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Carrier-mediated ferromagnetic ordering in Mn ion-implanted p¿GaAs:C
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Highly p-type GaAs:C was ion implanted with Mn at differing doses to produce Mn concentrations in the
1–5 at. % range. In comparison to LT-GaAs andn1GaAs:Si samples implanted under the same conditions,
transport and magnetic properties show marked differences. Transport measurements show anomalies, consis-
tent with observed magnetic properties and with epi-LT-~Ga,Mn!As, as well as the extraordinary Hall effect up
to the observed magnetic ordering temperature (TC). Mn ion-implantedp1GaAs:C with as-grown carrier
concentrations.1020 cm23 show remanent magnetization up to 280 K.
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Observation of ferromagnetic ordering in highly M
doped InAs~Ref. 1! and GaAs~Ref. 2! has spurred renewe
interest in diluted magnetic semiconductor~DMS! systems
for the possible realization of spintronic devices, ideally
quiring a material system with spin-polarized carriers co
patible with existing semiconductor electronics.3 Since the
original reports of magnetic ordering temperature (TC) of
110 K for low-temperature~LT! molecular beam epitaxy
~MBE! prepared~Ga,Mn!As, researchers elsewhere have
ported increases inTC through optimization of growth con
ditions and annealing processes.4–6 Yet, for realization of
practical devices, a material withTC near or above room
temperature would be desirable. From theoretical treatm
and experimental evidence, carrier concentration~p! plays an
important role in mediating ferromagnetic ordering betwe
localized spins of Mn impurities in the GaAs matrix.7–10 Al-
though measurement ofp from Hall effect measurements i
complicated by the intrinsic extraordinary Hall effe
~EHE!,11 p measured is far below that of expected if all M
acceptors are electrically active (p as low as 15–30 % o
incorporated Mn!. Accordingly, only a fraction~as low as 1/7
of Mn reported by Ohldaget al. from MCD studies12! of the
Mn impurities are experimentally observed to participa
magnetically. It is widely thought that due to the low tem
perature (,300 °C) of the substrate during growth, total fre
p is compensated by deep-level donor defects such as
antisite (AsGa).

The importance of free hole carrier concentration~p! has
been demonstrated experimentally by codoping Sn, a do
impurity, and Mn in GaAs during growth.13 As free hole
carriers are compensated, Satohet al. observed a directly
related decrease inTC . Other than codoping, modulations o
carriers by electric field directly correlate to an increase a
decrease inTC in ~In,Mn!As ~Ref. 14! and MnGe~Ref. 15!.
Recent experiments in post-growth thermal treatme
showed markedly higherTC’s, which increase is thought to
be related to an increase inp by decreasing the number o
deep level donor defects, as well as increase in MnGa.4–6 In
theoretical treatments of ferromagnetic ordering in III-M
As, it is thought that an increase inp may directly corre-
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spond to an increase inTC up to and beyond room
temperature.10 Here, we present structural, magnetic, a
transport properties of high carbon doped Ga
(p1GaAs:C) ion implanted with Mn. High carbon dopin
concentration has been well studied for the developmen
the base region in high speed heterojunction bipolar tran
tors ~HBT’s!.16 Under some growth conditions, it is energe
cally favorable for carbon to occupy the arsenic site~whereas
Mn is known to occupy the Ga site! where it acts as a shal
low acceptor with nearly all of the carbon activated.17 Due to
a low diffusion coefficient of carbon in GaAs,18 carbon con-
centrations greater than 1021 cm23 have been reported
nearly an order of magnitude higher thanp reported in LT-
~Ga,Mn!As. Carbon ionization energy in GaAs (EA2Ev) is
nearly half of that of Mn, possibly allowing to independent
control carrier and magnetic impurity concentrations and
investigate conditions wherep exceeds the magnetic impu
rity concentration, not possible in LT-~Ga,Mn!As.

Epitaxial p1GaAs:C @p;331020 cm23(;1.4% CAs),
500 nm thick# films were grown on semi-insulating~SI!
GaAs by gas source molecular beam epitaxy~GSMBE!.19

Under these conditions, codoping of Mn without significa
formation of intermetallic clusters would be difficult. Intro
duction of dopants physically by means of ion-implantati
has been well studied to survey various semiconductors
oxides for DMS,20 and recently Scarpullaet al. report of
single phase~Ga,Mn!As from Mn ion implantation and sub
sequent pulsed-laser melting of SI GaAs withTC;80 K.21

Ion implantation is capable of introducing dopant concent
tions above the usual equilibrium solid solubility limit. Thu
after growth, samples were ion implanted with Mn at 2
keV with the sample held at;350 °C to minimize amor-
phization and with Mn doses of 1, 2, 3, 531016 cm22

~samples A, B, C, D, respectively!, which corresponds to
nearly 1–5 atm. % of Mn. For comparison, LT-MBE pre
pared GaAs ~LT-GaAs! and high Si doped GaAs
(n1GaAs:Si) epifilms were implanted under the same c
ditions with Mn dose of 331016 cm22 ~samples X, Y!. De-
tails of the implantation process are given elsewhere.20 To
©2003 The American Physical Society10-1
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further minimize formation of known secondary phases
Ga, Mn, and As, no post implant anneal was performed.

After ion implantation, depth profile auger electron spe
troscopy~AES! measurements show Mn to be present do
to 300 nm below the surface and consistent with dop
profiles found in previous studies.20 To study possible segre
gation of implanted species at the surface, electron mic
probe x-ray analysis~EMPA-JEOL JXA-8900R! indicate a
homogeneous surface within resolution of the instrume
High resolution x-ray diffraction~HRXRD! measurements o
as-grown and as-implanted samples show similar res
with identifiable peaks that can be only associated to
epifilm and substrate. The resulting implanted samp
HRXRD measurements do not show possible second
phases~such as MnAs and GaMn! or trends as studied b
Morenoet al. @by annealing LT-~Ga,Mn!As#.22 In addition to
HRXRD, high resolution cross-sectional transmission el
tron microscopy~HRXTEM! were performed on samples
and D, but due to the expected high concentrations of st
tural dislocations, neither qualitative nor quantitative ana
sis of secondary precipitates was possible.

In previous studies of DMS, physical characterizati
methods such as HRXRD and HRXTEM as well as others
themselves cannot completely rule out the presence of
ondary phases. Transport properties, particularly EHE
anomalies nearTC , as well as magnetic properties may
more sensitive and informative concerning existence of s
ondary ferromagnetic phases. Hayashiet al. in reporting in-
crease inTC after thermal treatment of as-grown~Ga,Mn!As
found that even as-grown samples~with TC;40 K) show a
characteristic ‘‘hump’’ in the resistivity as a function of tem
perature plots.4 Akinaga et al. in studying nanomagnetic
MnAs clusters embedded in GaAs report of characteri
changes in the slope of resistivity as a function of tempe
ture curve around 50 K, independent of whether clusters
formed, and assigned the anomaly to a Ga-Mn-As comp
in the matrix.23 Standard four point probe dc transport me
surements from 10 to 300 K were performed using In s
dered contacts in a closed-cycle Dewar@Fig. 1~a!#. Remark-
ably, the Mn implantedp1GaAs:C samples show a simila
features to LT-MBE prepared~Ga,Mn!As samples. Although
a full metal-to-insulator transition was not observed in
implanted samples, it is surprising that such features are
tinct given the expectation that the transport proper
would be dominated by damage incurred during the impl
tation process.

For comparison, as-grownp1GaAs:C shows metalliclike
behavior with no distinct features; while samplesX and Y
show expected~insulator-like! behavior due to implantation
damage. Similar insulatorlike behavior was observed for
Cr, and V implanted samples intop1GaAs:C @Fig. 1~b!#.
ac transport measurements using Quantum Design Phy
Property Measurement System~PPMS! ~excitation current of
100 mA at 17.1 Hz! for the temperature range consider
~5–300 K! and applied magnetic fields up to 5 T indica
positive magnetoresistance~MR!. In granular hybrid systems
where nanosized transition metal based ferromagnetic in
metallics are embedded in a semiconductor matrix such
MnAs:GaAs ~Ref. 23!, ErAs:GaAs ~Ref. 24!, and
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Mn11Ge8 :Ge~Ref. 25!, a crossover in sign of MR from posi
tive at higher temperatures to negative at lower temperat
was observed and attributed to variable hopping mec
nisms. Although LT-~Ga,Mn!As show similar behaviors be
low TC with a pronounced background negative MR, a po
tive near parabolic MR behavior aroundH50 appears for
metallic samples below;TC .26

Magnetotransport measurements were carried out to
mate sheet carrier concentration (ps) and determine shee
resistance (V/SQ) using the Van der Pauw geometry. Ge
eral trend shows implanted species to enter the GaAs ma
with an accompanying increase inps (ps51.631016 cm22

for sample A tops51.131017 cm22 for sample D at 300 K!,
and direct correlation to dose andV/SQ due to implantation
damage. For example, Cr is a known deep-level dono
GaAs. From Hall measurements, we found thep1GaAs:C
Cr ion-implanted sample to be fully compensated andn type
(ns51.131014 cm22 at 300 K!. In previous reports of fer-
romagnetic ordering in single phase LT-~Ga,Mn!As, the ob-
servation of EHE has been attributed to spin-polarized ca
ers that mediate ferromagnetic ordering between locali
spins.27 ac Hall measurements for samples A–C are plot
in Fig. 1~d!, and the behavior is consistent with previous
reported LT-~Ga,Mn!As with onset of non-linear Hall re-
sponse below;280 K. Further details of the magnetotran
port measurements will be presented elsewhere.

From the transport measurements, it is highly proba
that significant levels of the implanted species are elec
cally active at room temperature and that for all sampl
implantation damage dominates transport properties~show
insulatorlike behavior! except that of Mn implanted
p1GaAs:C, which shows changes in slope as reported
LT-~Ga,Mn!As samples, in which anomalies coincide ne

FIG. 1. ~Color online! ~a! Sheet resistance (V/SQ) as function
of temperature~T! for samples A–D.~b! V/SQas function ofT for
Co, Cr, Mn, V implantedp1GaAs:C with 331016 cm22 dose.~c!
ac magneto-transport measurement of sample C at 50 K with e
tation current of 100mA. ~d! ac Hall effect measurement o
samples A–C at 70 K.
0-2
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CARRIER-MEDIATED FERROMAGNETIC ORDERING IN . . . PHYSICAL REVIEW B68, 085210 ~2003!
the magnetic transition temperatures. This feature is ab
in ion-implanted LT-GaAs andn1GaAs:Si samples. Al-
though transport measurements were not reported, Theo
opoulouet al. report of unconventional carrier-mediated fe
romagnetism in ion-implanted~Ga,Mn!P:C.28 They showed a
distinct difference in magnetic properties between Mn io
implanted GaP:C andn-GaP, consistent with hole mediate
ferromagnetic ordering in III-V DMS.

The magnetic properties of Mn implanted GaAs:C, L
GaAs, and GaAs:Si was measured using the Quantum
sign Magnetic Property Measurement System~MPMS!. Fig-
ure 2~a! plots the remanent magnetization (MR) as a function
of temperature for samples A–D. Magnetic field of 5 T w
applied at 5 K and switched off, followed by series of mag
netization measurements at zero applied field and at var
temperatures~up to 320 K!. For samples A–C, nonzeroMR
was found for temperatures below;280 K. Unlike LT-
~Ga,Mn!As, TC’s of samples A–C are weakly dependent
Mn content, to be discussed later. Similar measuremen
samples X and Y show a near zero flat response indica
paramagneticlike behavior, which is confirmed by magne
hysteresis measurements at 5 K with near zeroMR @Fig.
2~d!#. Magnetization as a function of temperature (M vs T)
measurements with applied field of 1000 Oe show Cu
Weiss temperatures (uC) below;50 K for samples X and Y
@Fig. 2~b!#, which is confirmed by equal traces for zero fie
cooled and field cooled measurement with a read field of
Oe from 5–300 K. TheB-H loops forp1GaAs:C implanted
samples show well-defined magnetic hysteresis loops w

FIG. 2. ~Color online! ~a! MR as a function of temperature~T!
for Mn implantedp1GaAs:C ~near TC for sample C, inset!. ~b!
Magnetization~M! as a function ofT for samples X and Y with
Curie-Weiss Law fit.M as a function of applied field at 5 K fo
sample C~c! and samples X and Y, offset for clarity~d!.
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high MR compared to GaAs:Si and LT-GaAs implante
samples@Figs. 2~c!, 2~d!#.

As reported for LT-~Ga,Mn!As samples on the insulato
side of metal-insulator transition, complete magnetic satu
tion in samples A–C was found to be difficult; thus, calc
lation of magnetic moment per Mn atom would yield incom
plete values. For sample C, at 5 K and atMR , we
approximate less than;1/10 of the implanted Mn to mag
netically contribute, assuming Mn spinS55/2 and the Lande´
factor gMn52. From B-H loops of p1GaAs:C implanted
samples, we found the coercive field (HC) to range from few
hundred Oe to 2000 Oe with maximum coercive field me
sured from sample C. A similar trend for approximate ma
netic saturation (MS) was found with maximum;Ms cor-
responding to sample C with Mn dose of 331016 cm22.

The weak dependence ofTC to Mn dose may suggest a
inhomogeneous profile~i.e., equal peak concentration a
some distance from surface for samples A–C!. As depth pro-
file AES showed a near constant Mn concentration, we n
thatp is greater than the effective magnetic impurity conce
tration (xeffN0) for samples A–C unlike LT-~Ga,Mn!As
where p is less than Mn concentration. In their study
carrier-induced ferromagnetism inp-ZnMnTe, Ferrandet al.
propose for the case wherep.xeffN0 that the Rudermann
Kittel-Kasuya-Yosida~RKKY ! model best describes the fe
romagnetic ordering since the Zener model ceases to
valid.31 In such a view, the weak dependence ofTC on im-
planted dose may be explained as the tendency ofTC to
increase withxeffN0 being offset Mn-Mn interactions asp
increases in this RKKY regime (p.xeffN0).

Again, without the observed unexpected differences
magnetic properties of Mn implantedp1GaAs:C samples
with n1GaAs:Si and LT-GaAs implanted samples, observ
magnetic properties, including possibly the observed w
dependence ofTC to Mn implantation does, might be easil
assigned to intermetallic ferromagnetic precipitates such
MnAs, GaMn, and Ga-Mn-As. For the samples consider
sample X would be most susceptible to formation of fer
magnetic precipitates with well-known excess of As in L
GaAs. In their careful study of different possible seconda
phases, Morenoet al. have identified three possible precip
tates: hexagonal MnAs, zinc blende Mn~Ga!As, and MnGa.22

For samples A–C, ion implantedp1GaAs:C samples, theTC
and magnetization values measured do not correspond to
mentioned precipitates as well as Mn3GaC (TC of ;250 K),
to be detailed later.29 From MR as a function of temperatur
trace, sample D behavior of apparentTC greater than 320 K
points to formation of MnGa (TC.400 K) precipitates in
agreement with Morenoet al. and Shiet al.30 The magnetic
properties of samples A–C corroborate our findings fro
HRXRD measurements.

In comparing the magnetic properties of samples A
with Mn ion-implanted samples X and Y, it is evident th
high hole carrier concentrations mediate ferromagnetic
dering between localized spins. Whether these locali
spins are associated with substitutional Mn21 ions or a
physically undetected intermetallic ferromagnetic cluste
there is a strong evidence that free carrier concentration
an important role in mediating this ferromagnetic orderin
0-3
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evident in increasedMR andTC , especially comparing car
bon doped GaAs implanted samples~A–C! to LT-GaAs and
Si doped GaAs samples~X and Y!. From physical character
ization studies, we did not observe any secondary phase
trends observed by others studying intermetallic cluster
semiconductor matrix for all samples except with highest
dose ~sample D!. In addition, if secondary ferromagnet
phases created by the implanted ions were responsible fo
observed magnetic properties, then we expect similar res
in Mn ion-implanted carbon dopedp1GaAs as well as in
LT-GaAs and Si dopedn1GaAs, as formation of such phys
cally undetected ferromagnetic phases as MnAs, GaMn,
Mn~Ga!As would be, at the least, equally probable in
samples considered. For possible undetected ferromag
phases unique to carbon doped samples, Mn3GaC with fer-
romagnetic transition temperature;250 K is a possibility,
but this perovskite-type material has a well known antifer
magnetic transition at;165 K at zero magnetic field, which
should have been clearly evident from theMR vs T measure-
ments as well asM vs H measurements at 5 K.29 From trans-
port measurements, we observed characteristic anom
corresponding to magnetic properties as well as the E
~Fig. 3!, a telling sign that the carriers are spin polarized a
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Plotting Hall effect response (dVH /dH) at high fields@di-
rectly proportional to the ordinary Hall effect coefficien
(R0)] and at low fields@EHE coefficient (RS)], we observe a
distinct difference nearTC observed from temperature de
pendence ofMR @Fig. 3~b!, inset#.

To summarize, we have observed remanent magnetiza
up to ;280 K for Mn ion-implantedp1GaAs:C. From
physical property measurements, we cannot attribute
magnetic properties to an observed presence of secon
ferromagnetic phases such as MnAs, Mn~Ga!As, Mn3GaC,
and GaMn. This result is supported by magnetic propertie
LT-GaAs andn1GaAs:Si Mn ion-implanted~under same
conditions! samples, which show neither the marked increa
in magnetic ordering temperatures and remanent magne
tion nor magnetic properties that can be attributed to ph
cally undetected ferromagnetic secondary phases. This
ference between samples~Mn implanted carbon doped
p1GaAs vs Mn implanted LT-GaAs and Si dopedn1GaAs)
points to a role of the carbon acceptor impurity, which su
stitutionally prefers the group V~or As! site and provide hole
carriers. Whether this role of carbon acceptor in the obse
tion of increased magnetic properties is due to increa
number of free carrier concentration or due to a second
ferromagnetic phase unique to carbon (Mn3GaC) arguably
cannot be currently irrefutably answered in detail. But, su
properties as antiferromagnetic transition attributable
Mn3GaC were not observed. Transport measurements of
ion-implantedp1GaAs:C samples do not agree with resu
as reported by others of nanometer-sized ferromagnetic c
ters embedded in semiconductor matrix. Rather trans
measurements correspond with temperature dependenc
magnetic properties, very similar to LT-~Ga,Mn!As. Addi-
tionally, observation of nonlinear Hall response~or EHE!
corresponds to observed magnetic ordering temperature
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