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The edge photoluminescence of donor-acceptor (DA) pairs in crystalline Zn, -,Mn,Se has 
been investigated experimentally. A decrease in the large Zeeman splitting of the 
states of the DA pairs, especially the hole states of the DA pairs, relative to the splitting of 
the free-exciton states in the same crystal has been noted. Detailed treatment of the 
experimental results has revealed that this decrease cannot be attributed to the absence of 
Mn2+ ions near the deep impurity centers or to the realization of a magnetic polaron 
effect. The decrease in the large Zeeman splitting of the DA pairs in Znl-,Mn,Se has been 
explained in the framework of a model of a two-parameter impurity center. The 
exchange interaction has been calculated in this model, and it has been shown that this 
interaction is weakened significantly owing to the fact that it does not involve most of the 
impurity-center wave function which is concentrated within its small (atomic) radius. 
The weakening of the exchange interaction is responsible for the decrease in the Zeeman 
splitting. Good agreement between the theoretical and experimental curves has been 
obtained. 

1. INTRODUCTION 

It has been that semimagnetic semiconduc- 
tors of the type A~'_,M,B'~ (M= Mn, Fe, ... ) exhibit large 
Zeeman splitting of free-exciton states in a magnetic field. 
This effect is a consequence of the exchange interaction of 
the free carriers with the localized 3d electrons of the tran- 
sition metal ions. In such a case the effective field acting on 
the spin of each electron (hole) is many times greater than 
the external magnetic field. It has been noted4" that the 
large Zeeman splitting for free carriers, free excitons, and 
excitons bound in shallow donors is of approximately the 
same magnitude, while the magnitude of the splitting of 
hole states is much smaller for excitons in acceptor 
centers-which are characterized by significant binding en- 
ergies in A"B'" compounds-than for free excitons. This 
decrease in the large Zeeman splitting was attributed in 
Ref. 4 to the fact that in samples of Cd,-J4nxTe with 
x41, there are generally no Mn2+ ions near a deep accep- 
tor center within a radius specified by the Bohr radius of 
the center. Thus, the concentration of these ions in the 
regions where most of the acceptors are localized is con- 
siderably smaller than the mean concentration throughout 
the crystal. 

As was noted in Ref. 5 in an investigation of samples 
with a comparatively large content of ~ n ' +  ions, another 
reason for the weakening of the large Zeeman splitting may 
be the realization of a magnetic polaron effect, which re- 
sults in the spontaneous magnetization of the magnetic 
ions found within the Bohr radius of donor and acceptor 
centers. 

In this communication we present the results of 
magneto-optical investigations of a crystal of Zn, -,Mn,Se 
( x  = 0.008). The recombinational photoluminescence 
bands of donor-acceptor (DA) pairs were studied. It was 

discovered that the magnitude of the splitting of the hole 
states of DA pairs, as in the case of excitons in neutral 
acceptors, is significantly smaller than that for free exci- 
tons. The mean distance between MnZf ions for the values 
of x considered is at most comparable to the Bohr radii of 
the donors and acceptors. Under such conditions there 
should be no decrease in the large Zeeman splitting due to 
the absence of magnetic ~ n ' +  ions within the Bohr radius 
of most of these states. In addition, there is probably no 
magnetic polaron effect here, since the positions and 
widths of the corresponding spectral lines differ only 
slightly from those for the original pure crystal of ZnSe 
and since there is no specific temperature dependence for 
the parameters characterizing these lines. 

The observed decrease in the splitting of the levels un- 
der magneto-optical effects in the present work can be ex- 
plained using a model of a two-parameter impurity  enter,^ 
in which it is assumed that sufficiently deep hole (electron) 
states have a nonhydrogen-like character and the wave 
function of each state is described by two characteristic 
radii, one of which is of an atomic scale, while the other 
has a form typical of states with a large radius ro=N 
4-, where EO is the energy of the state measured from 
the band edge and m* is the effective mass of the carrier in 
the band. Here the portion of the wave function which is 
concentrated within the atomic (small) radius does not 
participate in the exchange interaction, since there are no 
magnetic atoms within this radius. 

2. EXPERIMENTAL RESULTS 

The measurements were performed on the same sam- 
ple of a cubic crystal of Zn, -,Mn,Se (x=0.008) and un- 
der the same conditions ( T = 2  K, H<3 T) as in Ref. 3, 
where the magneto-optical effects were studied for the free- 
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FIG. 1 .  Photoluminescence lines of DA pairs in a Zn, -fln,Se crystal: a) 
in the absence of a magnetic field; b) lines of different polarization in a 
magnetic field H= 1 T. 

exciton reflection band. The luminescence was excited by 
the A,,,=3650 A resonance line of a mercury gas- 
discharge lamp. The spectroscopic measurements were per- 
formed on a DFS-12 spectrometer with slit width (0.5 A. 
The magnetic field was produced by a superconducting 
solenoid with a cross section that permits the performance 
of measurements in the longitudinal (kll H)  and trans- 
verse (k l  H )  geometries of an (HI1 z) experiment. The 
emission was detected in two circular polarizations of the 
light wave for kll H (a+:  E+ =Ex- iEy#O, E,=O and a-: 
E- =Ex+iEy , E,=O) and in two linear polarization for 
kl H ( a  : Ex#O, Ey=O, E,=O and IT : Ex=Ey=O, EifO). 
Here k is the wave vector, and E is the electric field- 
strength vector of the light wave. 

Figure la shows the photoluminescence spectrum of 
the sample studied in the present work. It consists of two 
resonance bands formed as a result of DA pair recombina- 
tion. The intense band with a higher energy corresponds to 
zero-phonon recombination, and the other band is a Stokes 
replica of the first band. The distance between the maxima 
of these bands hv= 3 1 * 2 meV is approximately equal to 
the quantum energy of an LO phonon in ~ n ~ e . '  We note 
that the complete photoluminescence spectrum of the sam- 
ple also contains a group of narrower recombination lines 
of various exciton states located in the immediate vicinity 
of the free-exciton reflection line (Ez2.89 eV), which are 
not shown in Fig. la. In addition, the spectrum displays a 
broader band of intracenter transitions of the ~ n ' +  ions at 
longer wavelengths. 

We stress that the spectral positions of these exciton 
and DA pair bands in Zn,-,Mn,Se scarcely differ from 
those observed for pure ZnSe. This means that the energies 
of the states responsible for these photoluminescence bands 
do not change significantly in response to the incorporation 
of ~ n ~ +  ions in the ZnSe lattice. Moreover, these bands do 
not shift or broaden when the temperature of the sample 
changes from 2 K to 4.2 K. 

Figure lb presents a picture of the photoluminescence 
spectrum, which shows how a magnetic field H= 1 T in- 
fluences the DA pair bands in the a+ (curve I), IT (curve 

FIG. 2. Dependence of <I1 ( A )  and 6' (V) in Zn,-an,Se and ZnSe 
crystals on the magnetic field. 

2 ) ,  and o- (curve 3) polarizations. It can be seen that a 
comparatively strong field alters the intensity of the polar- 
ized emission, but does not cause appreciable shifts or split- 
ting of the polarized DA pair bands. Other measurements 
performed for H >  1 T and up to H = 3  T likewise did not 
reveal any changes in the spectral positions of the maxima 
of the observed resonance lines with an absolute value ex- 
ceeding the measurement error AEem=2 meV, i.e., 

I AE+ "*"(H) 1 GAP", where AE*","(H) =E*O9"(H) 
-E(O) and Ef 09"(H) denotes the positions of the band 
maxima. For comparison, we note that in the band due to 
the reflection of light by free excitons, the splitting between 
the outermost components with a+ and a- polarizations 
amounts to 19 meV when H= 1 T, while the splitting be- 
tween the two IT-polarized components equals 8 meV. If 
the splitting of the DA pair bands were of the same or 
comparable magnitude, it would have been clearly dis- 
played in Fig. lb. This splitting would also have exceeded 
the measurement error and the half-width of the band. We 
therefore conclude that the splitting of the DA pair bands 
is many times weaker than that observed in the free-exciton 
band. 

To determine the parameters of the splitting of the 
electron and hole states associated with the DA pairs when 
H#O, we performed detailed measurements of the polar- 
ization characteristics of the DA pair emission. The results 
of these measurements are presented in Fig. 2, where the 
triangles and inverted triangles refer to the values of the 
ratios gll ( H )  =I-"(H)/I+"(H) and g1 (H)  =I"(H)/ 
P ( H ) ,  respectively, in the longitudinal (kll H )  and trans- 
verse (kl H )  geometries of the experiment. Here I* "(H) 
denotes the intensity of the emission with circular a* po- 
larization, and P u ( H )  denotes the intensity of the emis- 
sion with linear n and a polarizations at the maximum of 
the zero-phonon photoluminescence band. The plots of the 
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dependence of fll (H)  and f1 (H) on the field observed for 
the band of the phonon replica are not shown, since they 
do not differ significantly from the plots shown in Fig. 2. 
Curves 1 and 2 correspond to the results of a theoretical 
treatment of the experimental data, and will be discussed 
below. Lines I' and 2' are calculated curves based on ex- 
perimental data from Ref. 8 (the g factors have the same 
value as in the present work), and they illustrate the vari- 
ation of the values of fll and f1 corresponding to the DA 
pairs in a pure crystal of ZnSe in a magnetic field. Quali- 
tative and quantitative differences in the behavior of these 
parameters for the ZnSe and Znl-J4nxSe crystals are 
readily apparent. This is clearly a consequence of the in- 
teraction of the electrons and holes bound in the DA pairs 
with the subsystem of Mn2+ ions in Znl-,Mn>e. 

3. ANALYSIS AND TREATMENT OF EXPERIMENTAL 
RESULTS 

We note above all that in the present experiment, as in 
Ref. 3, the spectral positions of the edge photolumines- 
cence and exciton reflection bands for Znl-,Mn>e are 
essentially the same as those for ~ n ~ e . ~ - " .  Hence it may be 
concluded that the energy spectrum of the band states, as 
well as the impurity levels responsible for these bands, does 
not undergo appreciable changes due to the presence of 
~ n ~ +  ions in the lattice. Therefore, we shall assume that 
the DA pair bands recorded for Znl-J4nXSe result, as in 
ZnSe, from the recombination of electrons (s,= 1/2) local- 
ized at the donors D (their binding energy is ~,,=28 meV) 
and holes (sh= 3/2) localized at the acceptors A (E,= 80 
meV). Here it is assumed that the spin states of the elec- 
trons localized at donors and of the holes localized at ac- 
ceptors coincide with the corresponding values for the 
spins of the free carriers. Therefore, the values of s,, the 
spin of an electron from the lower s-type r6 band, and of 
sh, the effective spin of a hole from the upper p-type r8 
valence subband," are given along with the binding ener- 
gies E,, of the localized  state^.^"^ 

In a magnetic field H=H#O, H,=H,,=O, the r6 and 
T, bands split into spin subbands with sl,= f 1/2 and 
$= f 1/2, * 3/2. The magnitude of this splitting is deter- 
mined mainly by the effect exerted on the spin s, (sh) of an 
electron (hole) by the exchange field3 

which depends on the magnitude and sign of the constant 
of the s-d (p-d) exchange interaction of a current 

camer e(h) with 3d electrons of Mn2+ (sMn=5/2), where 
x is the concentration of Mn2+ ions, and ( s ~ , ) ~ , ~  is the 
mean value of their spins in the Znl-,Mn,Se sample when 
H#O. Exchange field (1) determines the large Zeeman 
splitting for free excitons and excitons bound in shallow 
centers. 

The exchange interaction of electrons (holes) bound in 
relatively deep impurity centers with ~ n ~ +  has some spe- 
cial features, which will be examined in detail below (Sec. 
3). In treating the experimental data we shall, nevertheless, 

assume that the Zeeman splitting of the donor levels 
[AE,(H)] and of the acceptor levels [AEh(H)] may be 
represented in similar forms 

Here e(h) (H)  = Ge(h)Pe(h) is the exchange field acting on 
the spin s,(sh) in the states indicated; Pe(h) is the reduction 
parameter, which depends on the model of the impurity 
center and the depth of the impurity level; ge(h) is the g 
factor of an electron in a donor (hole in an acceptor); fl is 
the Bohr magneton. 

The ~ e e m a n  effect for the analogous band of a DA pair 
in a pure ZnSe crystal was investigated in detail in Ref. 8. 
As in Ref. 8, the splitting of this band was not detected at 
H<6 T due to its large width 7 meV). At the same 
time, we were able to detect changes in the polarization 
characteristics of the luminescence, whose theoretical 
treatment makes it possible to determine the values g,= 1.2 
and gh=0.4. This suggests that the values of g, and gh for 
the Znl-,Mn>e sample studied are the same as those for 
a pure ZnSe crystal. Using the procedure in Ref. 8, we can 
obtain the following expressions for fII (H)  and f1 (H):  

WFA, + WFAF 
f 11 (H)  = 

wFAF + W$A$ ' 

Here it is assumed that the recombination [e(Sz)4+h(Si)] 
of electrons and holes in DA pairs satisfies selection rules, 
just as in the case of free excitons. As a result, the transi- 
tions for the a* and .rr polarizations are characterized by 
the following relative probabilities: 

In addition, in the present work, as in Refs. 8, 11, and 12, 
it is assumed that the spin subsystem of the electrons and 
holes manages to undergo thermalization during the life- 
time of a DA pair. Accordingly, the relative populations of 
the spin sublevels ED(H, 6) and EA(H, 4)  are described 
by Boltzmann distribution functions, and A& and B* have 
the forms 
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B+ = exp 
AEe(H)-AEh(H) I 

B- = exp 
-AEe(H) +AEh(H) 

Expressions (2 ) and (3 ) were used to approximate the 
functions ~ 1 1  ( H )  and 6' ( H ) .  The variable parameters 
used to find f l l  ( H )  and c1 ( H )  were Pe and Ph. The re- 
maining parameters in Eqs. (2) and (3) were assumed to 
be known. They were characterized by the following val- 
ues: ge=1.2, gh=~.4,11 1,=0.2 eV, I~=-0.4 eV, 3 

x=0.008. The values of ( s ~ ~ ) ~ , ~  at different field strengths 
were determined as described in Ref. 3. The best fit with 
experiment was obtained with the following values of the 
parameters: Pe=0.75*0.03 and Ph=0.037*0.005. (The- 
oretical curves I and 2 in Fig. 2 were constructed with 
these same values of the parameters.) According to the 
value of Ph,  the exchange field acting on a hole in the A, 
state is much weaker than the field for a free exciton (re- 
duction factor ~ 2 5 ) ,  and is somewhat weaker the field for 
an electron. Possible reasons for such drastic reduction of 
the exchange interaction of a spin sh in the A. state with 
Mn2+ ions will be discussed below. 

4. DISCUSSION 

Let us consider possible reasons for the decrease in 
qh) and consequently in the large Zeeman splitting for 
bound impurity states. The Hamiltonian for the exchange 
interaction of carriers with the localized magnetic mo- 
ments introduced by magnetic impurity atoms (Mn) may 
be represented in the form 

where ~ , ( ~ ) ( r )  and ~ ~ ( ~ ) ( r )  are the operators of the effec- 
tive spin and density of states of the carrier at the point r, 
sMn(R;) is the operator of the spin of the magnetic field at 
the sites i occupied by impurities, and Ie(h)(r-Ri) is the 
exchange interaction parameter. The simplest assumption 
which holds for states of large radius and disregards the 
magnetic polaron effect is that the quantum-statistical av- 
eraging can be performed independently for the magnetic 
Mn2+ ions, and SM,, can be replaced by its mean value in 
the magnetic field H: 

where PJy) is the Brillouin function and go is the g factor 
of the magnetic field. The amplitudes of the splitting of the 
energy levels of the carrier (free or localized) are 

where Y is the volume per formula unit of ZnSe and 
p:'h' = Y P , ( ~ )  (Ri) is the reduced (dimensionless) density of 
states of the carrier at site i. 

When there are enough magnetic atoms in a volume 
with the radius of an impurity state ro, configurational 
averaging with respect to the impurities may be performed 
in the last term in (6) .  Then AEe(h) obeys expression (2 ) ,  
where 

and the summation over I is carried out over all the lattice 
sites at which a magnetic ion may be found. 

For the models of impurity sites usually employed 
(see, for example, Ref. 13), the value of Pe( should be set 
equal to unity on the basis of the normalization conditions, 
despite the fact that a magnetic atom may not be found at 
the same site as the center that creates the electron (hole) 
impurity state of large radius. Then, as can be seen from 
(2), the magnitude of the large Zeeman splitting does not 
depend on the radius of the impurity state, and is the same 
as for a free carrier. This is due to the fact that any change 
in the radius of a state that results in a change in the 
number of magnetic ions interacting with it is compensated 
by a change in the density of states. 

As we have already noted, the significant decrease in 
the large Zeeman splitting that we (as well as some other 
investigators5) observed for impurity acceptor levels can be 
attributed to different causes in the general case. For ex- 
ample, according to Ref. 4, the decrease in the large Zee- 
man splitting for weak solutions, in which (vdv)x(l ,  
where vo=?ad/3, is attributable to the high probability 
that there are no magnetic ions in a volume vo with the 
radius of an impurity state ro. However, the concentrations 
of such ions in the volume that we investigated are such 
that these conditions are not satisfied even for fairly deep 

16 3 impurity centers (x=0.008; ro= 10 A; Y =0.45 X 10- m ; 
4 ~ d  x/3v- 1 1. 

Another reason for the decrease in the large Zeeman 
splitting for deep levels is realization of the magnetic po- 
laron effect. In fact, the exchange interaction acting on 
most magnetic ions found within the volume of an impu- 
rity state is of order ( V / Y ~ ) I , ( ~ ) ,  and may surpass the ex- 
ternal magnetic field in modest fields, so that both expres- 
sion (5) and the possibility of independent averaging with 
respect to the magnetic ions are unrealistic, i.e., expression 
(6) becomes invalid. l4 The magnetic polaron effect should 
also cause overall displacement of the impurity absorption 
lines by  XI,(^) (sMn) (at very low temperatures). This shift 
is of the same magnitude as the maximum value of the 
splitting of the lines of free carriers in a magnetic field (i.e., 
AEe(h) ~ 2 0 - 3 0  meV for hole states). The magnetic polaron 
shift should vanish when kBTrnz  ( Y / Y ~ ) I ~ ( ~ ) ,  i.e., T, z 50 
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K for the acceptor impurities in the Znl-,Mn,Se sample 
under consideration. However, neither displacement of the 
positions of the maxima of the photoluminescence lines nor 
a strong temperature dependence is, in fact, observed in the 
systems that we examined, suggesting that there is no mag- 
netic polaron effect. 

This contradiction can be explained by analyzing the 
model of an impurity center used and, in particular, the 
condition Pe(h,= 1. As we have already noted, it can be 
confidently assumed that a magnetic atom cannot be found 
at the same site as a defect that initiates the appearance of 
the carrier impurity state under consideration. As a result, 
there should be restrictions on the summation over I in 
expression (7) for Pe(h), which may cause a decrease in 
Pe(h) and a resultant decrease in the large Zeeman splitting. 
Such arguments were advanced previously. However, in 
the widely adopted hydrogen-like model of a shallow state, 
the influence of the "crust" is usually small.15 Then, as 
before, Pe(h) should be close to unity and cannot be re- 
duced in any way by an order of magnitude to account for 
the experimental data (Sec. 2), especially for acceptor im- 
purities. 

Impurity states caused by isovalent centers are often 
described with the aid of the one-parameter model of a 
center, which culminated in the work of I. M. ~ i fsh i t s . '~  
However, if this model is used to analyze the relatively 
shallow centers of large radius investigated in the present 
work (their binding energy is considerably smaller than 
the width of the forbidden gap of a carrier), no significant 
decrease in Pe(h) can be achieved. This is due to the fact 
that in this model, too, the main part of the wave function 
of a center of large radius is distributed far from the defect. 

We now turn to the model of a two-parameter impu- 
rity state, which was previously used to explain the char- 
acter of electron and magnetic impurity states of large ra- 
dius for various types of substances." In particular, it was 
successfully used1* to account for the advent of paired im- 
purity levels located close to one another and to the edge of 
the spectrum that were observed in znsel - ,~e,  In the 
one-parameter model, such states, which are due to impu- 
rities that are nearest or next-nearest neighbors, would be 
shifted relative to one another by an amount comparable to 
the width of the band from which they were split off. 

The Hamiltonian of an impurity state in the model 
under consideration is 

where is the primary (atomic) energy of the impurity 
state, ek is the energy of band states of the matrix with 
wave vector k, a: and a$ are the creation operators of the 
respective states, y is the hybridization parameter of the 
impurity and band states, and V is the volume of the crys- 
tal. Assuming that an impurity level is located near a band 
edge with a quadratic dispersion law &,=ii2k2/2rn*, we 
obtain for the energy of an impurity level in the crystal 

where 

In (9), E ,  is the characteristic energy of the "subthreshold" 
region near the band edge. 

The wave function of such a state (in the lattice-site 
representation) is 

where the subscript 0 refers to a site occupied by an impu- 
rity (a defect that leads to the appearance of an impurity 
level). The normalization factor 90 describes the probabil- 
ity Yo of finding a carrier at the zeroth site (i.e., at the 
impurity atom) : 

For relatively deep levels beyond the subthreshold region 
E, (i.e., I E ~ I  BE,, 1st ) I ) ,  E ~ z Z ~ ,  and the main portion of 
the wave function is localized at the impurity site; only a 
small portion is smeared out over a region with the large 
radius ro. Here the probability of finding a carrier away 
from the zeroth site equals 

For shallow levels in the subthreshold region E,, for 
which I E, I (E, , 16 I (1, the main portion of the wave func- 
tion is distributed over a broad region 47r?d3)u, and only 
a small portion is found at the site occupied by the impu- 
rity atom, so that Y 0 ~ 2 1 6 1  (1. 

Using (12) and assuming that the magnetic ions are 
distributed uniformly over all except the zeroth site, we 
obtain an expression for the energy of the Zeeman splitting 
of an impurity state in a magnetic field of type (2), where 

For shallow impurity levels, for which IS 1x1 and 
Pe(h) z 1, the magnitude of the splitting becomes close to 
the corresponding splitting for free states. The slight de- 
crease in the large Zeeman splitting observed for the elec- 
tron states of donor impurities and the drastic decrease in 
the large Zeeman splitting for the hole states in acceptors is 
readily attributable in the model under consideration to a 
decrease in Pe(h), i.e., to the change in the character of an 
impurity state when the wave function is mostly localized 
at the impurity lattice site. An analysis of the change in 
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Pe(h) from its value for free states does in fact make it 
possible to assess the character of the spatial distribution of 
the wave function of an impurity state. 

It should also be pointed out that the exchange field 
acting on a magnetic ion from an impurity state of the type 
under consideration also decreases by a factor of Pe(,) (i.e., 
it has a value of - P,(h) ( v / v ~ ) I ~ ( ~ )  ). Thus, the decrease in 
the large Zeeman splitting for the impurity center under 
consideration should be accompanied by corresponding re- 
duction of the magnetic polaron effect. Just such behavior 
was observed in both our investigations and other experi- 
ments. Thus, this model makes it possible to eliminate the 
apparent inconsistencies when the entire body of experi- 
mental data on the Zeeman splitting of acceptor levels in a 
magnetic field is analyzed. This also confirms the suitabil- 
ity of our proposed model of an impurity center. 

In conclusion, we note that similar measurements 
should be performed in the future on samples with other 
concentrations of magnetic impurity ions, which would 
make it possible to unambiguously interpret expression 
( 1 ). We also note that the results can be used to analyze 
the magnetic polaron effect in different systems, as well as 
to explain the drastic decrease in the large Zeeman splitting 
for excitons localized on acceptors. 

We sincerely thank S. M. Ryabchenko for some very 
fruitful discussions. 
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