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A new diluted magnetic III-V semiconductor of In;—xMn,yAs (x=<0.18) has been produced by
molecular-beam epitaxy. Films grown at 300°C are predominantly ferromagnetic and their properties
suggest the presence of MnAs clusters. Films grown at 200 °C, however, are predominantly paramag-
netic, and the lattice constant decreases with increasing Mn composition; both are indicative of the for-
mation of a homogeneous alloy. These films have n-type conductivity and reduced band gaps.

PACS numbers: 75.50.Pp, 68.55.Bd, 73.60.Br

Diluted magnetic semiconductors are semiconductors
in which a sizable fraction of the component ions are re-
placed by those of transition metals or rare earths, lead-
ing to a variety of cooperative effects. Most importantly,
the state of magnetization changes the electronic proper-
ties (and vice versa) through the spin-exchange interac-
tion between local magnetic moments and carriers.!
Rare-earth and transition-metal chalcogenides have been
the most widely studied magnetic semiconductors. For
example, mixed crystals (alloys) can be formed over a
wide range of compositions even if the crystal structures
of the two component materials are different from each
other, as exemplified by the ternary alloy Cd; —,Mn,Te.
Among magnetic ions, many of the transition elements,
particularly Mn2" which tends to assume a spherically
symmetric magnetic ground state, can be accommodated
in the zinc-blende structure by substituting group-II cat-
ions in the II-VI compounds. In this paper, in contrast,
we are concerned with the incorporation of high concen-
trations of magnetic ions in III-V compound semicon-
ductors. Up to now, the number of magnetic ions incor-
porated in III-V semiconductors has been limited to dop-
ing levels 10'3-10'° cm 73,23 beyond which surface
segregation* and, in extreme cases, phase separation’®
occur and impede further incorporation of the magnetic
ions into the crystals. These experiments imply that the
preparation of ternary alloys to form diluted magnetic
III-V semiconductors is an extremely difficult task. We
consequently sought to study metastable solid phases us-
ing the diverse growth-parameter space provided by the
molecular-beam-epitaxy technique. In this situation, the
preparation of the material itself includes such funda-
mental subjects as solubility, stability of the resulting
crystal structures, the valence state of the magnetic ions,
and the associated magnetism, all of which are not usu-
ally encountered in isovalent semiconductor alloy sys-
tems.

Through the preparation and characterization of epit-
axial films of InMnAs, we obtained experimental evi-
dence for the formation of a III-V-based diluted mag-
netic semiconductor in which a large amount of Mn is
incorporated at least up to an average composition of

In/Mn/As=0.82/0.18/1.0. Studying magnetic, metal-
lurgical, and semiconducting properties, we find that the
films may be classified into two different groups depend-
ing on the growth temperature. Films grown at relative-
ly high temperatures (~300°C) exhibit ferromagnetic
behavior similar to that of MnAs which may exist in the
form of clusters. Low-temperature growth (~200°C),
however, results in films where Mn is incorporated to
form a homogeneous alloy; its paramagnetic behavior is
evident from a Curie-Weiss law and its lattice constant
changes monotonically with the Mn composition. The
films exhibit n-type conduction and reduced band gaps
compared to that of InAs. Multilayer structures of
InAs/InMnAs were also successfully grown for both
types of films. In addition, epitaxy of GaMnAs was
similarly achieved at a growth temperature of 400°C.
Films were grown by molecular-beam epitaxy on both
InAs and GaAs(100) wafers, using elemental In, Mn,
and As as source materials. Buffer layers of either InAs
or GaAs were first grown under conventional growth
conditions. Growth temperatures were 420° and 580°C
for InAs and GaAs layers with As-stabilized surfaces,
respectively. This was followed by the deposition of
InMnAs, where we found that the substrate temperature
T, strongly affected the deposition process. For T above
~400°C, the deposition produced films which were
porous and not adhered to the substrates. Reducing the
temperature, however, resulted in epitaxy of InMnAs
films as clearly observed in in situ reflection high-energy
electron diffraction (RHEED). Films grown at T,
=200°-300°C proceeded with a twofold (2x1)
RHEED pattern which lasted throughout the entire
deposition up to a thickness of 3 um without showing ob-
vious signs of phase separation. At these growth condi-
tions, the incorporation of Mn was controlled by simply
varying the Mn beam flux while maintaining the In and
Asy beams constant. The Ass/In flux ratio was kept at
~6. The growth rates ranged from 183 A/min for pure
InAs to 225 A/min for the film with a Mn composition
of ~0.2. The films exhibited mirrorlike surfaces, and
there was no sign of oxidation at atmospheric condition.
Film compositions obtained from electron microprobe
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analysis indicated a monotonic increase (decrease) of
Mn (In) with increasing Mn beam flux, while retaining
unity as the atomic ratio of the sum of In and Mn to As,
as shown in Table I. Extending the epitaxial growth to
the heterojunctions, we also found that single-crystal
InAs layers can be grown on top of InMnAs surfaces
without changing the substrate temperature of
T, =200°-300°C. The twofold (2x1) RHEED pattern
remained unchanged in transition from InMnAs to InAs
and vice versa. This consequently led to the successful
fabrication of InAs/InMnAs multilayer structures.

The magnetic properties of InMnAs films depend sen-
sitively on the growth conditions. Figure 1(a) shows the
temperature dependence of the magnetization in an ap-
plied magnetic field of H,4=20 kOe for two 2.7-um-
thick InMnAs films grown on InAs(80 nm)/GaAs(100)
at different substrate temperatures 7. Both samples
consisted of the same average composition of In/Mn/As
=0.82/0.18/1.0. The InAs buffer layers served the pur-
pose of relaxing a large misfit strain between the GaAs
substrates and the InMnAs films. Measurements were
performed using a SQUID magnetometer for tempera-
tures ranging from ~5 to 300 K. Two important con-
clusions may be drawn from the data in Fig. 1(a). The
first is that both curves appear to consist of two com-
ponents, one ferromagnetic and the other paramagnetic.
The second is that whereas the 7, =300°C sample is
dominated by the ferromagnetic component, the T
=200°C sample clearly is primarily paramagnetic. To
analyze these data we have assumed that the total mag-
netization M, may be written as

Mo =M (T)+2,(T)H 4 , %))

where Mr(T) and x,(T) are the temperature depen-
dences of the ferromagnetic component and the magnetic
susceptibility of the paramagnetic component, respec-
tively, and x(7) =C/(T —8,), with C and 8, being a
Curie constant and a paramagnetic Curie temperature.
This separation may not be rigorously correct in view of
the possibility that the effective field of the ferromagnet-
ic component may necessitate correction to the second
term of Eq. (1). Nonetheless, the two components may
be separated by a linear extrapolation of the high-field

TABLE 1. Atomic compositions of InMnAs films deposited
on GaAs(100) with different Mn beam fluxes detected by a
nude ion gauge. The relative accuracy is * 5% for each ele-
ment.

Ts Mn flux
Sample () (Torr) In Mn As
R1105 280 0.26x10~° 0.98 0.014 1.0
R1102 300 2.1%x107° 0.92 0.08 1.0
R1110 300 4.1x107° 0.84 0.18 0.98
RI1111 200 4.1x107° 0.84 0.18 0.98
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data to H4=0.% For the T; =200°C sample, a plot of
[x,(T)]1 7" vs T derived in this manner is shown in Fig.
1(b). The ferromagnetic component in this sample rep-
resents only about 5% of the total Mn incorporated in
the film.%” Data points above 250 K have been omitted
because the change in magnetization with respect to ap-
plied magnetic field is small and becomes comparable to
the background. The plot thus made yields a Curie con-
stant of C~0.01+£0.0015 K and 6,=—22%5 K,
which means that the sum of the Mn-Mn interaction is
antiferromagnetic and comparable to that estimated in
II-VI diluted magnetic semiconductors.® Knowing the
effective Mn concentration X, the magnetic state of the
Mn ion can be inferred from the Curie constant through
the expression

2 2
UBDex 4 _
= 5, 2
C K a8x )

where up is the Bohr magneton, ao is the lattice constant
(~amas), and peg is given by glS(S+1)1"? with the
Landé g factor (g =2) and the magnetic moment S. The
expression for pes assumes complete quenching of the or-
bital angular momentum, in reasonable agreement with
experiment on Mn in a variety of hosts, regardless of
valence state.® The value of X is smaller than the atomic
composition x because of the antiferromagnetic coupling
between Mn ions. The ratio X/x, which is not a host-
material-dependent parameter, depends primarily on the
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FIG. 1. (a) Temperature dependence of magnetization for
samples grown at two different substrate temperatures on semi-
insulating GaAs(100) substrates. (b) Plot of inverse magnetic
susceptibility 1/y vs temperature T for the paramagnetic com-
ponent of the sample grown at 200°C. A straight line was ob-
tained by the least-squares fit.
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configuration of nearest-neighbor pairings and is known
to be X¥/x 0.4 for x >0.1.'° The p.q is then extracted;
pZrX 37 or SX5.2/2. Since the maximum magnetic
moment is 3 (Mn2%) among Mn ions, S obtained in
this fashion would indicate a valence state of Mn?*.
This analysis is not conclusive, however, as the ratio x/x
is not strictly known. The other possibility of Mn>*, for
example, cannot be excluded, which may arise from a
simple substitution of Mn ions for the group-III sites of
In. In this case, the theoretical p.g is expected to be pZr
~24 (S = %), requiring a larger value of X closer to the
atomic composition x, say, X/x ~0.6.

The T, =300°C film exhibits a very strong magnetiza-
tion up to ~200 K beyond which gradual reduction
takes place, pointing toward an ordering temperature
near 310 K. This behavior is qualitatively similar to that
observed in MnAs which is known to be a ferromagnetic
metal with a transition temperature of 320 K.7 Indeed,
the existence of magnetic hysteresis confirms that the
sample is in a ferromagnetic state up to room tempera-
ture. The Mn composition, based on the magnetization
of pure MnAs, is estimated to be roughly x =0.04-0.05,
so that the remaining portion of Mn is probably still in
the form of a homogeneous alloy, as implied in the rise
of magnetization below 20 K.

We now evaluate the films metallurgically to study the
effects of Mn incorporation on crystal lattices. In Fig.
2(a), we show 0-20-scan data of x-ray diffraction for a
(004) reflection of 2.2-2.7-um-thick films grown at T
=200°C on InAs(100) substrates with different Mn
compositions. Measurements were performed at room
temperature using a high-resolution x-ray diffractometer
which utilized a highly monochromatic and well col-
limated beam of Cu-Ka; radiation produced through a
nondispersive, channel-cut monochromator of Ge single
crystals.!! As seen for the case of a Mn composition of
x ==0.05, a broad peak is superimposed on a sharp peak
due to the InAs substrate. The shift of its central posi-
tion to a slightly higher angle is indicative of a decrease
in the lattice constant of In;-,Mn,As, whereas its
broadness is expected to result from fluctuations. This
shift is further enhanced and becomes more pronounced
with increasing Mn composition, as shown for x =0.18.
The peak positions, as indicated by broken arrows, are
extracted by subtracting the substrate components.
From linear extrapolation to x =1.0, the lattice constant
of a hypothetical zinc-blende MnAs is found to be amnas
~6.014 A.

The observed shift in lattice constants in Fig. 2(a)
tends to diminish for samples grown at high tempera-
tures. Instead, several small peaks become noticeable at
#~25°-31°, as shown in Fig. 2(b), indicating the ex-
istence of inclusions. When measurements were per-
formed by tilting the samples by 2° off the (001) plane,
these peaks disappeared together with the main (004)
reflection. Clearly, the inclusions are not randomly
oriented but are aligned in a certain direction parallel to
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FIG. 2. (a) X-ray diffraction 6-20-scan data of a (004)
reflection for Inj-xMnxAs/InAs(100) with different Mn com-
position x. Samples were grown at 7, =200°C. Arrows repre-
sent peak positions of both InAs substrates and InMnAs epi-
layers. (b) 6-26-scan data taken by a highly sensitive powder
diffractometer for the sample grown at 280°C with Mn com-
position x =0.05.

the (001) epitaxial plane to satisfy a symmetrical Bragg
diffraction. The net amount of the inclusion is of the or-
der of 10% with respect to the entire epilayer region, as
estimated from the relative integrated intensities be-
tween the primary and secondary peaks. Knowing that
MnAs is ferromagnetic, these secondary peaks are be-
lieved to originate from MnAs-like clusters.

The paramagnetic films exhibit properties characteris-
tic of semiconductors. Hall measurements up to 6 kOe
show a linear dependence of the Hall voltage on magnet-
ic field and n-type conduction, the same as in the case of
undoped InAs films. An anomalous Hall effect is not no-
ticeable, which is probably reasonable because of the rel-
atively weak contribution of magnetization in the low-
field regime. Based on these measurements, the carrier
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concentration and the mobility for the x =0.18 sample
are 1.0x10'® cm ~3 and 540 cm?/Vsec at 77 K, respec-
tively. The observation of n-type conduction suggests
that the Mn acceptor model (3d° plus one hole), which
was valid in the doping regime,'? may not be extended
simply to the alloy system. Infrared-absorption experi-
ments at room temperature, using Fourier-transform in-
frared spectroscopy, indicate that the band gaps of
In; - Mn,As are smaller than that of InAs. The absorp-
tion spectrum of Ingg,Mng 3As, for example, is shifted
toward lower energy by about 50 meV.

Exploring other III-V semiconductor materials, we
have found that a high concentration of Mn can also be
incorporated in GaAs. The growth at T, =580°C re-
sulted in an accumulation of Mn onto the surface, but
this process was drastically suppressed at 7T, =400°C
with the resulting films exhibiting ferromagnetic behav-
ior. It is evident that, for both InMnAs and GaMnAs,
the process toward phase separation is hindered by a
lowering of the growth temperature, and the incorpora-
tion of Mn can far exceed its solubility. These results
demonstrate that the diluted magnetic III-V semicon-
ductors are in the metastable state, where the Mn atoms
are inhibited from coalescing to form segregated phases.
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