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We have performed magnetotransport studies on p-type Ge0.7Mn0.3Te under hydrostatic pressure.

The magnetoresistance (MR) is characterized by both positive and negative contributions, which

can be described by the antilocalization and weak localization models, respectively. We report the

temperature and pressure dependence of the spin-orbit, elastic and inelastic scattering times, as

well as the coherence length in Ge0.7Mn0.3Te. The spin-orbit scattering time is found to be

independent of pressure and temperature and it dominates over the inelastic scattering time leading

to the observed positive MR. The phase coherent length is correlated to the inelastic scattering

which is predominately due to electron-electron scattering. VC 2011 American Institute of Physics.

[doi:10.1063/1.3669492]

I. INTRODUCTION

Magnetotransport studies of ferromagnetic semiconduc-

tors (FMSs) have served as direct and convenient means of

probing the electronic and magnetic properties of the

material.1–5 Magnetization is often manifested in the anoma-

lous Hall term of the Hall resistivity which may arise from

scattering processes involving the spin-orbit coupling such as

side-jump and skew scattering.6 Additionally, the strong spin-

dependent coupling between the carriers and the localized

magnetic states often leads to the giant spin splitting of elec-

tronic states and spin-disorder scattering which affects the

electronic transport and resulting in positive and negative

magnetoresistance (MR).7 In widely studied FMS, such as II-

Mn-VI (Cd1�xMnxTe and Zn1�xMnxO),1,2 the weak-field posi-

tive MR has been attributed to the giant spin splitting of the

electron states that affects quantum corrections to the conduc-

tivity due to the disorder modified electron-electron interac-

tions while the negative MR at higher field is associated with

the suppression of magnetic fluctuations leading to formation

of bound magnetic polarons. In the case of III-Mn-V FMS

(Ga1�xMnxAs),3 weak-field positive MR is not observed as the

hole states are already spin polarized in the absence of mag-

netic field and its negative MR can be quantitatively described

by the weak-localization orbital effect. In In1�xMnxAs, the

negative MR is due to spin-dependent scattering of carriers in

the impurity band by localized magnetic moments.4 Recent

magnetotransport studies on In1�xMnxSb also show that the

positive MR can be described by a two band model in which

the bands consist of spin-split hybridized p-d subbands.5

Although carrier mediated ferromagnetism8,9 and anom-

alous Hall effect (AHE)10,11 have been observed in IV-Mn-

VI FMS, such as Ge1�xMnxTe, magnetotransport studies on

this material have been limited. In contrast to III-Mn-V

FMS, where Mn is both the source of localized magnetic

moment moments and free carriers, Mn2þ incorporated in

Ge1�xMnxTe is isoelectronic to Ge and free carriers are only

contributed by Ge vacancy and defects. Additionally, ferro-

magnetism in Ge1�xMnxTe is attributed to Ruderman-Kittel-

Kasuya-Yosida (RKKY) interaction owing to the deep

positioning of the 3 d states of Mn in the valence band

(VB).12 Here, we present the results of the magnetotransport

measurements on p-type Ge0.7Mn0.3Te thin films. The tem-

perature dependent of Hall resistivity measurement shows

that the sample is degenerate and the Curie temperature (Tc)

determined from the magnetization measurement is 132 K.

We have previously established that the effect of pressure

causes an enhancement of Tc in Ge1�xMnxTe.13 The sample

is subjected to hydrostatic pressure to induce changes in the

Tc as well as scattering properties, which in turn affects the

MR results. A detailed discussion of Tc dependent on pres-

sure can be found in Ref. 14. Fundamentally, MR can be

ascribed to the consequence of the scattering of carriers in

response to a field perturbation. This scattering is due to the

relative contributions from elastic (s�1
e ), inelastic (s�1

ie ), spin-

orbit (s�1
so ), and magnetic scattering (s�1

s ) processes (i.e.,

s�1 ¼ s�1
e þ s�1

ie þ s�1
so þ s�1

s ). We analyze the positive MR

using the model proposed by Fukuyama and Hoshino,15

which we are able to obtain the temperature and pressure de-

pendence of inelastic and spin-orbit scattering times. On the

other hand, the negative MR is analyzed using the model

developed by Kawabata16 and Altshuler and Aronov,17

where the temperature and pressure dependence of the phase

coherent length can be acquired. We show that both analyses

are consistent and lead to the conclusion that inelastic scat-

tering at low temperature is predominately due to electron-

electron scattering.

II. EXPERIMENT DETAILS

The measurements were performed on a 170 nm thick

p-type Ge0.7Mn0.3Te film. The film was grown by the solid-

source molecular beam epitaxy (MBE) directly on lattice-

matched BaF2 substrates at temperature of 250 �C using a

stoichiometric GeTe effusion cell and elemental Mn and Tea)Electronic mail: eleteokl@nus.edu.sg.
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beam flux sources under Te-rich condition. The intended Mn

composition was achieved by controlling the flux ratio of

GeTe and Mn fluxes. The Mn composition was confirmed

using the x-ray photoelectron spectroscopy. The magnetic

properties were investigated by a superconducting quantum

interference device (SQUID) magnetometer. The magneto-

transport measurements were performed on the sample with

van der Pauw configuration in an Oxford Spectromag

SM400 system, which was custom-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 Tesla. 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

In FMS, the Hall resistivity (qxy) can be described as the

sum of normal Hall contribution (qo) due to Lorentz force

and anomalous Hall term (qAH) that is proportional to the

magnetization (M),

qxy ¼ qo þ qAH ¼ RoH þ RsM;

M /
qxy � RoH

qn
xx

; (1)

where H is the magnetic field, qxx is the longitudinal resistivity,

n¼ 1 (for skew-scattering), and n¼ 2 (for side-jump), Ro and

Rs are the ordinary and anomalous Hall coefficients, respec-

tively. Figure 1 shows the temperature dependence of Hall re-

sistivity (qxy Tð Þ). The qAH can be observed to dominate over

qo at low magnetic field (H) for T< 140 K after which qxy Tð Þ
becomes linearly dependent of B. This result is in agreement

with the magnetization measurement which shows that the

Tc� 132 K.14 As temperature approaches Tc, the effect of qAH

diminishes and qxy ffi RoH. The linear dependence of

qxy � RoH
� �

=qxx with the magnetization (measured from

SQUID) is verified in the inset of Fig. 1. The hole concentra-

tion, po ¼ 1= Roeð Þ and mobility, l ¼ 1= poqxxeð Þ were

obtained from Ro, which can be determined from the slope of

qxy, (dqxy=dH
��
H>1T

) at high H region where the ordinary Hall

effect dominates. However, we note that for T > Tc, the values

obtained are approximates due to the paramagnetic effect. The

behavior of hole concentration (po Tð Þ) and mobility (l Tð Þ) as

a function of temperature is also shown in the inset of Fig. 1.

In order to ascertain the conduction regime of the sample, we

analyzed the product kFk, where kF ¼ 3p2p=vð Þ1=3
is the

Fermi wave number (v is the number of valleys) and

k ¼ �hkFl=e is the mean free path. The value obtained for

kFk� 25 indicates that the system should behave like metal.

In the metallic regime, especially for disordered elec-

tronic systems, single-particle and many-body quantum inter-

ference effects are associated with localization.18 It is also

known that weak localization occurs in these systems at very

low temperatures and it manifests itself as a quantum correc-

tion to the conductivity in metal or semiconductor. Addition-

ally, in the weak localized regime, where kFk > 1, positive

MR (antilocalization effect) is originated from giant splitting

of electron state and spin-orbit scattering effects, which lead

to destructive interference and reduces the probability of elec-

trons forming closed paths (i.e., weak localization effect).19

However, since magnetic field suppresses localization effect,

negative MR is often observed at high magnetic field.

The MR measurements on Ge0.7Mn0.3Te reveal the pres-

ence both positive and negative components. A cross-over

between antilocalization and localization at T¼ 4 K is

observed at H¼ 0.2 T, where Dq ¼ 0. We analyzed the posi-

tive MR using the model proposed by Fukuyama and Hosh-

ino.15 The model considers the effects of Zeeman splitting

and spin-orbit interaction on MR in three dimensional disor-

dered systems in the weakly localized regime as

Dq
q
� �Dr

r

¼ �qA

ffiffiffi
h
p

f
1þ t

h

� �
þ 1

2

ffiffiffiffiffiffiffiffiffiffiffi
h

1� c

s
f

tþ
h

� 	
� f

t�
h

� 	n o
� 1ffiffiffiffiffiffiffiffiffiffiffi

1� c
p

ffiffiffiffiffi
t�
p
�

ffiffiffiffiffi
tþ
p� �

þ
ffiffi
t
p
�

ffiffiffiffiffiffiffiffiffiffi
tþ 1
p

2
6664

3
7775;
(2)

where A ¼
ffiffi
3
p

e2

2p2k�h

ffiffiffiffi
se

sso

q
, h ¼ k

kB

� 	2
sso

3se

� 	
, t ¼ sso

4sie
, c ¼ glBHsso

2�h

� �
,

t6 ¼ tþ 1
2

16
ffiffiffiffiffiffiffiffiffiffiffi
1� c
p

ð Þ, kB ¼
ffiffiffiffi
�h

eH

q
is the magnetic length, and

se, sie, and sso are the elastic, inelastic, and spin-orbit (s-o)

scattering times, respectively. The g is the Landé factor and

f xð Þ¼
P1

N¼0 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nþ1þx
p

�
ffiffiffiffiffiffiffiffiffiffiffi
Nþx
p� �

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nþ 1

2
þ x

q� 	�1

 �

is Kawabata’s function.16 Considering a metallic system and

using the Drude relation for the conductivity, we assume that the

elastic scattering time se¼ m�k
�hkF

and m� is the hole effective mass.

Since the hole concentration is relatively high �1027 m�3, we

would expect the Fermi level to intercept both the L and R va-

lence bands.20 Thus, by considering a two VB model, Eq. (2)

can be re-expressed

Dq
q
¼ vL

DqL

qL

þ vR
DqR

qR
; (3)

where vL ¼ 4 and vR ¼ 12 are the number of equivalent val-

leys in the L and R valence bands, respectively.

FIG. 1. (Color online) Temperature dependence of Hall resistivity (qxy(T)),

(top left inset) mobility (open symbols), and hole concentration (close sym-

bols). The bottom right inset shows the linear dependence of magnetization

with (qxy-RoH)/qxx.
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We shall first discuss the effects of pressure (P) on the

positive MR at T¼ 4 K. The curve fittings at each pressure

are depicted as solid lines in Fig. 2, with sie and sso as fitting

parameters. The pressure (P) dependence of sie Pð Þ, sso Pð Þ,
and se Pð Þ are shown in Fig. 3(a). We have also plotted the

inelastic scattering time sie � ðPÞ obtained from the weak

localization model (negative MR), which shall be discussed

later. We denote it as sie� to differentiate it from sie obtained

from the antilocalization effect (Eq. (2)). The magnetic scat-

tering time is estimated to be ss� 10�9 s using the equation

proposed by Amaral,21 with an exchange integral of 70 meV

obtained for our sample at T¼ 4 K.14 Since ss is an order of

magnitude larger than sie, we expect the magnetic scattering

to play a minor role in the scattering process. We observe sso

to be independent of pressure and lower in magnitude than

that of sie as well as sie� for all applied pressure. This indi-

cates that the s-o scattering is dominant at 4 K. On the other

hand, an increase in sie by an order of magnitude is observed

as pressure is raised from 0 to 10 kbar and subsequent

increase in pressure causes sie to gradually decrease. This

feature corresponds well with the observed enhancement of

positive MR for P< 11 kbar in Fig. 2 as s-o scattering

becomes more dominant over inelastic scattering. The initial

increase in sie could be attributed to an effective screening of

Coulomb interactions as more carriers are introduced with

increasing pressure.

Figure 4 shows the temperature dependence of MR at

low field. A transition from positive to negative MR can be

observed at temperatures between 80 and 100 K. We note

that this transition does not coincide with the ferromagnetic-

paramagnetic transition and thermal effect could have

assisted the suppression of localization at low field. The solid

lines in Fig. 4 show the curve fitting using Eq. (3). The tem-

perature dependence of sieðTÞ and ssoðTÞ obtained from the

fitting as well as seðTÞ and sie � ðTÞ are shown in Fig. 3(b).

The sso dominates over sie (or sie�) at temperatures below

100 K. Both sso and se are relatively indifferent to tempera-

ture with sðTÞ / T�n (n< 0.05) as compared to sieðTÞor

sie � ðTÞ (n¼ 0.24). We note that in PbEuTe, antilocalization

is also observed at weak-field and ssoðTÞ< sieðTÞ at T> 5 K

leading to positive MR enhancement. Additionally, the

sieðTÞ is found to scale with T�2:2 which was attributed to

electron-phonon scattering mechanism.22

The inelastic scattering can be attributed either to

electron-electron (se�e) or electron-phonon (se�p) scattering

mechanisms. Here, the electron-electron (e-e) scattering

actually refers to hole-hole interactions in our p-type

Ge0.7Mn0.3Te. We keep the notation se�e to mean the hole-

hole scattering. We note that the temperature dependence of

inelastic scattering, as shown in Fig. 3(b), does not favor the

electron-phonon scattering mechanism as we would expect a

T�2 dependence.23 The e-e scattering is thus likely to be the

dominant mechanism in inelastic scattering. This is not sur-

prising due to the high carrier concentration present in

Ge0.7Mn0.3Te.

In the presence of a strong magnetic field, the localiza-

tion of carriers are suppressed which results in negative MR.

For sH > sso, the coherent interference is destructive. Here,

sH ¼ �h= 4eDHð Þ and D ¼ v2
Fse=d

� �
is the diffusion con-

stant.23 However, for sH < sso, the phase coherence of two

partial wave is destroyed, leading to Dq < 0. The cross-over

from positive to negative MR occurs at H � 0:2 T, where we

have obtained sH � sso � 2� 10�11s. In the case of negative

MR, we analyzed it using the model developed by Kawa-

bata16 and Altshuler and Aronov17 for kFk	 1 (weak

localization),

Dq
q
� �Dr

r
¼ � qð Þ e2

2p2�h

� �
fo

kB

� �
f

�h

4eH

1

L2
U

� �� �
; (4)

FIG. 2. (Color online) Pressure dependence of weak-field MR at 4 K. The

solid lines are curve fitting using Eq. (3).

FIG. 3. (Color online) (a) Pressure and (b) temperature dependence of

inelastic (sie and s�ie), spin orbit (sso), and elastic (se) scatterings.

FIG. 4. (Color online) Weak-field MR at various temperatures. The solid

lines are curve fitting using Eq. (3).
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where fo is a fitting parameter which relates to the valley occu-

pations and inter-valley scattering rates and LU is the phase

coherence length. The additional prefector a of the positive

MR due to Lorenz force, Dq ¼ aH2, gives a better curve fit-

ting. However, typical values of a are small (�10�5 XmT�2).

The curve fittings of negative MR at each pressure are repre-

sented as solid lines in Fig. 5. The inset shows the obtained

LUðPÞ increases linearly with pressure up to �14 kbar before

it begins to saturate. The initial rise of LU is likely to be due to

the increase in kFk with pressure, which suggests a reduction

in disordering in the system. The saturation of LUðPÞ coin-

cides with the pressure where the exchange integral is near the

maximum.14 Thus, the effect of magnetic scattering could be

one of the phase breaking mechanisms which opposes any fur-

ther increase in LUðPÞ. Additionally, we have observed an

increase in inelastic scattering (sie or s�ie) as pressure increases.

As such, the saturation of LUðPÞ could be due to phase break-

ing mechanism from the combined effects of magnetic scatter-

ing and enhanced e-e scattering at higher pressure. We note

that LU value is notably smaller than that obtained for

Ge1�xMnxTe (x¼ 0.1) in Ref. 13. This is possibly also due to

a higher carrier concentration in the present case, which

increases the e-e scattering that break the dephasing time.

The inelastic scattering leads to random fluctuations

which limit quantum interference necessary for localiza-

tion.24 Given that sie 	 se, the electron can diffuse a

distance

LU ¼
ffiffiffiffiffiffiffiffiffi
Ds�ie

p
(5)

between dephasing inelastic collision where d ¼ 3 for 3-D

case. The contributions of holes from both the L and R
valence bands should be taken into account when determin-

ing the value of D. We would expect the heavier hole to be a

dominating factor. From Eq. (5), we can obtain the inelastic

scattering times from L/ as

s�ie ¼
L2

Ud

v2
Fse

: (6)

The calculated s�ieðPÞ as a function of pressure, using Eq. (6),

is shown in Fig. 3(a). We note that s�ie coincides with sie only

at ambient pressure but deviates as pressure increases. In

principle, we should expect only one single inelastic scatter-

ing time parameter, i.e., s�ie or sie. However, we note that s�ie
and sie are obtained from the curve-fitting of MR based on

two different models at different H field regime. On the other

hand, we have seen that the temperature dependence of

s�ieðTÞ and sieðTÞcorrelate well based on the two models

(Fig. 3(b)), within the experimental error bar.

In the case of pressure effect, the deviation of s�ie and sie

(except at ambient pressure) values can be explained by the

effective Coulomb screening between carriers. The Coulomb

potential due to the screening effect can be expressed as25

Vs r
*
� 	
¼ q2

4pjoeor
exp �q

*

s 
 r
*

� 	
; (7)

where jo is the dielectric constant, eo is the permittivity of

free space, r is the distance between holes, and

qs ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3q2p= 2joeoEFð Þ

p
(p is the carrier density and EF is the

Fermi energy) is the inverse of the screening length for degen-

erate semiconductor. The effect of pressure reduces the lattice

constant a, which affects r in a similar way. In our case, we

see a reduction of a by 1.7% for P¼ 24 kbar. We have also

observed a corresponding increase in the p and EF of 52% and

32%, respectively.14 This results in an overall increase of the

damping term in Eq. (7) which is a consequence of the screen-

ing effect and hence a relatively lower Coulomb potential is

felt between carriers. This could explain the initial increase in

sie as pressure increases. On the other hand, this screening

effect is weakened at high field owing to the increase in EF

due to Zeeman splitting. The effect is stronger in s�ie obtained

from the weak localization model (at high fields) as compared

with sie from the antilocalization model (at a much lower

field). This may account for the deviation between s�ie and sie.

Figure 6 shows the temperature dependent of MR. The

solid lines depict the fitting of negative MR using Eq. (4) for

T¼ 4, 10, 40, and 80 K. The fitted parameter LUðTÞ as a

function of temperature is shown in the inset of Fig. 6. The

value of LU at T¼ 100 K was obtained from the fitting of

FIG. 5. (Color online) Pressure dependence of high field MR at 4 K. The

solid lines are curve fitting using Eq. (4). The inset shows the variation of

phase coherent length with pressure.

FIG. 6. (Color online) High field MR at various temperatures. The solid

lines are curve fitting using Eq. (4). The inset shows the temperature depend-

ence of the phase coherent length.

113916-4 Lim et al. J. Appl. Phys. 110, 113916 (2011)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

137.205.50.42 On: Wed, 16 Sep 2015 12:52:03



negative MR at low field. We note that LU does not change

much for T< 80 K. This saturation could be due to the pres-

ence of magnetic impurities or a change in the effective

dimensionality of the system.16 Altshuler et al.26 predicts a

LUðTÞ / T�3=4 behavior for the phase-breaking mechanism

due to e-e interactions in the 3-D case. The grey solid bar in

Fig. 6 is a theoretical prediction of LUðTÞ ¼ aT�3=4, where

the constant a is related to the effective dimensionality of the

system and its value varies from 8� 10�7m=K to

1� 10�6m=K. We observed that the values of LUðTÞ
obtained from the negative MR fitting is in good agreement

with the theoretical prediction. This supports the notion that

the inelastic scattering is dominated by e-e scattering

mechanism.

IV. CONCLUSIONS

The results from Hall resistivity measurements of p-type

Ge0.7Mn0.3Te show that the system is in the metallic regime.

Both antilocalization and weak localization are evident from

the magnetoresistance results. The spin-orbit scattering time

is the dominant mechanism and is independent of pressure

and temperature. The phase coherent length is associated

with the e-e scattering and found to increase with pressure

but saturates at high pressure due to the increase in effective

scattering rate.
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