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We present the magnetotransport studies of Ge1�xMnxTe ferromagnetic semiconductor under

hydrostatic pressure. The investigation of the normal and Hall resistivities provide an insight to the

dependence of carrier concentration, mobility, and magnetic properties on pressure. Our results

reveal that the application of pressure changes the band structure, which can be explained by a two

valence band model. We observe the enhancement and reduction of Curie temperature within a

pressure range of 0–24 kbar. Analysis within the framework of the Ruderman–Kittel–Kasuya–Yosida

model allows us to identify the factors in controlling the Tc, in which the exchange interaction plays a

predominant role in the formation of ferromagnetic phase. VC 2011 American Institute of Physics.

[doi:10.1063/1.3610499]

I. INTRODUCTION

The quest to raise the Curie temperature (Tc) in ferro-

magnetic semiconductors (FMS) to above room temperature

has always been a challenge over the past decade.1 Great

efforts have been made to understand the origin and control

of ferromagnetism (FM) in FMS to achieve this endeavor.

The origin of FM in most p-type Mn-based FMS is associ-

ated with the interaction between holes and Mn ions. The

exchange coupling strength between local moments of mag-

netic ions and conduction carriers plays an important role in

controlling the Tc in carrier-mediated FMS.2 In contrast to

the III-Mn-V FMS, the hole density and Mn ion concentra-

tion in IV-Mn-VI FMS, such as Ge1�xMnxTe,3,4 can be con-

trolled independently. It is well known that crystalline GeTe

is a narrow band-gap (0.1 to 0.2 eV) degenerate semiconduc-

tor with a high intrinsic hole density (1020-1021 cm�3) due to

native cation vacancies. The ferromagnetism in Ge1�xMnxTe

is then driven by the Ruderman–Kittel–Kasuya–Yosida

(RKKY) indirect exchange interaction between Mn ions

via this high hole concentration. Recent progress in

Ge1�xMnxTe grown by MBE shows that Tc� 190 K can be

attained at Mn composition xMn � 10%5 and Tc as high as

200 K at xMn � 46% can also be achieved under appropriate

growth conditions.6 From the growth point of view, the xMn

can be varied by controlling the stoichiometric composition

via GeTe and Mn fluxes and the hole concentration can be

changed by substrate temperature as well as Te flux. To

achieve high TC in Ge1�xMnxTe, we need relatively high

xMn as well as sufficient holes to mediate ferromagnetism

between Mn ions. However, high xMn induces antiferromag-

netic effect, which reduces TC. At the same time, high Te

flux decreases carrier concentration and, hence, TC, albeit to

the improvement of surface roughness. Additionally, growth

conducted either at lower or higher substrate temperature

will lead to precipitation of secondary phases or even phase

separation.6 As such, only a narrow window of growth

conditions exist to achieve single phase Ge1�xMnxTe.

In well studied III-V FMS, such as (In, Mn)Sb and (Ga,

Mn)As, hydrostatic pressure experiments have demonstrated

that Tc can be enhanced by the exchange coupling

strength,7,8 in which the exchange energy Jpd scales with the

lattice constant (a3
o) as Jpd / a3

o, according to the Zener

model.9 At the same time, the pressure does not change the

carrier concentration density {in (In, Mn)Sb)} or rather

decreases it {in (Ga, Mn)As}.8 On the other hand, the issue

in achieving high Tc is more complicated in IV-Mn-VI FMS.

The understanding in the interplay among factors that influ-

ences Tc is far from complete. In this work, we present a

detailed magnetotransport study in tuning the Tc in

Ge0.7Mn0.3Te by hydrostatic pressure. The enhancement and

reduction of Tc is clearly observed within the pressure range

of 0–24 kbar. The study of Hall resistivity allows us to sepa-

rate its normal and anomalous components. The application

of pressure leads to a change in the band structure, which

affects directly the hole concentration. The behavior of car-

rier concentration and mobility as a function of pressure can

be analyzed from the normal Hall resistivity and longitudinal

resistivity, while the magnetic properties are manifested in

the anomalous Hall part. The factors that control the Tc are

analyzed using RKKY model.

II. EXPERIMENT

The Ge0.7Mn0.3Te films were grown by solid-source mo-

lecular beam epitaxy (MBE) directly on lattice-matched

BaF2 substrates at temperature of 250 �C using a stoichio-

metric GeTe effusion cell and elemental Mn and Te beam

flux sources under Te-rich condition. The thickness of the

film is �170 nm. The rock salt crystal structure was verified

using x ray diffraction, and the lattice constant was

determined to be 5.906 Å at ambient pressure. The Mn

composition xMn was determined by x ray photoelectron

spectroscopy, and magnetic properties were investigated by

a)Author to whom correspondence should be addressed. Electronic mail:
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a superconducting quantum interference device (SQUID)

magnetometer. The magnetotransport measurements were

performed on the sample with a van der Pauw configuration

in an Oxford Spectromag SM400 system, which was cus-

tom-designed for hydrostatic pressure measurement using an

easyCell30 module up to 24 kbar and in the temperature

range 2-200 K at applied field up to 7 T. The pressure was

determined using an in situ calibrated manganin manometer,

and pentane mixture was used as the pressure transmitting

medium.

III. RESULTS AND DISCUSSION

Figure 1 shows the temperature dependence of longitu-

dinal resistivity qxx(T) and field-cooled magnetization M(T)

at 100 Oe applied parallel to the plane. The convex M(T) is

well fitted to the Bloch’s law (M / T3=2), which is usually

expected for a homogenous FMS. The obtained Tc is 132 K

and agrees well with the temperature (TR) where qxx(T) is at

the minimum. In our previous studies, we have shown that

the low (T< TR) and high (T> TR) temperature qxx(T) upturn

can be ascribed to electron-electron scattering (r / T1=2)

and phonon scattering (r / T�3=2), respectively.10 A clear

magnetic anisotropy is shown in the inset of Fig. 1. The in-

plane direction displays the easy magnetization axis, and the

saturation magnetization per Mn ion is measured to be�1

lB/Mn at 4 K.

The magnetization properties can also be attained from the

Hall resistivity (qxy(H))11 as M ¼ qxy�RoH

cqn
xx

, where Ro is the ordi-

nary Hall coefficients, H is the magnetic field, M is the magnet-

ization, qxx is the longitudinal resistivity, and c is a constant.

We have set n¼ 1 in the case of skew-scattering. Figure 1

shows that the M-H loop measured by SQUID resembles quite

closely to that of qxy- H loop. In (In, Mn)Sb, the anomalous

part of the anomalous Hall effect (AHE) is not proportional to

the magnetization, but depends on field due to Berry-phase

effect.12 In our case, the anomalous part of AHE changes with

pressure. The ordinary Hall coefficient Roð Þ was determined

from the slope of AHE
dqxy

dH

���
H>1T

� �
in the high magnetic field

region where the ordinary Hall effect dominates. The hole con-

centration
�

po ¼ 1
Roe

�
and mobility

�
l ¼ 1

poqxxe

�
are obtained

to be 3:7� 1027m�3 and 39:8 cm2V�1s�1, respectively. The

Mott’s criterion
�

po > pc ¼
�

0:25
aH

�3

¼ 3:9� 1024 m�3
�

and

the products of kFk � 24� 27 > 1 indicate that the system is

in the metallic regime.

Figure 2(a) shows the qxx(T) curves at various pressures

(P). The shift in TR with pressure (P) denotes a corresponding

change in Tc. In view of the difficulty of identifying TR from

the broad minimum of qxx(T), we determine TR from the tem-

perature derivative of resistivity
dqxx

dT at the temperature-axis

intercept. We show in Fig. 2(b) that TR � Tcð Þ increases and

reaches a maximum at 160 K before it decreases with pres-

sure. Within the same pressure range, this parabolic behavior

of Tc differs from that of (In, Mn)Sb,7 (Sb, V)Te,13 and (Pb,

Sn, Mn)Te,14 where either an increase or decrease in Tc was

observed in a single sample. The inset of Fig. 2(b) shows that

qxx(T) decreases linearly at dq
dP � 3:2� 10�9X�m=kbar. We

note the resistivity as a function of pressure is an intrinsic

property of GeMnTe, given the fact that BaF2 substrate is

highly insulating and, thus, it does not influence the results.

We have previously reported the pressure effect of magneto-

transport in Ge1�xMnxTe (xMn � 0:1).10 Here, we recollect

that the M-T curve shows a concave behavior, which indicates

a short-range ferromagnetic order. The Tc only exhibits a

FIG. 1. (Color online) Temperature dependence of resistivity
�
qxxðTÞ

�
and

field-cooled magnetization at 100 Oe. The solid line is fitted to Bloch’s law

(M / T3=2). The inset shows the hysteresis loops measured in-plane (Mjj)

and out of plane (M?) to the sample and the qxy- H loop at 5 K.

FIG. 2. (Color online) (a) qxxðTÞ measured at various pressures up to 24

kbar. (b) Pressure dependence of TR. The inset shows the qxxðTÞ measured at

4 K, 120 K, and 150 K.
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linear increase with pressure. The monotonic increase in

Jpd � 0:19 meV=kbarð Þ is small, which can be attributed to

the large average-spacing between Mn ions (Rave � 0:81nm),

and there is no reduction in Tc with pressure up to 20 kbar.

Figure 3 shows the Hall resistivity qxy(H) measured at 4

K with various pressures. The hole concentration and mobil-

ity as functions of pressure can be obtained from qxy(H), as

shown in the inset of Fig. 3. The increase in the hole concen-

tration (dpo

dP � 8:5� 1025 m�3=kbar) and the decrease in

mobility with pressure can be explained using a two valence

band (VB) model.15,16 A schematic diagram of the two

valence band structure is illustrated in Fig. 4. At a hole con-

centration of 3:7� 1027 m�3, the Fermi level (EF) lies inside

both the L and
P

bands.17 The effect of pressure shifts theP
band upwards and thus descends EF further into the va-

lence bands. This results in an increase of light holes and

heavy holes density from L and
P

band, respectively. The

contribution of the heavy holes is predominant due to the

large effective mass of these carriers at the
P

band, which

leads to a decrease in the overall mobility. This scenario has

also been observed by T. Story et al.18 in (Pb, Sn, Mn)Te,

especially for those samples with higher hole concentrations.

Nonetheless, the increase in carrier concentration dominates

over the reduction in mobility, which leads to an overall

decrease in qxx(T) with pressure. The magnetization deduced

from qxy(H) indicates a slight increase in the effective mag-

netic moment, contributed by the Mn ions at pressure lower

than 11 kbar, followed by a decrease at higher pressure, as

shown in the inset of Fig. 3.

The prima facie experimental observation in the

increase of Tc seems to indicate an increase in carrier con-

centration, as observed in most carrier-mediated FMS.1,5 It is

known that the increase in carrier concentration can also lead

to the suppression in Tc due to the frustration induced by

RKKY oscillation when po

ni
>> 1,19 where ni ¼ 4xMn

a3
o

is the im-

purity concentration. However, in our case, the po at the

maximum P of 24 kbar is �5:4� 1027 m�3, which gives a

value of po

ni
� 0:9. Thus, the frustration induced by RKKY os-

cillation does not fully explain the decrease in Tc beyond 11

kbar.

In order to explain the change in Tc with pressure, we

take into account a two VB model, where Tc can be

expressed as

TC ¼
2xMnS Sþ 1ð Þ

3kB
vLIL þ vRIR½ �; (1)

where S¼ 5/2 is the Mn spin, vL ¼ 4 and vR ¼ 12 are the

number of valleys in the L and
P

band, respectively, and IL

and IR are the RKKY exchange integral contributions from

magnetic ions interacting with free hole carriers from the VB

and can be expressed as18

I ¼ m�ð Þ a2
o

29p3�h2

� �
2kFaoð Þ4J2

pd

X
ij

zijF 2kFRij

� �
e�Rij=k; (2)

where Jpd is the exchange integral between holes and Mn

ions, Rij ¼ ao

ffiffi
i
2

q
is the distance between Mn ion site i and j,

zij is the number of nearest neighbors in the Rij range, and

F 2kFRij

� �
¼ sin 2kFRij�2kFRij cos 2kFRij

2kFRijð Þ4

 �

is the oscillatory spatial

function. For a fixed xMn, the main factors that affect Tc in

Eq. (2) are ao; kF; Jpd; and F 2kFRij

� �
. The effect of pressure

directly leads to a decrease in ao, which can be determined

from the bulk modulus (B) of Ge1�xMnxTe. We assume

the B value is the same as that of GeTe, i.e.,

B ¼ �V dP
dV ¼ 510 kbar, where V is the volume of the unit

cell. The corresponding ao value at each pressure is shown at

the top axis of Fig. 5. Additionally, pressure suppresses

F 2kFRij

� �
for both the light holes (pL) and heavy holes (pR).

The F 2kFRij

� �
function can be observed to shift toward a

smaller Rave, where Rave � 0:55 nm is the average distance

between Mn ions, as shown in the inset of Fig. 5 (vertical

dash line). We observe that the F 2kFRij

� �
function is domi-

nated by heavy holes from the
P

band, since heavier carrier

leads to a more critically damped and larger magnitude of

F 2kFRij

� �
. On the other hand, kF value increases with pres-

sure due to the increase in po. Taking all these factors into

consideration, we can calculate the Jpd as a function of pres-

sure, which is depicted in Fig. 5. Interestingly, Jpd correlates

well with the trend of Tc as a function of pressure. For a fixed

value of Jpd � 70 meV, we would only expect Tc to decrease

gently at P> 28 kbar, as shown by the dashed line in Fig. 5.

While the change in Tc can be attributed to competing effects

between kFð Þ4 and aoð Þ6 F 2kFRij

� �
, they seem to be domi-

nated by the effect of Jpd

� �
2.

FIG. 3. (Color online) Pressure dependence of qxyðHÞ. The insets show the

mobility, hole concentration, and mB/Mn measured at 4 K.

FIG. 4. (Color online) A schematic diagram of a two valance band structure.

The dashed line represents the upward shift of the
P

valence band as

pressure increases.
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The increase in Jpd can be ascribed to the dependence of

p-d hybridization energy on the bond length.2 A total of

1.7% reduction in the lattice constant is expected at P � 24

kbar, and Rave also decreases accordingly. We note that the

lattice constant (ao) of Ge1�xMnxTe decreases linearly with

xMn,20 and a maximum Tc is usually observed at xMn � 0:5
for the same carrier concentration.3,4,6 Thus, the decrease in

ao by pressure in a given sample shares the similar effect of

having a higher xMn. As Rave further decreases, antiferromag-

netic superexchange interaction becomes apparent and com-

petes with RKKY indirect-exchange coupling between Mn

ions. The antiferromagnetic superexchange is that of the

Anderson-type superexchange interaction between Mn cati-

ons via Te anions. Thus, the superexchange is strongly de-

pendent on the cation-anion distance. The cation-anion

distance (d) for a rock-salt structure is 0:5 ao. It has been

observed in IV-VI compound magnetic semiconductors that

a small difference in d can lead to a change of superexchange

interaction (Jse) parameter by an order of magnitude or

more. It is known that Jse scales as (1/d16).21 Thus, a

decrease in the lattice constant of 1.7% can translate to an

increase in the antiferromagnetic superexchange of 27%.

The result is significant enough to decrease Jpd by� 10%.

Hence, we observed a decrease in Jpd as ao shrinks beyond

0:587 nm.

We would like to make a final remark on the effects of

pressure on the present sample, with xMn¼ 0.3 and sample

xMn¼ 0.1 in Ref. 10. The increase in Tc with pressure for

both samples is due to the increase in carrier concentration

and exchange interaction between Mn ions and hole carriers.

The increasing pressure causes the lattice constant to become

smaller. A smaller lattice constant will enhance Jpd, which

depends on the bond length. However, a smaller lattice con-

stant also increases the Jse between Mn ions via Te anions.

This effect is more severe in xMn¼ 0.3 sample due to a

higher Mn concentration. In xMn¼ 0.1 sample, the Tc

increases monotonically with pressure, while in xMn¼ 0.3

sample, the Tc changes parabolically as Jse becomes more

significant at high pressure. Additionally, the xMn¼ 0.3 sam-

ple has a higher hole carrier concentration, and this causes

the EF to move further below the valence band, as compared

with the xMn¼ 0.1 sample. The effect of pressure elevates

the
P

valence band, which allows more hole carriers to fall

within the EF. Thus, the increment of hole carriers for

xMn¼ 0.3 is more than that for xMn¼ 0.1. This also leads to a

larger slope (2.5 K/kbar) for the xMn¼ 0.3 sample.

IV. CONCLUSION

We have measured the magnetotransport properties as a

function of pressure on Ge1�xMnxTe. While the carrier con-

centration increases linearly with pressure, the longitudinal

resistivity and carrier mobility both decrease with pressure.

The exchange interaction correlates well with the behavior

of Tc with pressure using the RKKY and two valence band

models.
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P. Lošťák, Appl. Phys. Lett. 91, 122506 (2007).
14T. Suski, J. Igalson, and T. Story, J. Magn. Magn. Mater. 66, 325 (1987).
15F. Herman, R. L. Kortum, I. B. Ortenburger, and J. P. Van Dyke, J. Phys.

Colloq. 29, C4-62 (1968).
16J. E. Lewis, Phys. Status Solidi B 59, 367 (1973).
17N. V. Kolomoets, E. Ya. Lev, and L. M. Sysoeva, Sov. Phys. Solid State 6,

551 (1964).
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