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Isolated Mn ion pairs in dilute magnetic semiconductors exhibit steplike increases in the total

spin alignment with increasing magnetic field. These steps in Cd& „Mn„Te and Cdl „Mn„Se, with

x & 0.05, are studied using spin-flip Raman scattering and magnetization measurements at
0.5 & T & 1.3 K. In dc fields to 30 T the optical spectra show three steps for {Cd,Mn)Te and two for

{Cd,Mn)Se. Analysis of the field, positions of the steps obtained by both methods gives the nearest-

neighbor exchange constant JNN/kz ———6. 1+0.2 K for the telluride and —7.7+0.3 K for the

selenide. By comparison of the optical and magnetization results, the s-d exchange parameter for

(Cd,Mn)Te is found to be aN& ——211+10meV.

I. INTRODUCTIGN

High-field magnetization steps in dilute magnetic semi-
conductors (DMS) with low magnetic ion concentrations
(x (0.1) have recently been the subject of many investi-
gations. ' ' The steps arise from field-induced energy-
level crossings of nearest-neighbor (NN) pairs of antifer-
romagnetically coupled spins. For a pair of Mn++ ions
(each with spin S = —,

'
) there are five magnetization steps

corresponding to transitions between levels with total
spin ST——0, 1, . . . , 5. Analysis of the first few steps gives
a value for the NN exchange constant JNN and has
shown that the ions are distributed randomly over the
cation sites.

Previous studies of magnetization steps have employed
the techniques of direct magnetization, '

reQectivity, photoluminescence, magnetoresistance,
and Faraday rotation. ' Results have been reported for
(Cd,Mn)Se, (Cd,Mn)S, (Cd, Mn)Te, (Zn, Mn)Se,
(Zn, Mn)Te, and (Hg, Mn)Te. Here, we present the first
studies of magnetization steps using the technique of
spin-fiip Raman scattering (SFRS) from electrons. The
experiments were carried out on (Cd,Mn)Se and
(Cd,Mn)Te in dc fields up to 30 T. For (Cd, Mn)Se we ob-
serve two full steps, whereas previous studies only par-
tially revealed the second step. For (Cd,Mn)Te part of
the third step is observed for the first time —the first two
steps were previously measured by direct magnetiza-
tion, "and by reflectivity.

SFRS is a new, valuable tool for determining JNN. The
Stokes shift, which is related to the magnetization, can be
measured with a sufhcient accuracy to reveal the steps
clearly. An important advantage of the SFRS method is

that with the new fiber-optic apparatus' it can be used in
the hybrid magnet (superconductor + Bitter solenoids)
which produces dc fields up to 30 T. (Other techniques in

dc fields are presently operational only below 23 T.) To
assess the merits of the new SFRS technique, the SFRS
measurements were supplemented by direct magnetiza-
tion measurements on the same materials. Here, a new
magnetometer (superior to those used earlier in high-field
work) was used. This resulted in a substantial improve-
ment over older magnetization data' for (Cd, Mn)Se. By
combining the SFRS and magnetization data we also
determine the s dexchange -parameter (aNo ) for
(Cd,Mn)Te.

II. THEORETICAI- BACKGROUND

A. Average spin alignment and cluster model

When a magnetic field B is applied along the z axis, the
Mn + ions acquire a nonzero average spin component
(S, ) per ion. The inagnetization per gram is related to
&S, ) by

2pgx A
M(B)=

i
(S, )

i

where pz is the Bohr magneton, A is Avogardo's num-
ber, and 8' the gram molecular weight. Here, it was as-
sumed that the g factor for the Mn + ions is g =2.0, in
close agreement with available data. '"

En DMS with low x values, (S, ) is well approximated
by a sum of contributions due to isolated clusters of
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spins. "' lf we ignore all exchange interactions except
those between nearest-neighbors (NN cluster model),
then for x (0.05 it is sufFicient to consider only four
types of clusters: (1) isolated Mn + spins, (2) isolated
pairs of NN spins, (3) open triangles, and (4) closed trian-
gles of NN spins. For x =0.05, 54% of the spins are sin-
gles, 24% in pairs, 11% in triplets (triangles), and the
remaining 11% in larger clusters. The NN cluster model
is a useful first approximation for describing the magneti-
zation at high fields and low T because interactions be-
tween next-nearest neighbors (NNN) and more distant
neighbors only become important in low magnetic fields
and at low temperatures. '

B. Magnetization steps

All clusters other than single-isolated spins give rise to
magnetization steps at high fields and low T. ' However,
in DMS which contain Mn + ions the only steps which
are readily observed below 30 T arise from isolated pairs
of NN spins. The magnetic field positions of these steps,
assuming NN interactions only, can be determined from
the Hamiltonian for an isolated pair of NN ions with
spins S, and S2,

C. Spin-flip Raman scattering

At low T, the Zeeman energy Eo, obtained from spin-
flip light scattering from donor electrons, is given by

Eo ——x(aNO)
I (S, )

I +g "psB, (7)

when 8 is larger than a few tesla (where bound magnetic
polaron fluctuations' ' can be ignored). The second
term is the Zeeman splitting for g *, the g factor in the ab-
sence of the exchange interaction. The first term of Eq.
(7) is dominant and represents the s dexc-hange between
the donor electron and the Mn + ions spins, where (aNO)
is the exchange energy. Thus, the Stokes shift EO is near-
ly proportional to

I
(S, ) I, and hence to the magnetiza-

tion M. Steps in the magnetization are therefore also ob-
served in Eo. This is the principle behind the present
method to determine JNN. The spin-flip energy, ignoring
the small Zeeman term g*p&B, can be expressed in a
similar manner to Eq. (5),

Eo = E,Ssn(y')

is the probability for finding an ion in a pair, and T ff a.

fitting parameter describing the width of the steps.

%p„,———2JNN S, S2+gpii (S„+S2z )8, . +5E g 1+exp (8„8)—gPa

n B TefF
(8)

The energy eigenvalues are

Epaig I. JNNST(ST+ 1 )
", ]+g—p—BmB (3)

The expression for the magnetization M is similar to Eq.
(8), with 5E/E, =5M/M„and 5M and M, defined in a
similar manner.

with S~——0, 1, . . . , 5, and m =Sz-,S~—1, . . . , —S~. For
small magnetic fields the ground state of the pair has
Sz- ——m =0. At the magnetic field B„defined by

gPB81 2
I JNN I

(4)

&srz(y)
5 x

the ground state becomes Sz ——1,m = —1 and the first
step occurs. The other steps occur at
g)usB„= 2n

I
JNN I, where n is a positive integer & 5.

At low temperatures (k&T « JNN I
) and for x &0.05

the average moment per magnetic ion is principally the
sum of two contributions: (1) a part that saturates at low
magnetic fields (8 & 10 T), which is mostly due to the iso-
lated spins, plus (2) a part due to the magnetization steps
of the pairs. The total (S, ) can then be written as

D. Distant-neighbor interactions

A more refined model for the magnetization steps,
which includes the effects of effective fields due to
distant-neighbor exchange interactions, has been
developed by Larsen et al. This model introduces a
shift, b„ in the magnetic-field positions of all the steps

(9)B =
n

where 6 is the average field "felt" by the pair due to all
other distant neighbor spins. Since the majority of these
distant spins are singlets, which saturate below the first
step, 5 has been taken to be the same for all five steps.
(Strictly, 5 should increase slightly with n due to distant
clusters, but this increase is small for small x.) To obtain
an accurate value for the ion-ion exchange constant JNN,
the difference between the field positions of two succes-
sive steps should be measured, e.g. ,

+ ,'P2 g 1+exp —(8„—8)gPa

n B Te6'
gP's(82 81 ) =2

I JNN (10)

(5)

The first term contains the Brillouin function Ss&z(y)
where y =5peB/ke(T+ To), x is the ejfectiue molar
concentration, To is a phenomenological temperature
describing more distant neighbor interactions,

P2 ——12x (1—x)'

We will use this formula to determine JNN when the first
two steps are observed. This is an improvement over the
early procedure' in which JNN was determined from B,
using Eq. (4).

Once
I JNN I

has been determined via Eq. (10), b, can
be obtained from Eq. (9). This procedure is used when at
least two steps are observed. When only a single step is
observed, 6 can be estimated from the parameter To of
the Brillouin function of Eq. (5) using the relation'
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2k' To

(S+1)gpa

The distant-neighbor interactions are responsible for both
the shift 6 and the effective temperature To. In addition,
these interactions broaden the steps, and are therefore re-
sponsible for the difference between T,tt in Eq. (5}and the
actual temperature T.

III. EXPERIMENTAL TECHNIQUES

A. Spin-Nip Raman scattering

Spin-flip Raman scattering measurements were carried
out with the samples mounted in a fiber-optic apparatus
described in Ref. 13. This probe was inserted in a cryo-
stat which was placed in the 30-T hybrid magnet (super-
conductor plus Bitter solenoid). The (Cd,Mn)Se sample
was immersed in He and cooled to T =0.5 K, while the
(Cd, Mn)Te was immersed in He and cooled to T =1.3
K. The laser power incident on the sample was kept
below 150 pW to avoid heating. (At powers above ap-
proximately 0.5 mW we observed a decrease in Eo, indi-
cating heating of the Mn + spins above 0.5 K.) A Kr-ion
laser operating at 1832 meV was chosen for (Cd, Mn}Se
and a dye laser with LDS700 dye was chosen for the tel-
luride sample. Polarization selection rules for spin-flip
Raman scattering in (Cd,Mn)Se in a magnetic field' re-
quired us to align the c axis perpendicular to the field.

B. Magnetometer

Magnetization measurements were carried out using a
vibrating sample magnetometer (Foner magnetometer),
adapted for use in Bitter magnets which produced a max-
imum field of about 23 T. This instrument is superior to
the very-low-frequency vibrating sample magnetometer
which had been used in the early works on the magneti-
zation steps, ' because it yields a continuous trace of M
versus H instead of point-by-point data. As a result, the
location of the first step in the Cd& „Mn„Se sample
could be located more accurately. The new instrument
also has some advantages over the force magnetometer
which was used in our more recent work" on the magne-
tization steps: (1) it eliminates a small spurious back-
ground and (2) the signal is strictly proportional to M,
and is easily normalized to yield the absolute magnitude
of M. As a result, accurate values of M, and To can be
obtained from the data analysis. The force magnetome-
ter, however, is more readily adapted for work in temper-
atures below 1 K.

as the sample used in the Raman measurements. The Mn
concentrations in the two samples, however, were slightly
different: x =0.0325 for the magnetization sample, and
x =0.0308 for the Raman sample. These values are from
atomic absorption. The small difference in the values of
x was confirmed by magnetization measurements in a
SQUID magnetometer at T =4.2 K and 8 =5 T.

IV. RESULTS AND DISCUSSION

A, Cdp 95Mnp p5Se

F(E)ccexpj[(E EL ) ——Eo] l2I 2J . (12)

Here, F(E) is the scattered intensity at a Stokes energy
E,EL is the laser photon energy, Eo is the Stokes shift of
the peak, and I the broadening. The fit yielded Eo to an
accuracy of about 0.1 meV, which is about one-tenth of
the full width at half maximum.

Figure 2 shows Eo as a function of B to 30 T. The first
two steps are clearly observed. The positions of the steps
were determined with two different procedures. In the
first, the low-field data (excluding the steps) between
8 =3 and 9 T were fit to the Brillouin function of Eq. (8),
giving E, =18.4 meV. This part was then subtracted
from the high-field data. The result was then fit to the
steps alone, the second term of Eq. (8), to determine 8,
and B2. In the second method, the numerical derivative,
dEOIdB, was obtained from the raw data and the peaks
in the derivative were identified as the step positions.
The two methods agreed to within 2% and gave the
values, B& ——12.5+0.2 T and B2 ——23.7+0.2 T. We then
determine JNN/ks ———7.5+0.3 K using Eq. (10). This
value agrees with previous magnetization measurements
in pulsed fields. Table I summarizes the present results.
We note that the shift in the positions of the steps

I
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l. Spin J?ip-Rantan scattering

Figure 1 shows a spin-flip spectrum for Cdo 95Mnp pgSe
at B =30 T and T =0.5 K. The solid line represents a fit
of the data using the Gaussian form

C. Samples

The Cd, Mn Se sample used in the magnetization
measurements was grown by the Bridgrnan method at
Brown University. Samples from the same boule (No. I-
17) were used in some of our earlier works. " The Mn
concentration, determined by atomic absorption, was
x =0.049.

The Cd, Mn Te sample used in the magnetization
measurements was from the same Bridgman-grown boule

~ ~
~ 0~

23
)

~

22 21
STOKES SHIFT (raeV)

20

FIG. 1. Spin-flip Raman spectrum from Cd& „Mn Se,
x =0.05, at temperature T =0.5 K and magnetic field 8 =30 T.
The laser energy was 1832 meV. The solid line is a fit to the
Gaussian form of Eq. (12), with the Zeeman energy Eo ——22.4
meV.
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differential susceptibility dM/dB, which becomes smaller
as the Mn + spins are aligned in the field. In the field
range between 1.5 —5 T an increase of the linewidth is ob-
served due to compositional fluctuations. These fluctua-
tions result from variations in the number of magnetic
ions within each donor orbit, and hence to variations in
the magnetic energy associated with each complex. The
broadening due to compositional fluctuations is propor-
tiona1 to the magnetization. For magnetic field 8 & 15
T, the linewidth increases gradually, corresponding to the
gradual increase of the magnetization due to the steps.

2. Magnetization

FIG. 2. Stokes shift (Zeeman energy) Eo vs applied magnetic
field B for Cd&, Mn„Se, x =0.05, at temperature T=0.5 K
from spin-flip Raman scattering. B& and B2 denote the posi-
tions of the first and second magnetization steps of nearest-
neighbor Mn-Mn pairs. The upper curve is a guide to the eye.
The lower solid line is a fit to Eq. (8), with subtraction of g psB
with g =+0.54.

amounts to the difference, 6=2B& B2=1~ 3+ 05 T. If
we apply Eq. (11) with Tc =1.6 determined from magne-
tization or Ref. 19 we get the estimate 6=0.73 T, which
is lower than the result obtained from 8, and B2.

The relative magnitudes of the steps were determined
by comparing the absolute step size, 5E, to the saturating
part E, . The ratio for the first step is SE/E, =0.091,
while for the second step is M/E, =0 083 A.ssum. ing a
random Mn distribution, the predicted value is'

5E/dE, =(P2/5)(x /X ) =0.076, (13)

in reasonable agreement with the measured results for
both steps.

The dependence of the spin-Rip linewidth on magnetic
field is plotted in Fig. 3. Initially, the linewidth narrows
with increasing magnetic field to B =1.5 T. This corre-
sponds to a reduction in the magnetic fluctuations (see
Refs. 16 and 18). These fluctuations are governed by the 50—

, 5.3

A trace of the magnetization M of Cd 9&&Mno ~9Se at
1.25 K is shown in Fig. 4. The lower curve gives an ex-
panded view of the first step and the beginning of the
second step.

The data in fields well below the first step were used to
obtain the parameters M, and Tn of the equation

5p~B
ks(T+T )

as follows. First, the background gdB due to the diamag-
netic susceptibility of the lattice was subtracted, using the
value Xd ———3.3X10 emu/g for CdSe. ' Next, the
magnetization in fields below 8 T were fit to obtain
M, =4.51 emu/g, Tn 1.58 K, ——and x =0.0305. (These
results are not sensitive to the choice of the maximum
field in the fit. Changing this maximum field to 6, 7, or 9
T leads to a change of less than 0.5% in M„and less than
2% in Tc.) The experimental result for M, is close to the
theoretical value M, =4.35 emu/g, calculated using the
atomic-absorption result for x, and probabilities predict-
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FIG. 3. Linewidth (full width at half maximum) y vs applied
magnetic field Bof the spin-flip Raman spectra of Cd, „Mn„Se,
x =0.05, at temperature T =0.5 K. The linewidth was extract-
ed from curve fits of the data to Eq. (12). B, and Bz denote the
first and second magnetic-ion-pair steps.
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FIG. 4. Magnetization vs applied field H for Cd, Mn Se,
x =0.049, at temperature T =1.25 K.
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ed for a random distribution of Mn over the cation
sites.

The data for the second step in Fig. 4 are insuf5cient
for a reliable determination of B2. Thus, only the field B,
at the center of the first step was obtained. Two methods
were used for this purpose. They are completely analo-
gous to those used with SFRS data, as described previ-
ously. From the peak in the derivative dM/dH we ob-
tained B,=12.5+0.4 T. A fit to the second term of Eq.
(8) gave B, = 12.7 T. The same fit also gave
5M/M, =0.081, and T,tt= 1.53 K. The result for
5M/M, is close to the theoretical value 5M/M, =0.079
calculated from P2 and x by assuming a random Mn dis-
tribution. Since the value for T,s is only 22%%uo higher
than the actual temperature T, we conclude that most of
the broadening of the first step was thermal.

The magnetization results for B& are in good agree-
ment with the Raman data (see Table I), and also with
our earlier magnetization data. Using the magnetization
value for To, Eqs. (9) and (11) give JNN/ka ———8.0 K.
We expect that this value is accurate to about 5%. The
Raman result JNN/ka ———7.5+0.3 K (which is based
directly on B2 and Bi, and thus avoids the estimate of b )

is consistent with this conclusion. It is noteworthy that
the value JNN/ka = —8.3 K quoted in Ref. 1 was based
on a simplified model which ignored the correction h.

B CCQ 97MnQ Q3Te

1. Spin Jfip Ram-an scattering

The steps in the telluride are less clear than in the
selenide sample because: (1) the g value for CdTe is nega-
tive (g"= —0.8), which produces a background with a
negative slope at high fields and (2) the first step is some-
what obscured by the "knee" in the Brillouin part of the
magnetization. Nevertheless, a simple subtraction of the
Zeeman term reveals the first three steps. The lower
curve and set of data in Fig. 5 show the steps in
Cdp 97MnQ Q3Te to 30 T at T = 1.3 K, after this subtrac-
tion. The positions of the steps were determined in the
same fashion as for the selenide-based material by first
subtracting the saturating part using E, =11.45 meV and
the magnetization value Tp = 1.5 K. We then determined
the field positions of the steps to be, B, =10.0+1 T,
B2 ——18.9+0.2 T, and B3——29+1 T. The large error bar
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FIG. 5. Stokes shift (Zeeman energy) Ep vs applied magnetic
field B for Cdl „Mn„Te, x =0.03, at temperature T=1.3 K.
The upper curve is a guide to the eye. The lower data and the
fit to Eq. (8) (solid line) have the background g p,sB, with

g = —0.8, ,subtracted. B„B2,and B3 denote the pair steps.

2. Magnetization

A trace of the magnetization of Cd& „Mn„Te at 1.28
K is shown in Fig. 6. The lower curve gives an expanded

for B, is due to the incomplete saturation of the Brillouin
function. The highest portion of the third step could not
be reached with the available field. To obtain JNN, we
only use the first two steps. This gives JNz ———6.0+1 K,
in reasonable agreement with the magnetization data and
previous determinations. "

Using Eq. (11) with the value To=1.5 K obtained
below, we get b, =0.64 T. This gives JNN/ka ———6.3 K
from the first step and JNN/kn ——6. 1 K from the
second, which are both improvements over the value of
JNN/ka= —6.7 K, predicted from the position of the
first step with no 6 correction. Since the position of the
second step is most accurately determined, the value
JNN/ka = —6. 1%0.2 K obtained from it, using Eqs. (9)
and (11), is the most reliable. The uncertainty of 0.2 K in
this value is partially due to the uncertainty in h.

The relative magnitudes of the steps are
5Ei/E, =0.044, 5E2/E, =0.037, and 5E&/E, =0.039.
The predicted step size for an x =0.030 sample is 0.056.
This discrepancy is probably due to inaccurate subtrac-
tion of the Zeeman term g 'p~B.

TABLE I. Parameters determined from steps in the magnetization (MAG) and spin-flip Raman
scattering (SFRS) experiments. The values for Tp were obtained by fitting M(B) to the Brillouin func-
tion of Eq. (14). B&, B&, and B3 are the field values of the first three steps, and JNN is the nearest-
neighbor Mn-Mn exchange energy derived from the steps as discussed in the text.

Material

Cd& „Mn„Se
x =0.049

Cd& „Mn„Te
x =0.03

Experiment

SFRS
MAG

SFRS
MAG

Tp

(K)

1.58

1.53

B)
(T)

12.5+0.2
12.5+0.4

10.1+1
10.2+0.3

B2
(T)

23.7+0.2

18.9+0.2
18.9+0.3

B3
(T)

29+1

JNN ~kB
(K)

7.5+0.3
8.0+0.5

6.120.2
6.1+0.3
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3.0-

3.2 Since the samples used in SFRS and magnetization had
slightly different x, we adjusted the value of M, . This
gave M, =2.54 emu/g for the Raman sample. Thus,

- 3.0 (aNo) =211+10meV .

~ 2.0

E

X

I.O

- 2.8

(Cd,Mn)Te with this method and agrees with the band-
edge, free-exciton magnetoreflectance value aNp=220
meV (Ref. 23).

V. SUMMARY

- 2.6

0
0 80

H (kQe)
)60 240

FIG. 6. Magnetization vs applied field H for Cd& „Mn„Te,
x =0.033, at temperature T = 1.28 K.

view of the first two steps. The analysis of the data for
fields well below the first step was similar to that for
(Cd,Mn)Se. The diamagnetic contribution of the lattice
was subtracted using Xz ———3.5 X 10 emu/g (Ref. 21).
A fit of the data below 5.0 T to Eq. (14) then gave
M, =2.68 emu/g and To = 1.53 K. (Fits for data below 4
or 6 T gave practically the same results. ) The result for
M, is in excellent agreement with the theoretical value

M, =2.67 emu/g, based on the atomic-absorption value
for x and the assumption of a random Mn distribution.

The values of B, and B2 at the centers of the first two
steps were obtained from the peaks in dM/dH. [As dis-
cussed in Ref. 11, this method is preferable in this case to
that based on fits to Eq. (8).] The results were
B I

= 10.2+0.3 T and B2 = 18~ 95+0.3 T. These are in
agreement with the Raman data. From the difference
(B2 B, ) and Eq. —(10) we obtain JNN/ks ———5.9%0.3
K. Using Eq. (11) for 6, in conjunction with the magne-
tization value for To, the result for B, and Eq. (9) gives
JNN/ks= —6.4 K. The same procedure applied to B2
gives JNN/ks ———6. 1 K. We regard the latter value as
more reliable because the percentage contribution of the
correction b, to the right-hand-side of Eq. (9) is propor-
tional to 1/n. These results for JNN are in good agree-
ment both with the Raman determination of JNN and
with the earlier result JNN/ks ———6. 1+0.3 K from the
magnetization steps on a sample with x =0.047."

For increasing magnetic field, we observe transitions of
the magnetic-ion-pair from the spin ST——0 ground state
to the Sz ——1, ST——2, and ST——3 excited states. The fields
at which these transitions or steps occur correspond to
the points at which the energy of the higher-lying state
falls below that for the next-lower state. For truly isolat-
ed pairs the field positions should occur at integer multi-
ples of the field of the first step. However, since many of
the pairs will have an ion at a next-nearest-neighbor site,
all the steps are biased to higher fields by an effective field
due to the further neighbors. The optical data support
this notion —the separation between the first and second
steps is smaller than the field of the first step. Table I
summarizes these results. Thus, more accurate results
are obtained for JNN by taking the difference between
steps. This method produced JNN/ks ———7. 5 K for
(Cd, Mn)Se. On the other hand, if the first step is not well
defined (due to nonsaturation of the Brillouin function),
JNN is best determined from the second step and the 6
correction This . was used to obtain JNN/ks = —6. 1 K
for (Cd,Mn)Te. The values of 6 estimated from To are
smaller than those deduced from B„by about a factor of
2. Thus, this method of determining JNN using 6 should
be treated as only a first-order correction.

In principle, both optical and magnetic techniques are
equally valid for studying the steps. Differences are
therefore largely due to the present states of the art for
both techniques. At present, the magnetization method
has the advantage of: (1) a somewhat better signal-to-
noise ratio in high fields and (2) a continuous trace versus
point-by-point data. These advantages are offset by the
higher fields which presently can be used with the fiber-
optics Raman spectrometer. This higher-field advantage
is particularly significant when it leads to the observation
of the second step, as in the case of (Cd,Mn)Se, because
JN~ is more accurately determined from Bz —BI than
from B, and the estimated correction A.
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3. Comparison ofSFRS and Magnetization

Finally, we determine a value for the s-d exchange con-
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data with magnetization data. Combining Eqs. (1), (7}
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