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We report the microphoto-luminescence band redshifts with individual and multi-Mn(1Tl) ion emissions within CdS
microwires. The localized exciton magnetic polarons (LEMPs) corresponding to the d—d optical transitions of
Mn(ll) account for this shift. This LEMP emission from the double-, three- and four-Mn(Il) ions with ferromag-
netic coupling after photoexcitation can happen in diluted magnetic semiconductors, except for the individual
Mn(I) doping. In addition, a simple spin-exchange polaronic model is established to account for these emission
peaks well. Through this model, we can verify the local geometry of the Mn(I) ions in CdS microwires.

PACS: 78.67.Lt, 78.60.Lc, 75.75.Lf, 71.70.Ch

It is generally accepted that the carrier-spin inter-
action is the ferromagnetic origins in diluted magnetic
semiconductors (DMSs).I' I There are also models of
exchange interaction between transition metal (TM)
ionsl”* in DMS, although this coupling may form
bound magnetic polaron,”] mediated by the defects.
Except for the above models, the clustering of TM
ions(®] is also proposed and modeled to account for
many magnetic properties of DMS for a long time.
However, direct manifestation of a ferromagnetic clus-
ter in DMS is not reported so far by microprobe tech-
niques.

The models for ferromagnetism in DMS are usu-
ally proposed based on the different structural, con-
duction and magnetic experimental data, while the
optical technique was seldom used for recently found
DMS materials, which limited the better understand-
ing of the microscopic interactions in DMS. Moreover,
complicated elements, structure, preparation condi-
tion, and related interactions cause a variety of local
magnetisms, which cannot be well described in a clear
unified physics diagram. Until now the main difficulty
in proposing a unified magnetism mechanism of DMS
lies in obtaining a homogeneous sample, coexistence
of complicated phases and shortage of nanoscale de-
tection techniques.!”

An optical technique is important to study the ex-
change interaction of TM ions. For the DMS, the
doped magnetic ions and related photoinduced exci-
ton could interact with each other to form an exci-
tonic magnetic polaron (EMP) near the band edge,
especially in TM-doped QDs. The DMS usually pro-
duces clear luminescence band in the red range of the
free exciton emission line, which reflects the nature of
local ferromagnetic interaction between TM ions.['"]
This interaction between exciton and magnetic ions
is weak due to the fact that EMPs are formed by s-
type electrons and p-type holes and detectable only
at low temperature. If the exciton is a localized one,
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i.e., concerning d—d transition of transition metal ions,
the interaction between carriers and ion spin due to
p—d hybridization becomes strong, at the same time
the d-d transition becomes partially delocalized. We
can call it the localized EMP (LEMP), and therefore
the interaction from neighboring ion pairs could be
detected by the optical and magnetic techniques to
reflect their local magnetic coupling. If we can define
the distance and locations of TM ions in DMS, we may
obtain its local optical response and know more about
its magnetic coupling nature. In fact there are a lot
of reports on the EMP and related properties of I-IV
DMS.I'" 12l Compared with other optical techniques,
luminescence of magnetic excitons can be detected for
their radiative recombination between electrons and
holes, whether mobile or localized, gives a direct dia-
gram of the spins that interact with electrons or holes,
is further used for the modulation of its emission be-
havior by changing the local number, location, geom-
etry and interactions of doped magnetic ions.['?"]
In this Letter, we use the d—d radiation transi-
tion of Mn(Il) as a probe, to study the relations of
LEMP energy with the location geometry of Mn(I)
ions doped in CdS microwires prepared in a CVD
technique.l'”) The products show multiple lumines-
cence peaks in 560-800 nm on mass measurement. Ex-
cept for the 575nm peak of intrinsic transition of
Mn(X), other peaks were often assigned to the defects
in the literature. Since these peaks can be present
individually and shift with Mn concentration by sin-
gle wire detection, the previous assignment by defects
may be unsuitable. Moreover, the products also pos-
sess a ferromagnetic response by the magnetic mea-
surements (see Figs. S1 and S2 in the support infor-
mation, its Curie temperature 7T, is strongly depen-
dent on the individual product and Mn ion concentra-
tion). It is found that the Mn(Il) ions, doped in CdS
microwires by replacing Cd(Il) ions, may aggregate to
form many kinds of (MnS),, clusters containing a nat-
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ural number of Mn(II) ions (namely, one, two, three,
and so on) like other transition metal ions in DMS.["*]
The d—d transition in one Mn ion, behaves much like a
Frenkel exciton, which can aggregate in CdS matrices
as the conjugated molecules in J-aggregates. For one
microwire, we find that there is no clear interaction
between any two neighboring MnS clusters, otherwise
their luminescence will shift significantly, or dimin-
ish, even disappear at high doping. The LEMPs in
these (MnS),, clusters are found to have emission en-
ergy depending on n, by the micro-photoluminescence
technique on a single wire.l'”l A model of hydrogen-
like electron cloud (polaron) covering the cluster, in
which Mn-Mn is ferromagnetically coupled,'* is pro-
posed to account for the emission peaks and LEMPs’
character.
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Fig.1. (a) Luminescence of sample A excited by a cw
laser with wavelength of 532nm. (b) Location geometries
of Mn(Il) ions correspond to the LEMP peaks of 572.1 nm,
653.1nm, and 701.5nm. Yellow and green spheres are S
and Cd ions, respectively. Blue spheres denote Mn(Il) ions.
For the individual Mn(Il) ion (namely, C1), except Mnl,
other ions of Mn2 to Mnb are still Cd ions; for two Mn(1l)
ions case (namely, C2), except Mn1l and Mn2, other ions of
Mn3, Mn4, and Mn5 are Cd ions; other cases are similar.

Figure 1(a) shows the luminescence of sample A of
Mn-doped CdS microwires excited by a cw laser with
wavelengths of 405 nm and 532 nm; the latter can only
excite the Mn ions. Three LEMP-emission peaks ap-
pear. These three peaks actually can be found in three
different samples individually if we tune their prepara-
tion condition, moreover its emission wavelength fluc-
tuation is very small in about £2nm, and therefore,
they may originate from the microstructural variation.
The 572.1nm peak is well known to originate from
the *T1(G) —5A1(S) transition of individual Mn(T)
ion, and represents the LEMP emission in the MnS
cluster with one Mn(Il) ion, while other peaks longer
than the 572.1nm peak result from the interactions
of neighboring Mn ions. The peaks of 653.1 nm and
701.5nm can be assigned to the LEMPs in the clusters
with two and three Mn(Il) ions, respectively, which is
ferromagnetically coupled with energy lowering. The
local geometries of Mn(I) ions are given in Fig. 1(b).
The cluster with one Mn(Tl) ion (C1) can be seen from
Fig. 1(b) by taking Mn(I) ions except Mn1 as Cd ions.
The cluster with two Mn(Il) ions (C2) can also be seen
from Fig. 1(b) by taking Mn(Il) ions except Mnl and
Mn2 as Cd ions. Other clusters C3, C4, and C5 are
the same. For convenience, we call the LEMPs cor-
responding to 572.1nm, 653.1nm and 701.5nm the

LEMP1, LEMP2, and LEMP3, respectively. In the
following, we will point out that LEMP1, LEMP2, and
LEMP3 originate from C1, C2, and C3, respectively.
To confirm the above thought, we start from the
following corrected Hamiltonian
P? 1 e?

H = o dmere +a.s*x S(re)+Ey (1)

to describe the excited states, namely, LEMPs. Here
Ey denotes the fundamental splitting energy in d—d
transition. Total spins of all Mn(Il) ions is S(r.) =
> 6(re — R;)S;, where §(r. — R;) and S; are the
J

Dirac function and spin momentum of the jth Mn(I)
ion, 7. and R; are the positions of the excited electron
and jth Mn(Il) ion, respectively. The reason for intro-
ducing the second term in Eq. (1) is that one d-orbit
hole is left after the photoexcitation of the electron
in Mn(I) ion d-orbit. In addition, the second term in
Eq. (1) implies that Eq. (1) describes the case that the
Mn(I) ion located at the original point is excited and
other Mn(Il) ions are not excited. The ground state
of Eq. (1) has the following wavefunction form

b (1e) = ,/%e-*e/%x ()

where ro and |o) are the radius and spin wave function
of electrons, respectively.

Notice that the correlation between Mn(I) ions is
ferromagnetic when one d-orbit hole is excited. There-
fore, all Mn(Tl) ions in the cluster are correlated to-
gether by the manner of ferromagnetism after pho-
toexcitation for its lower energy. In this view, the
ground energy of the LEMPs in the Mn(Il) clusters
with n Mn(1l) ions becomes

5 n
Ey=FEy— —— — 22N e 2Ra/ro (3)

=1

In the following, we determine «. and 7o through
Eq. (3), using the energies of LEMPs when n = 1,
2, and 3. Notice that we set Ry = 0 and thus Mnl
is excited (refer to Fig.1(b)). From Fig.1(a), we can
find By — E5 = 268.8meV and E5 — E5 = 131.1 meV.
Recurring to Eq. (3) and the distances of Ry = 0.4134
and R3 = 0.6749 nm, we can obtain the parameters of
e and rg to be 810.7meV and 0.7277 nm, respectively.
Naturally, to demonstrate that the hydrogen-like
model is right, we need to validate the applicability of
a. and 1o to other cases, such as to the C4 case (re-
fer to Fig.1(b)). Fortunately, our experimental data
support this description. In Fig. 2, we show the photo-
luminescence of another two Mn-doped CdS microwire
samples (referred to samples B and C, respectively).
These two samples are excited by the cw laser with
wavelength of 532nm. The energy difference between
the peaks of 701.5 and 752.9nm is about 120.7 meV,

which agrees with the theoretical result, namely,
Qe D

e 2R4/m0 — 116.9 meV
TS’ 47re mevs
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where Ry = 0.7161 nm. Therefore, the hydrogen-like
cloud model is in good accordance with the experi-
mental data. This fact indicates that the LEMPs are
localized in the Mn(Il) ion clusters and the typical ra-
dius can be described by rg = 0.7277nm. In fact, the
luminescence band of sample C is the superposition
of three LEMP bands. Two of them originate from
C4, and another originates from C5. This will be dis-
cussed in the following where we discuss the possible
LEMP peaks in the Mn(Il) ion cluster.
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Fig.2. Luminescence of two samples of Mn-CdS mi-
crowires (samples B and C). These samples are excited
by cw lasers with wavelength of 532 nm.
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Fig. 3. Energy levels of LEMPs in Mn(II) ion clusters in
Mn-doped CdS microwires. Here the energy of LEMP1
being 2.1675 €V is set to be a reference. The numbers near
the LEMP levels represent the ones of Mn(Il) ions excited
from which the LEMPs have the same energies.

From the above discussions, we have confirmed
that the hydrogen-like cloud model is valid to under-
stand the LEMPs in DMS. Therefore, we can predict
the possible peaks of LEMPs by more ions. In the
above discussions, we always assume that the Mn(Il)
ion at Mnl is excited. Naturally, in the clusters of
three or more Mn(Il) ions, Mn(Il) ions at other loca-
tions may also be excited. Notice that the absolute
values of the coordinates of Mn(Il) ions generally are
modified when we take different Mn(Il) ions as the
origin of coordinates. Therefore, the excitations of
other Mn(Il) ions possibly induce new LEMP peaks.
For only one Mn(I) ion exists in C1, only one type of
LEMPs exists. In C2, the LEMPs excited from Mnl

and Mn2 are the same, due to the fact that the ab-
solute distance between two Mn(Il) ions is the same.
For the same reason, the LEMPs excited from Mnl
and Mn3 are the same as C3. However, when Mn2
is excited in C3, the LEMPs excited at Mn2 are dif-
ferent from the ones excited at Mnl and Mn3. This
means that there are two types of LEMPs in C3. In
Fig. 3, we plot these relative energy levels. The num-
bers beside the levels represent the state number of
Mn(I) ions excited at which the LEMPs have the same
energies. The energies of LEMPs excited at Mn2 in
C3 are about 137.7meV smaller than LEMP3. From
Fig.2, we can find that the full width at half maxi-
mum (FWHM) is about 61.9 meV, which is about half
of 137.7meV. Therefore, the PL spectra of sample B
is mainly composed by the LEMPs excited at Mnl or
Mn3.

m  Experimental data
Superposition of
four GFCs

R-square = 0.999

1.0F

0.5

PL intensities (arb. units)

TI5749 )
1.6 1.8 2.0
Energy (eV)

Fig. 4. Fitting of the PL spectral of Mn-doped CdS mi-
crowires (sample C). Here four Gaussian fitting curves (de-
noted as GFC1, GFC2, GFC3, and GFC4) are used. The
peak positions of GFC1, GFC2, GFC3, and GFC4 are
1.6507eV, 1.6365€eV, 1.5479eV, and 1.4828, respectively,
and their full widths at half maximum are 191.3meV,
86.0meV, 72.8 meV, and 151.0 meV, respectively.

For C4, the LEMPs excited at Mn1 and Mn3 have
the same energies. While for the LEMPs at Mn2 and
M4, their energies are about 289.6 meV and 14.1 meV
lower than LEMP4, respectively. Due to the fact that
the energy difference between the LEMPs at Mnl
(or Mn3) and Mn4 is very small, the band around
752.9nm (1.6470€V) is composed by these two kinds
of LEMPs. To show this, we fit the PL spectra of
sample C by four Gaussian fitting curves (denoted as
GFC1, GFC2, GFC3, and GCF4, respectively), which
are shown in Fig.4. The fact of Rsquare = 0.999
indicates that the fitting process is applicable. In
Fig.3, the central positions of four Gaussian fitting
curves, namely, GFC1, GFC2, GCF3, and GFC4, are
1.6507eV, 1.6365¢€V, 1.5479 eV, and 1.4828 eV, respec-
tively. Notice that there are two Mn(I) ion sites
in one C4 (namely, Mnl and Mn2) supporting the
LEMPs of 1.6507 eV, while on the contrary, only one
Mn(T) ion site (namely, Mn4) supports the LEMPs of
1.6305eV. Therefore, the PL intensity for the LEMPs
of 1.6507¢€V is stronger than that for the LEMPs
of 1.6305eV. The peak positions of 1.6507eV and
1.6365¢eV locate on the two sides of the experimen-
tal PL peak at 1.6470€V (namely, 752.9nm). Their
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energy difference between 1.6507¢eV and 1.6365¢€V is
about 14.2meV, which agrees well with the theoret-
ical value of 14.1meV. In addition, the energy dif-
ference between the experimental peak at 701.5nm
(namely, 1.76764 eV for C3) and 1.6507¢V for C4 is
about 116.94 meV, which closely approaches the the-
oretical value %%G_QR“/TO = 116.9meV. This indi-

cates that the h)ofdrogen—like cloud model is exactly ap-
plicable to explain the LEMP formation in Mn-doped
CdS microwires.

The peaks fitted by GFC3 and GFC4 in Fig. 4 rep-
resent the LEMPs in C5 with five Mn ions. By anal-
ysis in detail, we find that the peaks of 1.4828 eV and
1.5749 €V in Fig. 4 represent the emission of LEMPs
excited at Mnl and Mn4 sites in C5, respectively. The
geometry of C5 can be seen in Fig. 1(b). For C5, there
are four LEMP levels (referred to Fig.3). Similar to
C4, there are two Mn(Il) ions in C5 supporting the
LEMPs of 1.4828¢€V, and only one Mn(Il) ion sup-
ports the LEMPs of 1.5749 ¢V. Thus the PL band for
the LEMPs of 1.4828¢V is stronger than that for the
LEMPs of 1.5749¢V.

Since the hydrogen-like model can well explain the
PL peaks of the LEMPs in the Mn-doped CdS mi-
crowires, it can be used to determine the geometry of
Mn ions doped in CdS microwires, and therefore, to
discover the mechanism for how Mn(II) ions are doped
into CdS microwires. Notice that the PL spectrum of
sample B (referred to Fig.2) only covers the peak of
702.8 nm (namely, 1.7651 eV). Therefore, in sample B
almost all Mn(Tl) ions are doped in the manner of C3;
and no coupling between any two (MnS)3 clusters is
observed. Due to the geometry complexity of multi-
ions, the emission band always becomes broad if n is
larger than 4, its accurate controlled incorporation in
preparation becomes more difficult.

Based on the above discussion, we can deduce that
the exciton from the d—d transition is not localized
in individual Mn ions in CdS:Mn, the carriers in the
exciton should be delocalized due to strong p—d ex-
change, and direct super-exchange ferromagnetic cou-
pling dominates the Mn ion aggregation.!'”] The ferro-
magnetic Mn—Mn coupling in the cluster (see Fig. S1
magnetic response of CdS:Mn microwire in support
information) leads to a new peak at the redside of sin-
gle ions, at the same time the peak from single ions
disappears. This type of spectral variation of cluster
levels and emissions!'®] look like that in a molecular
J-aggregate. Although this model does not consider
the contribution of defects, its effects on the levels are
still present with minor magnitudes. It is important
that the magnitude dependence of spectral redshift on
the aggregation number of Mn ions agrees well with
our theoretical model.

In most DMS samples, the difficulty in understand-
ing its magnetic mechanism lies in the inhomogene-
ity of TM ion number of clusters and their distribu-
tions. Even if their coupling is ferromagnetic, there

are still problems in the spatial magnetic orientation
within the sample to lead to complicated magnetic
responses. It is very important to obtain the homoge-
nously doped samples, which was possibly realized
in the micrometer scaled structures, and their orien-
tation was detected by the micro-photoluminescence
technique. The above results indicate that this is a
practical way to study the microscopic state of TM
ions in DMS, and understand their spin coupling and
magnetic mechanisms. Moreover, this kind of optical
excitation with ferromagnetic coupling in micrometer
size may be useful to study the behavior of magnetic
excitons like BEC, spin-polarized emission, quantum
modulation except for new light sources.

In conclusion, the doping processing influences the
spatial distribution and micro-interactions of doped
ions in nano- or micro-belt. In CdS:Mn microwires we
find a clear manifestation of Mn ion cluster emission
shift with the number of Mn ions, the spectral shift
is related to the number of ions based on ferromag-
netic coupling, like that in molecular aggregate. It
is found that different n Mn ion clusters can be uni-
formly doped in CdS microbelt or wire. This quasi-1d
structure supplies us with an important benchmark to
study the microscopic mechanism of magnetism and
spin-polarized emission processes in the near future.

The authors thank Beijing Institute of Technology
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Figure S1 the magnetic properties of CdS:Mn microwires at 55K.
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Figure S2. AFM Topographic image (a) at 5 K and the corresponding MFM
magnetic imaging of the Mn(Il) doped CdS single nanowire in constant height mode
at 5K (b) 20 nm, (c) 100 nm above the sample.
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