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An unconventional approach to scaling based on the anomalous Hall effect is presented and utilized to
demonstrate conclusively that epitaxial �metallic� Ga0.98Mn0.02As is a mean-field ferromagnet. Such a result
provides strong support for the assertion that the underlying interactions can be treated within the framework
of Landau mean-field theory, direct support for which had previously been lacking. This scaling approach also
provides confirmation—albeit indirect—that the origin of the anomalous Hall effect in this system is intrinsic
at the composition studied.
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Magnetic semiconductors are regarded currently as an im-
portant class of materials due, for example, to their potential
application as injectors for spintronic devices.1 In this con-
text, GaAs has been the object of considerable recent interest
since the discovery that it becomes ferromagnetic when Ga is
replaced by Mn.2–7 The study of critical behavior in ferro-
magnets such as �GaMn�As plays a pivotal role in under-
standing the physical basis of such behavior.8 Establishing
the universality class of any material provides insight into
the range of the underlying interactions,9,10 from which the
dominant interaction can often be inferred, for example,
long/infinite range interaction in the case of mean-field ex-
ponents, as opposed to short range/near neighbor in the case
of Heisenberg model values. The present study demonstrates
conclusively that an epitaxial �metallic� Ga0.98Mn0.02As mi-
crostructure is a mean-field ferromagnet by utilizing an un-
conventional scaling approach based on the anomalous Hall
effect �AHE�.

While the origin of the AHE in ferromagnets is more
complicated than in “normal” conductors due to additional
contributions from the presence of magnetic moments,11 it
has been widely adopted to investigate magnetic
materials.12,13 Specifically, the evolution of AHE with tem-
perature and field has been linked directly with that of the
magnetization M through the well established, though em-
pirical relationship,11–13

�xy = R0B + 4�RSM . �1�

Here �xy is the conventional Hall resistivity, B= �H+4��1
−N�M� while H is the applied magnetic field; with the latter
oriented perpendicular to the current flow in samples with
the present geometry, the corresponding demagnetization
factor N typically approaches unity ��1�. The “ordinary”
Hall coefficient, R0= 1

nec �e being the electronic charge�, aris-
ing from carrier orbit curvature/Lorentz force effects, yields
information on the carrier type and concentration �n�. RS is
the anomalous Hall coefficient, on which this study focuses;
its dependence on longitudinal resistivity, �xx, plays a central
role11–14 in the analysis presented below.

As �xy ��xx in the present system, the Hall conductivity
�xy can be written as �xy =

�xy

�xy
2 +�xx

2 �
�xy

�xx
2 =

R0H+4�RSM

�xx
2 .13 With �xy

subdivided as �xy =�xy
O +�xy

A in the usual notation for
ferromagnets,14 the following expression for the anomalous
Hall conductivity, �xy

A , results

�xy
A = �xy − �xy

O =
4�RSM

�xx
2 . �2�

As is clear from this equation, an accurate determination of
the anomalous component �xy

A —and hence an evaluation of
its dependence on the magnetization M—relies on a careful
subtraction of the ordinary component, �xy

O =
R0H

�xx
2 , an issue

discussed below. Two additional—and important—points
also emerge for this equation. First, once the system’s mag-
netization is measured, it provides a means of identifying the
dependence of RS on �xx and hence characterizing the domi-
nant mechanism underlying the AHE in this system15 �as
demonstrated recently for the magnetic semiconductor
Fe0.8Co0.2Si �Ref. 16��. Second, essentially the converse of
the above, if the dependence of RS on �xx can be or has been
established by other means, then it is possible to determine
the behavior of the magnetization M from measurements of
�xy

A . The latter has important consequences in the present
context, viz., in systems with reduced dimensions/
dimensionality, for which the associated magnetic signal is
weak. Such an approach is implemented below, enabling the
�magnetic� universality class of epitaxial Ga0.98Mn0.02As to
be established and compared with theoretical predictions.

The occurrence of the AHE in ferromagnetic �III, Mn�V
semiconductors has not only been investigated
extensively1,3,4,15,17–19 but theories for it in the metallic re-
gime have also been proposed recently based on a mean-field
prescription. In particular, the latter concludes the presence
of an impurity scattering-independent intrinsic AHE in this
regime,15 which yields RS��xx

2 .17,18 This dependence is con-
firmed indirectly by the analysis presented below; subse-
quently scaling behavior based on the anomalous Hall con-
ductivity demonstrates unequivocally the applicability of a
mean-field approach. Specifically, inserting the predicted de-
pendence of RS into Eq. �2� leads to the result that the mag-
netization is directly proportional to the anomalous Hall con-
ductivity, �xy

A �M, enabling the field and temperature
variation in M to be extracted form magnetotransport data.
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Epitaxial �GaMn�As specimens were grown on a GaAs
substrate, then etched into a microstructural form approxi-
mately 50 nm thick, 250 �m wide, and 1000 �m long. Pre-
vious results reporting the broadband electrical detection of
spin excitations in a coincidentally prepared specimen using
a photovoltaic technique have been reported elsewhere.20

Magnetotransport measurements were carried out in a com-
mercial Quantum Design physical properties measurement
system with an excitation current 10 �A at 499 Hz. The
Hall bar mismatch was canceled by the field-scanning tech-
nique. A summary of these magnetotransport data in the criti-
cal regime is presented in Figs. 1�a� and 1�b�. The variation
in �xy with temperature and field is strongly suggestive of a
link with the magnetization, and indeed, far above the order-
ing temperature �and hence not reproduced here�, it exhibits
the same linear dependence on field as is well established for
M in a wide range of system which also exhibit magnetic
ordering. The temperature dependent of �xx �inset, Fig. 1�b��
confirms that the present system lies in the metallic region,

thus validating the following discussion. The first issue that
needs to be addressed in evaluating the anomalous Hall con-
ductivity �xy

A as accurately as possible is the careful evalua-
tion of the contribution arising from the ordinary Hall con-
ductivity �xy

O =
R0H

�xx
2 . This was done using a previously

advocated technique,11 i.e., the intercept of the slope of �xy
vs H, d�xy /dH=R0 extrapolated from high fields �50 kOe
�H�70 kOe� where the susceptibility is expected to van-
ish. This yields a weakly temperature-dependent hole density
n��5.0	0.3�
1020 cm−3, consistent with previous
estimates1,7 while also indicating that the anomalous Hall
term is dominant over the entire temperature range studied.
Figure 1�c� displays the resulting estimates for �xy

A =�xy
−�xy

O .
These latter have been used to rewrite the conventional

scaling-law equation of state10 by exploiting the direct pro-
portionality between �xy

A and M established above. Viz., such
proportionality enables the usual Arrott-Noakes/scaling
equation of state21 to be expressed in terms of the anomalous
Hall conductivity �xy

A , i.e.,

��xy
A

�1
�1/�

=
TC − T

TC
+ � H

�xy
A �1/�

�3�

in which �1 is a material specific constant. The critical ex-
ponents appropriate for the corresponding transition are
those which then linearize the anomalous Hall
conductivity—field data plotted in the above form. As Fig.
2�a� shows conclusively, “conventional” Arrott plots of these
data, viz., H /�xy

A versus ��xy
A �2, are indeed linear, a result that

demonstrates the applicability of mean-field model expo-
nents ��=0.5, =3, and �=1 �Ref. 10��, with the estimate
for the ordering temperature being TC=61.5	0.5 K �from
the critical anomalous Hall conductivity �xy

A �TC��. This value
for TC confirms indirectly—through a comparison with the
TC /x versus n phase diagram �x being the Mn doping
level�5,8—that the nominal and actual compositions are very
close.

The self-consistency of these exponent estimates was
checked as follows. The same replacement of M by �xy

A in
the usual scaling-law equation of state10,21 leads to

�xy
A �H,t� = �t��F	� H

�t��+�� . �4�

F	 being an �unspecified� scaling function. Equation �6� then
leads to a set of power-law dependences close to TC,10,18

which here read: for the spontaneous anomalous Hall con-
ductivity �xy-Spon

A �H=0, t= �T−TC� /TC�,

�xy-Spon
A �0,t� � t��T � TC� . �5�

Along the critical isotherm �T=TC , t=0�, the field depen-
dence of the anomalous Hall conductivity becomes

�xy
A �H,T = TC� � H1/ �6�

while for the quantity H /�xy
A , proportional to the inverse ini-

tial susceptibility, one obtains

FIG. 1. �Color online� Field-dependent magnetotransport mea-
surements. �a� Hall resistivity �xy and �b� longitudinal resistivity �xx

measured at various fixed temperatures �46–78 K in 2 K steps� in
the fields up to 70 kOe. Inset is the corresponding zero-field tem-
perature dependent �xx. �c� The corresponding anomalous Hall con-
ductivity �xy

A derived from �xy and �xx as discussed in the text.
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H/�xy
A � t��T � TC� . �7�

The intercepts of the linearized plots of Fig. 2�a� on the
abscissa, ���xy

A /�1�1/��, i.e., at H=0, yield the corresponding
“spontaneous” anomalous Hall conductivity �xy-Spon

A , equiva-
lent to the spontaneous magnetization while those on the
ordinate axis ��H /�xy

A �1/�� yield a quantity proportional to the
�inverse� initial susceptibility �1 /�i�T�= ��H /�M�H=0�. The
isotherm that passing through the origin �the “critical”
anomalous Hall conductivity isotherm, �xy

A �TC�� yields the
ordering temperature TC �the temperature at which �xy-Spon

A

first emerges�.
Self-consistency is then achieved by applying Eqs. �5�–�7�

to the appropriate intercept values so estimated and substi-
tuting the exponents values deduced from them back into Eq.
�3� and repeating this process—with small adjustments to
TC—until the Arrott plots and the ensuing power laws yield
the same exponent values. The detailed confirmation of these
exponent assignments are provided in Figs. 2�b�–2�d�, par-
ticularly their double logarithmic inserts testing the power-
law predictions and yielding �=0.49	0.02, �=1.02	0.03,
and the equation of state critical exponent =2.98	0.02 �for
2 kOe�H�70 kOe�. These exponent estimates agree,

within experimental uncertainty, with mean-field model val-
ues and thus satisfy the Widom relation �=��−1�.10

A finally comprehensive assessment of the applicability of
mean-field exponents to the anomalous Hall conductivity �xy

A

data estimates so obtained for Ga0.98Mn0.02As is provided by
Fig. 3. This figure demonstrates unequivocally that the data
in Fig. 2�a� can be scaled onto two branches, one for data
below �F−� and the other for data above TC �F+�, using the
choice of variables suggested by Eq. �4� and mean-field ex-
ponents; these branches merge as the temperature approaches
TC �i.e., the reduced temperature t approaching zero�.

Such a result has interesting consequences. Whereas the
critical behavior for localized spins coupled via short-ranged
�Heisenberg� interactions in insulators is determined by the
space/lattice dimensionality, d, and the order parameter/spin
dimensionality, k, the corresponding behavior in metallic
systems is markedly different. For the latter, renormalization-
group calculations9 predict that for long-ranged attractive
spin-spin interactions �J�r�� decaying with distance r as
J�r��r−�d+k�, mean-field behavior occurs for d /2�k�3 /2
�i.e., if, in three dimensions �d=3�, J�r� decreases with r
more slowly than r−4.5, then k=1.5�. The above exponent
values clearly satisfy the Widom relationship �=��−1�,
and when used in conjunction with this latter discussion and

FIG. 2. �Color online� Unconventional critical analysis based on the anomalous Hall conductivity �xy
A . �a� The equivalent “Arrott

plots”—H /�xy
A vs ��xy

A �2; the straight line passing through the origin yields the critical temperature TC=61.5	0.5 K. �b� �xy
A vs H along the

critical isotherm �TC�: inset; these same data replotted on the double-logarithmic scale, the slope of the resulting straight line yielding 
=2.98	0.02. �c� The spontaneous anomalous Hall conductivity �xy-Spon

A plotted against temperature: inset; �xy-Spon
A vs t on a double-

logarithmic scale, the slope of the straight line drawn yielding �=0.49	0.02. �d� H /�xy
A plotted against temperature: inset; H /�xy

A vs t on a
double-logarithmic scale, the slope of the straight line drawn yields �=1.02	0.03.
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�= �2−�� /k yields a value of 0.5 for the pair-correlation
critical exponent �.9,10 In contrast, for k�2, short-ranged
critical behavior ensues, while in the intermediate regime,
d /2�k�2, the critical exponents depend on the specific
value for k. The immediate inference drawn from the present
data is that, in Ga0.98Mn0.02As, �d+k��4.5.

That this result may not hold at all Mn doping levels is

not surprising; in particular, it is anticipated at higher doping
levels where the hole-mediated exchange is weaker and the
probability of near-neighbor superexchange antiferromag-
netic Mn-Mn interactions is increased.1 Indeed, mean-field
exponents do not linearize the equivalent plots—so-called
Arrott plots—at x=0.053 �Ref. 3� and x=0.06 �Ref. 22�; the
latter exhibit curvature, unlike those displayed above, indi-
cating a crossover to a different universality class. This result
is consistent with the predicted suppression of TC due to
correlated Mn-moment fluctuations within the mean-field
model.1

While a more extensive series of experiments covering a
wider range of Mn doping would enable such crossover ef-
fects to be investigated in more detail, the importance of the
present study is that it demonstrates: first, that accurate ex-
ponent values can be extracted from magnetotransport mea-
surements �specifically the anomalous Hall conductivity�, ad-
mitting its use in a range of other situations, including low-
dimensional spintronic devices where conventional
techniques are compromised and second, in the case of low
Mn doped metallic Ga0.98Mn0.02As, these exponents are
mean field, thus validating directly the frequently adopted
theoretical approach to ferromagnetic �III, Mn�V semicon-
ductors.
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