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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 amtiGaAs: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 epkG&,MnAs, as well as the extraordinary Hall effect up
to the observed magnetic ordering temperatufg) ( Mn ion-implantedp™ GaAs:C with as-grown carrier
concentrations>10?° cm~2 show remanent magnetization up to 280 K.
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Observation of ferromagnetic ordering in highly Mn spond to an increase if: up to and beyond room
doped InAs(Ref. 1) and GaAs(Ref. 2 has spurred renewed temperaturé® Here, we present structural, magnetic, and
interest in diluted magnetic semiconduct®MS) systems transport properties of high carbon doped GaAs
for the possible realization of spintronic devices, ideally re-(p*GaAs:C) ion implanted with Mn. High carbon doping
quiring a material system with spin-polarized carriers com-concentration has been well studied for the development of
patible with existing semiconductor electronicSince the  the base region in high speed heterojunction bipolar transis-
original reports of magnetic ordering temperatufie:X of  tors (HBT's).2® Under some growth conditions, it is energeti-
110 K for low-temperaturgLT) molecular beam epitaxy cqjly favorable for carbon to occupy the arsenic éitbereas
(MBE) preparedGa,MnAs, researchers elsewhere have re-\n‘is known to occupy the Ga sjtevhere it acts as a shal-
ported increases ific through optimization of growth con- 4 acceptor with nearly all of the carbon activatédue to
ditions and annealing proces$es. Yet, for realization of a low diffusion coefficient of carbon in GaA€ carbon con-

praciical devices, a mater!al withc near or ab_ove room  centrations greater than 2@m 3 have been reported,
temperature would be desirable. From theoretical treatment

and experimental evidence, carrier concentrat@mplays an nearly an order of magnitude higher thamreported in LT-

important role in mediating ferromagnetic ordering between(Ga’Mn)AS' Carbon ionization energy in GaAE(—E,) is

localized spins of Mn impurities in the GaAs matfx® Al- nearly half of that of Mn, possibly allowing to independently

though measurement @ffrom Hall effect measurements is control carrier and magnetic impurity concentrations and to
complicated by the intrinsic extraordinary Hall effect Nvestigate conditions where exceeds the magnetic impu-
(EHE),™! p measured is far below that of expected if all Mn fity concentration, not possible in L3a,MnAs.
acceptors are electrically active (as low as 15-30% of _ Epitaxial p*GaAs:C [p~3X10% cm *(~1.4% Gy),
incorporated M Accordingly, only a fractior{as low as 1/7 500 nm thicK films were grown on semi-insulatingSl)
of Mn reported by Ohldagt al. from MCD studie®?) of the ~ GaAs by gas source molecular beam epitd@SMBE).*
Mn impurities are experimentally observed to participateUnder these conditions, codoping of Mn without significant
magnetically. It is widely thought that due to the low tem- formation of intermetallic clusters would be difficult. Intro-
perature €300 °C) of the substrate during growth, total free duction of dopants physically by means of ion-implantation
p is compensated by deep-level donor defects such as Asas been well studied to survey various semiconductors and
antisite (Ag;,). oxides for DMS2° and recently Scarpull@t al. report of
The importance of free hole carrier concentratipnhas  single phaséGa,MnAs from Mn ion implantation and sub-
been demonstrated experimentally by codoping Sn, a donaequent pulsed-laser melting of SI GaAs with~80 K.?
impurity, and Mn in GaAs during growtt® As free hole lon implantation is capable of introducing dopant concentra-
carriers are compensated, Satehal. observed a directly tions above the usual equilibrium solid solubility limit. Thus
related decrease ific . Other than codoping, modulations of after growth, samples were ion implanted with Mn at 250
carriers by electric field directly correlate to an increase andkeV with the sample held at-350°C to minimize amor-
decrease i in (In,Mn)As (Ref. 14 and MnGe(Ref. 15.  phization and with Mn doses of 1, 2, 3,X8.0' cm 2
Recent experiments in post-growth thermal treatmentssamples A, B, C, D, respectivglywhich corresponds to
showed markedly highef's, which increase is thought to nearly 1-5 atm.% of Mn. For comparison, LT-MBE pre-
be related to an increase by decreasing the number of pared GaAs (LT-GaAs) and high Si doped GaAs
deep level donor defects, as well as increase i M In (n"GaAs:Si) epifilms were implanted under the same con-
theoretical treatments of ferromagnetic ordering in Ill-Mn- ditions with Mn dose of X 10' cm™~? (samples X, Y. De-
As, it is thought that an increase mmay directly corre- tails of the implantation process are given elsewi&rgo
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further minimize formation of known secondary phases of g) 1000
Ga, Mn, and As, no post implant anneal was performed.
After ion implantation, depth profile auger electron spec-

[ Mn: 5x10' em®

p*GaAs:C —_—

v

800 dose 3x 10"%m?®

Mn: 3x10'® cm™?

troscopy(AES) measurements show Mn to be present down g 6003_ & 10°F _ co
to 300 nm below the surface and consistent with doping & C 1 210 e a ok "
profiles found in previous studié$To study possible segre- 400" * ® oun 1

gation of implanted species at the surface, electron micro- Sl Whesse M
probe x-ray analysiSEMPA-JEOL JXA-8900R indicate a 2000 S 10° R
homogeneous surface within resolution of the instrument. 10 T(K) 100 0 ‘OOT&’)" 800
High resolution x-ray diffractiofHRXRD) measurements of ¢) 5F  camplec

as-grown and as-implanted samples show similar results
with identifiable peaks that can be only associated to the
epiflm and substrate. The resulting implanted samples E
HRXRD measurements do not show possible secondary ~;
phasegsuch as MnAs and GaMror trends as studied by
Morenoet al. [by annealing LTiGa,MnAs].?? In addition to
HRXRD, high resolution cross-sectional transmission elec-
tron microscopy(HRXTEM) were performed on samples A N 0 ° -5 0 5
and D, but due to the expected high concentrations of struc- H(D HiT}

tural dislocations, neither qualitative nor quantitative analy-  rig. 1. (Color onling (a) Sheet resistance/SQ) as function
sis of secondary precipitates was possible. of temperaturéT) for samples A-D(b) Q/SQas function ofT for

In previous studies of DMS, physical characterizationce, cr, Mn, V implantedp* GaAs:C with 3< 101 cm~2 dose.(c)
methods such as HRXRD and HRXTEM as well as others byac magneto-transport measurement of sample C at 50 K with exci-
themselves cannot completely rule out the presence of segation current of 10QuA. (d) ac Hall effect measurement of
ondary phases. Transport properties, particularly EHE angamples A—C at 70 K.
anomalies nealf, as well as magnetic properties may be
more sensitive and informative concerning existence of sedVin;Ge;: Ge (Ref. 25, a crossover in sign of MR from posi-
ondary ferromagnetic phases. Hayashal. in reporting in-  tive at higher temperatures to negative at lower temperatures
crease inl . after thermal treatment of as-growGa,MnAs  was observed and attributed to variable hopping mecha-
found that even as-grown sampl@gith T-~40 K) show a  nisms. Although LTtGa,MnAs show similar behaviors be-
characteristic “hump” in the resistivity as a function of tem- low T¢ with a pronounced background negative MR, a posi-
perature ploté. Akinaga et al in studying nanomagnetic tive near parabolic MR behavior aroumti=0 appears for
MnAs clusters embedded in GaAs report of characteristienetallic samples below T .2
changes in the slope of resistivity as a function of tempera- Magnetotransport measurements were carried out to esti-
ture curve around 50 K, independent of whether clusters armate sheet carrier concentratiopg and determine sheet
formed, and assigned the anomaly to a Ga-Mn-As complexesistance /SQ) using the Van der Pauw geometry. Gen-
in the matrix?® Standard four point probe dc transport mea-eral trend shows implanted species to enter the GaAs matrix
surements from 10 to 300 K were performed using In solwith an accompanying increase i (ps=1.6x10'* cm™?2
dered contacts in a closed-cycle Degig. 1(a)]. Remark-  for sample A tops=1.1x 10" cm™? for sample D at 300 K
ably, the Mn implantech* GaAs:C samples show a similar and direct correlation to dose afid SQ due to implantation
features to LT-MBE prepareGa,MnAs samples. Although damage. For example, Cr is a known deep-level donor in
a full metal-to-insulator transition was not observed in allGaAs. From Hall measurements, we found fheGaAs:C
implanted samples, it is surprising that such features are disSr ion-implanted sample to be fully compensated argpe
tinct given the expectation that the transport propertiegn,=1.1x10* cm 2 at 300 K. In previous reports of fer-
would be dominated by damage incurred during the implanromagnetic ordering in single phase (Fa,MnAs, the ob-
tation process. servation of EHE has been attributed to spin-polarized carri-

For comparison, as-growp” GaAs:C shows metalliclike ers that mediate ferromagnetic ordering between localized
behavior with no distinct features; while sampksandY  spins?’ ac Hall measurements for samples A—C are plotted
show expectedinsulator-like behavior due to implantation in Fig. 1(d), and the behavior is consistent with previously
damage. Similar insulatorlike behavior was observed for Coreported LT¢Ga,MnAs with onset of non-linear Hall re-
Cr, and V implanted samples intp" GaAs:C[Fig. 1b)].  sponse below-280 K. Further details of the magnetotrans-
ac transport measurements using Quantum Design Physigabrt measurements will be presented elsewhere.
Property Measurement SystdPPMS (excitation current of From the transport measurements, it is highly probable
100 wA at 17.1 H2 for the temperature range consideredthat significant levels of the implanted species are electri-
(5—300 K and applied magnetic fields up to 5 T indicate cally active at room temperature and that for all samples,
positive magnetoresistan@®R). In granular hybrid systems implantation damage dominates transport properts®w
where nanosized transition metal based ferromagnetic inteinsulatorlike behavigr except that of Mn implanted
metallics are embedded in a semiconductor matrix such gs*GaAs:C, which shows changes in slope as reported in
MnAs:GaAs (Ref. 23, ErAs:GaAs (Ref. 249, and LT-(Ga,MnAs samples, in which anomalies coincide near

sample B

sample A

T=70K
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T ' ' ' high Mgz compared to GaAs:Si and LT-GaAs implanted
o b) J1s samplegFigs. 2c), 2(d)].

n"GaAs:Mn As reported for LTcGa,MnAs samples on the insulator

m O 40K side of metal-insulator transition, complete magnetic satura-
LT-GaAs Mn 1 tion in samples A—C was found to be difficult; thus, calcu-
lation of magnetic moment per Mn atom would yield incom-
plete values. For sample C, at 5 K and ktg, we
approximate less tharr 1/10 of the implanted Mn to mag-
netically contribute, assuming Mn sp8¥ 5/2 and the Lande
factor gy,=2. From B-H loops of p* GaAs:C implanted
samples, we found the coercive field £) to range from few
hundred Oe to 2000 Oe with maximum coercive field mea-
sured from sample C. A similar trend for approximate mag-
netic saturation Mg) was found with maximum~Mg cor-
responding to sample C with Mn dose 0k30'® cm™2.

The weak dependence & to Mn dose may suggest an
inhomogeneous profildi.e., equal peak concentration at
some distance from surface for samples A-4&% depth pro-

° L 110 file AES showed a near constant Mn concentration, we note
) & _;-" thatp is greater than the effective magnetic impurity concen-

? 3 T=5K N T=5K tration (Xe¢No) for samples A—C unlike LTGa,MnAs

-5 - where p is less than Mn concentration. In their study of

’ carrier-induced ferromagnetism p3ZnMnTe, Ferrancet al.

propose for the case whep>x.4Ng that the Rudermann-

FIG. 2. (Color onling (a) Mg as a function of temperatur@) Kittel-Kasuya-YosidaRKKY) model best describes the fer-
for Mn implanted p* GaAs:C (near T for sample C, ins¢t (b) romagnetic ordering since the Zener model ceases to be
Magnetization(M) as a function ofT for samples X and Y with  valid.3! In such a view, the weak dependenceTef on im-
Curie-Weiss Law fitM as a function of applied field at 5 K for planted dose may be explained as the tendency ofto
sample C(c) and samples X and Y, offset for claritd). increase withx.zNy being offset Mn-Mn interactions ag

increases in this RKKY regimep( XqiNg).
the magnetic transition temperatures. This feature is absent Again, without the observed unexpected differences in
in ion-implanted LT-GaAs anch*GaAs:Si samples. Al- magnetic properties of Mn implanted” GaAs:C samples
though transport measurements were not reported, Theodasith n* GaAs: Si and LT-GaAs implanted samples, observed
opoulouet al. report of unconventional carrier-mediated fer- magnetic properties, including possibly the observed weak
romagnetism in ion-implante@a,MnP:C? They showed a  dependence of to Mn implantation does, might be easily
distinct difference in magnetic properties between Mn ion-assigned to intermetallic ferromagnetic precipitates such as
implanted GaP:C and-GaP, consistent with hole mediated MnAs, GaMn, and Ga-Mn-As. For the samples considered,
ferromagnetic ordering in 1l1-V DMS. sample X would be most susceptible to formation of ferro-

The magnetic properties of Mn implanted GaAs:C, LT- magnetic precipitates with well-known excess of As in LT-
GaAs, and GaAs:Si was measured using the Quantum DésaAs. In their careful study of different possible secondary
sign Magnetic Property Measurement SystéPMS). Fig-  phases, Morenet al. have identified three possible precipi-
ure 2a) plots the remanent magnetizatiod ) as a function tates: hexagonal MnAs, zinc blende B®)As, and MnG&?
of temperature for samples A—D. Magnetic field of 5 T wasFor samples A—C, ion implantgn” GaAs: C samples, tHEc
applied 45 K and switched off, followed by series of mag- and magnetization values measured do not correspond to the
netization measurements at zero applied field and at variousentioned precipitates as well as MgaC (T of ~250 K),
temperaturegup to 320 K. For samples A—C, nonzefdr  to be detailed latét’ From M as a function of temperature
was found for temperatures below 280 K. Unlike LT-  trace, sample D behavior of appardig greater than 320 K
(Ga,MnAs, T¢’s of samples A—C are weakly dependent onpoints to formation of MnGa T>400 K) precipitates in
Mn content, to be discussed later. Similar measurement cigreement with Morenet al. and Shiet al*° The magnetic
samples X and Y show a near zero flat response indicatingroperties of samples A—C corroborate our findings from
paramagneticlike behavior, which is confirmed by magnetiiHRXRD measurements.
hysteresis measurements & K with near zeroMy [Fig. In comparing the magnetic properties of samples A-C
2(d)]. Magnetization as a function of temperatuid (s T) with Mn ion-implanted samples X and Y, it is evident that
measurements with applied field of 1000 Oe show Curiehigh hole carrier concentrations mediate ferromagnetic or-
Weiss temperatureg)¢) below~50 K for samples X and Y dering between localized spins. Whether these localized
[Fig. 2(b)], which is confirmed by equal traces for zero field spins are associated with substitutional #Vinions or a
cooled and field cooled measurement with a read field of 10@hysically undetected intermetallic ferromagnetic clusters,
Oe from 5-300 K. Thé8-H loops forp*GaAs:C implanted there is a strong evidence that free carrier concentration play
samples show well-defined magnetic hysteresis loops witlan important role in mediating this ferromagnetic ordering,
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a) [ AR mediate ferromagnetic ordering between localized spins.
“11eK ] s ¢ Plotting Hall effect responsed{/,,/dH) at high fields[di-
1 ° rectly proportional to the ordinary Hall effect coefficient
"g 'g_ < (Rp)] and at low fieldd EHE coefficient Rg)], we observe a
2 [ K : g ]o g  distinct difference neaffc observed from temperature de-
< 3 1] S pendence oMy [Fig. 3(b), inset.
= ol TTmnngs;,igi £ To summarize, we have observed remanent magnetization
TTxnggfzgi ~280K] x up to ~280 K for Mn ion-implantedp*GaAs:C. From
ar (0 40 ] 4 physical property measurements, we cannot attribute the
e . . . magnetic pr_operties to an observed presence of secondary
T(K) H(T) ferromagnetic phases such as MnAs, (@aAs, Mn;GacC,

and GaMn. This result is supported by magnetic properties of

FIG. 3. (Color onling (a) Mg and ac resistivity (=100 uA) as  LT-GaAs andn®GaAs:Si Mn ion-implantedunder same
a function of temperature for sample 0 {~280 K) at H=0. conditions samples, which show neither the marked increase
Anomalies in transport properties correspond to magnetic propertiein magnetic ordering temperatures and remanent magnetiza-
suggesting changes in resistivity are due to magnetic ordering in thon nor magnetic properties that can be attributed to physi-
sample.(b) ac-Hall measurement at various temperature for sampl%a”y undetected ferromagnetic secondary phases. This dif-
C. Inset shows low field and h|gh field fit to the Hall responseference between Sample@/ln |mp|anted Carbon doped
correspond_ing_ to_ordinary and extraordinary Hall coefficient forp*GaAs vs Mn implanted LT-GaAs and Si doped GaAs)
sample C, indicating nonlinear Hall response bete@75 K. points to a role of the carbon acceptor impurity, which sub-
stitutionally prefers the group Yor As) site and provide hole

: carriers. Whether this role of carbon acceptor in the observa-
bon doped GaAs implanted sampl@s-C) to LT-GaAs and  tjon of increased magnetic properties is due to increased

Si doped GaAs sampléX and Y). From physical character-  mper of free carrier concentration or due to a secondary

ization studies, we did not observe any secondary phases Rrromagnetic phase unique to carbon Y@aC) arguably
trends observed by others studying intermetallic clusters iannot pe currently irrefutably answered in detail. But, such
semiconductor matrix for all samples except with highest Mnyonerties as antiferromagnetic transition  attributable to
dose (sample D. In addition, if secondary ferromagnetic \, GacC were not observed. Transport measurements of Mn
phases created by the implanted ions were responsible for ﬂi'@n—implantedp*GaAs:C samples do not agree with results
observed magnetic properties, then we expect similar resultgs o orted by others of nanometer-sized ferromagnetic clus-

. A A .
in Mn ion-implanted c:i\rbon dopep”GaAs as well as in o5 embedded in semiconductor matrix. Rather transport
LT-GaAs and Si doped "GaAs, as formation of such physi- measyrements correspond with temperature dependence of
cally undetected ferromagnetic phases as MnAs, GaMn, an agnetic properties, very similar to (Ga,MnAs. Addi-

Mn(GaAs would be, at the least, equally probable in all i5naly observation of nonlinear Hall responger EHE)

samples considered. For possible undetected ferromagne%rresponds to observed magnetic ordering temperature.
phases unique to carbon doped samples;G&C with fer-

romagnetic transition temperature250 K is a possibility, We would like to thank Dr. J. Chang of KIST with the
but this perovskite-type material has a well known antiferro-TEM analysis and Drs. H.C. Kim and S.-H. Park of KBSI
magnetic transition at- 165 K at zero magnetic field, which Material Science Laboratory with access to PPMS. The work
should have been clearly evident from tig, vs T measure- at SNU was supported by KOSEF and Samsung Electronics
ments as well aM vs H measurements at 5 ®.From trans- Endowment through CSCMR. The work at UF was sup-
port measurements, we observed characteristic anomalig®rted by NSF Grant Nos. DMR0101438 and ECS 02242303
corresponding to magnetic properties as well as the EHEBnd by ARO under Grant No. DAAD 190110701 and
(Fig. 3), a telling sign that the carriers are spin polarized andl9021420.
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