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Antiferromagnetic phase transition in Cd, - ; Mn,Se epilayers
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Neutron-diffraction spectra of molecular-beam-epitaxy (MBE)-grown single-crystal zinc-blende
films of Cdi-.Mn,Se reveal the onset of type-III antiferromagnetic ordering (AFM-III) for
x=0.70 and 0.75 at a sharp Néel temperature. The AFM-III order is long range, with correla-
tion lengths of around 400 A, and the transition is of second order. This contrasts sharply with
earlier studies of bulk A{“,Mn,B"' diluted magnetic semiconductors, where only short-range
AFM-III correlations are observed, evolving gradually with decreasing temperature, and saturat-

ing at correlation length values less than 70 A.

The AL Mn,B"' diluted magnetic semiconductors
(DMS) (Ref. 1) are of fundamental importance to con-
temporary studies in magnetism because they offer practi-
cal examples of strongly frustrated, randomly diluted
three-dimensional (3D) Heisenberg antiferromagnets
with well characterized and predominantly short-range
Mn-Mn exchange interactions.> Both the frustration
due to the FCC lattice and the random dilution presum-
ably play crucial roles in driving the transition to a
dynamically frozen spin-glass-like phase observed in DMS
alloys at low temperatures.” The exact nature of this
low-temperature phase has been a matter of vigorous de-
bate, especially for moderate and higher Mn concentra-
tions (x = 0.4), with conflicting dynamical scaling argu-
ments favoring either the formation of a spin-glass® or a
random-field magnet.® However, as has been recently
shown by using a new approach to critical dynamic scal-
ing,” the y"(w, T) data from Cd, - Mn,Te is clearly con-
sistent with a spin-glass state up to at least x =0.40.

The only direct microscopic picture of the low-tem-
perature magnetic phase for x > 0.4 has so far been pro-
vided by elastic neutron-scattering measurements on vari-
ous A" ,Mn,B"! alloys.® These studies have indicated
the formation of antiferromagnetically ordered clusters
that individually correspond to Anderson’s ordering of the
third kind (AFM-III). The antiferromagnetic correlation
range increases gradually with decreasing temperature,
eventually saturating below the *“‘spin-glass” temperature
(T,) at which a cusp is observed in susceptibility mea-
surements. However, even for the highest magnetic con-
centrations studied so far (Zng3;:MngesTe and Cdo 30-
Mng 70Te), the antiferromagnetic order is patently short
range, with a maximum observed correlation length of 70
A, and there is no existing evidence for an antiferromag-
netic phase transition.

Theoretical calculations for randomly diluted, frustrat-
ed 2D XY spins? predict a transition to an antiferromag-
netic phase for high Mn concentrations. Similar behavior
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has been predicted for the frustrated fcc d=3 systems
such as 4/, Mn,B"! alloys, although analytic calcula-
tions have only dealt with the weakly diluted case.’ The
only explicit predictions of a critical concentration x,. for a
transition from short-range order (SRO) to long-range or-
der (LRO) in DMS systems are based on numerical calcu-
lations, '° and these are suspect due to the finite size of the
systems studied. Moreover, the SRO-LRO transition is
expected to occur at fairly high Mn concentrations that
are inaccessible by usual bulk-growth techniques.! The
lack of experimental data in the required alloy composi-
tion range has in turn seriously impeded the development
of any analytical theory concerning a possible SRO-LRO
transition in these systems.

We have overcome the limitations on alloy composition
by using the nonequilibrium growth technique of mole-
cular-beam epitaxy (MBE) and report here the observa-
tion by neutron diffraction of a true second-order antifer-
romagnetic phase transition in single-crystal zinc-blende
epitaxial layers of Cd;-,Mn,Se (x=0.70, 0.75) grown
on GaAs(100) by MBE. The main purpose of this Brief
Report is to demonstrate that magnetism in these epi-
layers is dramatically different from what might be ex-
pected by simply extrapolating to higher Mn concentra-
tions the behavior observed so far in bulk samples. We
should point out that the various II-VI DMS alloys, al-
though chemically different, are very similar as far as
their basic properties are concerned.! Hence, the implica-
tions of the present study are not restricted to Cd;—-
Mn, Se.

The growth of Cd;—,Mn,Se epilayers on GaAs(100)
has been fully described elsewhere.!! While bulk growth
restricts Cd; —Mn,Se single-crystal samples to the hex-
agonal wurtzite phase with 0 < x < 0.5, MBE permits the
isolation of single-phase zinc-blende crystals with substan-
tially higher Mn concentrations. This has been demon-
strated by detailed characterization of such epilayers by
x-ray diffraction and transmission electron microscopy
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(TEM),"" as well as by Raman spectroscopy.'? The sam-
ples examined in the present neutron-diffraction study had
compositions x =0.40, 0.54, 0.70, and 0.75, as deduced
from lattice parameter measurements. The epilayers were
restricted to thicknesses between 1.5 and 2 um.'? Since
the critical thickness for strained-layer pseudomorphic
growth of Cd; - Mn,Se epilayers is well under 1 um, the
lattice mismatch between the substrate and the epilayers
(ranging from 4 to 5% for the samples studied) is relieved
by the formation of dislocations. Measurements of the
in-plane and out-of-plane lattice parameters using both
x-ray diffraction and neutron diffraction indicate no
detectable tetragonal distortion. Apart from dislocations
generated by the mismatch, TEM studies indicate the for-
mation of stacking faults, typically spaced at intervals of
300-500 A.

Neutron-diffraction measurements were carried out at
the 20 MW research reactor of the National Institute of
Standards and Technology, using a triple axis spectrome-
ter with a (002) pyrolytic graphite (PG) monochromator
and analyzer, and a PG filter in the incident beam. An
analyzer fixed for elastic scattering was used to reduce the
large inelastic incoherent background from the GaAs sub-
strate on which Cd,-,Mn,Se was grown. The energy
used was 14.8 meV, with 40’ collimation throughout the
spectrometer for most of the data. The samples were
placed in a variable-temperature cryostat, and were
oriented with the scattering plane coincident with the
(001) crystal plane, and hence perpendicular to the (100)
surface of the epilayer. This enabled the observation of
the (hk0) reflections. By rotating the crystal by 90 about
the [100] direction so as to make the scattering plane
coincide with the (010) crystal plane, we could also ob-
serve the (h0/) reflections.

Neutron-diffraction measurements in Cd;-,Mn,Se
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FIG. 1. Nuclear peak (0,2,0) and magnetic peak (I, 5,0)
and (1,%,0) corresponding to AFM-III order for the Cdo ;-
Mno ;Se epilayer. The scans were carried out for the longitudi-
nal direction. The peaks are plotted as a function of the magni-
tude of the Q vector. The counting time per point for the data
displayed was approximately 28 min (10'-10'-10"-20" config-
uration). The magnetic peaks are plotted with the background
subtracted.

epilayers with x =0.70 and 0.75 reveal that, below a well-
defined critical temperature Tn, additional diffraction
maxima are observed corresponding to magnetic AFM-III
superstructure points, as shown in Fig. 1, where one nu-
clear and two magnetic reflections are shown as a function
of the magnitude of the Q vector. The AFM-III spin lat-
tice has a tetragonal magnetic unit cell, corresponding to a
doubling of the crystallographic fcc unit cell along one of
the cubic axes. The allowed (hkl) reflections for this
structure (using the cubic coordinate system) have an odd
half-integer index n/2 referring to the doubling direction
(with n=1, 3, 5...), and of the remaining indices one is
even and one is odd [e.g. (3,2,1)]. We thus observe three
families of reflections at (n/2,k,l1) (h,n/2,1), and
(h,k,n/2) points, arising from domains with the tetrago-
nal axes oriented, respectively, along the [100], [010], and
[001] directions.

The first striking aspect of the AFM-III order observed
in the present data is the LRO shown by domains with the
tetragonal axis within the epilayer plane. In experiments
on bulk crystals, the magnetic superstructure peaks are
much broader than the nuclear peaks, and Lorentzian in
shape, indicating short-range AFM-III correlations. Es-
timated values of the correlation lengths (obtained from
the widths of the Lorentzian peaks) for various bulk-
grown DMS single-crystal samples are summarized in
Fig. 2. In stark contrast, the AFM-III peaks shown in
Fig. 1 are comparable in width to the nuclear peaks and
are Gaussian, corresponding to LRO.

In order to establish the scale of the magnetic correla-
tions for the long-range (in-plane) domains, we carried
out a series of measurements with the beam collimations
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FIG. 2. Summary of maximum estimated correlation lengths
observed in all DMS alloys studied to date. Diamonds and open
squares represent bulk crystal data for CdMnTe and ZnMnTe,
respectively; solid circles at the upper right-hand side represent
the present results on CdMnSe epilayers. Note the dramatic
difference between the correlation lengths observed in the
present study and in earlier studies on bulk crystals.
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tightened to 10°-10"-10-20°, which gave a Q resolution
50, =0.0025—-0.004 A ~! for the transverse scanning
direction and §Q; =0.0085—0.011 A ~! for the longitudi-
nal scanning direction. In this case both the nuclear and
the magnetic peaks are broader than the spectrometer
resolution, allowing a quantitative determination of the
effective nuclear and magnetic linewidth. The intrinsic
linewidths of the (200), (020), and (220) nuclear reflec-
tions obtained for a Cd, - ,Mn,Se epilayer by deconvolut-
ing the resolution function were, respectively, §Q, =0.025,
0.011, and 0.022 A ™!, and §Q; =0.021, 0.017, and 0.023
A ~'. The widths of the (1, +,0) and (1, 3,0) magnetic
reflections obtained for the same sample were, respective-
ly, 6Q,=0.012 and 0.017 A~' and 6Q,=0.020 and
0.021 A~'. From these measurements, we estimate the
AFM-III correlation length of the “in-plane” domains to
be 380+ 85 A for x=0.70. A similar value (380 % 110)
A is obtained for x=0.75 (the error here is slightly larger
due to lower Q resolution in the measurements). In other
words, the AFM-III correlations are long-range in char-
acter, and appear to be limited only by the crystallograph-
ic coherence of the Cd; —Mn,Se lattice itself.'* Figure 2
clearly shows that the measured correlation length cannot
be explained by simply extrapolating the trend observed in
bulk crystals.

Epilayers with x =0.40 and 0.54 do not show evidence
of magnetic peaks. This is attributed to the fact that at
these concentrations only SRO is possible, which results in
insufficient neutron intensity. While this is not a problem
in bulk samples of comparable Mn concentration, the thin
epilayers suffer from a large incoherent background signal
from the GaAs substrate that probably overwhelms any
detectable scattering from the very short-range correla-
tions expected in these samples.

The second important aspect of the present data is the
temperature dependence of the magnetic peaks. In bulk
crystals, very broad magnetic diffraction peaks signaling
short-range AFM-III correlations start developing at rela-
tively high temperatures (even as high as 300 K).® These
peaks gradually narrow with decreasing temperature,
eventually saturating at widths corresponding to correla-
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FIG. 3. Experimental peak intensity of the (1, 3,0) reflection
in a Cdo3;Mno+Se epilayer as a function of temperature. The
solid curve is a fit of the data to the squared Brillouin function
for S =% and gives a Néel temperature of 56 K.
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tion lengths of, at most, 70 A. In contrast, the AFM-III
peaks in the present case appear at a well-defined transi-
tion temperature, below which the width of these peaks is
temperature independent. On the other hand, the intensi-
ty of the peaks increases with decreasing temperature, fol-
lowing a square Brillouin function for S = %, as shown in
Fig. 3. This strongly suggests a second-order antiferro-
magnetic phase transition, consistent with the observed
LRO and the mean-field approximation. The onset of
LRO occurs at a Neéel temperature of Th =56 K for
x=0.70. The value of T for x =0.75 is indistinguishable
from that for x =0.70 within experimental error.

A final comment concerns the observation of anisotropy
in the AFM-III correlations. As might be expected for
cubic structures, the neutron spectra obtained for bulk
DMS crystals indicate an equal population and equal
correlation range for the three orthogonal AFM-III
domain orientations. In contrast, the experiments on
Cd; -,Mn,Se epilayers reveal striking differences be-
tween the (n/2,k,0) reflections (i.e., those arising from
domains with the tetragonal axis normal to the epilayer
plane) and (h,n/2,0) and (h,0,n/2) reflections arising
from domains with the in-plane axis orientation. The
domains with the tetragonal axis perpendicular to the epi-
layer plane clearly show SRO (< 100 A), while domains
with tetragonal axes in the epilayer plane, as explained
earlier, develop LRO. The origin of this anisotropy is not
presently understood.

In summary, elastic neutron scattering measurements
provide clear evidence for a second-order antiferromag-
netic phase transition in Cd,-,Mn,Se epilayers with
x=0.70. The AFM-III in these samples is distributed
amongst three orthogonal domain orientations, with LRO
being manifested only by domains with the tetragonal axis
oriented within the epilayer plane. As suggested by Fig.
2, the LRO cannot be attributed solely to the high Mn
concentration in these epilayers. It is likely that the onset
of LRO is the combined effect of both the high Mn con-
centration and residual strain that is not detected by in-
plane and out-of-plane lattice parameter measurements.
The latter factor can lead to a finite tetragonal distortion,
resulting in differing exchange interactions within the epi-
layer plane and normal to it. Such an anisotropy in the
exchange, though small, might be sufficient to break the
degeneracy of states inherent in AFM-III domains in an
undistorted fcc lattice. The presence of such an anisotro-
py is strongly suggested by the preference for LRO
domains with an in-plane tetragonal axis. However, the
lattice parameter of Cd;-,Mn,Se is larger than that of
the GaAs substrate, and any strain-related exchange an-
isotropy should actually favor the stabilization of domains
with tetragonal axis normal to the layer plane. Further
experimental measurements on Cd,-,Mn,Se epilayers
with 0.60 < x < 0.70 are planned in order to resolve these
questions. It is also hoped that the results here will be
complemented by other magnetic probes, such as magne-
tization and spin-flip Raman measurements, as well as
theoretical calculations, in order to clarify the magnetic
behavior in this new system.
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