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MAGNETIC PHASE DIAGRAM
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The paper reports first magnetic measurements performed on MBE
grown epilayers of zinc-blende Cdj—Mn,Se: For all samples studied in the
concentration range 0.24 < £ < 0.63 we find at low temperatures a history-
-dependent magnetic response, suggesting a transition to a spin-glass-like
state. The central result of the paper is the presentation of a new, complete .
magnetic phase diagram for this material. '

PACS numbers: 75.50.—y, 75.50.Rx, 75.50.Lk

Magnetic properties of diluted magnetic semiconductors (DMSs) have long.
- been of great interest to the scientific community, for they offer practical exam-
ples of strongly frustrated, randomly diluted Heisenberg antiferromagnets with
predominantly short-range Mn~Mn exchange interaction. As a result, depending
on Mn concentration and temperature, these materials can exhibit either para- .
magnetic, antiferromagnetic, or spin-glass-like. behaviour [1]. Earlier studies of
magnetic properties of Cd;_;Mn;Se were limited to z < 0.5, since bulk growth
restricts Cd;_,Mn.Se to the hexagonal wurtzite phase with 0 < z < 0.5. For all
available Mn concentrations, low field (H < 50 Oe) SQUID measurements showed,
below the so-called freezing temperature Tg, a behaviour of tiie magnetization
M typical of a spin glass [2-4]. Namely, a pronounced difference occurs between
field-cooled (FC) and zero-field-cooled (ZFC) magnetization. This is associated
with a maximum observed on ZFC magnetization, whose temperature position
coincides with that temperature where both ZFC and FC magnetizations begin to
differ. Moreover, when after a FC measurement the external field is switched off, a
thermoremanent magnetization (TRM) is observed, which according to the prin-
ciple of superposition equals the difference Mpc — Mzrc, and therefore vanishes
as T — Tg. o
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The limitations on alloy composition in Cd;_,Mn;Se have been recently
overcome by using the molecular beam epitaxy (MBE). This technique permits
the controlled growth of a single phase, zinc-blende material, thus creating a “new”
DMS alloy: cubic CdMnSe. And, what is even more exciting, these alloys can be
grown at Mn concentration where bulk growth produces mixed structural phases.
About 1 pm thick epilayers of Cd;—.Mn.Se were grown directly on GaAs(100)
[5]. Four layers, with £ = 0.40, 0.54, 0.70 and 0.75 were investigated by neutron
diffraction [6], showing in z > 0.70 samples the presence of antiferromagnetic
long-range order. However, epilayers with z = 0.40 and 0.50 did not show evidence
of magnetic neutron diffraction, which was accounted for by too small thickness
of the layers. Therefore, to gain more information on magnetic ordering in cubic
Cdi-sMn,;Se, we undertook an investigation of magnetization on five samples,
with Mn concentrations ranging from z = 0.24, through 0.42, 0.47, and 0.49 to
z = 0.63. The Mn concentration was established by X-ray analysis, using a 10 keV
electron beam which, despite the small thickness of all layers, could provide us
with very accurate measures of z. Here the absence of any buffer layer containing
either Cd or Se proved to be very convenient. Such thin layers do not provide
much magnetic response, so in order to gain in the magnetic signal, about 1 cm?
of each epilayer was used to prepare the specimen. Each layer was cleaved into
approximately 3 x 4 mm? shapes, and most of the diamagnetic GaAs substrate
was removed by means of mechanical grinding. The pieces prepared in this way
were glued together using thinned GE varnish, and such sandwiches were placed
on the sample holder, with the layer planes oriented parallel to the magnetic field
direction.
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Fig. 1. Temperature dependence of magnetic susceptibility (M/H) and thermorema-
nent magnetization (TRM/Hpc) for zinc-blende Cd;_.Mn.Se epilayers: (a) z = 0.42,
and (b) z = 0.63. Open circles: zero-field-cooled; open diamonds: field-cooled measure-
ments. Bullets: TRM. Hrc = Hzrc = H = 1000 Oe. Note that (i) the Y axis is split
for better presentation of low temperature behaviour of both y and TRM; (ii) TRM for
z = 0.63 is three times weaker than that for z = 0.42.
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The measurements of temperature dependent magnetization were performed
in a home-made rf-biased SQUID magnetometer system equipped with a variable
temperature insert. An external DC magnetic field of H = 1 kOe was applied dur-
ing ZFC and FC measurements. The magnetic susceptibility x(T) was obtained
from the relation M(T") = x(T)H, where M(T) denotes magnetic moment m(T)
per unit volume of the Cd;_Mn,Se layer only, i.e., after correcting the signal for
the diamagnetic contribution from the substrate. Each ZFC-FC cycle of measure-
ments was followed by the measurement of the temperature dependence of TRM.
It is worth noting that TRM measurements are generally less demanding to per-
form, and provide a better estimate of T;, particularly during studies of samples
showing such a generally weak magnetic response [7].

Figure 1 shows low temperature results for the ZFC and FC susceptibilities
for £ = 0.42 (Fig. 1a) and z = 0.63 (Fig. 1b). The temperature dependence of
the TRM for these two samples is also shown at the bottom of each figure. It
must be emphasized that all samples studied showed such irreversible behaviour,
typical of the transition to a glassy state: the difference between ZFC and FC data
occurs at that temperature where the TRM disappears. Above this temperature,
all systems behaved paramagnetically. We also find absolute values of the magnetic
susceptibility to be very close to those reported for bulk samples. Specifically, we
find that for samples with similar z the x(T}) values differ by less than about 15%.
Certainly, more data are needed to draw a meaningful physical conclusion, but
this fact suggests that the correct procedure was used to extract absolute values
of magnetic susceptibility for these layers.

These results, combined with the results of the elastic neutron scattering
measurements [6, 8], allow us to present a new and, so far, most complete magnetic
phase diagram for zinc-blende Cd;—;Mn,Se, as shown in Fig. 2. We find that for
z > 0.45 the Ty values for zinc-blende Cd;_Mn,Se are considerably higher than
those found in wurtzite (bulk) Cd;—oMn;Se [2,3]. We may expect this tendency
to be even stronger, since our results were obtained at higher magnetic field, which
is expected to shift T; slightly downwards in temperature [9]. Below z = 0.45, our
only one experimental point (for z = 0.24) matches the results of Amarasekara
et al. [3]. However, both sets of points have greater values than the points obtained
by Oseroff [2]. In the high z range of the diagram, we note that the results from
magnetic measurements do not smoothly merge into those from neutron diffraction
studies. However, at this moment we are not in the position to unambiguously
claim that two different slopes of the 7;(z) dependence are indeed observed, a
low slope for z < 0.65, and a much higher one for # > 0.65, as reported for
CdMnTe [10]. On the contrary, since the Mn concentration in layers studied in
[6] has not been confirmed by other method, and that Tp(z = 1) point comes
from the investigation of highly strained, very thin layers [8], we feel that the
exact Ty dependence in CdMnSe for z > 0.65 is yet to be clarified. Therefore, a
smooth monotonic dependence of Ty on z such as that in ZnMnTe [11], may still
be observed in CdMnSe.

In conclusion, in this paper we summarized our results of DC magnetic inves-
tigations of low temperature properties of MBE-grown zinc-blende Cd;—Mn;Se
epilayers. We detected a characteristic spin-glass-like irreversible behaviour for
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Fig. 2. Magnetic phase diagram for zinc-blende Cd;—MnSe obtained from DC mag-
netic measurements (H = 1000 Oe, full squares — this paper) and neutron-diffraction
studies (shaded points — [6, 8]) on MBE-grown epilayers. Transition temperatures ob-
served for bulk samples (open symbols) are shown for comparison. The portion of the

boundary between paramagnetic and frozen phases which we consider as firmly estab-
lished is indicated by the dashed line.

0.24 < z < 0.63. On the basis of this, a new (so far the most complete) magnetic -
phase diagram for this material (z < 0.65) has been proposed.
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