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Abstract: Ferromagnetic semiconductor Ga;_,Mn,As,_,P, thin films go through a metal-insulator transition at low temperat-
ure where electrical conduction becomes driven by hopping of charge carriers. In this regime, we report a colossal negative mag-
netoresistance (CNMR) coexisting with a saturated magnetic moment, unlike in the traditional magnetic semiconductor Ga;_,M-
n,As. By analyzing the temperature dependence of the resistivity at fixed magnetic field, we demonstrate that the CNMR can
be consistently described by the field dependence of the localization length, which relates to a field dependent mobility edge.
This dependence is likely due to the random environment of Mn atoms in Ga;_,Mn,As,_,P, which causes a random spatial distri-
bution of the mobility that is suppressed by an increasing magnetic field.
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1. Introduction

Electronic transport studies of carrier localization provide
a powerful tool for understanding doped disordered
systemsl! 2. At low temperatures, transport in such systems
can occur through one of two processes. The first is the
nearest-neighbor hopping (NNH), where a charge carrier
hops from an occupied dopant impurity site to the nearest va-
cant impurity site. The second, referred to as variable-range
hopping (VRH), occurs when there exists a path from an occu-
pied dopant site to a vacant site at an optimum hopping dis-
tance that is further than the nearest unoccupied dopant site,
but involves a lower energy barrier than the nearest unoccu-
pied site3l, That optimum distance is determined by a
tradeoff between the spatial and energy penalties in the trans-
ition between the localized states involved. The temperat-
ure dependence of the longitudinal resistivity in the hop-
ping regime in the absence of interactions is described by
the Mott VRH mechanism!, with In[p (T)] ~ (To/T)""“"", where
dis the dimensionality of the system. Disorder-induced localiz-
ation can reduce charge screening, making the Coulomb inter-
action between charge carriers important to consider. In this
regime, the interplay between disorder and interactions
makes the physics of electron transport more intriguing.

Efros and Shklovskii (ES) noted that a soft energy gap
will open at the Fermi level when long-range Coulomb interac-
tions between charge carriers are included. The density of
states at the Fermi level then vanishes, and the temperature
dependence of the resistivity can be described by the so-
called Efros-Shklovskii variable range hopping (ES-VRH) mech-
anism® 8, In[p ()] ~ (To/T)"?, independent of dimensionality.
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Nearest neighbor hopping, variable range hopping, and re-
lated effects such as metal-insulator transitions, have been ex-
tensively discussed in many recent studies of disordered sys-
tems!®-131. These observations have contributed significantly to-
ward a better understanding of localized states at different en-
ergy levels within the band gap.

However, although it has been extensively studied in semi-
conductors with low doping, in insulating oxides(' and in
some glass-like systems['%], the physics of localization re-
mains poorly understood in semiconductors exhibiting mag-
netic order. Ga;_,Mn,As has long been known to exhibit a met-
al-insulator transition driven by Mn doping, but only at dop-
ing concentrations that are sufficiently low to weaken the
ferromagnetic exchange interactionl'®l, Systems exhibiting an
independent tuning of this transition and of the magnetic
states are rare and generally limited to highly disordered and
amorphous magnetic insulators. Our development of the
magnetic semiconductors Ga;_/Mn,As,_ P, that can retain a fer-
romagnetic state across the metal-insulator transition en-
ables studies of this physics in the presence of magnetism. In
recent studies carried out on a series of ferromagnetic semi-
conductor Ga;_Mn,As,_,P, alloys with high phosphorus con-
tent we have observed that the number of itinerant holes
(i.e, holes that contribute to the Hall effect) is significantly
lower than the total hole concentration'7). A large fraction
of holes arising from Mn acceptors is thus localized at the
acceptor sites. Such localization increases with increasing con-
centration of phosphorus y. As we vary the properties of
Ga;_,Mn,As,_P, from metallic to this semi-insulating regime
by increasing the value of y, our studies of the anomalous
Hall effect (AHE) in this material show a clear transition from
AHE described by Berry curvature to one that is determined
by hopping!'sl.

In this work, we show that the conductivity of magnetic
semiconductors that approach the insulating regime but re-
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Table 1. Properties of Ga;_Mn,As ;9P 5, films.

Ga;_Mn,As,_P, X y Curie temperature (K) Magnetization (emu/cm3) Thickness (nm)
S1 0.06 0.21 40 23.9 47.2
S2 0.04 0.21 28 13.1 62.5
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Fig. 1. (Color online) (a) Magnetization versus magnetic field measured at T= 5 K with magnetic field applied along the out-of-plane direction in
Gag 94Mngo6ASy 70Po21- pxy/pf);4 at 5 K is also plotted for comparison. Inset: Temperature dependence of magnetization measured along the out-

of-plane [001] axis at B=2 mT. (b) Resistivity of S1 (GaggsMng6ASo.70P0.21) and (c) that of S2 (Gagg4sMnggsASsg 79Pg21) at several temperatures with

magnetic field applied along the [001] axis.

main ferromagnetic show a crossover between NNH and VRH
conduction that is driven by magnetic field. A colossal negat-
ive magnetoresistance develops through this crossover, driv-
en by the changing localization length. Our analysis employs
the temperature dependence of conductivity which we show
follows the NNH regime at zero magnetic field and the ES-
VRH scaling law at high magnetic fieldl. At low temperature,
we show that the changing conductivity versus temperature
at a fixed magnetic field yields a field dependent localization
length &, which drives the colossal magnetoresistance. The
field dependence of &, suggests that magnetic randomness
likely limits conductivity at very low temperatures in ferromag-
netic semiconductors.

2. Experimental details

Two Gai_MnAs, P, films used for this study were
grown on GaAs (100) semi-insulating substrates by low
temperature molecular beam epitaxy (MBE)!'® 20, The Mn con-
tent x of the two films is 0.06 and 0.04; while the phosphor-
ous mole fraction y is 0.21 in both films. In what follows we
will refer to the two specimens as S1 and S2, respectively. Man-
ganese and phosphorus concentrations, film thicknesses,
Curie temperatures, and saturation magnetizations of speci-
mens were determined by high resolution X-ray diffraction
and SQUID magnetometry using a quantum design MPMS XL
system(20], Table 1 summarizes the Mn and P concentrations,
thicknesses, magnetizations, and Curie temperatures of the
two Ga;_Mn,As;_ P, films. Six-point Hall measurements were
used for measuring the longitudinal and transverse resistivit-
ies of the films, with the long dimension (the current direc-
tion) along the [110] orientation of the GaAs substrate. Meas-
urements of longitudinal and Hall resistivities were per-
formed as a function of magnetic field B applied perpendicu-
lar to the sample plane and temperature T. We carried out
magnetotransport measurements in magnetic fields up to 16
T and at temperatures between 1.5 K and the Curie point.

3. Results and analysis

Temperature dependence of magnetization was meas-
ured with magnetic field applied perpendicular to the film
plane (i.e, along the [001] axis), showing Curie temperatures
of films S2 and S1 as 28 and 40 K, respectively. Hysteresis
loops of the two films measured at T = 5 K are shown in
Fig. S1 in Supplementary Materials. Magnetization measure-
ments performed up to 5 T shown in Fig. 1(a) on sample S1
confirm that at 5 K all Mn spins, including those involved in fer-
romagnetic and superparamagnetic orders(2Y, are fully satur-
ated at fields above 2 T. The magnetization remains finite
and large at zero magnetic field, confirming that the easy ax-
is of the sample is perpendicular to its plane.

Prior to transport measurements, the samples were
zero-field-cooled to the desired temperature. Fig. 1(a) shows
Py /Py Vversus magnetic field up to 12 T. It is noted that
in the “hopping” regime (p,, > 0.1 Q-cm), which corresponds to
properties of insulating ferromagnetic semiconductors!'é 22],
the dependence of p,, on p,, can be described experiment-
ally by the universal relation p,, o< py;*M. The curve p, /oy
thus reproduces the behavior of the magnetization, demon-
strating that the anomalous Hall effect is dominated by hop-
ping contribution('8 221, This is expected, given that the resistiv-
ity of these two samples reaches the high values of 40 Q-cm
for sample S1 and more than 5000 Q-cm for S2 at T < 1.5 K.
Figs. 1(b) and 1(c) shows the colossal change in resistance ob-
served at low temperatures for the two samples in question.
At 1.5 K and up to 30 K, the resistivity changes by more than
an order of magnitude for sample S1. This colossal change is
sustained up to 7 K in S2. Increasing temperature weakens
the magnetoresistance significantly (see Fig. S2(a) in Supple-
mentary Materials) and reduces the resistivity. Such colossal
negative magnetoresistance (CNMR) is often observed in dis-
ordered ferromagnets, in which it is most pronounced in the
vicinity of T2 24, In such case CNMR is often attributed to

XY Liu et al.: Colossal negative magnetoresistance from hopping in insulating ferromagnetic ......
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Fig. 2. (Color online) Resistivity of GaggsMng0sASe79Pg21 sample with magnetic field applied along the [001] axis. (a) Scaling of resistivity versus
1/T at different magnetic fields. (b) Scaling of resistivity versus T-72 at different magnetic fields.

electron scattering by fluctuating spins: The magnetic field in-
creases the effective field acting on the localized spins and sup-
presses the fluctuation of spins at phase transition, which
leads to the decrease of the resistivity. CNMR was also stud-
ied at low temperature in semi-insulating magnetic semicon-
ductors with a low Curie temperature, but the mechanism is
not fully understood!(2> 261,

The remainder of this manuscript elucidates the relation
of the CNMR with hopping transport mechanisms in Ga;_,-
Mn,As;_,P, where it coexists with a fully formed ferromagnet-
ic state. To carry this out, we study the temperature depend-
ence of the resistivity at different magnetic fields. Fig. 2(a)
presents a semilogarithmic plot of longitudinal resistivity
o(B,T) as a function of inverse temperature for temperatures
smaller than 10 K, measured on sample S1 at various fields B.
As discussed in the literaturel27-29, there are two basic hop-
ping conduction processes that we must now consider:
nearest-neighbor hopping (NNH) and variable-range hop-
ping (VRH). In the NNH regime, it has been shown that the con-
ductivity has the following temperature dependencel3%

(1)

T )-eew(3)
here WynH = kgT; is an energy separation between the local-
ized nearest-neighbor states. In the NNH conduction regime,
an electron (or in our case a hole) with an activation energy
of Wynn hops to the nearest empty site. Note that this activa-
tion is generally much smaller than the energy required for
thermally activated band conduction3". As shown in Fig. 2(a),
although the temperature dependence of p is consistent with
the NNH mechanism (dashed blue line) at 0 T, it deviates signi-
ficantly from this behavior when a magnetic field is applied.
Similar data for sample S2 are shown in Supplementary Materi-
als. Thus, we conclude that a different mechanism must oc-
cur at low temperatures.

The density of delocalized carriers for samples S1 and S2
was estimated from their Curie temperatures as 3.8 x 10"
and 2.4 x 10" cm3, respectively in an earlier publication['7],
These parameters lead to mobilities of 5.2 x 1076 and 4.1 x
1073 cm?/(V-s), respectively. These are extremely low values
compared to conventional semiconductors and metals, indi-
cating strong carrier localization, consistent with Mott's hop-
ping modelB2. The conductivity based on Mott hopping is giv-
en by33!

p= p1exp(

XY Liu et al.: Colossal negative magnetoresistance from hopping in insulating ferromagnetic

T\
p= poexp(7) ; 2)
where p, is a pre-exponential factor related to the resistivity
at high temperatures, Ty is a characteristic temperature that
is inversely proportional to the localization length and s = 1/4
in the absence of interactions, and s = 1/2 is the presence of
a Coulomb gap(®l. The latter comes from the ES-VRH model.

In Fig. 2(b), we plot the temperature dependence of In(p)
versus 1/T72 From that figure it is evident that the resistivity
follows the ES-VRH model at high magnetic field, but viol-
ates it at low field, below 7 T. We thus conclude the follow-
ing about the transport regimes present in our sample. At B
= 0 T, transport is dominated by the NNH mechanism.
Between 1 and 7 T, NNH and ES-VRH likely coexist. And
above 7 T, the ES-VRH mechanism is dominant.

The data plotted in Fig. 2 is replotted in Fig. 3(a) and is
shown along with a fit that takes into account the field-
dependent crossover between NNH and VRH. To resolve the
issue that no single conduction law satisfies the entire con-

ductivity curve at any magnetic field, we can express Eq. (2)
as[18, 34]:

T, 1/2
p=por'exp| ) 3)
Here T, has the same meaning as before, 1/T, should be pro-
portional to the localization length, 7* empirically accounts
for non-VRH contributions at low fields, and a is a nonuniver-
sal empirical constant that accounts for those contributions.
The results of fitting to Eq. (3) for Sample S1 are shown in
Figs. 3(b)-3(d), and for S2 in the Supplementary Materials .

As shown in Figs. 3(b) and 3(c), respectively, p, increases
with magnetic field, and parameter a exponentially decays as
a function of magnetic field, indicating that non-ES-VRH con-
duction (i.e, NNH conduction) diminishes as the field in-
creases, consistent with qualitative variation seen in Fig. 2(b).
In specific, at low field there is a competition between NNH
and ES-VRH, with the prefactor p, accounts for the com-
bined amplitude of the two contributions. At high field p, be-
comes large and tends to saturation, while the value of expo-
nent a becomes zero, indicating that ES-VRH dominates. In
this regime, p, represents the resistivity at high temperature.
Ty shown in Fig. 3(d) decreases with increasing magnetic
field. Ty is inversely proportional to the localization length
&% We therefore find that the localization length &, in-

......
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Fig. 3. (Color online) (a) Scaling of the resistivity versus T-172 at different magnetic fields for lower temperatures. The curves are fits of Eq. (3), and
(b), (c) and (d) show the field dependence of fitting parameters p,, aand T,. The red curve fits in (c) and in (d) have a decaying exponential form.

creases with magnetic field in the ES-VRH regimel27.36,
Generally speaking, conductivity in the NNH and VRH re-
gimes is given by!32:33]

= 0 = €RvonN (Er) ex —ﬁ—m
p= N i¥eh F p Eloc kBT,

(4)

where Rj is the hopping distance between sites i and j, vy,
the phonon frequency, N(E;) the Fermi density of states, &
the carrier localization length, and W the potential energy dif-
ference (effective hopping barrier) between hopping sites i
and j. If non-VRH contributions co-exist with VRH, the temper-

Wi

ature dependent term proportional to P

can play a deter-
mining role in the MR. When kgT is smaller than W, the
thermally activated carriers are no longer present to ensure
conductivity. In this case, the temperature dependence of
the resistivity relies on the variation of exp (—%), and the Eq.

(4) evolves into Eq. (3). When &, increases with increasing
field to a value that is much larger than the nearest-neigh-

bor hopping distance, exp (—;ﬁ) becomes dominant over
exp (—%) and we recover Eq. (2). This basic criterion was sug-

gested by Mott and DavisB3! in the absence of interactions,
but the same argument leads to Eq. (2), but with s = 1/2
when a Coulomb gap is present# 28],

In Fig. 4, we are able to rule out some possibility by ex-
amining the field dependent resistivity at higher between 10
and 30 K (T > T,) where NNH hopping is found to be domin-
ant. Fig. 4(a) clearly shows that p varies following Eq. (1) in
this temperature range. A fit using Eq. (1) yields T; ~ W; and

o~ R;jzexp(%). T, is nearly constant versus magnetic field,

while p, decreases by more than order of magnitude. The
fact that T; is constant in the NNH regime can be used to rule

out the presence of a field dependent Wj. From this we con-
clude that, the increasing localization length &, as the mag-
netic field increasesl?”. 361 can explain the observed CNMR
even in the NNH regime.

4. Discussion and remarks

At low temperatures the conductivity of Ga;_,Mn,As;_,P,
films with high phosphorus concentration y is determined by
hopping. In this regime, two different hopping mechanisms
can determine the conductivity: NNH and ES-VRH. When a
high magnetic field is applied (B > 7 T), at temperatures T <
T, ES-VRH becomes the dominant hopping mechanism in
samples studied in this paper. In both regimes, the CNMR is
driven by the field dependence of the localization length,
whose impact on p is exponential. In Fig. 3(d), we have
shown that T, decays with increasing field following a decay
function f{B) that drives the CNMR as:

p-on )"

(5)
Ty is inversely proportional to the localization length & for
ES-VRHIL, The physical meaning of the localization length &,
is defined by @ (R) ~ e /e the envelope function of the An-
derson localized state with energy E. It is known that
Eioc (Ef) o< (|Em — E|)™°, where E,, is the mobility edge, E the
Fermi level and the exponent v has a value close to 1537], The
behavior of T, thus indicates that the mobility edge be-
comes field dependent, which drives the CNMR.

In insulating ferromagnetic Ga;_,Mn,As;_ P, films the ran-
dom distribution of P atoms has two significant effects. It
leads to a spatial randomness of the valence band edge and
to local variations in magnetic anisotropy which is driven by
local lattice strain. A strong magnetic field suppresses local

XY Liu et al.: Colossal negative magnetoresistance from hopping in insulating ferromagnetic ......
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Fig. 4. (Color online) (a) Scaling of the resistivity versus 1/T at different magnetic fields at higher temperatures. The curves are fits to Eq. (1). (b)
Magnetic field dependence of fitting parameters p; and T;. (c) Logarithm scale of the magnetoresistance versus magnetic field fitted with a

Langevin function.

magnetic randomness, leading to a more uniform distribu-
tion of hopping sites, thus reducing the value of |E,, — E[38l.
The decay of |E,, — E;| will in this case follow a paramagnetic sat-
uration which leads to f(B) ~ e as seen in Fig. 4(c), keeping
in mind that the Langevin £(x) and Brillouin functions ap-
proach their asymptote exponentially. Despite the magnetiza-
tion saturating at low magnetic fields, this local randomness
of the anisotropy of the magnetic moment can thus drive the
CNMR. In Fig. 4(c), we show that the p (B) /p(B = 0) follows in-
deed Eq. (6) with f(B) = £(x) where x = BJgugB/kgT. More de-
tails of this fit and its results are shown in Supplementary Ma-
terial, its excellent agreement with the data confirming our hy-
pothesis.

5. Conclusion

In conclusion, we have provided a consistent physical pic-
ture that explains the colossal negative MR observed in Ga;_,-
Mn,As,_ P, at low temperature and the increase in resistivity.
These effects exist far away from the Curie temperature, in
samples that retain a strong ferromagnetic interaction, des-
pite their charge carriers entering into a strong localization re-
gime. Magnetic field thus lowers resistance as it suppresses
localization. A similar behavior has been ascribed to an increas-
ing localization length in magnetic II-VI semiconductors, but
for samples with a much lower charge density in the
quantum limit!39-41. However, in Ga;_Mn,As;_,P,, we find a
metal insulator transition occurring for samples with high
charge density in the presence of a Coulomb gap and ferro-
magnetism. A deeper theoretical understanding of localiza-
tion physicsi24 421 is needed in this regime.
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Appendix A. Supplementary materials

Supplementary materials to this article can be found on-
line at https://doi.org/10.1088/1674-4926/43/11/112502.
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