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The magnetization of the diluted antiferromagnetic system Cd,_,Mn,Te with 0.1 <x <0.5 is ex-
amined up to fields of 40 T at liquid-helium temperature. The measured magnetization can be
separated into the sum of two components: a paramagnetic Brillouin-type part that saturates by
B =15 T, and a part linear in B. This separation only becomes evident at fields above 20 T. For in-
creasing x, the ratio of the linear part to the saturating part increases. These characteristics appear
to be universal for similar dilute systems, and are a consequence of the spin-spin coupling in small

isolated clusters and the random network.

The diluted antiferromagnetic system Cd;_,Mn,Te ex-
hibits a wide range of magnetic behavior: It shows
paramagneticlike behavior at low x, a frustrated spin-
glass-like phase, and short-range antiferromagnetism.!~>
The static and dynamic magnetic properties have only re-
cently been investigated? and are not totally understood.
Although numerical computations of the magnetic prop-
erties have been applied to other random magnetic sys-
tems,* little effort has been devoted to the present sys-
tems.” The good optical properties of these semimagnetic
semiconductors allow us to use Faraday rotation to probe
these frustrated, diluted antiferromagnetic systems to very
high fields. It is only at these fields above 20 T where the
weakly interacting spins are completely saturated and the
residual magnetic response becomes apparent.

In order to understand the effects of the s-d exchange
interaction in semimagnetic (diluted-magnetic) semicon-
ductors,! the magnetic properties must be known; the
magnetization governs the enhanced Zeeman splittings of
the semiconductor bands and magnetic polarons.® For ex-
ample, at low temperatures the s-d exchange-enhanced
field can be 1000 times larger than the applied field. In
addition, the magnetic response at high fields controls the
properties of free and bound magnetic polarons, which
can have self-induced internal exchange fields on the or-
der of 100 T.

The low-temperature magnetization M (B) of
Cd,_,Mn, Te for x <0.3 was measured by Gaj, Planel,
and Fishman in magnetic fields to B=15 T.” They
characterized the average z component of manganese spin
by the empirical equation

(Sz>:§Bs/2[5,LLBB/kB(T+To)] ’ (1)

where Bs, is the Brillouin function for spin S =+, up is
the Bohr magneton, kg is the Boltzmann constant, and T
is the temperature. S and T are treated as fitting param-
eters which vary strongly with x and more weakly with 7.
S(x) is less than S due to strong nearest-neighbor antifer-
romagnetic coupling between Mn2?* ions, and T((x)>0
arises from weaker, more-distant-neighbor coupling.
Subsequent measurements of M (B) for x > 0.2 revealed
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significant deviations from the modified Brillouin func-
tion described above.® The present work at fields above
15 T shows even larger deviations. In this paper we show
that M (B) at liquid-helium temperatures can be described
by the sum of two contributions: (i) a paramagnetic
modified Brillouin function that saturates at low fields
and (ii) a high-field susceptibility that is linear in B. The
relative contributions of these two parts vary with man-
ganese concentration: at low x the saturating part is larg-
est, whereas at high x the linear contribution dominates.
This trend is related to both the decreasing fraction of iso-
lated clusters with increasing x, and to the random ex-
change fields experienced by each magnetic ion.*

Magnetic fields, furnished at the Francis Bitter Nation-
al Magnet Laboratory pulsed-field facility, were produced
by multilayer, steel-reinforced, copper solenoids operating
at liquid-nitrogen temperature.’ A field of 45 T with a
pulse length of 10 msec is furnished by this facility.
Minor heating of the sample was caused by the rapidly
changing field, but for the data presented the sample tem-
perature was within +1 K of the 4.2-K bath temperature
as determined from low-field (B <15 T) fits to Eq. (1).
Faraday rotation measurements were made using a fiber-
optical arrangement to transfer light from He-Ne and
diode laser sources to the Dewar, as described previous-
ly.!® The sample holder, immersed in liquid helium, held
a ‘“sandwich” consisting of a mirror, sample (~1 mm
thick), and plastic linear polarizer. With the large rota-
tions obtained using light nearly resonant with the band
gap (within a few hundred meV), the output light signal
was oscillatory with a period for every 180° of rotation,
Fig. 1. Typically, 20 to 40 rotations were observed by 40
T. Relative magnetization measurements in a dc field to
20 T showed that M (B) was proportional to the Faraday
rotation to within about 10%. M was slightly larger at 20
T, which may be interpreted as a small decrease in the
Verdet constant for increasing field. The assumption of a
field-independent Verdet constant may produce an error
in M(B) of + 20/—10% over the 40-T field range. The
relative M (B) up to 40 T was derived from the rotation
angle as a function of field, assuming a field-independent
Verdet constant, and was then scaled using absolute dc
measurements of M at B=5 T. The connection between
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FIG 1. Faraday rotation versus applied magnetic field B for
Cd,_,Mn,Te, x =0.3. Each peak represents 180° rotation for
an optical path length of 0.114 cm, laser photon energy of 1.59
eV, and liquid-helium temperature.

(S, ) and M, in units of emu/g, is M =(2uzxA/W)(S,),
where A4 is Avogadro’s number and W is the molecular
weight of Cd,_,Mn, Te.

Figure 2 shows M (B) for samples with x =0.1 and 0.4
at T =4 K. Note that the overall magnitude of M is not
a strong function of x. However, the low-field region is
dominated by low x values, while in the high-field region
the reverse is true. Although M does not change marked-
ly with x, (S,) is a strong function of the manganese
concentration, as seen in Fig. 3. For increasing x there is
a substantial decrease in the average spin, resulting from
the increase in antiferromagnetic interactions. The most
remarkable feature of these data is the exceedingly linear
behavior (within a few percent) above 15 T. Linear-like
behavior at high fields has been predicted by numerical
Monte Carlo calculations.’

We now illustrate that M (B) can be decomposed into a
Brillouin-type part and a linear part, described by

M (B)=M;Bs,,[S5SupB /kp(Tes)]+XurB . (2)

T is used instead of T + T because T itself depends
on T. Good agreement between experiment and Eq. (2)
was obtained for 0.1 <x <0.5. Figure 4 displays fits to
the data for x =0.2 and 0.5 (the curves through the data
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FIG. 2. Magnetization M vs applied magnetic field B for
Cd,_,Mn,Te, x =0.11 and 0.38. Results were obtained from
Faraday rotation at liquid-helium temperature. Solid lines were
drawn through the data points for clarity.
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FIG. 3. Average z component of Mn?* ion spin {S,) nor-
malized to % versus applied magnetic field B, for Cd,_,Mn,Te,
x =0.11, 0.20, 0.30, 0.38, and 0.49, at liquid-helium tempera-
ture.

points). The linear and nonlinear contributions are shown
separately in the figures. The best-fit values for Xpyg(x),
M (x), and T.(x) are compiled in Table I. Notice that
as x increases, M decreases while Xyg increases, but
above x =0.3, XyF is constant at 0.24. These features are
discussed below.

For materials with low manganese concentrations
(x <0.1) the magnetization at low temperatures is well
understood.!! M; is less than M, (obtained at full satura-
tion) because the antiferromagnetic coupling energy of
nearest neighbors is greater than both kzT and SugB.
When the Mn?* ions are distributed randomly, M, is
determined by (a) the probability of finding ions in sing-
lets, pairs, triplets and larger clusters and (b) the total spin
of the ground state for each of these clusters.!> For
x =0.1, agreement with the data is achieved using clus-
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FIG. 4. Components of Eq. (2) for magnetization M vs ap-
plied magnetic field B, for Cd,;_,Mn,Te, x =0.20 and 0.49, at
liquid-helium temperature. The solid circles show the experi-
mentally measured data, and the solid lines represent fits of Eq.
(2). The dotted and dashed lines represent the saturating and
linear contributions of Eq. (2), respectively.
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TABLE 1. Parameters fit to Eq. (2). Uncertainties are es-
timated at 5%, except for M; and XyF, which are 20%.

Manganese Tegy M, Xnr
mole fraction x (K) (emu/g) (emu/gT)

0.11 6.5 4.5 0.08

0.20 7.3 35 0.17

0.30 9.2 2.4 0.19

0.38 12.7 1.8 0.25

0.49 6.2 1.8 0.24

ters of up to three spins. However, for x >0.1, M| can-
not be determined by this simple model because the ma-
jority of spins are in clusters larger than triplets. For ex-
ample, at x =0.2, 85% of the spins are in these larger
clusters, and the clusters of three Mn?" ions or less con-
tribute only one-half of the measured M. Similarly, the
high-field slope Xyg can be predicted only for x <0.05.
The slope is derived from steps in M (B) resulting from
internal transitions of clusters with two or more Mn?*
ions.!!3 In this regime a near-linear dependence arises
from thermal broadening of the steps observed in M (B).
Unfortunately, this prescription for Xyr does not apply
for the x values in present study.

Although there is no simple theory of M(B) for
x > 0.1, numerical calculations have been made for a mi-
croscopic model of a diluted isotropic Heisenberg antifer-
romagnet.* This model of a random network of coupled
spins was applied to M(B) data for KMn,Mg,_,F;
which show a linear susceptibility in the large x limit and
substantial nonlinear component at smaller x.!* For
x =0.39 the calculations suggest that the small isolated
clusters cannot account for the majority of the nonlinear
M (B) response. Additional contributions arise from the
gradual saturation of local ferrimagnetic variations, where
each Mn?* spin feels an exchange field of a different
magnitude and direction.

We emphasize, on the other hand, that the linear con-
tribution to M (B) for x > 0.2 arises mainly from changes
in the internal magnetization of large clusters and the in-
finite chain. The exceedingly linear behavior of our data
is qualitatively similar to the perpendicular component in
antiferromagnets,'® dilute antiferromagnets,'* and dilute
metallic glasses.'®!” This feature seems to be a common
property of diluted magnetic systems.

The limiting value of Xyr=0.24 can be compared to

the isotropic susceptibility, X o, in the mean-field approx-
imation for an antiferromagnet below the Néel tempera-
ture (Ty >36 K, from Cd;_,Mn,Te at x =0.7).!2 As-
suming nearest-neighbor interactions only, a type-II face-
centered cubic array of Mn2* ions has four independent,
interpenetrating simple cubic sublattices, giving'®
_Aleps)

AR 2w

where z =4 is the number of sublattices and J is the
nearest-neighbor exchange constant. Using J/kz=6.1
K,"” and x =0.5, then X,p=0.25 emu/gT. The good
agreement with Xyr=0.24 is fortuitous, since we have
neglected higher-neighbor interactions and one only ex-
pects qualitative agreement (factor of 2) with such mean-
field calculations. We further point out that the formula
for X Ap also holds in the diluted case (x < 1); although
the susceptibility per ion is proportional to 1/xz, the sus-
ceptibility per volume is independent of x. This supports
the limiting behavior for Xyr as x increases.

If we extrapolate the high-field behavior of (S,) of
Fig. 3, it suggests that full saturation (S =5/2) should
occur at 100, 120, and 160 T, for x =0.1, 0.2, and 0.3,
respectively. We plan to extend these measurements to
this higher field range and to higher temperatures.

In summary, for fields above 20 T we clearly see two
components of the low-temperature magnetization of
(Cd,Mn)Te for x >0.1. The first component is described
phenomenologically by a paramagnetic Brillouin-type
function, and arises from isolated clusters at low x, and
from gradual saturation of ferrimagnetic fluctuations at
higher x. At fields above about B =15 T this part satu-
rates, and a contribution linear in field dominates. This
linear susceptibility arises from changes in the internal
magnetic moment of large clusters and the infinite net-
work of coupled spins, and appears to be a general proper-
ty of dilute systems.
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