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In the past decade, (Ga,Mn)As1,2 has served as a prototype
diluted magnetic semiconductor in which to test concepts for

spintronic applications and general methods for enhancing mag-
netic exchange in utilitarian semiconductors of the III�V group.
Many important spintronic functionalities have been realized
based on this material,3 including electrical-field control of the
Curie temperature TC

4�6 and the magnetization,7 spin injection
into nonmagnetic semiconductors,8 tunnelingmagneto-resistance9

and electric current induced magnetization reversal.10,11 How-
ever, all of the device operations were demonstrated at tempera-
tures much below room temperature. For practical applications,
increasingTC beyond room temperature is a necessity. The highest
TC obtained on (Ga,Mn)As to date is 191 K;12 thus exploring
various routes of raising this value is of great fundamental and
practical significance.

According to the p-d Zener model, TC of (Ga,Mn)As can be
expressed as TC = [(NMns(s + 1))/(3kB)][(Jpd

2 χf)/((gμB)
2)],

where NMn is the density of Mn2+ ions which substitute into the
Ga sites, s is the Mn2+ spin, Jpd is the p-d exchange integral, χf is
the free carrier susceptibility, kB is the Boltzmann constant, g is the
g-factor, and μB is the Bohr magneton.13,14 The expression reveals
two general approaches to increase TC. One is increasing the
effective Mn density, which provides both the localized magnetic
moments and the holes mediating the ferromagnetic coupling.
The other is decreasing self-compensatingMn interstitials, which
act as double donors and compensate a significant fraction of the
free holes. There are several proposals for enhancing TC to or

above room temperature, such as using high-index substrates to
increase the effective Mn concentration,15,16 and codoping of
donors to reduce the self-compensating Mn interstitials.17�19

The present investigation is inspired by and effectively combines
two proven approaches for increasing TC of (Ga,Mn)As: heavy
Mn doping to increase the effective Mn concentration12,20�22

and nanoscale patterning to increase the efficiency of postgrowth
annealing.23,24

On one hand, by optimizing low-temperature growth condi-
tions, Mn as high as 20% can be alloyed into GaAs without
inducing phase separation.12,20�22 The heavy Mn incorporation
is an effective way of increasing the level of Mn substitution of Ga
and has resulted in the improvement of TC from 165 to 191 K.
However, heavy Mn incorporation inevitably leads to a large
fraction of Mn interstitials which counteract the effects of the
substitutional Mn atoms. On the other hand, it has been shown
that TC of a GaAs-capped (Ga,Mn)As layer with moderate
Mn-doping (∼6%) can be enhanced via a combination of
nanopatterning and annealing.23,24 It was postulated that nanos-
tructures facilitate the diffusion of Mn interstitials toward side-
walls, thus enhances the effect of annealing. This scheme is
expected to be even more effective in samples with heavy Mn
doping because of the larger density of Mn interstitials. In this
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ABSTRACT:We demonstrate by magneto-transport measure-
ments that a Curie temperature as high as 200 K can be obtained
in nanostructures of (Ga,Mn)As. Heavily Mn-doped (Ga,Mn)As
films were patterned into nanowires and then subject to low-
temperature annealing. Resistance and Hall effect measure-
ments demonstrated a consistent increase of TC with decreas-
ing wire width down to about 300 nm. This observation is
attributed primarily to the increase of the free surface in the
narrower wires, which allows the Mn interstitials to diffuse out at the sidewalls, thus enhancing the efficiency of annealing. These
results may provide useful information on optimal structures for (Ga,Mn)As-based nanospintronic devices operational at
relatively high temperatures.
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work, we combined these two approaches to enhance TC of
(Ga,Mn)As. TC as high as 200 K was obtained after low-
temperature annealing of patterned nanowires of highlyMn-doped
(Ga,Mn)As, which was evidenced through both temperature-
dependent resistance data and Arrott plots derived from the
anomalous Hall effect measurements. Our results reveal the
potential for further increases of TC in this important material.

The heavily Mn-doped (Ga,Mn)As film with a thickness of
10 nm used for nanowire patterning in this study was grown on
a rotating semi-insulating GaAs (001) substrate by low-tempera-
ture molecular-beam epitaxy (LT-MBE) at 200 �C. During
growth, the V/III beam equivalent pressure ratio was set to 8. A
clear streaky (1� 2) surface reconstruction patternwasmonitored
by reflection high-energy electron diffraction (RHEED), show-
ing two-dimensional growth mode. The details for reproducible
growth of these kinds of high-quality (Ga,Mn)As films have been
reported in ref 12.

The nominalMn concentration, xnomi, of the filmwas estimated
by high-resolution X-ray diffraction (HRXRD).25 According to
Vegard’s law, the lattice constant a = 0.566(1 � x) + 0.598x nm.
Here, a = 0.566 nm for x = 0 is the lattice constant of GaAs grown
at low temperature, and a = 0.598 nm for x = 1 is the lattice
constant of hypothetical zincblende MnAs. Because the (Ga,
Mn)As layer is fully strained on GaAs, the free-standing lattice
constant of (Ga,Mn)As can be calculated from the formula26

a = [(1� v)/(1 + v)]aXRD + [(2v)/(1 + v)]aGaAs, where aXRD is
the measured lattice constant, aGaAs is the lattice constant of
GaAs, and v is the Poisson ratio. Figure 1a shows theω-2θ scan of
the film used for patterning near the GaAs (004) peak of the
substrate. The nominal Mn concentration xnomi is estimated to
be 16.2% for the as-grown state and decreases to 13.0% after
annealing in air at 160 �C for 13 h. In order to establish the
evolution of the magnetic properties of the film with annealing,
eight pieces were cut from the samewafer and annealed at 160 �C
for various durations of time. Magnetic measurements were
performed on each sample with a commercial superconducting
quantum interference device (SQUID) magnetometer. Figure 1b
shows a set of temperature dependent remnant magnetization
curves for the film in the as-grown state and at various annealing
times. Figure 1c summarizes the TC as a function of annealing
time. We can see that TC reaches a maximum after annealing for
2 h and stays at this value even after annealing for 46 h, which
shows the absence of any detrimental effect from over annealing
in this sample at this annealing temperature. Magnetic hysteresis
measurements show a hard magnetic axis perpendicular to the
plane due to compressive strain; the in-planemagnetic easy axis is
along the [�110] direction. The low-temperature annealing
process reduces the Mn interstitial density and improves the
quality of the (Ga,Mn)As, that is, increasing its hole density,
magnetic moment, and TC.

27,28 The effective Mn concentration,
xeff, of the annealed sample was 8.6% based on the saturation
magnetizationMs at 5 K and the assumption of S = 5/2 for each
substitutional Mn (MnGa) atom which participates in the hole-
induced ferromagnetism. This is much smaller than xnomi =
13.0% determined by HRXRD and means the Mn interstitials
have not been entirely removed.

The nanowire devices used for the magnetotransport mea-
surements were fabricated in two steps. First, a standard Hall bar
with width and length of 5 and 10 μm, respectively, was produced
by optical lithography and wet etching by a solution of H3PO4/
H2O2/H2O = 1:1:38. Then a nanowire structure with desired
width was defined on top of the active channel of the large Hall

bar by electron-beam lithography, using 200 nm thick poly-
methylmethacrylate (PMMA) resist and a MIBK/IPA = 3:1
developer. The pattern was transferred from PMMA to the
(Ga,Mn)As layer by wet etching in the same etching solution. All
the devices were patterned so that the lengths of the nanowires are
oriented along the [110] direction. During the patterning process,
all samples were subject to the same thermal treatments, and the
highest baking temperature was 110 �C. Figure 2a�d shows
several typical scanning electron microscopy (SEM) images of
the nanodevices with channel widths from 156 to 686 nm.

Because the magnetic moment of each nanowire is minute
compared to that of the larger connecting structures and too small
to be detected by the SQUID magnetometer, we determined TC
by using transportmeasurements carried out in a physical property
measurement system (PPMS). The magnetotransport measure-
ments were performed with themagnetic field B perpendicular to
the sample plane. The Hall resistance RHall and longitudinal
resistance R were measured by standard four-probe method. To
avoid any Joule heating, a bias current I = 50 nA was used in all
the measurements.

Since the temperature dependence of the resistance, especially
the well-defined peak near the ferromagnetic transition, has been
widely used to determine TC in (Ga,Mn)As,23,28,29 we first probed
TC by measuring the resistance as a function of temperature. The
positions of the resistance peaks were determined from the
derivatives of R(T) by calculating the temperature at which
dR/dT = 0. On the basis of the theory of Fisher and Langer,30 the
position of TC on the R(T) curve is dependent on the magnitude
of the wave vector of the carriers (carrier density). In the case of
(Ga,Mn)As, whose carrier density lies in between the extremes
for insulating concentrated magnetic semiconductors and ferro-
magnetic metals, the location of TC on the R(T) curve has been
found to be sample dependent: in some samples TC is located at

Figure 1. (a) ω-2θ scan near the GaAs (004) substrate peak. (b)
Temperature dependent remnant magnetization curves of 8 samples of
unpatterned films from the same wafer which was used for patterning
nanowires in the study. They have been subject to different annealing
times as indicated at the same annealing temperature of 160 �C. (c) The
Curie temperature as a function of the post annealing time.
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the resistance peak (dR/dT = 0)23,28,29 while in others at the
maximum for dR/dT.29 Therefore, for a particular set of samples, it
is crucial to establish experimentally the proper criterion for TC

determination from R(T). We have done so for our heavily Mn-
doped continuous film, via direct comparison of the temperature
dependent magnetization and resistance measurements on the
same sample. The results are shown in Figure S1 (Supporting
Information). It is clear that the TC determined from M(T)
coincides with the peak in R(T) (dR/dT = 0), which provided
the basis for using dR/dT = 0 as the criterion for determining TC

in our samples. For the nanowires, we further provided a rigorous
and independent confirmation of the value of TC by Arrott plots

25

derived from the anomalous Hall effect. Finally, we demonstrate in
Figure S2 (Supporting Information) that the temperature depen-
dencies of the resistivity are identical when measured along
different crystalline orientations despite the strong in-plane
magnetic anisotropy in the heavily Mn-doped (Ga,Mn)As film.

Figure 3 shows the temperature dependence of the resistance
of a nanowire devicewith 310 nmwidth. It showsmetallic behavior
which is similar to a conventional metallic (Ga,Mn)As film. Below
about 35 K, the resistance shows an upturn, probably due to
electron�electron interactions.31 TC of the as-made device, as
determined by the resistance peak of the R�T curve,23,28 increases
to 167 ( 5 K, up from 125 K for the as-grown film (shown in
Figure 1b). This is most likely due to unintentional annealing
during the sample processing.

Figure 4a shows the temperature dependent resistance curves
of a number of as-made devices with different widths, and TC for
each device is summarized in Figure 4c. We can see that the
resistance increases monotonically as the width decreases, and
TC is nearly the same for different widths (from 156 nm to 5μm);
no obvious quantum confinement effect was observed in this size

regime. Figure 4b shows the temperature dependence of the
resistance of the same devices after annealing in air at 160 �C for
13 h. TC values for the annealed samples, as determined from the
resistance maximum of the R�T curves, are summarized in
Figure 4c. TC is increased to more than 190 K for the devices
from 255 to 686 nm. This is in comparison to the device with 5 μm
width, which has a TC of ∼180 K, similar to the TC determined
from the SQUIDmagnetization measurement for the unpatterned
film (Figure 1b). TheTC enhancement reaches amaximum at wire
width of about 310 nm, where TC is increased to as high as 201(
5 K as evidenced by R�Tmeasurements (also shown in Figure 3).
At even smaller wire widths, TC decreases from this highest value.

To eliminate the possibility that the variation of TC with wire
width is an artifact caused by under or over annealing of the wires,

Figure 2. Scanning electron microscopy images of the nanowire devices with widths of 156 nm (a), 255 nm (b), 310 nm (c), and 686 nm (d). All the
Hall bars were patterned such that the lengths are oriented along the [110] direction.

Figure 3. Temperature dependence of the resistance of a device with w =
310 nm in the as-made (black) state and after annealing (red). Left inset
shows the experimental geometry. Right inset shows the close-up view
around TC. All the measurements were done with a current I = 50 nA.
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two series of nanowire devices with widths of 233 and 310 nm
were fabricated and each device annealed at 160 �C for various
durations. As shown in Figure 5a,b, for both groups of devices
13 h of annealing was sufficient to reach saturation and additional
annealing did not cause any TC degradation. This is qualitatively
consistent with the trend shown in Figure 1c for the unpatterned
films and demonstrates that all the deviceswere optimally annealed.

We attribute the observed TC enhancement in the nanowires to
the increase of the free surface, which allows the Mn interstitials to
diffuse out at the sidewalls, thus enhancing the efficiency of
annealing. Considering the geometry of the devices, length l,
widthw, and height h, the increased free surface at sidewalls is 2lh.
The percentage increase in the free surface is 2lh/lw = 6% for
h = 10 nm and w = 310 nm, while for the device with 5 μm
width the free surface only increases by 0.4%. We show here that
the free surface increase of 6% at sidewalls is important for the
annealing of (Ga,Mn)As, which results in a 11% TC increase
(from 180 to 200 K). We conclude that the nanostructure
patterning greatly enhances the effect of thermal annealing. For
the narrowest devices with widths of 156 and 188 nm, which have
even larger free surface increases, the increase ofTC after annealing
is less than those of the devices with more moderate widths (255
and 310 nm). We surmise that this is due to strain relaxation
induced by the lithographic patterning and annealing when the
width becomes less than 200 nm,32 which could degrade the
crystalline quality of (Ga,Mn)As. To confirm that strain relaxa-
tion was indeed responsible for the TC reduction in the narrowest
wires, we fabricated and measured a series of nanowires patterned
from another piece of film that had been optimally annealed at
160 �C for 13 h. The nanowires underwent no additional annealing

after patterning and care was taken to avoid any unintentional
annealing during the patterning process (the baking temperature
never exceeded 110 �C). The results are shown in Figure S3
(Supporting Information). No TC enhancement is seen with
decreasing wire width, and a small reduction of TC (about 5�
7 K) is observed when the width becomes smaller than 500 nm.
These results convincingly demonstrate that strain relaxation
induced by the lithographic patterning would decrease TC. Fur-
thermore, several other nanowire devices based on (Ga,Mn)As
films of different thicknesses and Mn concentrations have been
fabricated. The nanowires from a thicker (18 nm) (Ga,Mn)As film
with similar heavy Mn-doping (xnomi = 14.3%) exhibit maximum
TC enhancement quantitatively consistent with the results
presented above; in contrast, for the moderately Mn-doped
(Ga,Mn)As film (xnomi = 7.5%), the magnitude of TC enhance-
ment is significantly smaller than that in either of the heavily
Mn-doped (Ga,Mn)As samples. Detailed information on the
effects of thickness and Mn concentration will be reported
elsewhere.

In discussing Figure 3, we alluded to the fact that determin-
ing TC from the R�T curve is not ideal with an error bar of
several K. Here, we used Arrott plots to accurately determine
TC beyond any ambiguity. The magnetic field dependence of
the Hall resistance RHall and resistance R measured at different
temperatures is shown in Figure 6a,b. The Hall resistance of
(Ga,Mn)As can be written as RHall = RoB/d + RsM/d, where Ro
is the ordinary Hall coefficient, Rs is the anomalous Hall
coefficient, d is the sample thickness, and B and M are the
magnetic induction and magnetization perpendicular to the
sample surface, respectively.3 The anomalous Hall component
is the dominant one at low field, and a scaling relation RS/d =
cR2 (c is a constant) is expected due to the dominance of the
Berry-phase mechanism in the metallic regime.33�35 Thus, the
ratio of RHall/R

2 can be used to track the magnetization. In the
Arrott plots, (RHall/R

2)2 versus B/(RHall/R
2), a ferromagnetic

state corresponds to a positive extrapolated ordinate intercept,
while paramagnetic state corresponds to a negative extrapolated
intercept.25,36 In Figure 6c, the extrapolated intercept remains
positive at 200 K and turns negative at 205 K, indicating that TC is
between those extrema and somewhat higher than 200 K. We
point out that due to the very small magnetoresistance in the
relevant temperature range (Figure 6b), the use of a different

Figure 5. Temperature dependent resistance curves of two series of
nanowires with widths of 233 nm (a) and 310 nm (b) in the as-made
state and after different annealing times as indicated.

Figure 4. Temperature dependence of the resistance of several devices
with different widths in the as-made (a) and annealed (b) states. TC

values determined from the resistance maximum of R�T curves are
summarized in (c).
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scaling relation has negligible effect on the outcome of the Arrott
analysis.

In summary, TC up to 200 K was achieved by patterning a
heavily Mn-doped (Ga,Mn)As thin film into nanostructures.
Patterning the (Ga,Mn)As film into nanowires increases the free
surface and allows the Mn interstitials to diffuse out at the
sidewalls, thus enhancing the efficiency of annealing. Much
higher TC could be expected by optimizing the annealing
condition of the nanodevices and by using a film with higher
preannealed TC. These results may provide a useful design
guideline for optimal dimensions for (Ga,Mn)As-based nanos-
pintronic devices operating at higher temperatures.
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