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Abstract

In n-doped diluted magnetic semiconductors the (s-d)-exchange-induced shift of the donor electron
levels in an external B-field is expected to be subject to local fluctuations due to the statistical
distribution of the magnetic ions. We investigated this phenomenon by resonant electron spin-flip
Raman spectroscopy (ESFRS) on (Zn,Mn)Se:Cl samples with Mn contents up to 0.07 and n-dopant
concentrations up to 1.3 x 10'® cm . The profile of the ESFRS efficiency versus photon energy
shows a pronounced resonance, comprising two contributions due to the donor-bound exciton
(D°,X) and the free-exciton (X°) as the intermediate states for the ESFRS process. The exchange-
induced widening of the electron energy distribution is clearly reflected in the spectral width of the
(D°X) resonance contribution. A distinct B-field-induced broadening occurs, typically by a factor of
two between B~1T and B = 7 T. By employing the statistics of the local Mn concentration
fluctuations, the radius of the donor-bound exciton (DO,X) is evaluated from this broadening, yielding
(D°,X) radii from 1.75 nm to 5.90 nm and showing a decrease with increasing Mn content as well as
dopant concentration.

1. Introduction

Paramagnetic doped diluted magnetic semiconductors (DMS) based on II-VI compounds, such as e.g. n-doped
Zn; _,Mn,Se (x < 0.1), are of high relevance for fundamental studies of the magnetic impact on electronic
transport and optical properties, because they facilitate the independent variation of the magnetic Mn®"-ion
concentration and the dopantion content (e.g. Cl ) [1].

When an external B-field is applied to such a paramagnetic DMS material, an extraordinarily large spin
splitting in the conduction- and valence band levels is induced, which is boosted by the Mn d-levels through
(s-d)- and (p-d)-exchange interaction with exchange energy constants above 0.2 eV [1, 2]. In terms of g-factors,
this implies values beyond 100 [3]. As for electronic transport, a very pronounced magnetoresistance occurs [4],
which is especially relevant in the doping range slightly below the Mott-transition density, where transport is
dominated by hopping processes in the impurity band [5-7]. Moreover, the huge spin splitting leads to a highly
intriguing behavior in optical properties. Among the most prominent optical features are a giant Faraday
rotation in transmission [8, 9] and giant Zeeman splittings beyond 100 meV of exciton transition peaks in
photoluminescence spectra [10].

For the direct observation of the B-field-induced splitting of energy levels with different spin orientations,
magneto-Raman spectroscopy of spin-flip transitions has become a well-established technique. Not only the
Mn”* paramagnetic resonance, i.e., A mg = +1 transitions from the °Ss , ground-state of the localized Mn*"
3d-orbitals was analyzed [11], but also electronic spin-flip Raman scattering (ESFRS), probing spin-flip
transitions of donor-bound or free electrons [ 12—14]. Thus, ESFRS provides an immediate access to the B-
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Table 1. Parameters of the Zn, _,Mn,Se:Cl samples
in this study: Mn content x, dopant concentration
Ny, and ZnSe layer thickness.

Mn Ng thickness
sample x (ecm ™) (e m)
A 0.07 <10 0.70
B 0.05 2.0 x 10" 0.93
C 0.05 4.2 x 10" 1.04
D 0.05 1.3 x 10'® 0.90
E 0.01 4.3 x 10" 1.05

induced electron spin splitting energy value, e.g. for the direct determination of the (s-d)-exchange energy value
[15-17].

Generally, a substantial enhancement of the efficiency of Raman scattering processes can be achieved by
tuning the exciting laser wavelength into resonance with an electronic interband transition: Resonant Raman
Spectroscopy (RRS) [18, 19]. This resonant enhancement applies especially for ESFRS, which is a two-step
process, and therefore has a double-resonant character [3, 20]. The very pronounced resonance-induced
enhancement of the ESFRS-efficiency yields two important advantages: (i) a very high material-selective
detection sensitivity, and (ii) the spectral width of the scattering-efficiency resonance profile gives access to the
energy-distribution width of the electronic states which are involved in the Raman scattering process.

Therefore, we have exploited the resonance behavior of ESFRS to study the Cl-doped DMS (Zn,Mn)Se with
doping concentrationsup to 1.3 x 10'® cm ™, to get further insight into the energy distribution of the donor
electron states and the corresponding donor-bound excitons (DO,X), and moreover, the influence of the external
B-field on this distribution. Hence the main focus of this paper is on the development of the width of the ESFRS
resonance profile for external magnetic fields from 1 T to 7 T. We observe a distinct broadening, which is
explained in terms of a widening of the energy distribution of the Cl-dopant electron levels due to the statistical
fluctuations of the local Mn content in their immediate vicinity. Our results corroborate the theoretical model
description of the giant-magneto resistance of DMS by a broadening of the energy distribution of the donor
states due to the statistical distribution of the Mn atoms [4, 7]. Moreover, from the quantitative evaluation of the
B-induced profile broadening the radii of the bound exciton states (D%, X) are determined.

2. Experimental

The samples in this study were epitaxial layers of n-type Zn; _,Mn,Se withx = 0.01,x = 0.05andx = 0.07,
grown by molecular beam epitaxy (MBE) on semi-insulating (100) GaAs substrates, using chlorine as n-type
dopant, provided by evaporating ZnCl,. The layer structures consist of an undoped ZnSe buffer, followed by the
n-type Zn; _,Mn,Se:Cllayer with a thickness of about 1 gm [21]. Mn atoms are isovalently substituted for Zn
atoms and the Cl donor atoms occupy Se sites. The doping was between nominally undoped and N, =

1.3 x 10'®cm . The Mn content was verified by x-ray diffraction (XRD) analysis. The relevant parameters of
the samples are listed in table 1.

As excitation light source for the Raman spectroscopy, a UV-pumped dye laser was employed, operated with
stilbene 3, covering the spectral range of incident photon energies E;,, from 2.77 eV to0 2.85 eV. This enabled its
tuning into resonance with the fundamental bandgap E, of Zn; _,Mn,Se with x < 0.07 near 2.81 eV [22]. The
Raman measurements were performed in backscattering geometry, i.e., the standard geometry which is
commonly used for Raman scattering on opaque samples. The spectra were recorded with a Dilor XY triple
spectrometer, equipped with a Peltier-cooled CCD detector (ANDOR iDus series). The integration time of each
spectrum was typically up to 120 s. The intensity of the spin-flip Raman peak in each individual spectrum was
calibrated by employing the main photoluminescence peak as an internal normalization standard. The external
magnetic field was varied in a split-coil superconducting magnet between 0 and B = 7 Tesla, oriented parallel to
the sample surface. This implies that the B-field direction is perpendicular to the propagation directions of the
incoming and the scattered light, i.e., in the geometry of the Voigt effect [23]. Therefore it is commonly referred
to as the Voigt configuration [1, 2, 24]. The polarization configurations of the incident and the scattered light,
denoted as (e;,e,) in Porto’s notation [25], were (o,7) and (7,0), where 7 and o represent the directions parallel
and perpendicular to the B-field, respectively. The samples were immersed in suprafluid liquid helium at
temperature T = 1.6 K.
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Figure 1. Schematic representation of the B-induced spin splitting for Iy valence- and I's conduction-band states of (Zn,Mn)Se, with
the energy splitting of the I's levels with adjacent m; values denoted as A VB and for the I' levels as A CB. The dipole transitions
labeled 1-6 are allowed in Voigt configuration and have characteristic polarization 7 or 0. The right side of the diagram shows the
combined transitions, which induce an electronic spin-flip Raman scattering (ESFRS) process on I's electrons and the resulting net
spin-flip effect (adapted from [20]).

3. Results and discussion

In an external magnetic field B, the giant Zeeman splitting of the energy levels at the valence-band (VB)
maximum as well as the conduction band (CB) minimum in DMS due to the (s-d)- and (p-d)-interaction is
described in the mean-field approximation by:

VB: E(B) = imj - NoB - X - (S.(B)) (1)

CB: E(B) = Eo + mj - Nt - xg - (S.(B)) )

where Ej is the gap energy in the absence of an external magnetic field, m; is the magnetic quantum number
(mj = £1/2for CB-states, m; = + 1/2; & 3/2 for VB-states), X, is the Mn concentration x, reduced by an
x-dependent correction factor due to the antiferromagnetic d-d interaction between nearest-neighbor Mn ions
[1], and Noavand Ny are the exchange constants for the (s-d) and (p-d)-exchange interaction, respectively, with
Ny =260 meV and NyG=-1310 meV for Zn, _ Mn,Se [26].

(S.(B)) represents the mean-field average spin value of the Mn** ions, which is described by the modified
Brillouin function By(B/T) for angular momentum J = 5/2[1]:

5 5% tpB
S,(B)) = —=Bs,,| —<MnTB— | 3
(S.(B)) 5 5/2|:2kB(T+ TAF)] (3)

Here, T'is the sample temperature, for our experiments 1.6 K, gy, = 2 is the g factor of the Min d states, Tyrisa
phenomenological x-dependent temperature correction parameter for the effective Mn temperature for
considering also the antiferromagnetic interaction beyond nearest neighbor Mn ions [1] and can be calculated
by Tap(x) = 47.2x — 281x*+714x” [10], which results in Tys(x = 0.01) = 0.50 Kand T, s(x = 0.05) = 1.75K.
When the Mn ions are randomly positioned on the cation sites, for x < 0.1, x; can be written as [27]:

Xeff (X) = éx e — D254+ 2x%- (x — D9 [109 + 15x - (5x — 12)]} 4)

For chemical Mn concentrations x < 0.01, the deviation between x and Xeff Can be neglected, but already for
x=0.05, x5 is reduced to 0.03, meaning that only 60% of the Mn>* ions unfold their magnetic impact.

The implications of this B-induced level splitting for the optical behavior at the fundamental gap of (Zn,Mn)
Seare illustrated in figure 1, which shows the relevant energy levels | VB, mj> and |CB, m]-) in an external B-field,
and on the left side the corresponding optical dipole transitions in Voigt configuration. The B-dependent energy
separations between adjacent m;-levels of the CB- and VB states are denoted as ACB and AVB, respectively. It
should be noted that in the following the denominations CB- and VB state are also applied for the corresponding
exciton states constituents of free or donor-bound excitons, i.e. (X°) and (D, X). Between the I'y VB states and
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the I' CB states, six transitions are allowed with Am; = 0 or &1, corresponding to the light polarization
direction parallel (7) or perpendicular (o) to the B-field direction, respectively. These transitions give rise to
characteristic features in the photoluminescence (PL) spectrum with increasing spectral splitting in the external
B-field according to equations (1) and (2). The relative intensities of these spectral features are governed by the
occupancy of the involved states and the selected polarization of the light. Possible ESFRS processes are shown
in the right side of figure 1. As a two-step inelastic light scattering process with a net electron spin transfer
Am; = 1, ESFRS can be realized as a combination of the dipole transitions 21} (from |VB, —1/2) to
|CB, +1/2))and 5} (from |CB, —1/2) to |VB, —1/2)) with polarization (o,7), but also as a combination of 6}
and 3!} with polarization (7,0). In both cases, in the first step, an electron is excited to the upper CB state and a
holeis created in the VB. A dopant electron recombines from the lower CB state with the VB hole by emitting a
Stokes-shifted photon. The energy difference between the incident and scattered photon, i.e., the Stokes shift of
the ESFRS peak in the Raman spectrum, exactly equals the B-induced CB splitting ACB. Thus, its B-field
dependence directly reflects the Brillouin-function behavior according to equation (2).

The dominant term in the corresponding formula of the scattering cross section do /9w, i.e., the probability
of the ESFRS scattering process, reads as follows [2]:

(aa) l<f|Pa|e><e|Pa|0> ]
- o | —2 e 7 (5)
Ow ) gsprs E, — /wi

Here p,, and pare the vector components of the dipole operators of the incident and scattered radiation. The
states |0), |e) , and | f) are the initial, intermediate (excited), and final electronic state, respectively. /i w; is the
incident photon energy, and E, is the excitation energy for of the intermediate electronic state.

By tuning the incident photon energy / w;, its match with E, can be achieved, in order to fulfill the resonance
condition for the excitation (step 2 or 6 in figure 1). Because ESFRS is a two-step process, now the relaxation
(step 5 or 3) is automatically also resonant, thus this process is double resonant, yielding an extremely
pronounced efficiency enhancement.

The resonance profile of the ESFRS (i.e. the ESFRS peak intensity versus the incident photon energy) is
therefore a powerful and sensitive method to analyze the energy distribution of the dopant electron states, which
is the main goal of this study. Furthermore, the resonantly enhanced ESFRS intensity is a prerequisite for its
identification in experimental spectra amongst the strong features of near-bandgap PL from free (X°) and
donor-bound excitons (D°,X).

The B-field-dependent development of the Raman and PL features in near-resonantly excited spectra in
(o,m) configuration is shown in figure 2 exemplarily for Sample C. The by-far most intense features are PL peaks,
which were identified as such by their spectral position independent of the employed laser frequency. The B-field
dependence of the peak positions is plotted in figure 3. The peaks show B-induced redshifts according to the
Brillouin function. Moreover, the initially dominant peak weakens with increasing B-field. Simultaneously a
second feature appears, which has an about 5 meV higher energy and dominates already at 1.5 T. These
observations are typical for the donor-bound exciton (DO,X), which gets instable with increasing B-field, and the
free exciton (X°) as its substitute in the PL spectrum [28]. Hence we assign these peaks accordingly. The involved
transition is identified as step 1 of figure 1, because these peaks have the lowest photon energy and the strongest
B-induced redshift. Therefore, they are denoted as PL1 (DO,X) and PL1 (X°).

A third, weaker PL-line can be identified as transition PL 5 (from |CB, —1/2)to|VB, —1/2)) duetoits
higher photon energy, its lower B-induced redshift, and its 7-polarization, i.e., its absence for o-polarized
detection (not shown here). In principle, this peak experiences the same change from the (D°,X) to the (X°), but
due to the overall broad PL features, this switch cannot be resolved experimentally.

Moreover, two Raman features are visible, which were identified as such by their constant Stokes shift when
changing the laser line. The peak with a B-independent Raman shift of about 255 cm ™ originates from the
longitudinal optical (LO) phonon [29]. The second Raman peak shows a B-field dependence according to the
Brillouin function, saturating for B=7 T at a Stokes shift of AE = 15 meV, corresponding to 121 cm ™. This
peak is attributed to the ESFRS, which directly reflects the B-induced spin splitting ACB of the conduction band.
This ESFRS peak, and specifically the resonance profile of its scattering efficiency, will be the subject of the
following discussion.

A prerequisite for the accurate determination of the ESFRS peak intensity is to effectuate a PL background
intensity as low as possible at the spectral position of this Raman peak, while at the same time matching
resonance with appropriate electronic transitions. This condition can be realized by employing for the ESFRS
process the transitions 61 (from |VB, +1/2) to |CB, +1/2); w-polarized) and 3J} (from |CB, —1/2)to
|VB, 4+1/2); o-polarized) of figure 1, whose spectral positions are blue-shifted by AVB with respect to the
transitions 21} and 5|}, and therefore up to 25 meV further away from the dominant PL1 peak. Thus, the

4
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Figure 2. Waterfall plot of the spectra of sample C with B-fields from 0 T to 7 T in (,7)-configuration with incident photon energy
E;, =2.8095 eV. The full, dashed and dotted lines are guides to the eye for the PL- and Raman features.

corresponding polarization configuration (7,0) is the preferential one to study the B-field dependence of the
ESFRS resonance [20]. We will denote this resonance as the (6 1; 3{}) ESFRS resonance.

Figure 4 shows a series of (m,0) spectra of sample C at B=7 T, excited in the range of the (6 }; 3{}) ESFRS
resonance with different closely spaced incident photon energies between 2.807 eV and 2.837 eV. The laser
photon energy values are indicated by the vertical arrows on the abscissa, labeled with the indices A to H. The
corresponding ESFRS-peaks, which are labeled by the same indices, are Stokes shifted by 15 meV (~121 cm™ ).
They appear on top of the PL, which here features a rather weak peak due to transition 3, while the strong PL
peak from transition 1 is spectrally well separated by 57 meV, as shown in the inset, which covers a broader
spectral range. Moreover, in each spectrum the PL1 peak intensity is utilized as an internal intensity calibration
for normalizing the ESFRS peak intensity, as shown by the ordinate scalings of the inset and the main frame.
Obviously, the ESFRS peak shows a clear intensity maximum when the scattered photon energy coincides with
the maximum of PL3. This pronounced ESERS intensity enhancement reflects the above-mentioned double
resonance in equation (5).

For a quantitative analysis of the resonance behavior of this process, each ESFRS peak was fitted by a
Lorentzian function. Subsequently, the obtained peak areas, which reflect the ESFRS efficiency, were plotted
versus the incident photon energy E,,.. This plot yields a resonance profile for each value of the B-field, as shown

5
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Figure 3. B-dependence of the spectral positions of the PL- and Raman peaks, obtained by fits of the spectra shown in figure 2.
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Figure 4. Series of spectra of sample C in (7,0)-configuration at B= 7 T, recorded with different incident photon energies E;,,. The
incident energy values are marked on the abscissa by arrows, denoted with the letters A to H, the corresponding ESFRS peaks, which
are Stokes-shifted by 15 meV, are denoted along the same scheme. The inset shows spectrum A, plotted over a wider energy range,
including the dominant PL1 peak. PL1 is well separated from PL3, which induces the ESFRS resonance.

in figure 5 for various fields between B=1T to B="7 T. For each B-value a partially overlapping double structure
appears.

The partially overlapping double structure of each resonance profile was fitted by a pair of Gaussian curves,
as exemplarily shown by the dashed and dotted lines for the resonance profile at B=7 T. The spectral separation
between the two Gaussians is independent of the B-field and amounts to ~5 meV. This equals the energy
difference between the donor-bound exciton (D%X) and the free exciton (X°), as reported in literature [30] and
observed in our PL spectra. Therefore, the two resonances are attributed to a (D°,X)- and an (X°)-assisted
transition. It might be surprising at first glance that the bound exciton (D°,X) retains its prominent role for the
ESERS efficiency also for B > 2 T, because the (DO,X) becomes instable in higher B-fields, as shown in figure 2.
However, it has been shown that the (DO,X) can still dominate the ESFRS process as a transient intermediate state
which only needs an extremely short lifetime [20]. For increasing B-field, the resonance profile curves show a
distinct blue-shift. The (D°,X) resonance maximum is shifted from 2.806 eV to 2.820 eV. This blue-shift reflects
the shift of the dipole transition 6, which is proportional to ACB + AVB.

The width of the resonance profiles of this sample is in the range of 10 meV, and moreover a clear
broadening is observed with increasing B-field. In the following, this broadening of the resonance profile will be
evaluated in more detail for the purpose of the verification of a B-induced widening of the energy distribution of
the Cl-donor levels because of their individually different field-induced spin splitting, due to the statistical
fluctuations of the local Mn content in their immediate vicinity.

6
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Figure 5. ESFRS efficiency profiles of sample C for different B-fields up to 7 T. Full lines: fit curves with two Gaussians; blue dotted and
dashed line: fit contributions of the intermediate states (D°,X) and (X°) for the 7T-curve.

When assuming a random spatial distribution of the Mn ions on the cation sublattice and the localization of
the exciton (D°X) on a scale of few nm, each (D°,X) encompasses in its expansion area a distinct number Ny, of
Mn ions, for Zng 9sMng g5Se, typically Ny, ~50. This situation is described in terms of alocal Mn concentration,
denoted as x;,,, for each exciton. When considering the x;,. values for an ensemble of excitons (D°X), anormal
distribution is assumed with a FWHM I', around the chemical concentration x,. As can be seen in equations (1)
and (2), the Mn-concentration determines the position of the energy levels in the external B-field, thus each
exciton (DO,X) in the ESFRS process has its individual resonance energy. Therefore, the characteristics of the
ESFRS resonance curve is affected by the distribution of x,. and thus the chemical half width I, correlates
directly with I',;, the FWHM of the ESFRS resonance.

For a quantitative analysis, we define the concentrations x* = xg+I',/2andx~ = x, — I',/2,and assume a
rather narrow distribution, allowing the approximation Tyr(x") ~ Txr(x~). Hence using equation (2), we can
describe the B-field-induced enhancement of I, as follows:

Les(B) = Io + %[xeﬁ(ﬁ) — X (x7)] - Noav - (S:(B)) (6)

with I'g as the intrinsic FWHM of the ESFRS scattering process due to the finite lifetime of the intermediate levels
in the scattering process, i.e., without taking into account the random distribution of the Mn ions. The incident
photon energy E;,, for which the (D%, X)-induced maximum of the ESFRS efficiency in figure 5 occurs,
systematically depends on the B-field and is denoted in the following as E;,, .. It directly refers to transition 61
in figure 1, and can be expressed as:

Einres(B) = Eo + %(NOOé - §Noﬂ) - xg7 (x0) - (S.(B)) @)

This allows the substitution of equation (7) into equation (6) and gives a linear correlation between the ESFRS
resonance width I',., and the spectral position E;,, ,.; of (D°,X) resonance maximum:

Lres(Einres(B)) = Iy + m « [Ejp,res(B) — Eo) (¥
with
Xefr (XT) — Xepr(x™ N
o 7 (xT) g Oof ©)
xeﬁ"(xo) N()a — gN()ﬂ

In figure 6, for each investigated sample the FWHM values I',.; of the Gaussian fits of the (D°,X)-contribution to
the ESFRS resonance profiles are plotted versus the incident photon energy E;;, ;e i.€., the value of E;,, for which
the (D°,X)-induced ESFRS efficiency maximum occurs. For increasing B-values, ranging from 1 T to 7 T, each
sample gives rise to a series of data points, the leftmost belonging to the lowest B-field and the rightmost to the
highest. The FWHM values for the lowest B-fields are 3 meV for the intrinsic sample and 5 to 8.9 meV for the
doped ones. This difference is attributed to doping-induced lifetime reduction, i.e., enhanced I'y. For B=7T,
the values range between 7 meV and 12 meV. The error bars of the Gaussian FWHM values are in the range of

1 meV, induced by the statistical fluctuations of the ESFRS peak intensities. The expected linear increase of the

7
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Figure 6. FWHM of the (D°,X) contribution to the ESFRS resonance profile versus the resonant incident photon energy E;,, s for all
investigated samples. For each sample, the leftmost data point corresponds to lowest B-field, the rightmost to B="7T. The full lines
are linear fits of the data points. A typical error bar is shown exemplarily for each sample.

FWHM with increasing E;,, ,.s according to equation (8) is observed for all samples, which is a confirmation of
the inhomogeneous broadening of the dopant electron level splitting due to the statistical distribution of Mn
atoms.

Our Raman results are in full agreement with findings from magneto-transport measurements on the same
set of samples. Jansson et al observed a giant magnetoresistance in the hopping regime, which is also explained
by a similar model [7]. The random distribution of the Mn ions and the localization of donor electrons broadens
the energy distribution of the electron levels with increasing B-field, which hinders the electron transport and
consequently gives rise to a large positive magnetoresistance. The application of this model to other DMS
materials is conceivable and may give further physical insight also for those systems.

Furthermore, for the free-exciton (XO) resonance in our Raman spectra, no such distinct enhancement of
I',.s with increasing B-field is observed. We assign this behavior to the unbound nature of the (X9, thus it spans
over a larger area and captures a higher number of Mn ions. Therefore, the impact of local fluctuations of the Min
concentration on the individual (X°) should be reduced, which consequently harmonizes the (X°) energy levels,
resulting in a narrower distribution of x;,,, i.e., a less pronounced B-induced enhancement of the resonance
profile width of the (X°)-induced ESFRS process.

Beside the characterization of the energy level distribution of the dopant electrons, the quantitative
evaluation of the ESFRS resonance curve behavior also enables the approximation of the (D°,X) radius. This
procedure relies on the statistics of the Mn®" incorporation. For a (Zn,Mn)Se crystal with the chemical Mn*"
concentration x, and a random positioning of the Mn®* ions on the cation sublattice, for each cation site the
occupation probability with Mn®" can be assumed as x, the Zn>" probability as (1—x), yielding a binomial
distribution. When considering as intermediate states for the ESFRS process a random set of (D X) excitons, the
half-width I, of the corresponding binomial distribution is I}, = 2\/ 2In(2) \/ xo - (1 — x9) /N, where N
denotes the number of cations in the effective volume of the (D°,X), e.g. for the Mn concentration x, = 0.05
[i—005 = 0.513/~/N.Equation (9) allows through the first factor on its right-hand side the determination of T',
from the slope m of the B-induced ESFRS resonance broadening in figure 6, which for each sample was obtained
byalinear fit. Subsequently, the relevant number N of cations in the (D°,X) volume is determined from I',
through the relation for the binomial half-width. Finally, the radius of the (D°,X) is obtained by considering the
presence of four cations per cubic unit cell of the face-centered cubic crystal and the cubic unit cell volume of
ZnSe V= (0.567 nm)° [31]. The resulting (D°,X) radii, which were obtained for our samples by this procedure,
are between 1.75nm and 5.90 nm, as listed in table 2. For the three samples B, C, D with x, = 0.05 and dopant
concentrations between2 x 10" cm ?and 1.3 x 10'® cm ™ a decrease of the (D°,X) radius with increasing
dopant concentration is observed, which might be due to an enhanced interaction between the (D°,X) and
therefore leads to a hampering of the expansion of the (D°X). Furthermore, with increasing Mn concentration
X, the radius of the (D X) tends to decrease, as can be seen e.g. by comparing sample E (x, = 0.01)and A
(%o = 0.07). These results are in line with the observation by Kavokin et al for a set of Cd; _,Mn, Te samples, with
Mn content varying from 0.1 up to 0.4. Here, based on magneto-optical probing by magnetic polarons, a
decrease from 5 nm to 2 nm was reported [32]. Thus, our evaluation of the B-induced broadening of the ESFRS
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Table 2. Evaluation of the (D°,X) radii of the Zn, _ Mn,Se:Cl samples: Mn
contents xo, doping levels N, slope m1 of the B-induced ESRFS resonance
broadening (from figure 6), FWHM I', of the Mn distribution, and resulting

(D°,X) radii.

Mn Ng slope FWHM D°,X)
sample Xo (cm™) m I, radius (nm)
A 0.07 <10' 0.388 0.023 1.96 + 0.28
B 0.05 2.0 x 10" 0.244 0.010 3.53 + 0.57
C 0.05 42 x 10" 0.418 0.019 237 + 0.14
D 0.05 1.3 x 10'® 0.674 0.028 1.75 + 0.16
E 0.01 4.3 x 10" 0.436 0.002 5.90 & 0.26

efficiency profile on the base of Mn-incorporation statistics constitutes a viable alternative to other established
methods for the determination of (D% X) radii.

4. Conclusions

In this study, the impact of local fluctuations of the Mn-ion concentration on the dopant electron energy level
distribution in an external B-field due to (s-d) exchange interaction was analyzed for a series of (Zn,Mn)Se:Cl
samples with Mn contents between 0.01 and 0.07 and a wide range of n-dopant concentrations up to 1.3 x
10'® cm ™ by resonant electron spin-flip Raman spectroscopy. The resonance profile of the spin-flip intensity
consists of a twin peak structure, which is attributed to the donor-bound-exciton (DO,X)— and the free-exciton
(X°)-mediated spin-flip process. With increasing external B-field a distinct broadening of the resonance profile
was observed, primarily for the (D% X) mediated process. This profile broadening is explained as a statistical
consequence of the random distribution of the Mn ions on the cation lattice sites together with the localization
of the (D°,X), which causes a widening of the electron energy level distribution with increasing B-field. Due to
the non-localized character of the (X°), no such distinct broadening effect occurs for the latter. From the
quantitative analysis of the FWHM of the (D%, X) resonance profiles for the different Mn contents and dopant
concentrations the (D%, X) radii were evaluated, yieldig values in the range from 1.75 nm to 5.90 nm, decreasing
with higher Mn content as well as doping concentration.
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