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Photoluminescence of cleaved Cdo.7Mng3Te crystals is studied at
T =~ 1.6 K at the normal- and oblique (45°) incidence of the pumping Ar
laser beam (A = 488 nm) in magnetic fields =7 < B < 7 T in the Voigt
geometry. At B = 0, photoluminescence maximum is found at 2.0819 eV
at normal incidence (and backward emission) whereas the oblique incidence
and emission shows photoluminescence maximum intensity at 2.0536 eV.
The red shift of photoluminescence maximum position with the rise in B
is observed and the results are found to be in good agreement with sp—d
exchange interaction model for the oblique incidence case. Backward emit-
ted photoluminescence line is found to narrow from 26.2 to 23.5 meV with
the rise in B from 0 to 7 T. Alloy disorder contribution exhibits opposite
trend to broaden, as is calculated on the basis of the matrix of the energy
gap dependence on x and B. Therefore the observed photoluminescence line
narrowing is assigned to the suppression of magnetic fluctuation in magnetic
field. A linear size of magnetic fluctuation is estimated to be about 1/5 of
the free exciton diameter. Photoluminescence maximum position difference
in the normal- and oblique incidence cases is assigned to polaritons.

PACS numbers: 75.50.Pp, 78.55.Et, 71.35.—y

1. Introduction

Modern directions of spintronics and magneto-nanophotonics have branched
from the research on diluted magnetic semiconductors (DMS). Among these,
Cdi_,Mn,Te crystals have been used for testing exchange interaction between
electron (hole) and substitution ion spins [1-6]. Mn?* ion magnetic moment align-
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ment has been shown to enhance the effects of external magnetic field on electron
states in conduction and valence bands giving rise to giant magnetooptical effects,
e.g., the Faraday rotation or the Voigt birefringence [7-10]. Photoluminescence
(PL) research [6, 11-14] is of special interest on the way to magnetically tunable
lasers. The present work focuses on the crystals with the Mn atom mole frac-
tion of x = 0.3 that is already large enough to bring the PL band to the visible
light range. However, the mean magnetisation gradually reduces with the increase
in Mn contents in the crystal bulk due to the antiferromagnetic pairing of the
nearest Mn neighbours giving rise to the spin—glass phase [15]. Nevertheless, the
antiferromagnetically non-paired Mn?* concentration at surface is suggested to
be higher than in the bulk [16, 17]. The possibility of alloy transformation to
the ferromagnetic CdMnTey compound opens when approaching to = 0.5 [18].
Although such large deviations from the selected nominal value of x = 0.3 seem
unlike, they challenge for the study of alloy disorder. It is competing with more
flexible magnetisation disorder related to the subsystem of Mn atom spins. The
mean size of magnetic fluctuation is deducible from the comparison of fluctuation
theory to experimental PL linewidth [19, 20].

Three main photoluminescence bands have been observed in Cd;_,Mn,Te
crystals [6]. The first (labelled A) has been assigned to the free excitons. The
second one (labelled B) has been reported to be in the vicinity of 2 eV independent
of x, when z > 0.4 [6] and referred to Mn atom transitions from an excited to the
ground state, although other authors [14] attributed the peak to impurities. The
third band (labelled C) observed in the vicinity of 1.2 ¢V has been attributed to
the transitions from the Mn ion excited state to the valence band top [6]. The
B- and C-band assignment, position, and width are tentative, e.g., additional
comparatively shallow levels have been introduced in order to explain the band
broadening [21].

In the present work, we are interested in the exciton PL band A. Experiments
on reflectivity modulation have shown the position of the band to be E5/eV =
1.586 + 1.501z at T = 80 K, and Fa/eV = 1.595 4 1.592z at T = 10 K [15].
Assuming that E changes linearly with temperature we deduce from these two
equations the temperature dependence of Ea/eV = 2.0778 — 5.164 x 10~*T for
z = 0.3. This gives the value of E4 = 2.077 eV at our planned experimental
temperature T' = 1.6 K. However, the Voigt birefringence data interpolation gives
Ea = 2.066 €V [10]. The intermediate band-gap value of 2.071 eV is deducible
from experimental formula F/eV = 1.595 + 1.587z for T' = 1.8 K [4]. Gaj and
co-workers [2] have reported the free exciton energy of 2.087 eV in Cdg 7Mng 3Te
at T'= 1.4 K from reflectivity measurements. Direct PL measurements by Hayes
and co-workers in Cdy 7Mng 3Te [13] have shown the value of Ex = 2.073 eV at
T=18 K and B =0.

The physical parameter spread from 2.066 to 2.087 eV in nominally the
same composition material is remarkable. One can suspect that the spread is a
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message on different alloy disorder in samples grown at different conditions. An-
other possibility comes from the translation symmetry truncation at the crystal
surface that is suggested to orient ion magnetic moments predominantly normal
to the surface [22]. It is also very likely that the PL maximum position is re-
lated to exciton—photon coupling (polariton) effect [23]. Such coupled states need
assistance of other quasi-particles (phonons, magnons [24]) for the energy and mo-
mentum conservation in the acts of photon emission in outer space [25]. These
coupled states seem to manifest differently depending on whether the light excita-
tion and emission is normal or oblique, as a result of different in-plane momentum
rendered to electron—hole pairs by the excitation laser beam.

This work has been aimed at experimental survey of PL spectra at the
normal- and oblique incidence (and emission) of photons in the same Cdg 7Mng 3Te
crystal samples in the Voigt geometry. Experimental details are presented in
Sect. 2, the results are described in Sect. 3 and compared in Sect. 4 to existing PL
line and linewidth models.

2. Experiment

Cdp.7Mng 3Te crystals were grown using modified Bridgeman technique and
the samples have been prepared by the crystal cleaving in order to have optically
perfect surface. Let us note that PL is not observable from polished or degraded
(contaminated) surface. An Oxford Spectromag?®00
ducting coils has been used for measurements in magnetic field up to 7 T on sam-
ples immersed in liquid He pumped down to the temperature of 7' = 1.6—1.7 K
in order to avoid noise coming from the light scattering on boiling liquid He. The
Ar laser line of hw = 2.54 eV (A = 488 nm) has been used for excitation, and the
laser beam polarised in the plane of incidence (o-polarisation) has been sent to
the sample with the use of small mirror positioned in front of the cryostat window
(Fig. 1a). The light emitted by the sample in the cone with the apex angle of

cryostat with the supercon-

18° has been collected to the optical fibre with the use of lenses. Either o- or
m-component of luminescence has been selected by the analyser and the radiation
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Fig. 1. (a) Experimental scheme and (b) PL spectrum of Cdo.7Mng.3Te crystals at the

normal incidence of Ar laser light (the trace numbers show magnetic field values in [T7]).
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has been sent to a SPEX 0.33m monochromator (Fig. 1a). The spectrum has been
recorded with a Jobin Yvon CCD array detector. The sample has been oriented so
as to have its cleaved surface normal to the Ar laser beam or creating the angle of
45° to it. In the latter case the sample has been fixed to the bronze corner reflec-
tor (Fig. 2) allowing for measuring luminescence in the backward (bwd) direction
relative to the incident beam or in the forward (fwd) one that actually coincided
with the direction of Ar-laser beam specular reflection.

Two additional peaks of considerably less intensity have been observed at
spectral intervals of 2.021-2.024 eV and at 2.0031-2.0038 eV. Their intensity and
position did not depend on magnetic field. We guess that the origin of these lines
could be Ar laser: relatively strong Ar lines being at 2.0087 eV and 2.0275 eV [26]
are close to the observed ones although not identical with them. Let us note that
Mueller and Gebhardt [12] have observed PL line at 2.023 eV in Cd;_,Mn,Te
under Art-laser excitation (514.5 nm) but the line has been enormously broad
(the full width at half maximum FWHM = 100 meV). PL maximum at 2.02 eV
has been observed elsewhere [6, 14] and assigned to different origins. We mention
the sharp peaks to illustrate high accessible spectral resolution in our experiments.
We retain four decimal numbers in the photon energy values leaving the possibility
to round off when PL line is broad.

The main PL band shape (Fig. 1b, and Fig. 2) is asymmetric, inhomo-
geneously broadened and dependent on whether the light excitation (emission)
isnormal or oblique. The red shift of PL maximum in magnetic field correlates
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Fig. 2. PL spectrum of Cdy.7Mng.3Te crystals at the oblique incidence of Ar laser light

for fwd (a) and bwd (b) directions, and for 7 and o polarisation (the trace numbers

show magnetic field values in [T]).
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with the conventional model of Zeeman splitting (Fig. 3a) as will be discussed in
the next sections.

3. Results

In the absence of magnetic field, PL maximum is seen to be at 2.0819 eV
at the normal incidence, whereas in the oblique incidence case it is at 2.0536 eV
(Fig. 3b). This significant offset becomes even more pronounced in high magnetic
fields. The striking feature is that the PL maximum position is nearly the same
both for 7- and o-polarisation (Fig. 3b). With the rise in magnetic field the main
PL maximum moves to lower energy with the slightly different rate for bwd and
fwd directions and light polarisation, although the approximate rate is 4 meV/T.
Let us note that Hayes and co-workers [13] have reported the shift of PL maximum
from 2.073 eV and B = 0 to 2.043 eV at B = 8 T in the same composition crystals
at T = 1.8 K. These data fall between our upper and lower curves in Fig. 3.
However, Hayes et al. did not specify light beam and magnetic field direction.
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Fig. 3. Zeeman splitting scheme (a), and PL maximum position dependence on mag-
netic field in the normal and oblique incidence geometry in Cdg.7Mng.3Te crystals (b),

dots — experiment, lines — modelling.

PL intensity exhibits essentially different behaviour in magnetic field in the
oblique and normal geometry. In the oblique bwd geometry exponential decrease
is observed): I(B)/I(0) = exp(—B/By), where the decay parameter By is in the
range of 2.27-2.77 T depending on polarisation (Fig. 4a). The same dependence
is observed in the oblique fwd geometry for o-component only (Fig. 4b), whereas
m-component intensity exhibits nearly linear slow decrease in magnetic field. In
the normal incidence geometry (Fig. 4c), the m-component intensity is nearly in-
dependent on magnetic field up to 7 T, whereas the o-component intensity de-
creases 2 times attaining at highest magnetic fields the same level as that for the
m-component. Maximum PL intensity in the normal incidence geometry is much
higher than in the case of oblique incidence.

PL intensity is sensitive to magnetic field reversal. We refer to this effect as
the non-reciprocity of luminescence and measure it by the ratio of PL intensities:
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[I(-B) — I(+B)]/[I(—B) + I(+B)]. The non-reciprocity appears in backward
emission both in o- and w-polarisation; it ranges from 10 percent in the bwd =
case to almost 60 percent in the bwd o case at the oblique incidence.
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Fig. 4. Maximum PL intensity dependence on magnetic field in Cdo.7Mng.sTe crystals
at the oblique incidence (a, b), and at normal incidence (c); circles with (4) and (-)

signs show the effect of magnetic field reversal.
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Fig. 5. FWHM of the main luminescence line as a function of magnetic field for the
backward (a,b) and forward (c) emission in Cdo.7Mng.3Te crystals; circles with (+) and
(-) signs show the effect of magnetic field reversal at the oblique incidence, and dots
represent the normal incidence case. The lower curve in (a) and (b) represents the
calculated alloy disorder contribution, and squares represent the estimated contribution

of magnetisation fluctuation.

The full width at half maximum (FWHM) decreases with the rise of magnetic
field in the normal incidence (emission) geometry, whereas it is rather constant
(fluctuating between 25 and 28 meV) for the oblique bwd geometry (Fig. 5a,b).
A considerable increase in FWHM is observed for the o-component of forward
emitted photons (Fig. 5¢c). Let us note that the inclined background baseline is
subtracted when determining the FWHM values: the background band is thought
to origin from other sources not readily related to free excitons. Without the
background subtraction, PL line broadening at the oblique incidence is even more
pronounced.
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4. Discussion

We compare our experimental results with the existing models of exchange
interaction of Mn?* 3d® and band (s,p) electrons. The sp—d interaction mani-
fests in the magnetic-field-induced splitting of the conduction and valence band
edges [8, 27, 28]: AE. = —zNa(S,)m;, m; = £1/2 and AE, = —zNF(S;)m;,
mj = £1/2,43/2. Here N is the number of elementary cells per unit volume, « is
the s—d exchange integral for I's-band electrons, (8 is the p—d exchange integral
for I's band holes, m; is the magnetic quantum number, and (S,) is the average
component of the Mn?*t ion spin along the steady magnetic field B. The Na
and N values determined from experiments are —0.22 eV and 0.88 eV, respec-
tively [4]. The conduction band at I's point splits into two sub-bands separated
by 6|Aex| (Aex = $2Na(S.)) and the valence band at I's point undergoes four-
fold splitting related to light and heavy holes (Fig. 3a) resulting in four sub-bands
situated equidistantly with the splitting of 2| Bex| (Bex = $NB(S2)) [3, 8, 27, 28].
The average spin of Mn site at x = 0.3 is (S.) = SoB5/2{Sgmaps/[ks(T + To)]}
with the spin saturation value of Sy = 0.52, and the characteristic temperature
of Ty = 14.9 K [3]. Here Bj/5(x) is the Brillouin function for spin value of
S = 5/2, gum = 2 is the effective Mn ion Lande factor, up is the Bohr mag-
neton, kg is the Boltzmann constant, and T is the temperature. According to the
Zeeman splitting scheme (Fig. 3a), selection rules allow for 6 transitions between
the sub-bands, however, our experimental results confirm the luminescence emis-
sion related only to the subset of the three lowest energy transitions. The change
of effective band gap in magnetic field observed for the 7 component of emission is

Eg(B) = EgO - 3‘AeX| - |Bex|~ (1)
Taking the initial energy Eqo (at B = 0) as an adjustable parameter, we find that
the experimental results on PLL maximum shift towards lower energies in mag-
netic field, in very good agreement with the above discussed model for the oblique
incidence (emission) (Fig. 3b). It is striking that the PL maximum position is inde-
pendent of whether one observes the o- or m-polarisation component of radiation,
and we propose an explanation of this feature.

Symmetry relations for the wave vector k, the electric vector E, and the
steady magnetic field B, that are mutually transverse in the Voigt geometry,
imply that the outgoing o-polarisation light wave is linearly polarised. However,
it is created by the o and o~ transitions (Fig. 3a) being the sources of clockwise
and anti-clockwise rotating electric fields. With the rise in magnetic field these two
dipole-like sources emit at increasingly different frequencies, E,+ = Egcos(w™t)
and E,- = Eycos(w™t). As a result of their interference, the o-component of
emission could be regarded as the wave packet propagating at the frequency of
(wT + w™)/2 with the amplitude modulated by the frequency of beats wt — w™.
As far as the partial frequencies are
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W = 3 (Bgo — 3lAad ~ 3Burl), and w0 = 1(Byo — 3Au] + B, (2
the result of superposition should be w = (wt +w™)/2 = (Ego — 3| Aex| — | Bex|) /11,
i.e., the apparent energy of photons of the o-polarisation in the Voigt geometry
is the same as that for the m-polarisation (Eq. (1)). This is observed experimen-
tally (Fig. 3b). In contrast to the case of oblique incidence, the normal incidence
(emission) exhibits increasing deviation from the conventional model with the rise
in magnetic field (Fig. 3). This discrepancy, as well as the observed different PL
maximum position (2.082 eV at ¢ = 0 and 2.053 eV at ¢ = 45°) is the feature
that was not previously reported.

In our PL line shape analysis we focus first on the line broadening due to alloy
disorder which gives rise to spatial fluctuation of potential (band-gap). Following
Schubert et al., we assume the random distribution of cations (Cd, Mn) allowing
us to describe the probability of finding n Mn atoms in any group-II site by the
binomial (Bernoulli) distribution [29]:

KV

n

P(n) = " (1 —z)KV—n, (3)

Here K is the density of cations in the crystal, K = 4a53. For the Cdg.7Mng 3Te
crystals the lattice constant value is ag = 6.43 A [8]. The number of cation sites in
the exitonic volume is determined as K V., and the exitonic volume is calculated
using the hydrogen model Vi = 471 /3, with the radius of rexe = (estan)/my.
Here m, = (mz! +my,)~
and heavy hole effective masses (m, = 0.096mg [30] and my, = 0.81mg [31]), and
the static dielectric constant is ey = 10.2 [32]. The numerical values taken for

I is the exiton reduced mass, me, mnuy are the electron

CdTe give Texc =~ 6.3 nm. The standard deviation of alloy composition and the
band-gap energy given by the binomial distribution are [29]:

0r = [2(1 = 2)/KVeye)/?, and o = (dEg/dz)oy, (4)
and the FWHM is equal to 2.360g. Taking the value of dE,/dz = 1.59 that is
the difference of the band-gap energies of CdTe and MnTe crystals [8] we find
for x = 0.3 the FWHM value to be 13.6 meV. It is approximately half of the
experimentally observed linewidth. As the second step, we seek for the value of
dEg/dz at x = 0.3 as a function of magnetic field. For this purpose we have
used E, measured in exitonic reflection experiments for the set of composition
0.005 < z < 0.3 in magnetic field varying up to 6 T [2]. From these data we
have constructed the matrix of Eg(x, B) allowing to determine the function of
dEg/dx = f(B). Combining it with Eq. (4), the alloy-related FWHM value reveals
the tendency to increase (Fig. 5a,b). We interpret this increase as the enhancement
of alloy-disorder-related potential profile contrast in magnetic fields.

The FWHM narrowing with the rise in magnetic field is related to set-
tling down magnetic fluctuations. We determine this contribution from the
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alloy-disorder contribution and the experimental linewidth: FWHMpaen =
(FWHMZ,,., — FWHMZ2,  )'/?. Tt decreases with the rise in magnetic fields a
little bit more rapidly than the total FWHM (Fig. 5, squares). Having in mind
that the FWHMyaen changes as )\i,{‘?, where Ay is the mean linear size of magnetic
fluctuation [19, 20], we estimate the mean size of “magnetic quantum dots” in the
crystal matrix to be about 2.5 nm, i.e., nearly 1/5 of the heavy-hole free-exciton
diameter.

The FWHM increase with magnetic field that observed for the o-polarisation
in the oblique forward emission geometry (Fig. 5¢) does not fit with the existing
models of alloy disorder and magnetisation fluctuations. The broadening can result
from an overlap of red-shifted main PL band with the emission band of deeper
levels.

Returning to the question on the origins of the large difference in maximum
PL positions observed at normal and oblique incidence, we relate it to the non-zero
in-plane wave vector rendered by Ar-laser photons to excitons (actually to exciton-
-polaritons). At the incidence angle of 45° the in-plane wave vector component is
kj=19.1x 10* em~!. It exceeds the corresponding value of lower-energy photons
emitted in the direction of specular reflection. Therefore the radiative recombina-
tion of excitons needs to be accompanied by the emission of other quasiparticles
taking the excess momentum. The latter is small, therefore the quasiparticles in-
volved could be, e.g., either the Brillouin-zone-centre optical phonons or the sum
of two nearly opposite large-momentum phonons. A phonon energy spectrum is
not exactly known in the temperature range of our experiments but one can ex-
trapolate the data reported in [24]. For the optical phonon modes in Cdg.7Mng 5Te
at the Brillouin zone centre the extrapolated values are 18, 20, 24, and 25 meV.
The highest phonon energy is near to but still less than the PL maximum off-set
at B = 0. If excitons couple to light waves then one can think on the resulting po-
lariton accumulation at the bottleneck region of lower dispersion branches (Fig. 6).
These polaritons emit lower-energy photons and require phonon assistance in ac-
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Fig. 6. Dispersion branches of polaritons calculated with an account for two excitonic
oscillators with the characteristic energy of 2.082 eV and 2.061 eV, and the background
dielectric constant is € = 7.1. The inset shows a magnified region where polariton

accumulation and the lower-energy photon emission at oblique angle are feasible.
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cessing the region. This could explain much lower PL intensity observed in the
case of oblique emission as compared to the case of normal one, as well as the
exponential decrease in PL intensity with the rise in magnetic field. In order to
account for the signature of PL line broadening due to excitons pinned to magnetic
quantum dots we have included in the dispersion modelling two excitons differing
in energy by 1 percent. As a result, an additional branch has arisen anticrossing
with the lower one (Fig. 6). Polariton accumulation in this band seems to be
especially favourable due to the high density of states.

5. Conclusion

This experimental research on photoluminescence from the cleaved surface
of Cd;_Mn,Te crystals has shown that the PL spectral range, intensity, po-
larisation, and linewidth characteristics in magnetic field are essentially different
depending on whether the light excitation and emission is normal to the surface or
oblique to it. Therefore a precise control of the angular geometry is needed when
applying photoluminescence as the conventional method of DMS characterisation.
This survey challenges for further experiments on DMS micro-luminescence with
high spatial and angular resolution, e.g., using recently published method applied
for detecting polariton condensation [33]. On the other hand, Cd; _,Mn,Te crystal
boundary presents a barrier localising light waves at the surface plane, whereas the
random potential profiles of alloy- and magnetisation fluctuations restrict lateral
motion of exciton polaritons. Assuming the mean depth of random potential wells
to be ca. 25 meV (experimental FWHM) one can think about the crystal as a
disordered mosaic of nanometre-scale magnetic quantum dots. This seems to be a
natural playground for magnetically controlled nanophotonics.
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