high
tem perature m agneti c susceptibi l i ty analysis and spectro scopi c measurements [12].
In thi s paper we present a m ore deta iled study of Co solubi l it y in the quaterna ry
Cd 1 À x À y Cox Mn y T e al loys as obta ined from X- ray and electron m icropro be char-
acteri zati on. Cro ss-sectional m icropro be data are also used f or deta i led descripti on
of the Co segregati on in both Cd1 À x Cox Te and Cd 1 À x À y Cox Mn y T e.

2. E x per i m en t a l

The terna ry Cd1 À x Cox T e and quaterna ry Cd 1 À x À y Cox Mn y T e crysta ls were
grown by the verti cal Bri dgm an techni que. The com positi ons of the sampl es were
determ ined using a JEOL JXA- 6400 scanni ng electro n microscope wi th a LIN K
system f or energy dispersive electron m icroprobe analysis (ED EMP A). D ue to
the relati vely low Co concentra ti ons, x , addi ti onal m icro probe measurements were
also carri ed out wi th a CAMECA SX-50 electron micro probe analyzer. The quan-
ti ta ti ve EMP A results were obta ined using high-qual i ty sing le crysta ls of CdT e
and pure Co as standards. The accuracy in the com positi on determ inati on is
estim ated to be about 0.1 at%. The X- ray powder di ˜ra cti on (X RD ) m easure-
m ents were perf orm ed wi th an auto mated di ˜ra ctom eter on sam ples cut f rom
the middl e part of ingots. The latti ce param eter was obta ined from reÛections
m easured up to 2 È = 1 4 0 £ usi ng the Nelson{ Ri ley extra polati on m etho d. The
wa vel ength- m odula ted reÛectivi ty (W MR ) m easurements were carri ed out in a
Jani s cryo stat at 5 K wi th a SPEX m onochro mato r. A ful l descripti on of the
pro cedure used is given in Ref. [12].

3 . R esul t s an d d iscu ssio n

As revealed by X-ray powder di ˜ra cti on, the Cd 1 À x Co x Te and
Cd 1 À x À y Cox Mn y T e single crysta ls reta in the zinc- blende structure of CdT e for
the enti re range of Co concentra ti ons studi ed. As shown in Fi g. 1, the latti ce
parameter, a , decreases wi th increasing concentra ti on of Co due to the smal ler
tetra hedra l radi i of Co ( r Co = 0:1202 nm [12, 13]) and Mn ( r M n = 0:1326 nm
[14]), both substi tuti ng for Cd (r C d = 0:1405 nm [15]) in the zinc-bl ende struc-
ture of CdT e. The concentra ti on dependence of a can be described by the l inear
equati on

a (x ; y : : x : y nm ; (1)
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as obta ined from the best Ùt of al l the experim ental data . We note here tha t
the coe£ cients in the l inear Eq. (1) agree wel l wi th tho se reported for both
Cd 1 À x Co x T e (0.04020 [12]) and Cd 1 À y Mn y Te (0.0151 [16]) bul k crysta ls. The
MnT e latti ce param eter of 0.6300 nm extra cted f rom Eq. (1) di ˜ers by 0.58%
i f com pared to the exp erimenta l value m easured on MBE- grown zinc-bl ende m a-
teri al (a M B E

M nT e = 0:6337 nm [17]) and by 0.53% from tha t of 0.6334 nm reported
by Furdyna et al. [18]. These discrepanci es are m ost l ikely related to the l imi ted
region of Mn concentra ti ons (y ç 0 : 2 0 ) used in thi s study .

Fig. 1. C omp osition dep endence of the lattice parameters for C d1 À À Co Mn T e al-

loys. Solid circles show values, open circles represent their and pro j ections.

Double symb ols ( ) indicate values for ternary C d1 À C o Te alloys.

It is also observed tha t the latti ce param eters obey Vegard ' s law wi thi n
the relati vel y low (as compared wi th Mn) range of Co concentra ti ons wi th the
m axi mum value x : obta ined for y . Al l the m icroprobe and X-ray data
cl earl y indi cate tha t the solubi l i ty of Co in zinc-bl ende CdT e matri x is slightl y
reduced to about x : in the presence of Mn for the rangeof : < y : .
W e also note tha t al l the sam ples described here showed radial com positi onal
vari ati ons of x : . These vari ati ons are most l ikel y attri buted to changesin
the l iqui d{ solid interf ace caused by therm al instabi l i ti esduri ng the growth pro cess.

It shoul d be noted here tha t an estim ate of Co solubi l i t y l im it in terna ry
al loys has al ready been conÙrm ed independentl y of X- ray, m agneti c susceptibi l i ty
and spectro scopic m easurem ents [12]. For quaterna ry al loys, a sim i lar appro ach
could not be ful ly appl ied due to di £ cul ti es in separati ng the addi ti onal con-
tri buti ons from intera cti ons between Co2 + and Mn 2 + ions. Ho wever, the W MR
spectra clearly indi cate tha t the free exci to n positi on for Cd 1 À x À y Cox Mn y T e un-
dergoes a higher blue shift com pared to wha t is expected for Cd 1 À y Mn y Te alone
wi th the sam e Mn concentra ti on. As an exampl e, in Fi g. 2 we show the W MR
spectrum of a Cd : Co : Mn : Te sam ple, where the free excito n signature is
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shi fted 354 meV compared to tha t of pure CdT e. For Cd 1 À y Mn y T e, a shift of
onl y 320 meV is expected for y = 0 : 2 0 [19]. Thus, the addi ti onal exci to nic shift
of 34 m eV can be attri buted to the substi tuti onal Co , in agreement wi th data
reported for Cd1 À x Cox T e al loys [20].

Fig. 2. W avelength- mo dulated reÛectivity spectrum of C d0 : 7 8 C o0 : 0 2 Mn 0: Te at 5 K .

A n arrow indicates a p ositio n of the free excitonic signature for Cd : Mn : T e.

It is also observed tha t for both Cd 1 À x Co x Te and Cd 1 À x À y Cox Mn y T e the
al loys become inhom ogeneous as the concentra ti on of Co increases over the solu-
bi l ity lim i ts. They either conta in smal l amounts of CoTe (wi th a Ni As structure) in
the CdT e-rich m atri x of Cd 1 À x Cox Te and/ or unrea cted Co in Cd 1 À x À y Co x Mn y T e.

Fi gure 3 shows a di stri buti on of Co in the Cd1 À x Cox T e crysta ls obta ined
from m icroprobe exam inati ons on slices cut from vari ous ingot locati ons along
the longi tudi nal axi s. For both nom inal concentra ti ons, x 0 : and 0.02 in

Fig. 3. Distribu tion of C o along the longitudi nal axis in Cd x Cox T e alloys: (a) full

diamond , , (b) . The solid lines show distribu tion s

Ùtted to the experimental data using the Pf ann equation: 0 227 for and

0. 239 for , resp ectively . T he solid line for w as calculated with an

average value of 0.23. T he value of corresp onds to the Ùrst- to- freeze region of

crystal.
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Fi g. 3a, the actua l Co concentra ti on increases wi th increasing distance d from the
Ùrst- to -freeze region.

It is well kno wn tha t the com positi onal pro Ùle, in m ixed crysta ls such as
CdT e{CoT e and/ or CdT e{MnT e{CoT egrown under equi libri um condi ti ons, is ex-
pected to change m onoto nical ly wi th pro ceeding sol idiÙcati on of the m elt. The
actua l shape of the com positi onal pro Ùle depends on the contro l l ing m echanisms:
di ˜usi on and convecti on in the melt. The Pf ann equati on [21]:

x i ( d ) = k x 0

˚

1 À

d

L

Ç k À 1

(2)

describes vari atio ns of the crysta l compositi on x i ( d ) as a functi on of distance d

from the Ùrst-to -f reeze positi on along the longi tudi na l axi s of the crysta l L , as-
suming a com plete m ixi ng of the component rej ected at the advancing m elt- crysta l
interf ace. In a crysta l wi th an ini ti al concentra ti on x 0 , the actual concentra ti on at
the Ùrst-to -f reeze region is expected to be x i (0 ) = k x 0 , where k denotes a segre-
gati on coe£ cient. At the other extrem e case, assuming tha t m ixing of the m elt is
contro l led by di ˜usi on, the Ti l ler equati on [22]:

x i d x 0 k exp k R D À 1 d (3)

can be appl ied to calcul ate the di stri buti on proÙle. In Eq. (3), R i s the crysta l
growth rate and D represents the di ˜usi on coe£ cient in the m elt.

The relati vely steep experim enta l proÙle in Fi g. 3a indi cates a com plete m ix-
ing in the m elt, wi th convecti on as the pri mary (and dominant) tra nsp ort m ech-
ani sm. In order to extra ct the segregati on coe£ cient value k , our exp erimenta l
data were Ùtted to Eq. (2). The best Ùtti ng of the Pf ann equati on (sol id l ines in
Fi g. 3a) is obta ined wi th k 0:227 and 0.239 for x 0 : and 0.02, respec-
ti vel y. Both values extra cted here are m uch higher tha n values of 0.11 and 0.16
reported in Refs. [23, 24], but agree relati vel y wel l wi th the value of 0.27 obta ined
in R ef. [25] and tha t of 0.3 in Ref. [26].

For compari son, in Fi g. 3b we show the distri buti on of Co in the Cd 1 À x Cox T e
ingot wi th a nom inal concentra ti on of x 0 : . In contra st to the ingots wi th
nom inal concentra ti ons below the solubi l i ty l imi t, the experim enta l distri buti on of
Fi g. 3b coul d not be Ùtted by Eq. (2). The actua l Co distri buti on is not as steep
as one woul d expect for an equi l ibri um distri buti on calculated for x 0 : wi th
k 0:23 (sol id l ine in Fi g. 3b), and conÙrm s the hetero geneous nature of the
ingot, as was described earl ier.

If tw o solutes (i .e., MnT e and CoT e) are present in a m elt sim ul ta neously, i t
m ay be assumed tha t they wi l l behave independentl y [27]. Thus, in order to obta in
the segregati on coe£ cient, the Pf ann equati on m ay be appl ied to each com ponent
by Ùtti ng i ts experim enta l di stri buti on indivi dual ly. In Fi g. 4, we show both the di s-
tri buti on of Co and tha t of Mn along the longi tudi nal axi s of a Cd 1 À x À y Co x Mn y T e
sing le crysta l wi th nominal concentra ti ons x 0 : and y 0 : . It should be
noted tha t, whi le the com positi onal proÙle of Co rem ains essential ly uncha nged as
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compared wi th the one shown in Fi g. 3a for a terna ry al loy wi th the same nom i-
nal concentra ti on of x 0 = 0 : 0 2 , the Mn concentra ti on decreases along the crysta l ,
indi cati ng tha t k M n > 1. Indeed, f rom the Mn distri buti on proÙle, k M n = 1:06 is
obta ined as the best Ùt using Eq. (2). Sim ilarly , k C o = 0:260 is extra cted for Co,
whi ch corresp onds well to the values for Cd 1 À x Cox T e, as described above.

Fig. 4. Distribu tion s of Co ( ) and Mn (full diamond) along the longitud inal axis of

C d1 C o Mn Te crystal with a nominal comp osition 0 and 0 . T he

solid lines are b est Ùts obtained from the Pf ann equation: 0 26 and 1 06.

The data reported by others [14, 28] on pseudobinary CdT e{MnT e system do
not im pl icate any signi Ùcant segregati on of Mn duri ng the sol idiÙcati on pro cess,
because of the unique coinci dence of the l iqui dus and sol idus l ines on the phase
di agram. For tha t reason, the com positi ons of the melt- grown single crysta ls of
Cd 1 À y Mn y Te are consi dered \ close to the nominal value" (i .e., k 1) [14], at
least for lower Mn contents. Since no accurate data on the distri buti on of Mn are
avai lable, any analysis of possible im pact of Co on the di stri buti on of Mn m ust be
ta ken cauti ously. In fact, in the Ùrst-to -f reeze part of the ingot shown in Fi g. 4,
the Mn concentra ti on rem ains consta nt for low concentra ti ons of incorp orated
Co . Since the measured value of Mn concentra ti on is only slightl y hi gher tha n i ts
ini ti al concentra ti on of y 0 : , i t may well be assumed to be indep endent of
Co concentra ti on. Ho wever, further decrease in Mn concentra ti on observed wi th
increasing concentra ti on of Co in the growi ng crysta l m ay suggest som e inÛuence
of the latter on the distri buti on of the f orm er. Since the overa l l changes of Mn
concentra ti on are rather smal l and do not exceed a range of 0.02 along the enti re
ingot, m ore deta i led studi es are necessary to disti ngui sh and/ or separate the e˜ect
of Co on Mn di stri buti on from a segregati on of Mn i tself .

X- ray and micropro be analysis has shown the possibi l i ty of growi ng hom o-
geneous and incl usion- free, Co -based terna ry and quaterna ry tel luri des wi th ex-
tended regions of cobalt content. Co-based tel luri des appear to be di £ cul t to grow
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wi th concentra ti ons above x = 0 : 0 2 2 due to thei r tendency to wards form ati on
of the hexagonal Ni As structure rather tha n substi tuti onal incorp orati on of Co
ato m s into the zinc-bl ende structure of the host. In spite of the unf avorable value
of the segregati on coe£ cient (k C o < 1) , a better understa ndi ng of segregati on phe-
nom ena o˜ers the real izati on and contro l of some of the properti es tha t become
avai lable for these al loys.
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