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Photoluminescence measurements are made on the semimagnetic semiconductors Cd) „Mn„Te
and Cdi „Mn, Se for Ogx &0.15. Large energy shifts {-50meV) of the exciton recombination
peaks and large optical polarizations {-100%%uo) are produced by applying a magnetic field. This
study examines changes in luminescence using magnetic fields up to 8 =15 T and at temperatures
between T =1.5 and 60 K. When viewed along the direction of the field {Faraday geometry), the
luminescence due to both exriton recombination and impurity-related transitions becomes rircularly
polarized. At T =2 K the polarization shows saturation at only 0.5 T. This low saturation field re-
sults from the large internal exchange field which produces large spin Zeeman splitting of the bands.
We found that the polarization gives a quantitative measure of the exchange effects even when the
luminescence features are broader than the splittings. In the Voigt geometry (luminescence observed

perpendicular to the magnetic field), the linear polarization gives information on the orbital part of
the wave functions of the recombining carriers. Differences in the polarization of the two exciton-
related peaks in the {Cd,Mn)Te spectra indicate that one peak arises from an acceptor-bound exriton
complex and the second to a simple electron-hole exciton. The latter is attributed to a trapped exci-
ton. With increasing magnetic field, both the {Cd,Mn)Te and {Cd,Mn)Se spectra show splittings of
the bound exciton related peaks. At low fields the low-energy feature dominates while at high fields
the higher-energy feature is dominant. This is attributed to a field-induced instability of the binding
of the exriton to the impurity, resulting from the exchange interaction and Pauli exclusion. At high
magnetic fields and low temperature the energy of the exciton peak sho~s a step in the field-tuning
curve. This step reflects a transition of the antiferromagnetically coupled nearest-neighbor man-

ganese ion pair. A value of J/k = —8.4 K is determined for the exchange constant. Finally, the
luminescence spectra indicate that samples grown by liquid-phase epitaxy and the traveling-solvent
method have much higher purity than Bridgman-grown materials. The manganese concentrations
in {Cd,Mn}Te are determined from the energies of the exciton luminescence peaks.

I. INTRODUCTION

In semimagnetic semiconductors (SMSC's) the ex-
change interaction between the spins of carriers and local-
ized magnetic ions gives rise to large Zeeman splittings of
energy bands' and to magnetic polaron effects. An ap-
plied magnetic field has been shown to produce large
Faraday rotation, strongly tunable bands observed in re-
flectivity and photoluminescence, and enhanced Lande

g factors. In addition to enhanced magnetic field effects,
bound magnetic polarons (BMP's) produce sizable internal
exchange fields when carriers become localized. This has
been observed in bound-exciton luminescence and spin-
flip Raman scattering. ' Following these observations of
BMP's, theoretical models were developed using classical
macroscopic approaches ' and a microscopic statistical
mechanical model.

Photoluminescence (PL) is a simple and valuable tech
nique for measuring some of these exchange effects.
Many studies have been made on (Cd,Mn)Te and

(Cd,Mn)Se since they produce strong PL associated with
band-edge states. Magnetic field tuning of PL due to ex-
citon recombination has been reported for the (Cd,Mn)Te
spectra by Komarov et al. , Planel et al. ,

" and Ryab-
chenko et al. ' Tuning of the (Cd,Mn)Se spectra was
described by Gubarev and Shepel, ' and Heiman. '~ (PL
from recombination involving Mn + levels was studied by
Vecchi et al. ' and Becker et al. '

)

The importance of BMP effects in SMSC's was first
discussed by Golnik et al. ' —they observed large
temperature-dependent shifts of acceptor-bound exciton
recombination PL from (Cd,Mn)Te. Subsequently, quan-
titative measurements of acceptor BMP energies were
determintxl from time-resolved spectroscopy of donor-
acceptor pair PL in (Cd,Mn)Te by Nhung et al. ' Shortly
after, a bottleneck in the BMP formation was observed by
Heiman et al. ' using field-induced polarization of PL in

(Cd,Mn)Se. A thorough study of magnetic polaron effects
on exciton PL of (Cd,Mn)Te was made by Golnik, Ginter,
and Gaj. These observations led to qualitative calcula-
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tions of acceptor-bound exciton-polaron energies made by
Nhung et al. ' and Warnock and Wolff. ' It was later
shown that BMP energies of bound excitons can be mea-
sured in a more straightforward way via excitation spec-
troscopy as demonstrated by %arnock et al. on
(Cd,Mn}Te and (Cd„Mn}Se. Finally, the polaron forma-
tion time of excitons has been measured by Harris and
Nurmikko. In addition to this work, Zayhowski et al. 24

used picosecond time-resolved PL to measure polaron for-
mation times of excitons, and concludes that the electron
carries Mn + spin magnetization to the center of the pola-
ron where the hole is localized.

This paper describes results of PL from Cdi „Mn„Te
and Cdi „Mn„Se, x —10 ', as a function of temperature
and applied magnetic field. In Sec. II we compare PL
spectra of (Cd,Mn}Te samples grown by various methods
and use the PL energy to determine the manganese con-
centration x. Section III describes the magnetic-field-
induced polarization of PL in both Faraday (8 parallel to
PL) and Voigt (8 perpendicular to PL) configurations.
The PL becomes circularly polarized in the Faraday
geometry resulting from spin alignment of the recombin-
ing carriers. On the other hand, the orbital contributions
to the carrier wave functions produce PL linearly polar-
ized perpendicular to the field (Voigt geometry). The out-
standing feature of this technique is that it provides quan-
titative information on exchange coen when the PL spec
tral width is wide compared to the field shift. In Sec. IV
we show results of field-induced transitions of excitons
bound to donors and acceptors; when the magnetic energy
overcomes the binding energy, the exciton becomes free of
the impurity trap Last, . Sec. V discusses a field-induced
transition of a pair of manganese ions on nearest-neighbor
sites. Here, since the field tuning of exciton PL is largely
governed by the magnetization, a step is seen in the tuning
curve when the antiferromagnetic exchange energy of a
nearest-neighbor pair of magnetic ions is overcome by the
magnetic energy.

II. EXPERIMENT

Samples of (Cd, Mn)Se were grown by the Bridgman
method at Brown University. They were not intention-
ally doped but had a large range of carrier concentrations.
Unannealed samples showed large room-temperature
resistivities ( & 10 0 —cm} because of donor-acceptor
compensation. Annealing produced low-resistivity rna-
terial with room-temperature electron concentrations
No Nz —10' —10' —cm, where the concentrations of
donor and acceptor impurities, XD and X~, are probably
of the same order. The manganese concentrations of the
selenium-base materials were determined from magnetiza-
tion measurements at room temperature.

(Cd,Mn)Te samples were grown by the Bridgman
technique, liquid-phase epitaxy (LPE) and by the
traveling-solvent method (TSM). Comparison of Bridg-
man and TSM samples is shown in Fig. 1(a). PL from the
Bridgman sainple is dominated by a feature attributed to
recombination of excitons bound to neutral acceptors (la-
beled L 1), while the TSM sample shows a narrower peak
(3 versus 8 meV) arising from free or self-trapped exeiton
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recombination (labeled L 2). (Reflectivity measurements
on low-x samples gave nearly the same exciton energy as
the L 2 line. ) Thus, the TSM sample has a lower impurity
concentration and we estimate the total impurity concen-
tration at No+Xq —10' cm, while Xo+Ez—10' —10' cm for the Bridgman-grown materials.
PL spectra for an LPE sainple are shown in Fig. 1(b)
along with a bulk-grown sample. The LPE spectra
showed no I. 1 bound-exciton PL, indicating total impuri-
ty concentrations lower than either TSM- or Bridgrnan-
grown materials. The higher purities obtained by TSM
and LPE growth techniques are due to the purifying pro-
cess of the liquid tellurium.

The manganese concentrations, x, of the Cdi „Mn„Te
samples were determined from the energies„E, of
exeiton-recombination PL and free-exciton (FX) reflec-
tivity. A simple fiber-optic setup was used for measur-
ing E while the samples were immersed in a liquid-helium
storage dewar. In Bridgman-grown samples two PL
features were observed below the free-exciton energy and
have been referred to as L 1 and I.2 by Golnik, Ginter
and Gaj. They assigned the I. 1 peak to recombination
of excitons bound to neural acceptors. For x ~0.1, EFx
determined from reflectivity coincided closely with the
L 2 peak. We determined empirical relations for F.(x) by
fitting their data. At T =4 K

FIG. 1. Photoluminescence intensity versus photon energy
for Cd& „Mn„Te grown by different methods, and at T =2 K.
The peaks labeled I. 1 and 1.2 refer to recombination lumines-
cence of excitons. In (a} the curve on the left was obtained from
a sample grown by the Bridgman method, and the curve on the
right was from a sample grown by the traveling solvent method
(TSM). In {b) are spectra from Bridgman and liquid-phase-
epitaxy {LPE}growth techniques.
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Eqx ——1597.6+1564x meV for 0&x &0.2,
EL, i

——1588.8+ 1440x meV for 0 &x & 0.1,

T= IQK

Et.2
——1604.7+ 1397x meV for 0.05 & x &0.2

= 1575+ 1536x meV for 0.2 & x & 0.4,
for the free-exciton and I. 1 and L2 PL lines. (For
x &0.1 this compares favorably with Ei:x ——1595+1587x
meV measured by Twardowski, Nawrocki, and Ginter. )

We estimate an absolute accuracy in x of +0.003 based
on their data and a precision of +0.0003. We used this
method to determine the composition profile in 2.5-cm-
diameter, x =0.2 boules. Typical longitudinal variations
in x were less than +0.001„except in the outer edges ( & 1

mm) where x deviated by two or three times this value.
For samples with Ogx &0.7, x can also be determined
from Ei;x via reflectivity measurements. At T =10 K,
Stankiewicz, Bottka, and Giriat's data ' give

Ei;x =1588+1584x. Lee and Ramdas find

Epx ——1595+1592x meV at T =10 K
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FIG. 2. Polarization of luminescence in the Faraday configu-
ration p versus applied field 8 for the donor-acceptor pair band
{1760MeV) of Cdl „Mn„Se, x =0.05, for various temperatures
T. The solid curves represent Eq. (1) with p fit at each tempera-
ture. The inset shows the photoluminescence spectrum at T =2
K. The field was applied along the c axis of the sample.

EFX——1586+1501x at T =80 K .

The manganese concentration in (Cd,Mn)Se 0 & x & 0.4,
can likewise be determined from reflectivity using the re-

sults of Stankiewicz, '

Epx ——1820+1490x at T =10 K

Epx ——1791+1440x at T =100 K .

In these and the following PL experiments, optical exci-
tation was provided by a He-Ne laser. %hen not using
the fiber-optic setup, the laser was focused by a cylindri-
cal lens to intensities of 10 —100 W/cm and samples
were mounted in a variable-temperature liquid-helium
dewar. Below T =2 K they were in contact with super-
fluid helium, and in flowing helium gas for T ~4 K. A
Bitter magnet with radial access provided fields to B =10
T in a vertical direction. The sample surface was placed
either perpendicular or parallel to the field for Faraday
and Voigt configurations, respectively. In the Faraday
configuration, the excitation and PL light were turned 90'
to the horizontal with a small mirror at 45' placed direct-
ly above the sample. The PL polarization was analyzed
with quarter-wave and linear Polaroid-type polarizers.

III. MAGNETIC-FIELD-INDUCED
POLARIZATION OF LUMINESCENCE

A. Faraday geometry

In a previous communication we demonstrated that
weak fields applied to (Cd,Mn)Se at low temperatures pro-
duce strong circular polarization in the Faraday configu-
ration (fleld parallel to the direction of PL). ' This can be
described by the alignment of hole BMP's in a magnetic

field. The s-d exchange interaction thus produces an ef-
fective magnetic moment for the acceptor-bound hole that
can be as large as 50 Bohr magnetons.

Figure 2 shows the polarization, defined by
pr =(I+ I )/(I++—I ), where I+ and I refer to the
light intensities for right and left circular polarizations,
respectively. These results are for the donor-to-acceptor
pair (DAP) recombination in Cd, „Mn„Se, x =0.05.
Qualitatively similar results were seen for the exciton
luminescence in x =0.05 and for both DAP and exciton
luminescence in x =0.1 samples. The polarization curves
rise linearly from B =0 and saturate at 80% polarization.
For increasing temperature the field needed for saturation
increases. The linear rise followed by saturation is similar
to the paramagnetic magnetization, except the field scale
for polarization is an order of magnitude smaller. The
smaller field scale for the polarization occurs because the
magnetization arises from g =2 Mn +-ion spina aligning
in the field B. On the other hand, the polarization is due
to the alignment of the hole spin in the enhanced ex-
change field. Or equivalently, the applied field aligns the
enhanced hole spin, which has an aligned spin cloud of
magnetic ions.

The data were fit to

pr potanh(p
——pic B/k T),

where po is a temperature-independent constant and p is
the effective number of Bohr magnetons (pic) at a given
temperature. Figure 3 shows how p varies with tempera-
ture. The moment reaches a maximum of p-50 at
T =12 K. For larger temperatures the moment decreases
as T '. This is caused by the decreasing exchange field
when the temperature increases, due to lower magnetic
susceptibility. Below T=10 K the moment also de-
creases, where p —T. This cannot be explained by a
thermal equilibrium model and we have described it using
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FIG. 3. Effective number of Bohr magnetons p versus tem-

perature T from polarized donor-acceptor pair luminescence of
Cd~ „Mn„Se, x =0.05. The solid curve is the theory of Eq. (2)
with ap =8.5 A. The dashed curve was obtained by limiting the
number of ions to X =70.

a model with a spin-diffusion bottleneck. '

The expected optical polarization is calculated by deter-
mining the acceptor spin polarization using a statistical
mechanical model. We assume that the acceptor state is
made from the upper valence band (mj ———, ), having a

3 —1/2 —r/ap
wave function (mao) '~ e '. The moment is given
by19

p =10gx r r Bsgz 5JNoe ' 4mao T+To

(2)

where g =2, x =0.03„JNo——(a —P)No ——1110 meV,
To 1.5 K, 8——s&2 is the Brillouin function, and ao is the
acceptor Bohr radius which is used as the fitting parame-
ter. The best fit to the data for T & 12 K is shown by the
curve in Fig. 3 with ao ——8.5 A. The value of ao is con-
sistent with that for acceptors in CdSe. Although we
have taken X and To as constants, they both vary with
temperature. In general, X~x and To~T, (Curie-Weiss
temperature) by about T =40 K. We estimate an error of
-30% in p at T =40 K.

In view of the above, our model of the hole BMP de-
scribes the polarization data for T&12 K. Below this
temperature, the data can be fit by assuming that the spin
magnetization is not allowed to propagate freely at low
temperature. We assume that within a small volume the
total magnetization is conserved; the hole redistributes the
magnetic ion spins so that they are aligned near the center
of the Bohr orbit at the expense of those farther out. At
T=2 K the number of ions needed to fit the data is
%=70. At T=5K, %=250.

It is important to note that exchange-enhanced effects
can be observed via polarization even when the spectral
lines are very broad. This has been observed here for
donor-acceptor pair PI., and in superlattice PI..

B. Voigt geometry

In the preceding subsection we used the Faraday con-
figuration to measure the spin moment of the polaron.
Now we use the fact that the linear polarization in the
Voigt configuration (8 field perpendicular to the lumines-

FIG. 4. Photoluminescence intensity versus photon energy
for Cd~ „Mn„Te, x =0.10. A magnetic field of 8 =5 KG was
applied in the Voigt geometry (IJ perpendicular to luminescence
direction), and the linear polarization (e) was selected either
parallel or perpendicular to the field. The lattice temperature
was T =2 K, and I l and L 2 are explained in the text.

cence direction) give information on the orbital part of the
BMP wave functions.

Figure 4 shows the luminescence from (Cd,Mn)Te,
x =0.10, T=2 K with a magnetic field of 8=5 kG.
The low-energy peak (L 1) is weakly polarized while the
high-energy peak (L 2) is strongly polarized. Figure 5 is a
plot of the linear polarization p„=(I„I,)I(I„+—I, ) as a
function of temperature T and applied field 8, where I„

(0)
L2

0.5

508{kG)
I.Q

1

CdI „Mn„Te
x = Q.Q5 LI

Voigt Configuration

T= IQ K

0
50

FIG. 5. Linear polarization of luminescence in the Voigt con-
figuration p versus applied magnetic field 8 for Cd» „Mn„Te,
x =0.05, at various temperatures T. Results for the I 2 line
are shown in (a) and for the I. l line in (b). The solid curves
were drawn to aid the eye.
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and I, are the intensities for linear polarizations perpen-
dicular and parallel to the field (8~~z}. The line L2 po-
larizes quickly with increasing 8 and reaches almost total
polarization (p„—1). On the other hand, the line L 1 po-
larizes slowly and is only observed for p„& —,

' .
The L 1 peak has been identified" as an acceptor-bound

exciton, (A X). It has two holes with the two available
states mj ————, and mj ————, (z component of angular

3 1

momentum). The total hole wave function is made from
the product of

free

I bound

I

Bc
8

and

~

(x iy—)t) for mj ————,
'

2

1
~(x iy)—t+2zt) for in; = ——, .' 1

Thus the polarization is small,
~ p ~

—10,which is con-
sistent with the data for the L 1 peak. On the other hand,
the I.2 peak has p„~1, indicating that the hole giving
rise to the recombination luminescence is predominantly
an m~= ——, state. This gives additional evidence that
L 2 is due to a simple electron-hole pair (exciton}. Since it
also shows a temperature-dependent energy shift, a BMP
signature, it may be a trapped exciton, as suggested previ-
ously. z We observe similar behavior in (Cd,Mn)Te with
x =0.05 and 0.15.

FIG. 6. Donor-bound exciton complex. In (a) is a schematic
representation of paired electron spins orbiting a positive impur-

ity center. The spin-down hole ( m~ = —
2 ) recombines with the

spin-down electron (mJ = —
2 ). In (b) is a plot of the Zeeman

splitting for the bound electron shown in (a) and an unbound
electron. Above B, the hole recombines with the spin-down free
electron.

8, =hE/g, pa,
where g, is the effective g value for the electron. Using

g =35x(&&o)gM ~12k(T+To) x =0.03, aNo=260
meV, gM„——2, and To ——1.5 K, we get g, =150. For
hE =4.6 meV, the transition field is 8, =0.5 T. At this

IV. FIELD-INDUCED EXCITON TRANSITIONS

A. Donor-bound exciton

(Cd,Mn)Se commonly shows n-type conductivity,
which leads to strong recombination PL of excitons bound

to neutral donors (Do,X).3 The complex, shown

schematically in Fig. 6(a}, has two weakly-bound electrons
occupying an s-like orbital around the positive impurity
center. These electrons screen out the positive center
from the mobile hole which lies farther out in an annular
shell (when not localized). When no external field is ap-
plied and the BMP effect for electrons is small, the elec-
tron spins will be paired antiparallel in an S =0 singlet
state. At some applied magnetic field 8, one of the elec-
tron spins can lower its energy by going to a larger orbital
or by autoionizing. This is shown in Fig. 6(b) and has
also been discussed by Bryja and Gaj. The spin-up state
of the bound orbital flips its spin and makes a transition
to the free state when 8 ~8„shown by the heavy line.
Since the electron in the free state has a larger overlap
with the hole, the PI. is predominately at the higher ener-

gy. We note that the state labeled "free" may actually be
a loosely-bound orbital such as an n =2 hydrogenic state.

This transition is seen in Fig. 7 which shows the field
dependence of the exciton PL spectrum of (Cd,Mn)Se,
x =0.05. The lowest trace at 8 =0 has a single peak at
E = 1881 meV. At small fields another peak becomes ap-
parent at higher energy. For increasing 8 the higher-E
peak eventually dominates, while the lower-E peak van-
ishes. A transition field 8, can be defined by equating
the magnetic energy to the energy difference between the
two states EE,

cO
0~

L

B=O

I 870 t 880
E (meV}

FIG. 7. Photoluminescence intensity versus photon energy
for Cd& „Mn„Se, x =0.05, for various applied magnetic fields
B. Solid curves were drawn through the open squares which
represent the energy of the lower-energy peak, while the solid
circles denote the high-energy peak. The lattice temperature
was T =2 K, the field was applied parallel to the e axis of the
sample and the luminescence polarization was selected perpen-
dicular to the c axis.
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field the high -E peak is clearly dominant. At a higher
temperature, T =10 K, two things are different from the
previous data: Higher fields are needed to produce the
transition to the higher-E peak, and the field tuning of
the peaks is slower. Both effects are due to a reduction in
the effective g factor at higher T. For this temperature

g, =46 and 8, =1.7 T. %e also note that BMP correc-
tions of —1 meV should reduce b,E and consequently
lower 8, by -20%.

Cd
~

„Mn„Te
x = O. IO

T= 2K

Lal

LLl
CD
(A
LU

C)I-
C)

CL

I 680 l &20
E (meV)

FIG. 8. Photoluminescence intensity versus photon energy
for Cd~ „M„Te, x =0.10, for various applied magnetic fields
8. The peaks labeled L l and I.2 are explained in the text and
the lattice temperature was T =2 K. The inset shows schemati-
cally the acceptor-bound exciton complex ~ith the square as the
negatively charged impurity center surrounded by t~o holes
vvith z components of angular momentum mj. = 2 and mj = 2,

3

and a loosely bound electron in a larger orbit.

8. Acceptor-bound excitons

The PL spectrum of low-x ( —10 ') (Cd,Mn)Te usually
has a strong component due to recombination of excitons
bound to acceptor impurities because of its p-type charac-
ter. This complex, shown schematically in the inset of
Fig. 8, contains two holes in an orbit around the negative-
ly charged impurity center and a loosely-bound electron in
a larger orbit. The constraint of having a symmetric spa-
tial part of the two-hole wave function requires that the
total magnitude of angular momentum of the two holes be
Mz ——0 or 2. At low temperature the internal field of
the BMP rules out the opposed spin states
(m~', mj )=(——', , + —,

'
) and ( ——,', + —,

'
), leaving only the

( ——,', ——,
'

) combination. (The BMP field also lifts the
degeneracy of the mj = ——,

' and ——,
' hole. ) With the ad-

dition of a large enough external magnetic field the
mj. ————,

' hole can lower its energy by making a transition
to an mj ————,

' state and large spatial orbit, effectively
becoming ionized. A similar mechanism was discussed
previously by Planel, Gaj, and Benoit a la Guillaume"
and Nhung et al. ' Figure 8 shows the PL spectrum of
(Cd,Mn)Te, x =0.1 as a function of applied field. The
lower-energy peak gets weaker for increasing field similar
to the (D,X} PL in (Cd,Mn)Se spectra. We take this as
evidence for a transition from an mj ————,

' to ——', hole
state while the exciton effectively loses its binding to the
acceptor impurity. The value of the external field at the
transition was not determined since the biasing field of
the BMP is not accurately known. It was noted that the
transition at higher temperatures required only slightly
higher apphed fields. For these reasons, we will not make
a quantitative comparison.

V. MANGANESE PAIR TRANSITION

A pair of Mn + ions (S=—', , g =2) on nearest-
neighbor sites has an antiferromagnetic exchange coupling
energy J. At low temperatures T~~Jlkii, this interac-
tion results in total spin of ST——0 for such a pair. In a
magnetic field 8 the pair energy is

E = J[ST(ST+—1)—"
, ] gpBM—,8—,

~here ST——1,2,3,4,5 and M, = —ST, —ST+ 1, . . . , ST.
The last term in the energy (Zeeman term) leads to
energy-level crossing at finite 8. Specifically, in strong
fields (usually 8 & 10 T) the state with ST ——0 is no longer
the ground state. The first switch in the ground state
occurs when the last term makes ST——1 the lowest energy.
The magnetic transition from ST——0 to 1 occurs when

gp~8o ——2~ J
~

and results in a steplike increase in the
magnetization at 80. ' Additional magnetization steps
occur at higher fields, corresponding to changes of Sr of
the ground state. In total, there are five steps, up to
ST——5, The relative magnitude of the step depends on x
and is comparatively large at x-0.05. Observation of
this step at gpii8 =2

~

J
~

provides a direct means to mea-
sure J. This has been used to determine J from high-field
magnetization measurements. Other experiments that
measure quantities which are related to the magnetization
can also show this step, such as exciton reAectivity, mag-
netoresistance, specific heat, exciton luminescence, Fara-
day rotation, and spin-flip Raman scattering. So far,
2

~

J
~

has been measured by magnetization, ' ' reflectivi-
ty, ' magnetoresistance, luminescence, neutron
scattering, and Faraday rotation experiments.

To interpret exciton PL experiments, we express the
primary exchange contribution to the exciton energy as'

(a —p}XoE„=Eo(8)— M(8),
Zgpg Xo

where M(8) is the magnetization. Eo(8) is the energy of
the recombining exciton in the absence of the exchange in-
teraction and is in general somewhat field dependent. The
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FIG. 9. Photon energy of exciton photoluminescence spectral
peak E„versus applied magnetic field H for Cd~ „Mn„Se,
x =0.05, and temperature T =1.5 K, from Ref. 9. The solid
curve was drawn to aid the eye. The arrow at Ho ——12.5 T is
drawn at the center of the step in the tuning curve. The inset
shows the photoluminescence spectrum at 0 = 15 T.

magnetization arises from both the external field and the
internal or local (BMP) magnetization. When Eo is weak-

ly dependent on 8 and BMP effects are small, then E„(B)
varies linearly with M(8) and will refiect the pair transi-
tion step. Figures 9 and 10 show high-field exciton
luminescence of (Cd,Mn)Se and (Cd,Mn}Te, respectively.
The step is observed for (Cd,Mn)Se at 80 ——12.5+0.5 T,
which results in Elks ———8.4+0.7 K. This value

agrees with those obtained from direct magnetization
and reflectivity. The apparent relative magnitude of the
step is 3% and is expected to be Sgo. This raiuction
arises from a background increase in ED{8)caused by di-
amagnetic and n =0 Landau level effects; Eo(8) in-
creases quadratically with increasing field at first, then
eventually approaches the linear Landau level at higher
fields. This increase is more severe in materials with
smaller effective inasses (smaller band gap). In the
(Cd,Mn)Te spectra, shown in Fig. 10, this completely ob-
scures the first step. On the other hand, in large
effective-mass materials the luminescence technique may
not be accurate because of the strong internal exchange
field of the BMP. This additional biasing field of the
BMP is difficult to quantify.

8 (T)
FIG. 10. Photon energy of exciton photoluminescence spec-

tral peak E versus applied magnetic field 8 for Cd~ „Mn„Te,
x =0,05 and temperature T = 1.6 K. The closed circles
represent strong intensity peaks and the open circles are for
weaker peaks. The solid and dashed curves were drawn through
the data for clarity.

VI. CONCLUSION

Sample purity of unintentionally doped (Cd,Mn}Te was
found to depend strongly on the growth technique. In the
purest samples, grown by LPE and TSM, the PL was
dominated by free or trapped exciton recombination and
sho~ed almost no recombination due to excitons bound to
acceptor impurities or defects. On the other hand,
Bridgman-grown samples had strong PL from bound ex-
citons. Thus we expect that the concentration of impuri-
ties and native defects is largest in the Bridgman-grown
samples and lowest in the LPE-grown material. The sam-
ples grown by TSM were generally much better than those
grown by the Bridgman technique but not quite as pure as
those grown by LPE. From changes in PL intensities we
estimate that the concentrations of impurities or native
defx:ts varied by 2 orders of magnitude for different
growth techniques.

%e were able to determine the manganese concentration
for low-x samples (x (0.3}from the low-temperature PL
spectra. This method provides an uncertainty in x of
0.002. The only difficulty with this method is in identify-
ing the exciton PL lines (I. 1 and L 2). Variations in the
sample purity changes the relative intensities of the PL
peaks and in some cases eliminates one completely. An
incorrect line identification amounts to an error in x of
less than 0.01.

By applying an external magnetic field, the PL from
electron-hole recombination becomes polarized. At low
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temperatures the polarization saturates at low fields,
-0.5 T, which is about an order of magnitude lower than
the field at which the magnetization saturates, —5 T.
This is attributed to the large splitting of the bands caused
by the amplified exchange field, which is larger than the
external field by g/gM„at low fields. The large splitting
prohibits significant thermal population of the higher-
lying state. As pointed our earlier, the polarization exists
even when the inhomogeneous broadening of the bands is
much larger than the splitting, such as for the PL from
the donor-acceptor pair recombination band.

Observing the polarization in either Faraday or Voigt
geometries gives information on spin and orbital wave-
function contributions, respectively, of the recombining
states. Measurements of the polarization of the DAP
band in the (Cd,Mn)Se spectra indicate that the acceptor-
bound hole has a large effective dipole moment of 50
Bohr magnetons at r=12 K. Above T =12 K the mo-
ment decreases with increasing 1, where the exchange
alignment is overcome by thermal dealignment. At tem-
peratures below T=12 K, the moment is dominated by
the hole BMP and we suggest that the full polaron mo-
ment is limited by a spin-diffusion bottleneck.

Using the Voigt configuration for measurements of the
linear polarization, we can distinguish between recom-
bination of mj ———,

' and mj = —', hole states in the
(Cd,Mn)Te spectra. The L 1 line is only weakly polarized
at larger fields and is assigned to the recombination of the
( —,', —', ) hole pair state of the acceptor-bound exciton. On
the other hand, the L2 line polarizes completely at low
fields indicative of recombination of a single —, hole state.
This provides additional evidence that the 1.2 line is due
to trapped excitons, as suggested by Golnik, Ginter, and
Gaj. 2o

Magnetic-field-induced transitions of impurity-bound

excitons are observed in the PL spectrum of both
(Cd,Mn)Te and (Cd,Mn)Se. For increasing field the two
like-particles (electrons or holes} prefer to have the same
spin state; however, Pauli exclusion keeps them from
sharing the same orbital. Above the transition field one
particle makes a transition to a large spatial orbit with an
accompanying reduction in the binding energy. This re-
duced binding effectively releases the exciton from the im-
purity center (ionization). Quantitative agreement with a
simple model is found for the donor-bound exciton in
(Cd,Mn) Se.

Finally, we observe a step in the PL energy caused by
the magnetic-field-induced transition of a pair of inan-
ganese ions. This step reflects a step in the magnetization
when the pair makes a transition from the S, +S2 ——0
ground state to the Si +S2 ——1 first excited state. Because
of background effects, the transition was only observed
for the (Cd,Mn}Se spectra. The PL technique for measur-
ing the steps is probably limited to only a few SMSC ma-
terials.
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