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The effect of hydrostatic pressure on the paramagnetic-ferromagnetic phase transition has been studied in
�Ga,Mn�As. The variation in the Curie temperature �TC� with pressure was monitored by two transport meth-
ods: �1� measurement of zero-field resistivity versus temperature ��T� and �2� dependence on temperature of
the Hall voltage hysteresis loop. Two specimens of different resistivity characteristics were examined. The
measured pressure-induced changes in TC were relatively small �on the order of 1 K/GPa� for both samples,
however they were opposite for the two.
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�Ga,Mn�As is one of the most intensively investigated
diluted magnetic semiconductors during last decades. The
understanding of physical phenomena governing its mag-
netic properties is crucial for increasing Curie temperature
�TC� and thus for possible application of this material in spin-
tronic devices. The origin of ferromagnetism in �Ga,Mn�As
was quantitatively explained within the p-d Zener model as-
suming magnetic interaction between the localized magnetic
moments of Mn2+ ions mediated by holes in the valence
band.1–3 This model, in the case of semiconductors, where
the carrier density is smaller than the magnetic ion concen-
tration is equivalent to the Ruderman-Kittel-Kasuya-Yosida
�RKKY� approach employed in the diluted magnetic metals.4

Within this picture the ferromagnetic ordering temperature,
TC depends, in particular, on the local p-d exchange interac-
tion and a free hole concentration. It was demonstrated that
indeed an increase in the hole concentration in a field effect
transistor structure led to an enhancement of the ferromag-
netic state.5 On the other hand it was found that the exchange
energy scales with the lattice constant as,1 N0��a0

−3, and
therefore an external hydrostatic pressure could influence the
exchange coupling. Although the studies of �In,Mn�Sb di-
luted magnetic semiconductor under hydrostatic pressure
provided an evidence for an increase in carrier-mediated
magnetic coupling,6,7 giving rise to higher Curie tempera-
ture, the effect of hydrostatic pressure on �Ga,Mn�As semi-
conductor is not as clear.6 Therefore additional study was
performed in order to clarify the role of external hydrostatic
pressure in the paramagnetic-ferromagnetic phase transition
in �Ga,Mn�As. p-type Ga1−xMnxAs layers were grown by
molecular-beam epitaxy �MBE� on �100� GaAs substrate. In
our studies two different samples were used: A777 and A963.
The former sample had 20-nm-thick layer of �Ga,Mn�As
with Mn content x=7%. After the MBE growth this sample
was capped with amorphous As and annealed in the MBE
growth chamber at the temperature of 210 °C �controlled by
the IR pyrometer� for two hours �see Ref. 8 for details�. The
Curie temperature determined from superconducting quan-
tum interference device �SQUID� magnetometry was close to
85 K �Fig. 1, squares�. The latter sample had a
�Ga,Mn�As layer of 50 nm and x=6%. This sample was not
annealed after the MBE growth. The Curie temperature for

A963 sample was approximately 50 K �Fig. 1, diamonds�.
Since the amount of the magnetic material of our samples
was very small, the SQUID signal was also very small.
Precise measurements reveal also the presence of a very
small high-temperature component in the magnetization. It
was checked that this contribution did not originate from
�Ga,Mn�As layer as it was present even after the layer was
removed.

The effect of pressure on the paramagnetic-ferromagnetic
phase transition in �Ga,Mn�As was studied by transport mea-
surements under hydrostatic pressure up to 1 GPa at tem-
peratures range 20–300 K. Standard Hall bars were prepared
lithographically and six ohmic contacts were made with in-
dium. The samples were placed in a beryllium-copper self-
clamping high-pressure cell. A mixture of kerosene and oil
was used as a pressure transmitting medium.

To monitor pressure-induced changes in Curie tempera-
ture we adopted two procedures: �1� the study of zero-field
resistivity ��T�; the position of maximum in d� /dT was
reported to coincide with the Curie temperature9 and �2� Hall

FIG. 1. �Color online� Temperature dependence of magnetic
moments measured by SQUID at B=2 mT at ambient pressure for
both samples �diamonds—A963 and squares—A777�. The dotted
and solid vertical lines depict the values of TC extracted from the
maximum of d� /dT and from the Hall voltage hysteresis, respec-
tively �see text�.
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resistivity measurements in a magnetic field perpendicular to
the sample surface. In ferromagnetic phase the Hall resistiv-
ity is a sum of the ordinary Hall effect due to the Lorentz
force and the anomalous Hall effect originating from the
asymmetric scattering in the presence of magnetization,10

RHall =
R0B

d
+

RS�0M

d
, �1�

where R0 is the ordinary Hall coefficient, B and M the mag-
netic field and the magnetization perpendicular to the layer,
respectively, RS the anomalous Hall coefficient, and d the
thickness of the �Ga,Mn�As layer. For T�TC hysteresis loop
in M and thus in RHall�B� is observed. The studies of the
evolution of the hysteresis provide the method to monitor TC.

The results of the measurements of zero-field resistance
versus temperature performed at ambient pressure are shown
in Fig. 2. The behavior of ��T� of the samples is quite dif-
ferent: A777 has rather metallic character while A963 is
clearly of semiconducting type. Characteristic rounded cusps
are observed at about 100 and 50 K for the sample A777 and
A963, respectively, which are believed to be related to
ferromagnetic-paramagnetic phase transition.11 Figure 3
shows the evolution of the resistivity ��T� dependence on

pressure. A clear shift toward lower temperatures is ob-
served. At the same time the value of the resistivity increased
by about 7%. Figure 4 shows temperature derivative of re-
sistivity d� /dT, calculated numerically and presented close
to maxima, which can be identified with TC.9 For both
samples the maxima shift under pressure toward higher tem-
peratures, although the shift is relatively small.

FIG. 2. �Color online� Resistivity as a function of temperature
��T� measured for the two samples at ambient pressure, before pres-
sure cycles.

FIG. 3. Resistivity evolution as a function of pressure for the
A777 sample. Arrows show the evolution of the position and mag-
nitude of the maximum in ��T�.

FIG. 4. Temperature derivative of the resistivity, d� /dT calcu-
lated for both samples from the experimental data measured at am-
bient pressure and high pressure.

FIG. 5. �Color online� Runs of the Hall voltage versus magnetic
field revealing hysteresis loops for both our samples: �a� A777 and
�b� A963. Magnetic field was perpendicular to the sample plane. For
the sample A963 the shape of the hysteresis loop indicates that an
easy axis was perpendicular to the sample plane.
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The results of the second method are shown in Fig. 5,
which presents hysteresis loops of Hall voltage, measured for
T�TC. Remarkably, the shapes of hysteresis loops are very
different for both samples, which indicates different mag-
netic easy axis for the samples studied �for A777—in the
sample plane and for A963—perpendicular to plane�. This is
consistent with observations that for samples with lower hole
concentrations easy axis can be perpendicular to plane.12

Figure 6 presents the measured dependence of the width of
the hysteresis loop on temperature for a few series of experi-
ments made at various pressures for sample A963. One can
see that hysteresis appears at temperatures close to 50 K. The
results obtained for nominally the same values of pressure
but during different experimental cycles differ slightly,
which will be addressed later, but an overall pressure-
induced decrease in TC measured with this method is clearly
visible.

The summary of our experimental results is shown in Fig.
7. Referring to the absolute value of TC, for sample A777
both methods give consistent values of TC which agree very
well with the SQUID data of Fig. 1. For the sample A963 the
two methods are inconsistent—the values of TC differ by
more than 10 K. The results obtained from the hysteresis
analysis agree with the SQUID data while the others do not.
Most probably this is due to a diverging background in ��T�
dependence observed at low temperatures for A963 sample
which shifts the maximum of d� /dT toward lower tempera-
tures. This also suggests that for samples that show strongly
temperature-dependent semiconducting type ��T�, the
method proposed in Ref. 9 cannot be reliably applied. Refer-
ring to the pressure trends observed, for the A777 the appli-
cation of hydrostatic pressure leads to the increase in Curie
temperature. Both methods used reveal the similar trend,
with a pressure coefficient of dTC /dp=+�2−3� K /GPa. This
value is much higher �approximately four times� than the one
found for �In,Mn�Sb.7 However, for the sample A963 mea-
surements of the hysteresis loop revealed an opposite
pressure-induced shift �dTC /dp=−1.0�0.2 K /GPa�. As
mentioned above, the second method is not credible enough
to draw any conclusions, due to high impact of the diverging

background. To sum up, our experimental results showed
that pressure-induced variation in Curie temperature is small
and strongly depends on the metallic/semiconductor charac-
ter of a sample.

Within RKKY interaction the temperature of
ferromagnetic-paramagnetic phase transition is given by1

TC = xef fS�S + 1�
�N0��2

N0

AFm�kF

12kB�2�2 − TAF, �2�

where xef f is an effective manganese concentration, S is the
spin of Mn ion �=5 /2�, N0 is a concentration of the cation
sites, N0� is the p-d exchange energy, kF is the Fermi
wave vector, m� is a valence-band density of states effective
mass, kB is the Boltzmann constant, AF is a constant describ-
ing carrier-carrier interactions, and TAF is a parameter de-
scribing antiferromagnetic superexchange interaction—for
�Ga,Mn�As we put TAF�0.

External hydrostatic pressure can influence the following
parameters from Eq. �2�: �1� lattice cell volume and thus N0.
In our estimations the pressure-induced change in N0 was
calculated according to the compressibility coefficients for
GaAs,13 �2� Fermi vector, kF. It is proportional to p1/3 �where
p stands for the hole concentration�. We assumed that p
changes due to volume changes only. �3� Exchange energy.
According to Ref. 1 it should vary with a lattice constant
as N0��a0

−3 �i.e., � can be treated as pressure independent�.

FIG. 6. �Color online� Temperature dependence of the width of
the hysteresis loop measured for the sample A963 in a series of
experiments made at various pressures.

FIG. 7. Pressure dependence of Curie temperature deduced ��a�
and �c�� from the hysteresis loops detected by Hall resistivity and
��b� and �d�� from the maximum of d� /dT. �a� and �b� refer to the
sample A777 and �c� and �d� to the sample A963. The points give
the values averaged over different pressure cycles. The two sets of
points visible in Hall resistivity results �a� and �c� correspond to
different Hall probes. Although there is a difference in the absolute
value of the TC, the observed pressure trends are identical. The solid
lines show the predictions of the model, described in the text, as-
suming that the free hole concentration changes due to volume
changes only.
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�4� Heavy- and light-hole effective masses. To our knowledge
it is not completely clear how these parameters change with

pressure. However we adopted 1
mlh

�

dmlh
�

dp =0.074 GPa−1 and
1

mhh
�

dmhh
�

dp =−0.001 GPa−1 after Ref. 14.
The pressure dependence of TC predicted by Eq. �2� is

given by the solid lines in Fig. 7. The model reasonably well
describes the pressure variation in TC for the sample A777
but is inconsistent with the experimental data obtained for
the sample A963 from the analysis of the hysteresis loop. We
believe that this striking difference in pressure shift of TC for
both samples is related to different sample properties. Both
samples have substantially different Curie temperatures and
different easy axes but what seems the most important for the
understanding of the pressure shifts of their TC is the quali-
tatively different ��T� dependences. Sample A777 is semi-
metalic while A963 is semiconducting. This means that in
A963 the degree of localization of holes is much higher.
According to the generalized alloy theory15 the difference in
the localization of holes may lead to both: different apparent
values and different pressure dependences of p-d exchange
energy N0��app� �and thus the Curie temperature�. In particu-
lar, for samples close to metal-insulator transition, a decrease
in the TC is expected when the localization is increased. To
discuss the localization of Mn acceptor we recall experimen-
tal studies,16,17 showing that for Mn acceptor in Ga com-
pounds �GaN, GaP, GaAs, and GaSb� the smaller is the dis-
tance between the neighboring atoms, the more localized is
the Mn acceptor. Under hydrostatic pressure we expect a
similar trend—although the anion remains the same, the in-
teratomic distances are reduced and in consequence localiza-
tion increases. Such an interpretation is supported by the
experimental observation of a strong increase in sample re-

sistivity as a function of pressure �on the order of 30% for
the pressure range used for A963, in contrast to 7% for
A777�.

There are two points that should be mentioned. Our ex-
periments reveal some pressure-induced irreversible changes
in sample properties �Fig. 6�. Such observations of sample
degradation are common in the pressure studies, when the
lattice mismatch between the subsequent layers is increased
by pressure �this is the case for �Ga,Mn�As on GaAs� and
often they impede to make credible conclusions. However,
due to tedious, several measurement cycles, the overall
pressure-induced trend is clearly demonstrated. Another
point is that in the model discussed the free hole concentra-
tion was assumed to change due to volume changes only.
This does not necessarily have to be true. If in contrast one
assumes that the observed pressure changes in the resistivity
are entirely due to hole concentration �which is unrealistic�,
Eq. �2� would predict the decrease in TC for both samples
with the rate of a few kelvins per 1 GPa. This means that
there is a need of complementary studies of the influence of
pressure on the free hole concentration in GaMnAs.

In summary, we have observed that in two �Ga,Mn�As
samples differing in the degree of hole localization the
pressure-induced variation in the Curie temperature was op-
posite. This finding is explained by a different dependence of
TC upon increasing p-d hybridization depending on whether
the sample is far or close to the metal-to-insulator
transition.15
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