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The experimental results on carrier-induced ferromagnetic interaction
in [I-VI diluted magnetic semiconductors are shortly reviewed and analyzed
in the light of the mean field approximation. We particularly take the point
of view of the experimentalist to emphasize (i) points which are easily un-
derstood within this simple model (as the role of the detailed structure of
the valence band) and hence should be incorporated into more sophisticated
models, and (ii) points which are not taken into account in the mean field
model (e.g., disorder effects) and hence call for more elaborate descriptions.
We particularly discuss the case of a low carrier density, and show that the
situation appears as experimentally very different in the highly disordered
3D layers and in the modulation doped 2D quantum wells.

PACS numbers: 72.80.Ey, 75.50.Pp, 75.30.Hx, 75.50.Dd

1. Introduction

There is much work done currently on diluted magnetic semiconductors
where carriers (generally holes in the valence band) induce a ferromagnetic in-
teraction between localized spins (generally Mn impurities). Examples include
PbTe-based bulk samples [1], and more recently semiconductor compounds with
the zinc-blend structure. Among them III-V semiconductors (GaMnAs and
InMnAs) [2, 3] exhibit quite high critical temperatures. As Mn acts both as
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an acceptor and carries the spin in these compounds, their theoretical analy-
sis has proven to be difficult. However they are very attractive for applications,
and the control of the ferromagnetic interaction through an electrostatic gate has
been demonstrated [4]. In the TI-VI semiconductors (CdMnTe [5], ZnMnTe [6],
BeMnTe [7]), the Mn is isoelectronic and the p-type doping is controlled indepen-
dently by adding nitrogen acceptors. Thus, in spite of the low critical temperatures
which have been observed, these compounds are very attractive in order to gain a
better understanding of the mechanisms: They can be elaborated with a great va-
riety of carrier density and spin content, in various configurations (3D thick layers
and 2D quantum wells), and the material parameters (in particular the spin carrier
coupling) are accurately known from previous studies of the undoped materials.
Finally, we should mention that the quest for materials with higher critical tem-
peratures is currently pursued either theoretically [8—10] or experimentally [11-13].

In the following we shall give a short overview of the experimental results
in ZnMnTe 3D layers and in CdMnTe 2D quantum wells, in the light of the mean
field model [14] which surprisingly well accounts for the observed critical tempera-
tures. This model will particularly be used to put into evidence some experimental
observations which claim for more sophisticated models, but also to emphasise the
role of the detailed structure of the valence band — a point which certainly has
to be incorporated into the more sophisticated models [15-17].

2. The mean field model

The coupling between a spin S; localized at R; and a hole of spin s and
position 7 is described by the usual local Hamiltonian

—BSi . S(S(’I‘— Rz) (1)

This Hamiltonian has been used for a long time to describe the so-called giant
magneto-spectroscopic effects, such as the giant Zeeman effect. The valence-band
splitting (and also the conduction band splitting and the exciton splitting), cal-
culated by a mean-field and virtual crystal approximation [18], is proportional to
the magnetization of the Mn system. Hence the spin-carrier parameter () is well
known from previous spectroscopic studies on undoped materials and well doc-
umented in the literature [19]. In addition, once /3 is determined, spectroscopic
studies provide a very sensitive way of measuring the Mn magnetization in a sam-
ple. And finally, in the case of a doped sample, the carrier polarization can be
written as

(5:) = BxnM/gps, (2)

where M is the Mn magnetization and yy is the spin susceptibility of the car-
rier (omitting gup factors), which has to be calculated applying the Fermi-Dirac
statistics on the holes in the complex valence band. In the presence of an applied
field, the direct effect of the field on the carriers can be neglected for relevant Mn
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contents. Quite symmetrically, we can perform a mean field approximation on the
carrier spin in Eq. (1), in order to calculate its effect on a given Mn spin. One
obtains

M/gyvnps = —2eaNo(S:) = Xmn{gvnpsH — 5(s:)}, (3)

where the direct effect of the applied field has to be considered. The susceptibility of
the Mn system takes into account the effect of Mn—Mn superexchange interaction,
which is well known in these materials [19]. To that purpose, in the relevant range
of fields and temperatures, one writes in a phenomenological approach

COxeff

_0%eft 4
T+ Tar @)

)ZMn =

where the effective density of free spins z.g takes into account the blocking of
nearest neighbour pairs, and Tar &~ a few K represents the interaction between
more distant spins. In Eq. (4) too, we have omitted gup factors, so that the reduced
Curie constant is Cp = S(S + 1)Ny/3kp, where the Mn spin S = 5/2 and Ny is
the density of cation sites.

Once Eq. (2) has been made explicit, Eqgs. (2) to (4) are easily combined to
obtain a Curie-Weiss behaviour of the Mn system in the presence of the carri-
ers [14], i.e.,

)ZMn CO Leff

——H = —H 5
1 — XMnXnfB? IHB Tew 5)

M =gpus
with
Toew =Tr — Tar and Ty = 2gCoS*Xn. (6)

In the case of a 3D system with spins 1/2 fully free to rotate, as would be the case
with electrons in the conduction band, the calculated Curie-Weiss temperature
simply writes

1.
Tew = ZCO$6362P3D(EF) — Tar (7a)
with psp(Er) — the density of states at the Fermi level, while in a quantum well,
one has
1~
Tew = ZCO$6362PZD(EF)/L — Tar, (7b)

where L describes the extension of the electron envelope function and is of the
order of the quantum well width. However, Eq. (6) evidences the fact that, within
this model, the Pauli susceptibility of the hole gas (hence the detailed structure of
the valence band) is an important parameter. The 2D case and the 3D case have
to be considered separately.
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3. The 3D case: thick layers

The effect of the spin-orbit coupling on the valence band, in the vicinity of
the Brillouin zone centre, is not only to split the band into a doublet and the
relevant quadruplet (heavy holes and light holes), but also to align the spin quan-
tification axis on the direction of the k-vector. As a result, the spin susceptibility
is reduced, since holes propagating along the directions perpendicular to a z-axis
have no spin component in the z direction, and this leads to a reduction of the
spin susceptibility. The complete expression of the longitudinal component of the
static spin susceptibility is

= QZZ (i Elc,|csz|1j;J k| FE L= F(E; )] (8)

where |i, k) are the periodic part of the Bloch functions, ¥, ;. = hzkz/Qmi"lh or

hzkz/Qmi"h, and f(Ez,k) is the Fermi-Dirac distribution function for the corre-
sponding hole subbands. Note that in Eq. (8) one has contributions with ¢ = j
where both states are either heavy holes or light holes (lying at the Fermi level),
and cross terms with ¢ # j, involving one occupied heavy-hole state and one empty
light-hole state. The result that is obtained after a straightforward calculation for
the degenerate hole gas assumes the form [6]

~ 1 1 8 m?lf/zmi“h - mThS/Zmﬁh
Xn = 3 Arp(EF) | 5+ 5— e | (9)
(M, — M) (mhh my )

where the Fermi liquid parameter Ar takes the effect of the hole-hole interaction,
and

" " 2/3
p(Br) = (mpl +mp®?) 7 3a2 )2 20, (10)

Layers with various Mn contents and hole densities have been studied by magnetic
measurements and transport (magnetoconductivity and Hall effect). The main
results can be summarized as follows [6]:

(i) A ferromagnetic interaction is induced by the presence of the holes, as ev-
idenced by the susceptibility exhibiting a positive Curie-Weiss temperature which
well agrees with Eqgs. (5, 6, 9, 10) (Fig. 1);

(ii) At temperatures below Tow one observes remanence in the magnetiza-
tion cycles.

(iii) The magnetic properties and the transport characteristics strongly in-
teract: A large negative magnetoresistance, and spin-dependent (“extraordinary”
or “anomalous”) Hall effect, are observed.

A ferromagnetic interaction has been reported also in Be;_,Mn,Te in the
presence of a hole gas [7]. It would be interesting to plot the results on this new
material into Fig. 1. However, the determination of the spin-carrier coupling is
more difficult in this case since BeTe is an indirect semiconductor.
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Fig. 1. Results of the critical temperatures measured for 2D and 3D samples with
different Mn contents and hole densities. The horizontal scale displays the Fermi wave
vector. The vertical scale is Tr as defined in Eq. (6), divided by the effective density of
spins Zeg. Solid lines are the results of calculations in the mean field model. The dotted

line takes into account the RKKY interaction (see Ref. [6]).

It is particularly interesting to compare the results obtained on two different
samples with different hole densities and Mn contents.

The transport and magnetic properties of a sample with a high-hole density
(p = 1.2 x 10?° cm~3) and a low Mn content (z = 0.019) are summarized in
Fig. 2. The conductivity exhibits a metallic behaviour down to low temperatures.
Actually, if a magnetic field high enough is applied to the sample, the measured
conductivity is almost identical to that of a ZnTe sample with the same hole
density. Without applied field, the low temperature conductivity is smaller [6], but
it remains finite down to very low temperatures [20]. Hence it is the presence of
magnetic ions which affects the conductivity, but the hole density in this sample
(p = 1.2 x 102° em~3) is larger than the Mott critical density even if the Mn
magnetization is not blocked by a large applied field.

The Hall effect measured on this sample can be decomposed into two terms: A
normal Hall effect, linear in field and independent of the temperature, from which
we deduced the quoted hole density, and a spin-dependent Hall effect, which 1s
reasonably proportional to the magnetization in the whole field and temperature
range (see Fig. 2c which demonstrates that a single scale factor allows us to match
the spin dependent Hall effect onto the magnetization).

In addition, Fig. 2b displays the magnetization deduced from the spin-depend-
ent Hall effect, and that calculated in the mean field model, on both sides of the
critical temperature (keeping the same factor as in Fig. 2¢). The only unknown
parameter z.g, was deduced from the slope of the dependence of y~! on tem-
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Fig. 2. Transport and magnetic properties of a sample with a high-hole density
(p=1.2x10% cm™?) and a low Mn content (z = 0.019); (a) conductivity with (closed
squares) and without (open squares) a magnetic field (11 T) applied perpendicular to
the layers, compared to the conductivity of a ZnTe sample with the same hole density
(triangles); (b) comparison of the spin-dependent Hall effect (solid lines) and the magne-
tization (crosses) at different temperatures (1.4 K, 1.7 K, 2.8 K, 4.2 K, 7 K, 10 K, 30 K,
50 K); the field is applied perpendicular or parallel to the layer, respectively; (c) spin
dependent part of the Hall effect (solid lines) compared to the prediction of the mean
field model (dotted lines) above (1.7 K) and below (0.1 K) the critical temperature.

perature (see Eq. (b)), and a good fit is obtained to the magnetization directly
measured above 1.5 K. The comparison in Fig. 2b demonstrates the validity of
our assumption of a uniform behaviour of both the Mn system and the hole gas.
It points also to an almost saturated magnetization of the Mn spins in the ordered
phase in this heavily doped sample.

Figure 3 shows the results obtained on a sample with a lower hole density
(p = 3 x 10'? em~3) and a higher Mn content (z = 0.038).

An insulating behaviour of the conductivity is observed in the absence of an
applied field (Fig. 3a). This is due do the presence of Mn, since ZnTe samples with
an even lower hole density are metallic [21]. The metallic behaviour appears to be
restored by applying a magnetic field, confirming the fact that the metal-insulator
transition is induced by the presence of the magnetic impurities.

A transition occurs anyway, with remanence observed in the magnetization
cycles measured in the low-temperature phase [6].

Due to the strong increase in the resistivity, by several orders of magnitude
(which gives rise to a giant magnetoresistance of the same order at low tempera-
ture), we could not make a complete comparison of the spin dependent Hall effect
and of the magnetization, as for the previous sample. Figure 3b shows that the
spin-dependent Hall effect is proportional to the Mn magnetization only at low
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Fig. 3. Transport and magnetic properties of a sample with an intermediate hole den-
sity (p = 3 x 10'° cm™?) and a higher Mn content (z = 0.038)); (a) conductivity with
(closed triangles)) and without (open triangles) a magnetic field (11 T) applied perpen-
dicular to the layers; (b) comparison of the spin-dependent Hall effect (solid lines) and
the magnetization (actually Brillouin functions with parameters deduced from the fit of
the measured magnetization, dotted lines); (c¢) magnetization (solid lines) compared to
the prediction of the mean field model at 1.7 K (dotted line).

field, and then abruptly saturates. A detailed interpretation of the spin-dependent
Hall effect remains to be performed. However, this observation suggests that the
mobile holes are fully polarized at the corresponding field. The most intriguing
point is shown in Fig. 3c: It appears that the spontaneous magnetization in the
ordered phase is smaller than expected from the uniform model, which suggests
that only a part of the Mn spins is involved in the ordered phase, or that a more
complex ordered phase is established.

4. The 2D case: quantum wells

The realization of modulation doped CdMnTe-CdZnMgTe quantum wells
offers the opportunity to study a very different configuration. First, the acceptors
are introduced in the CdZnMgTe barrier, well apart from the free carriers and the
localized spins lying in the CdMnTe quantum well. With such a reduced disorder, it
is possible to have a low density of free carriers, or, more precisely, a large number
of Mn spins on a scale of the order of kb?l (which defines the typical length of
the RKKY interaction). Typically, kb?l is of the order of 5-10 nm in the present
quantum wells, compared to 0.7-5 nm in the case of the ZnMnTe layers and even
less in GaMnAs. The difference in lengthscales is even greater if we consider the
average Mn—Mn distance projected in the plane of the quantum well. This 1s the
relevant parameter since in the samples under study, only one subband 1s populated
(with a typical kinetic energy at Fermi level about 4 meV). Hence a Mn spin, at
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a given position in the direction z normal to the quantum well, could alter the
envelope function along z only through mixing with states at higher energy: Such
mixing will be less efficient that those which give rise to the RKKY oscillations in
a 3D system. If we neglect such mixing, we have to look whether an atomic column
in the z direction contains a Mn or not. Then in a 25 monolayer thick quantum
well made of CdMnTe with 4% Mn, the probability to find at least one spin on a
given atomic column is 0.64. Note that this configuration is quite different from
that of thin GaMnAs layers [17] where a large number of subbands is populated.
Another difference is the fact that, in a thin GaMnAs layer, a strong disorder is
expected from the presence of acceptors within the “quantum well”.

The ferromagnetic interaction has been studied by photoluminescence spec-
troscopy, using the well known selection rules (the photoluminescence line observed
in ¢t polarization involves the | 4+ 3/2) hole and the o~ line — the | — 3/2) hole)
and the fact that the giant Zeeman splitting is proportional to the Mn magneti-
zation. We observe a ferromagnetic enhancement of the susceptibility (i.e., of the
slope of the Zeeman splitting vs. field), which diverges at a positive temperature
Tew, and a zero-field splitting at a low temperature which is attributed to the
spontaneous magnetization [5, 22]. The detailed calculation within the mean field
model has been given elsewhere [14]. Here again the role of the structure of the va-
lence band is important: We are dealing with heavy holes confined in the quantum
well, which have (if we neglect heavy-hole light-hole mixing) no spin component
in the directions within the quantum well. Thus Eq. (1) reduces to

—p3S7s*8(r— Ry) (11)
and the coupling between localized spins is not described by a Heisenberg Hamil-
tonian J;;5;8; (as usual in the RKKY description) but by an Ising Hamiltonian
Ji S7 SJZ

The photoluminescence lines remain sharp, so that the Zeeman splitting is
well resolved even at a very low applied field. It is then particularly interesting
to note the behaviour as the applied field is increased (Fig. 4). One observes
a strong enhancement only at a very low field, and the normal giant Zeeman
effect at a higher field. The low field behaviour corresponds to the ferromagnetic
enhancement of the Mn susceptibility, induced by the interaction with the carriers.
As soon as the carrier gas is fully polarized however, the magnetization of Mn spins
is determined by a constant exchange field induced by the polarized carriers. Hence
one recovers the usual giant Zeeman effect, shifted in field by the exchange field of
the order of 1000 Oe. This spectroscopic observation rules out any separation into
separate zones where the localized spins would be ferromagnetically coupled, or
not, respectively, due to an inhomogeneous distribution of carriers, as suggested
in the case of thick layers [3]: The observed photoluminescence is due to charged
excitons [23], which are sensitive to the electrostatic potential fluctuations [24],
as the carriers are, so that localization of carriers and localization of charged
excitons are expected to exhibit similar length scales. Hence modulation doped
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Fig. 4. Photoluminescence from a Cdg.g7Mng.osTe QW with 1.6 x 10" holes cm_2;
(a) transition energy in 0T and ¢~ polarizations at a low field; (b) energy differences
from (a); (c) transition energy in o1 and ¢~ polarizations at a high field, and fit with

a Brillouin function.

Cdi_xMn,Te quantum wells allow the observation of the ferromagnetic interaction
induced by a homogeneous carrier gas with a very low density.

5. Conclusion

IT1-VI diluted magnetic semiconductors appear as model materials for the
study of carrier induced ferromagnetic interactions in semiconductors. They allow a
separate control of the introduction of carriers (doping with nitrogen) and localized
spins (Mn), so that a large number of configurations can be achieved, including
3D thick layers and 2D modulation doped quantum wells. In the case of thick
layers, disorder does not affect significantly the critical temperature, but appears
to reduce the magnetization. In the quantum wells, a very low density of the
carrier gas can be achieved with a homogeneous behaviour of the interacting spin
+ carrier system.
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