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(Cd;_«Fe,)(Te;_,Sey) crystals have been studied both theoretically and experimentally. In such a system,
a part of Fé" ions are located in crystal environments of a lowered symmetry. The energy level structure of
these ions is substantially modified with respect to that of tHe Fen in one-anior(ternary crystal. Regard-
ing magnetic properties, the most essential modification occurs wher?aridteis surrounded by three atoms
of Te and one Se atom. Then, a doublet becomes a ground state of the magnetic ion, while, in the case of a
ternary crystal, the ground state of ar’fFdon is always a nonmagnetic singlet. In consequence, for two-anion
systems, we observe a Curie-like paramagnetism instead of an otherwise revealed temperature independent
(T<10 K) Van Vleck paramagnetism. Although, in the present work, we are concerned mostly with
(Cd,_xFe,)(Te;_ySe)), a similar behavior is also observed for various crystals based on zinc and mercury.
The results of our photoconductivity measurements indicate that the ground energetic state of &man
take several localizations in the band structure of the matrix crystal. A specific position depends on a configu-
ration of nearest neighbors of an Feion, i.e., if it is surrounded by four Te, or three Te and one Se, etc.
Concluding, we show that doped with Fe quaternary II-VI semimagnetic semiconductors demonstrate magnetic
and optical properties essentially different from that of Fe doped ternary 1I-VI semimagnetic semiconductors.

I. INTRODUCTION Il is devoted to our technological procedures, methods of
sample preparation, and determination of the samples com-
The majority of investigations devoted to semimagneticposition. In Sec. IV we describe the theoretical model, taking
semiconductor$SMSOQO (also referred to as diluted magnetic into account the crystal field of a proper symmetry, spin-
semiconductoswere carried out on 1I-VI or IV-VI semicon- orbit, and Zeeman interactions. We recall also preliminary
ducting compounds containing transition metal ionsexperimental data obtained for two-anion SMSC alloys,
(e.g., Mn, Fe, or Cp and thus forming alloys like which differ considerably from those known for one-anion
Cd;_,Mn,Te, Ph_,Mn,Te, Cd,_,Fe,Se, etc. The ob- (ternary systems. The results of magnetization, Faraday ro-
served physicalespecially magnetjgroperties of II-VI ter-  tation, and exciton magnetospectroscopy experiments are
nary SMSC depend, to a great extent, on the substitutionaliso presented in Sec. IV and theoretical fitting of the data
magnetic ion type and far less on the semiconductor hosknd exchange parameters are given. In Sec. V, we discuss the
This is due to the fact that, in these compounds, the elecexperimental results, which indicate that in two-anion com-
tronic level scheme of the substitutional magnetic ion onlypounds Fe ions located in different environments introduce

slightly depends on the host material. different energy levels into the energy gap. Conclusions are
We present a way to change some physical properties Gfiven in Sec. VI.

the chosen paramagnetic ion, i.e., Fe, by using the two-anion

alloy CdTe, _,Se, as the host material. The presence of two

different types of anions in the' nearest _surroundmg of'Fe ion Il. PHYSICAL PROPERTIES OF SMSC

changes the symmetry of the ion’s environment and, in con- CONTAINING Fe IONS

sequence, modifies the energy of its ground and excited

states. These changes result, in turn, in modifications of mag- The electronic structure of an F&(3d®) ion in CdTe:Fe

netic and semiconductor properties of the crystal as a wholdias been investigated by Low and Wegand Slack and
In our previous papers’ we have described pre- co-workers! According to a Hund’s rule, the ground state of

liminary experimental results obtained for quaternaryan F&€*(3d®) free ion is the®D multiplet with the orbital

(Cd;_«Fe,)(Te;_,Se)) crystals. The present work is a more momentumL =2 and the spirS=2. The degeneracy of the

detailed study, both experimental and theoretical, of magground level is then (R+1)(2S+ 1)=25. This manifold is

netic and optical properties of the same compound. split in a tetrahedral crystal-field potential into the orbital
The paper is organized as follows. A brief review of se- °E doublet and the’T, triplet. Under the influence of the

lected physical properties of 11-VI ternary SMSC containing spin-orbit interaction, the lower teri?E splits into five lev-

Fe ions(especially Cd_,Fe,Te) is given in Sec. Il. Section els, which, in the order of the increasing energy, Bre
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Iy, I's, I's, andI', (or Ay, T4, E, T,, andA,, respec-

tively) in standard notations. o
The ground statd™; is a magnetically inactive singlet,

hence temperature-independent Van Vleck paramagnetism. —~

Actually, the corresponding saturation of the magnetic sus-

ceptibility at low temperaturesT(= 10 K) was observed for

various cadmiunt,® mercury® and zinc compoundsMag-

netization measurements performed by Testeliral,’ in

magnetic field,B, up to 20 T and free exciton splitting

(AEg, investigations carried out by Testeliet al.® in

B=<7 T provided a further evidence for the Van Vleck nature

of paramagnetism of Cd ,Fe,Te crystal$ At magnetic

fieldsB=<5 T, bothM andAE,,.vary linearly as a function CdTe,_,Se,

of B. In this field range no saturation effects appear, in con- 1500 Lt i it

trast to the behavior observed for, e.g., Mn- or Co-based 0.05 0.1 015 02

compounds:!® Up to B<5 T, the magnetic susceptibility Molar fraction y

x=M/B does not depend on the magnetic field orientation,

with respect to the main crystal axes. From combining EI_G. 1. The free exciton energy as a function of the alloy com-

M(B) and AE.(B) data acquired for the very same position. The upper scale corresponds to, CgFe,Te, the lower

samples, it is possible to yield the exchange integrals for th@"e t© CdTe-,Se, and(Cd;_.Fe)(Te,_Sey).

conduction and valence bandblye=0.3=0.04 eV and

NoB=—1.27+0.08 eV, respectivel§. EexdX) = (1.594+1.7&) eV. 1)
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In the two-anion ternary compound CdleSe,, for

Ill. SAMPLE PREPARATION AND CHARACTERIZATION y=<0.20, the energy gafand the exciton energyat T=1.8

We studied the following compounds: K decreases whery increases. Our data for ternary
CdTe,_,Se, samples are marked by points in Fig. 1. An
(Zn_xFe)(Se_yS)), x=<0.02, y=<0.06; analogous dependenc&gy(y) was observed at room
temperature by Chehab and Woolttyand Fenget all?
(ZmxFe)(Te;-,Sg), x=0.02, y=<0.06; The data obtained for three quaternary samples of
(Cd;_,Fe,)(Te;_,Se,) crystals are marked by crosses in
(CdyxFe)(Te,-ySg), x=0.02, y=0.20; Fig. 1. For both CdTe_,Se, and (Cd;_,Fe,)(Te;_,Se,)
and samples, the Se content was determined with an uncertainty
Ay==*0.002, by the EDXRF technique. The Fe content in
(Hg; «F&)(Te,ySg), x<0.003, y=<0.15. (Cd;_,Fe,)(Te;_,Se,) crystals was determined from the

The crystals were grown by the modified Bridgman method_dependdencte ‘f.tﬁe excitont En?hr% K’Q see Eq.(lf).thThe
In the investigated composition range, the crystals are of thBrocedure took into account bo € decrease of the energy
gap agy increases, and its increase whemcrease$see Eq.

fzrlg((::t-iglnende cubic structure, which was checked by x-ray dlf_(l)]. Using this method, we evaluated the Fe molar fraction,

Samples for optical, magneto-optical, and magnetic me x=0.009+ 0'0005’ in threeCd, - Fe,) (Te, -, Se,) samples.
surements were cut from the same ingots to provide thei he Fe content in our quaternary crystals was also checked
compositions close to each other. Far infra(BtR) absorp-  °Y the EDXRF method.
tion and Faraday rotation studies were performed on mono-
crystalline plates of about 1 mm thick. Since in a free excitonlV. SUSCEPTIBILITY, MAGNETIZATION AND FARADAY
energy region an absorption coefficient reaches values of ROTATION IN TWO-ANION SYSTEM
10° cm™ 1, to investigate excitonic absorption, we had to use

samples of a thickness less thanin, prepared by etching

in a 1% solution of bromine in methanol. All the magneto- nary (C_d_l,XFeX)_(Te_l,ySey_) crysta+ls, V‘ge _can_calculate the
. X . . , probability b of finding a given F&*(3d®) ion in a tetrahe-

optical experiments were carried out in Faraday configurat

: ; ; R g dral surrounding ofN=4 nearest neighbors, consisting of
gongoTr,(;;(_:ruia;ggg[ polarization, in magnetic fields up to m Se atomgandN—m Te atoms

The composition of our samples was determined first by N
an electron microprobe analysis, then by an energy disper- b=( >ym(1_y)N—m, O=y<1. (2
sive x-ray fluorescencé€EDXRF) method using TRACOR-
5000 spectrometer, and finally by optical measurements of a
free exciton energy. Figure 1 presents the dependence of the After Pauling®® and van Vechten and Phillig$, the
exciton absorption peak energy measured@atl.8 K on Fe length of bondd,, between two types of atoms is equal
and Se conten andy, respectively, in the CdTe hoghe to the sum of the tetrahedral radii of the individual atoms
energy gapEy is about 10 meV greater than the exciton d,p=1,+1,. For the 1I-VI compounds of interest here,
energy. For Cd,_,Fe,Te systemfE.,(x) is described by a |, and |, are known from Ref. 9, and are reported in
linear relatioff (upper line in Fig. 1 Table I. Notice that the substitution of Te by Se in

Assuming a random distribution of anions in the quater-
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TABLE |. The tetrahedral radii of chosen group Il and VI ele- 0

ments(after Ref. 9. - F2
la (A) I (A) = =
Cd 1.405 Te 1.405 -40 5
Hg 1.402 Se 1.225 — m
Mn 1.320 S 1.127 IE -60
Fe 1.260 \é ry
Zn 1.225 -80
g 1 I
M o0} )

(Cd,_,Fe,)(Te;_,Se) introduces a big local trigonal dis-
tortion. We expect that such a distortion modifies the energy
of ground and excited states of an’F¢3d°®) ion. 120 P L

A full calculation of the electronic structure of an (a)
Fe?"(3d®) ion in a cation substitutional position has been
performed by Mahonewt al® for both zinc-blende and -250 -200 -150 -100 -50 O 50 100 150 200 250
wurtzite structures. More details have been recently pub- Y. (Cm'l)
lished by Maugeret al.,® for the Cd,_,Fe,Se case. In the
latter paper, the electronic structure of arf Féon diluted in 0
the semiconductor matrix has been investigated within the
manifold of 25 wave functions corresponding todf3°D -20
free ion ground state configuration.

The presence of one or more foreign anions may be de- -40

scribed by the additional crystal field potent@CFP). In
general, due to symmetry argumefitghis potential for an
Fe?* ion in the considered crystal structure may be de-
scribed by two independent parameterand v'. For one
foreign anion, as was shown in Ref. 15, it is possible to
choose these parameters in such a way that the electronic
structure of an F&" ion, in the first approximation, depends
only on one of them. This is the parametér, the definition _120
of which is given in Ref. 15. The dependence wiis very
weak, thus, in practical calculations, the ACFP due to a for-
eign atom is described by one fitting parameter. Next, for
configurations with two or more foreign anions, we make the -250 -200 -150 -100 -50 O 50 100 150 200 250
approximation that the ACFP felt by an Feion is the sum v (cm'l)
of single foreign anion contributions. With such an assump-
tion, every neighborhood configuration is described by the FIG. 2. The lowest set of energy levels of an’fFeion (a) in
number of Se atoms and one parametecorresponding to  Cs, symmetry, casen=1; and(b) in C,, symmetry, casen=2, as
the difference between Se and Te atoms. The calculatioa function of the distortion parametef. It is worth noticing that,
procedure is standard. For every configuration we writen the casem=2, the first excited levell',, is split into three
Hamiltonian, which, in the basis of spherical harmonics, isdistinct levels.
the 25< 25 matrix. Using a numerical procedure, we calcu-
late the eigenvalues and the corresponding eigenvectors. tial for the interpretation of the magnetic susceptibility be-
We limit our further considerations to the following three havior observed ifCd, _,Fe,)(Te;_,Se,) crystal.
casesm=0, m=1, andm= 2. Configurations with three and The low-field magnetic susceptibility, as a function of
four Se anions are very rare for considered compositionsemperature, is presented in Fig. (@bout the methods
thus their contribution is negligible. In our analysis, we usedapplied for susceptibility measurements see text beldmw
formulas given in Ref. 15. We assumed the required crystal€d, _,Fe,Te and Cd _,Fe,Se, Van Vleck paramagnetism is
field splitting and spin-orbit parameter values equal to thosebserved at low temperatures. The differences in the values
obtained for pure CdTe matrix, D@j=—2480 cm ! (after  of the magnetic susceptibility in these two materials are due
Ref. 4, \=—100 cm ! (after Ref. 16. The energy level to their different crystallographic structures and material
structure of an F&" ion was calculated as a function of the parameters.In the case of(Cd; _,Fe,)(Te,_,Se)), for a
distortion parametery’. Figure Za) presents the results of small Se mole fraction (=0.017), the susceptibility re-
our calculations for then=1 configuration and Fig.(®), for ~ sembles that found in Gd ,Fe,Te. However, in a sample
the casem=2. with y=0.052, in which a significant amount of Fe ions have
v’ =0 obviously corresponds to the case=0. Note that three Te atoms and one Se atom as the nearest neighbors,
for v' lower than— 175 cm ! for m=1 [Fig. 2@)], a mag- y behaves in a different way. Instead of Van Vleck, the
netically active doubletl";, originating from splitl’, level,  Curie-like behavior was observed down to 50 mK. This may
becomes the ground state of an?Feon. This fact is essen- be explained in terms of the modification of an ?Fe

Energy (cm™)
S

-100
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FIG. 3. Magnetic susceptibility oiCd, _Fe,)(Te;_,Se,), as a FIG. 5. Magnetic susceptibility of Hg ,Fe,Te; _,Se, at liquid
function of temperature—experimental data. helium temperatures.

ion energy level schemédue to distortion in such a  Within an Fe& ion, which in one-anion system is obviously
way that the magnetically active state becomes the groungurrounded tetrahedrally by four Te atoms. Figure 6 in Ref. 2
state (in the m=1 configuration only. Similar results Presents absorption spectra observed in the FIR region for
were also observed for other two-anion compounds.(Cd_lngex) (Te;_,Sey) samples withx=0.004 (~7x 10"
(Zn_,Fe)(Sa_,S,), (Zn_yFe)(Te,_,Se), see Fig. 4, Cm °) and 0.005<y<0.18. Lowering of the 18.6 cmt
and(Hg; _,Fe,)(Te; ,Se,), see Fig. 5. peak intensity with the growing Se molar fraction, is re-

A modification of the electronic structure of an¥eion, lated to the decrease of the number of Fe ions surrounded by
due to the changes in its nearest surrounding, should obyvfour Te atoms according to formu(@). For samples with Se
ously affect the FIR optical properties of the crystals. Inmolar fraction exceeding=0.1, no absorption peak was
Cd,_,Fe,Te, optical transitions between lowest-lying elec-OPserved in the investigated wavelength rarigp to 10
tronic levels originating from an orbitdlE doublet occur in €M ). This important observation indicates that the energy
the FIR region(see Slaclet al1® and Testelif’). Absorption ~ distance between the ground state and the first excited state
peaks at 18.6, 66, and 74 crh, observed only at low tem- Femains smaller than 10 cTﬁ_ (lower limit in our FIR ab-
perature, arise from transitions between the ground stat€Orption experiments, see Fig. 6 in Ref. Zhe nearest ex-
I',, and excited levels. In particular, the lowest energy peaf€ited states are separated by about 50-60 tNo addi-

(18.6 cmY) corresponds tol';—T, internal transition tional absorption peaks have been observed in low-
temperature FIR investigations in the energy region 10-50
cm~L. Furthermore, the evidence for the significant modifi-

70—t , cation of an F&* ion energy level structure in two-anion

Zng 9sFe0,055€0.9450.05 systems comes from magneto-optical investigations. Exciton

Zng g73Feq p305e energy splittingsA E.,. (which are proportional to the mag-

. %2332?:232%0»94590»06 netization as a function of a magnetic field are compared in

5o b °o R . Fig. 4, Ref. 1, for two-anion and one-anion systems. One can

° o notice distinct differences iAE.,{B) behavior observed in

° 4 ] these two systems.

gork, ° a o a] o oo ] Taking into account the results of the magnetic suscepti-

PN bility displayed in Fig. 3, and the optical absorption in the

30 F 4 s, . FIR illustrated in Fig. 6 of Ref. 2, we deduce that the value

LN of »', according to Fig. @), should be contained in the

2 b - range between-250 cm ! and —175 cm™ ! to account for

] both the magnetic and optical properties. For further calcu-

oL %00 ¢ 0 e 000 ¢ 0 0 0 | lations, we chose the value from the middle of this range,

i.e., —215 cm 1,

o L , L , Let us consider then=1 (3 Te 1 Se¢ configuration. Se
1.5 2.0 2.5 3.0 3.5 4.0 45 atom in this configuration may be placed in four different
T (K) positions, which are not equivalent if an external magnetic
field is applied to the sample. For each position of the Se
FIG. 4. Magnetic susceptibility of different SMSC containing atom, the numerical solution of the eigenproblem enables us
Zn at liquid helium temperatures. to calculate the susceptibility and the magnetization. Fig-

60 o,

<S> OO0

% (10'6 emu/g)
[
&
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FIG. 6. Theoretical magnetization of an#eion in C,, sym-
metry, casen= 1, obtained for various distortion orientations and
for fixed external magnetic field orientation. The detailed descrip-
tion is given in the text.

FIG. 7. Magnetic susceptibility ofCdg ged=€0.00d (T€1-,SE))
crystals, y=0.008 (circles, y=0.017 (squarel y=0.052 (tri-
angles$. Lines represent our theory. The details of calculations are
given in the text. The susceptibility data for temperatures in the
range 50 mK-2 K are presented in the inset.
ure 6 presents calculated magnetizations as a function of
magnetic field for then=1 configuration. The direction of magnetically inactive smglet and the distance to the first ex-
the magnetic field is along thg11] direction and the two ited level is about 18 cm', much larger than the thermal
curves correspond to different positions of the Se atom. Thactivation energy in this temperature range. As a conse-
broken curve represents magnetization for the case in whicijuence, we obtain the Van Vleck type of susceptibility.
the Se atom is placed along thEL1] direction and the con- For m=1, the scheme of the energy levdBig. 2(a)]
tinuous line corresponds to one of the other possible posishows that, fon’ <—175 cm™?, the ground state of the ion
tions of seleniumalong[111], [111], [111] directiong that ~ becomes a doublet. For' < — 180 cm 2, the distance be-
are equivalent for this particular direction of the magnetictween this doublet and the first excited level is large in com-
field. The difference between these two curves is quiteparison to the thermal enerdyT, thus, xm—1(T)T ™! and
prominent. Now we can imagine a situation in which thethis Curie type of behavior is practically’ independent.
Fe-Se bonds are directed mostly along fthé&1] direction. The behavior ofy,,—,(T) is different. Forv’'<—180
Although we have no argument in favor of this preferentialcm™*, the energy distance between the ground state and the
occupation, it cannot be precluded. If this is the case, W@XIted levels is comparable with the thermal enef&ig.
should observe in experiments an anisotropic behavior of thé(b)]. As a consequence, we obtain neither Van Vieck nor
samples due to relevant percentagenof 1 configuration Curie type of behavior for the susceptibility, and moreover
[see Eq.(2)]. However, for the investigated range of sele- xm=2(T) is stronglyv’ dependent. We have not found any
nium content, we have never noticed any sign of an anisotsimple analytical formula fory,,—»(T) having transparent
ropy neither of the magnetic susceptibility nor of the magnephysical meaning.
tization of the samples, so we conclude that the four Let us now turn to the experimental results. For low Se
positions of the Se atom im=1 configuration are equally content {=0.008, 0.017, 0.052), from statistical distribu-
probable. Thus, it is quite natural to define the susceptibilitytion [Eq. (2)], we obtain that the probability ah=2 con-
xm—1(T) for the F€" ion as the arithmetic average of the figuration is less than 0.015 fory=0.052 (for
four susceptibilities calculated for these four positions of sey=0.008, 0.017 it is of course much smajleTherefore,
lenium. In the same way, we define the magnetizatiorhaving in mind the above analysis concerning the magnetic
M—1(H,T). The analogous procedure has been applied tsusceptibilities in different environments, we postulate the
computexm=2(T) and M ,_»(H,T) (of course the number following formula xe.,=(A+ B/T)10 ® emu/g (where the
of nonequivalent positions is six in this casé turns out temperatureT is in Kelving to describe the experimental
that after such an averaging procedure, the quantities defineisceptibility data. It consists only of two contributions, one
above practically become isotropic, or more precisely, thébeing of the temperature-independent Van Vleck type and
calculated anisotropy becomes so small that it is impossibléhe other one of the Curie type, characteristic of the 0
to detect it using our experimental setup. In our fitting pro-and m=1 configurations, respectively. Indeed, this simple
cedure for the low-field magnetic susceptibility, we considerexpression fits the experimental désae Fig. 7. The values
the temperature interval 1.5-4.2 K. In this interval, the cal-of the constanté&\ andB for three different Se quantities are
culatedy,-o(T) is constant which reflects the fact that the collected in Table II.
ground state of F&" in the tetrahedral environment is the  The inset in Fig. 7 presents the results of the susceptibility
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TABLE II. The values of coefficient#\, B describing the ex-
perimental data for the susceptibility for different Se compositions, 0.8
y. The calculated concentrationof Fe atoms and the fraction of ® 0%Se
B ) : . O 3.4% Se T=19K
m=1 configuration are compared to the results of the microprobe O 61%S .
. . . . . . 170 0e
analysisx,,, and to the binomial distributiob, (see the text for
more explanation

o
3

o
o

e
o

y A B X b Xp Bstar

0.008 5.44 1.50 0.0040 0.025 0.0040 0.031
0.017 6.45 4398 0.0049 0.060 0.0040 0.065

Magnetization (emu/g)
o
[y

0.052 7.40 17.2 0.0064 0.178 0.0040 0.177 0.3
0.2
measurements performed in the dilution refrigerator on one
of the samples. The measurements in the interval 1.5-4.2 K 0.1
provided us with the absolute values of the susceptibility. In
this temperature range, we used a standard mutual induc- 0~0'6 1 5 3 1 . 6
tance technique. The absolute values of the susceptibility per Magnetic Field (T)

unit mass were obtained by comparison with the standard

paramagnetic EIO; sample. In our dilution refrigerator, one FIG. 8. Magnetization of(Cd,_,Fe))(Te;_,Se,) crystals,

measures only changes of the susceptibility relative to thg_q ggg 0<y=0.11 (points—experiment, lines—theory The
susceptibility at a certain temperatue< 2 K). Due to large  gescription is given in the text.

apparatus noise in the interval 1.5-2.0 K, it is difficult to
connect univocally the results obtained from the dilution re-meaning(the Curie-like type of behavior of the susceptibil-
frigerator measurements with those obtained for higher temity) and cannot be taken for a quantitative comparison with
peratures. This is the reason why we are not able to give anhe theory.
absolute value of the susceptibility in the inset and we do not | et us now turn to the magnetization measurements. The
make a comparison between the theory and the experiment fibints at Fig. 8 represent the experimental data and the lines
this temperature interval. Despite the fact that the resultgre theoretical, according to the formuld(H,T)
presented in the inset in Fig. 7 have only qualitative charac= (1 — b )xM,_o(H,T) + bgaXMp_1(H, T), where
ter, they are very important, because they clearly indicate _ (H,T) andM,,_,(H,T) are calculated numerically.
that the susceptibility grows up when the temperature de- |n the case of SMSC, key parameters are the exchange
creases and even for the lowest temperatures we do not ofytegrals describing the strength of magnetic interactions
serve any sign of deviation from the Curie-like type of be-N », N,B, between magnetic ions and band carriers: at the
havior. This is an important indication that the ground statéyottom of the conduction band and at the top of the valence
of the ion is magnetically active. o band, respectively. The coefficieNy, is the number of unit
Within our model, the theoretical susceptibility is de- cells in the unit volume. Both parameters can be determined
scribed by the formula xueoy=1.4X10°X(1—b)  ysing the method originally employed for wide-gap SMSC
+1.5x10"?xb/T emu/g, where is the Fe quantity antlis  containing Mr?* ions182%i.e., by combining exciton split-
the fraction of Fé" ions inm=1 environment. Having\  ting and magnetization values. Within the virtual crystal and
andB, it is easy to obtairx andb. For comparison, we have mean field approximations, the exciton splitting is propor-
also reported in Table Il the composition,, known from  tignal to the thermal average of an Feion spin along the
microprobe analysis ariok, calculated according to the Eq. external magnetic fieldS,), and the magnetization is pro-
(2). The agreement between these two sets of data is quitgortional to the magnetic moment of a single 2Feion

good, which supports the validity of the assumption of the(| .+ 2s,). Therefore, a combination of the exchange param-
binomial distribution of the Se atoms for the consideredgtersNy(a— ) can be determined from the formfla:

range of compositions.

In our previous publications? we proposed the concept 1 m(x) (S,
of the chemical preference. It was introduced because the W:No(a—ﬁ)—Nm, ©)
fitted value of the parametérdiffered considerably from the Hela iz
value of b, It seemed to us that the Fe and Se atomsvhereM represents the macroscopic magnetization per unit
“tried to be” the nearest neighbors, thus the number ofmass,m(x) denotes the molar masbl, is the Avogadro
m=1 configurations was increased. This concept was qualinumber, andug is the Bohr magneton.
tatively confirmed by the unexpectedly fast decay of the ab- Since we observed only two exciton absorption peaks,
sorption peakFIR) with increasing of the Se contefdee  one for each component(, o~) of the circular polariza-
Fig. 6 in Ref. 2. The previously obtained discrepancy be-tion, we can deduce only the combination of the exchange
tweenb andbg,,was caused by the wrong choice of experi- parameters. The results of magneto-optical experiments: the
mental points to the fitting procedure. The old fitting proce-free exciton Zeeman splittingE, , and the Faraday rotation
dure took into account the whole temperature intervalas a function of a magnetization are plotted in Fig. 9 for
i.e., down to 50 mK. However, as we discussed above, thewo samples of (Cd,_,Fe,)(Te;_,Se)), both with
results for the lowest temperatures have rather qualitativ&=0.009+0.0005, and witly=0.061 andy=0.11. One can
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FIG. 9. Energy splittingAE,; and Faraday rotation as a function
of magnetization. The straight line represents the least square fit. FIG. 10. Fe-related photoconductivity threshold  for
CdTeySey1:Fe and CdTe:Fe at 77 K. The values of the energy
see that both studied quantities depend linearly on the ma@ap are 1.550 eV and 1.595 eV, respectively.
roscopic magnetizationyl. The data for both samples lay
along a single straight line. From its slope, and taking140 meV above the top of the valence bandor
(L +2S,)/(S,)=2.29 after Ref. 8, we obtained cqre, Se,;:Fe, the F&* ionization transitions occur at
No(a—pB)=1.20£0.05 eV. One can compare this value |oyer energies, and the threshold seems to be shifted more
with those obtained for the one-anion SM$Tzble Ill). than 80 meV down. We should bear in mind, that the energy
gap of CdTe ¢Sey ; is only 45 meV(see Fig. 1 smaller than
V. PHOTOCONDUCTIVITY AND TEMPERATURE that of CdTe. One might argue that the ionization energy of
DEPENDENCE OF CONDUCTIVITY OF Cd (Te,Se:Fe the regular F&" center, surrounded by 4 Te atoms is, for

The photoconductivity spectra of CdTe,Se, crystals SOME€ unknown reason, lowered in C¢€e,; by 80 meV,
doped with Fe are dominated by the photoionization transiPut we think that the lower ionization energy corresponds to
tions: those Fé™ centers, which are surrounded by 3 Te atoms and

1 Se atom(more than 29% of the F€ centers are in
FE€" +hv— Fe* + free electron. (4)  this situation in CdTgSey;:Fe). In other words: in

In the region of the photoionization threshold, the photocon—CdTeo'gseo'l:Fe’ beside the regular F& level, we can see a

o : second(uppe) level corresponding to the Bé centers in a
ductivity spectrum of a thin sample represents the spectrurTC]. . .
. . ifferent anion environmen@ Te atoms and 1 Se atonit
of the optical cross section of the Fe centers for the photo- b ful t Il th . fad level” i
ionization transitions. In Fig. 10, the photoconductivity spec—mhay € us%ehu 0 rlgc? € meanlr.lg?‘;b; 0||10r ﬁ\{e n
trum of CdTe, ¢Sey 1:Fe is compared with the spectrum of t_e case o the mut|e_ e_ctron center: onor IevelIs a
CdTe:Fe. As the photoionization cross sectior) from the visualization of the minimum enerdy, required for the ion-

d-shell is knowR° to follow the expression ization process{é'l),' yvhen the Fé" center is. in the ground
SE state. By definition, the & donor level is placed at the
oxE(E—Ey)%?, distanceE, below the conduction band edge. We do not

distinguish between the optical and the thermal ionization

(E—photon energyE,—threshold energy a suitable ordi-  energy, because the lattice relaxation energy is very small for
nate is used to show the threshold. For CdRefs. 21-28 kg in cdTe®

this threshold is at 1455 meV &t=77 K (the F&" level lies The presence of the second level is also seen in transport

TABLE IIL. Th d N . " ) measurements. The conductivity of both CdTe:Fe and

_ !l. The s,p-d exchangeé paramelers of various one- cqre Se, ,:Fe is ofp type, due to residual acceptor impu-
anion cadmium compounds and @d, _.Fe,) (Te;_,Se)). rities. But, since the Fe" donor level is close to the valence
band and the concentration of iron is high, the Fermi level is

Compound No(a—£) (eV) Reference pinned to the F&" level, and the concentration of holes is
Cd,_,Mn,Te 1.10-0.05 18 governed by the distance between the*Fdevel and the
(Cd;_,Fe,)(Te;_,Se)) 1.20+0.05 This work valence band. We have found that the activation energy of
Cd,_,Fe,Te 1.57-0.05 8 the conductivity for CdTg¢Se; 1:Fe is more than 70 meV
Cd,_,Fe,Se 1.89-0.05 19 higher than for CdTe:Fe. We think that, in this case, the

Fermi level is pinned to the upper Fe level.
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VI. CONCLUSIONS Optical properties in the FIR range and magneto-optical

We show that the presence of two different types of an_properties in exciton energy region are also altered. The re-

. ) e o sults of our photoconductivity measurements suggest that the
ions in (A]_,Fe,)(BY.,C}") system significantly modifies b y 99

hvsical properties of the compound. The tem eratureground state of an Fé ion can take several different posi-
phy prop P ’ P ions in the energetic band structure of the host material,

independent Van Vleck paramagnetism characteristic OL : L o
- ) . . epending on a composition of a group of atoms constitutin
[I-VI SMSC containing Fe ions is replaced by a Cu”e'typethepneare%t neighborps group g

paramagnetism. This was established by both low-
temperature magnetic susceptibility measurements of two-
anion systems based on cadmium, zinc, and mercury and the
magnetization study of(Cd,_,Fe,)(Te;_,Sey) crystals. This work was supported in part by the Committee for
Theoretical calculations performed by us explain the experiScientific Research under Grant No. 2 0475 91 01 and Grant
mental results and provide a good description of magnetitNo. 8 T11B 050 08, and by Maria Curie-Sklodowska Joint
properties of investigated compounds. Fund 1l No. NSF/PAN-92-113.
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