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The interaction between the magnetic dopaiMs) and 2-dimensional hole gg@DHG) in Mn S§-doped
GaAs/Be-dopeg-type AlGaAs heterostructures, where holes were supplied from the Be-doped AlGaAs to the
Mn S&-doped GaAs, realized ferromagnetic ordering. The Curie temperatuoé the heterostructure prepared
with suitable growth conditions was 172 K, highest among Thevalues reported in 11I-V(InAs, GaAs
magnetic semiconductors.
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Advances in epitaxial growth technology, such as molecuabruptly confined within a width of 2—3 monolayéidL ) in
lar beam epitaxy(MBE), have made it possible to grow a the zinc-blende structure as substitutional dopants, when the
variety of semiconductor heterostructures with atomicallynominal thicknessy, of Mn is below 1 ML***The Mn
controlled layer thicknesses and abrupt doping profiles, ifloping profiles retained abruptness even at elevatad to

which the wave function of carriers can be controlled in ar-400 °C. Here,0Mn=0114ML ngfesponds to a sheet Mn con-
tificially designed potentials.This has led to creation of Ccentration of 6.3 10 cm “, taking into account that Mn

some electronic and optical devices, e.g high-electron‘:itoms are substituted for the Ga sublattice in the zinc-blende

o . . GaAs with the lattice constant of 0.565 nm. Although it was
mobility transistordHEMT) and quantum-well lasers. While ossible to incorporate high Mn concentration in the Mn

the bandgap a_nd wave function engineering are so far !lmlte doped GaAs layers, the hole to Mn concentration ratio
to nonmagnet|csem|c0nductor heterOStI’UCtureS, we aim t0p/ 0Mr‘| was very low and was not enough to realize ferromag_
broaden its use tenagneticheterostructures and to extend netic ordering:?

the degree of freedom in designing spin-related properties in In order to obtain high hole concentration and locally high
semiconductors. In this Rapid Communication, we use théin concentration at the same position, we have grown 0.3
two-dimensional hole ga$2DHG) system in selectively- ML Mn 5-doped GaAs/Be-dopea- AlGaAs heterostructures
doped GaAgs-AlGaAs heterostructurds together with by MBE, its structure is shown in Fig.(d). Thesep-type
s-doping of magnetic(Mn) impurities, and successfully Selectively doped heterostructureg-§DHS) resemble an

maximize the ferromagnetic order among the Mn spins ijnverted high electron mobility transistor, where holes are

. - : provided from thep-AlGaAs layer to the overlying GaAs
f/lﬁA;d%ypi?]\éeg?oaﬁ:ang the wave function of 2DHG with the layer. A 200 nm-thick undoped GaAs buffer layer, a 300

. . . . . -thick As | -thick Be-
The mainstream studies of spin-electronic materials basegignpédlc pfjxﬁg%e&: 7:21&3(037; ‘cf:lgr?(r:,er?trgt(i)orrllm \tN;CS 168

on _III—V semiconductors consist of(i) ferromagqgﬂ X 10'8 cm3), and ad, nm-thick undoped GaAs separation
semiconductor heterostructures such as MnAs/Gafd (i) layer were successively grown &t.=600°C on a SI-
magnetic - alloy semiconductors such as InMnAs andzaAg001) substrate. Then, 0.3 ML Mn was deposited with a
GaMnAs?~® Despite extensive studies, in the former systempg nm-thick undoped GaAs cap layer @&t=400°C or
special techniques are required to grow multilayer hetero3o0°C. The thicknesslg of the undoped-GaAs separation
structures with abrupt interfacésand much higher Curie |ayer was a measure to control the interaction between the
temperaturel ¢ is needed for practical application in the lat- Mn s-doped GaAs layer and the 2DHG formed at the
ter systenfthe highesfT for the past few years was 110 K GaAs/p-AlGaAs interface. Successful epitaxial growth of
for (GaMn)As].2 Unlike the random alloy system, here we the p-SDHS was confirmed bin situ reflection high-energy
use&-doping of Mn in GaAs, where the doping profile along electron diffractioRHEED) observations. A cross sectional
the growth direction is approximated by Diragsfunction.  high-resolution TEM lattice imagefa 1 ML Mn &-doped
Inherent advantages afdoping are locally high dopant GaAs layer in Fig. lb) (grown atT,=300°C) shows that
concentration and high carrier concentration, which can leat¥in atoms are incorporated in the zinc-blende structure with-
to high Curie temperaturéc.° Another prospective advan- out any dislocations or clusters. Other TEM images suggest
tage is easy fabrication of multilayer heterostructures conthat the 5doped Mn atoms are localized within a width of
taining Mn &doped GaAs layers with excellent 2—3 ML
interfaces-*2 Hall loops(Hall resistance versus magnetic fi@)l at 40

Mn &-doped GaAs layers were grown on semi-insulatingk of 0.3 ML Mn &doped GaAs layers grown at 400°C
(Sl) GaAq00)) substrates by MBE at the growth tempera- without and with p-SDHS (d.=3 nm) are shown in Figs.
turesTs=200-400 °C, and were characterized by secondar(a) and 2b), respectively. The hysteresis in the Hall loop of
ion mass spectroscop$IMS), transmission electron micros- the samplewith p-SDHS clearly indicates ferromagnetic or-
copy (TEM), and X-ray standing wave studies. These struc-der, while the ferromagnetic hysteresis is absent in the
tural analyses revealed that most of the Mn atoms argamplewithout p-SDHS. The origin of the negative slope at
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FIG. 1. (Colon (a) Sample structure of M#-doped GaAwwith
p-type selectively doped heterostructurgs $DHS). The GaAs
separation layer thicknesls was 0—10 nm. Holes are supplied from
the Be-dopedb-type AlyGa -As layer to the Mné-doped GaAs
layer in the SDHS(b) High-resolution TEM lattice image of the
Mn &-doped GaAs layer wittd,;,= 1.0 ML grown atT¢=300 °C.

dependence of the sheet resistarRg,{.T) of the samples
withoutandwith p-SDHS is plotted in Fig. @). The sample

Rsheer T trace, which suggests that is around 70 K. This

60-70 K.
The ferromagnetic order of the sampleish p-SDHS was

temperature of the bump in th&,.er T trace, which roughly
corresponds td ¢, was 45 K atd;=0nm and 70 K atg

esis atd,=0 and 3 nm below . With further increase adg

the heterostructure in Fig(®. Here,z is the growth direc-

GaAskp-AlGaAs heterointerface without Mi#-doping was

and the Mndé-doping profile directly affects the ferromag-
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FIG. 2. (Color) (a), (b) Hall loops of 0.3 ML Mn&-doped GaAs
layers grown at 400 °Gwithout and with p-SDHS ds=3 nm),
measured at 40 K(c) Rgheer T traces of the samplewithout and
with p-SDHS, respectively(d) RgneerT traces of 0.3 ML Mn
&-doped GaAs samplegith p-SDHS ford,=0, 3, 5 and 10 nm(e)
Schematic diagram of the valence band profile of gh8DHS, the
2DHG wave function, and Mn dopants,, andE are the valence
B>2 kG in Fig. ab) is the influence of the negative magne- band top and the Fermi energy, respectivelis the growth direc-
toresistance, which is proportional to the Hall resistivity. De-tion.
tails of the expressions are described later. The temperature
(70 K) at ds=3 nm, because the overlap was maximum.
Note that the self-consistent calculation of GaggklGaAs
without p-SDHS shows insulating behavior due to the low heterostructuré$ indicates that the peak position of the
hole concentration as described earlier. In contrast, theDHG wave function with similar order of hole concentra-
sample with p-SDHS shows a local maximum of the tion to ours is around 3 nm away from the heterointerface,
which is in good agreement with our explanation. Further
value of T¢ was confirmed by measuring Hall loops at vari- increase ofdg to 5 and 10 nm decreased the overlap of the
ous temperatures, where hysteresis remained open up BDHG wave function and the Mr>-doping profile, thus
weakened the ferromagnetic order. We also notice that the
sheet resistancBg,q¢;0f the Mn 5-doped GaAs heterostur-
found strongly dependent on the GaAs separation layecures decreased with the increasedgfsee Fig. 2d)]. It is
thicknessdg. As shown in Fig. &), the local maximum apparent thatlg plays the role of controlling the degree of
scattering of the 2DHG by the Mn dopants in theloped
layer. The increase ofly weakens the scattering, thus in-
=3 nm. The Hall loops showed clear ferromagnetic hystercreases the mobility of the 2DHG and eventually decreases
Rsheet
to 5 and 10 nm, the bump disappeared. Hysteresis in loops In order to completely suppress the surface segregation of
was not observed at,=5 and 10 nm, indicating the absence Mn, and to obtain locally higher Mn concentration in a ide-
of ferromagnetic order. Thes dependence of the ferromag- ally sharps-doped profile T of the Mn 5-doped GaAs layer
netic order is explained using the valence band diagram ah the SDHS was lowered from 400 °@t which surface
segregation of around 30% Mn dopants was observed in the
tion of the sample. The concentration of 2DHG formed at theSIMS depth profilg¢ to 300 °C (at which no segregation of
Mn was detected>'3 The sample examined here was a 0.3
1.8x 10" cm™?, estimated by Hall measurements. We think ML Mn &-doped GaAs Ts=300 °C)/Be-dopedd-AlGaAs

that the degree of the overlap of the 2DHG wave functionheterostructure witldls=0 nm, as shown in Fig.(&).

It is known that the transport and magnetic properties of
I1I-V magnetic semiconductors are very sensitive to the
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FIG. 3. Ferromagnetic Hall hyteresis loops of a 0.3 ML Mn % ‘gg"’
5-doped GaAs layewith p-SDHS (ds=0 nm) grown at 300 °C; g 150 f 420 § e
(@ as-grown sample measured at 100 () sample with T, £ as-grown 8 3
=280 °C measured at 110 K;) sample withT,=300 °C measured P 23
at 170 K, and(d) sample withT,=320 °C measured at 120 K. 31 % - 115T
growth conditions;? and also to low temperatur@T) an- 100 : : : f i0
nealing (at temperatures slightly above the growth 270 290 310 330 350
temperature!® We expect a similar effect for the Mn Anneal temperature, T, (°C)

5-doped GaAs layer grown dt=300 °Cwith p-SDHS. LT-

annealing was carried out in a nitrogen atmosphere for 1?an
minutes with various annealing temperatufies- 280, 300,
320, and 335°C. Figure 3 shows the Hall _IO(_)pS of the aSyith p-SDHS. From the Curie Weiss fitting to th speer T CUIVE,
grown and annealed samples. The hysteresis in the Hall lo e @Nd xare estimated, yieldingeo=1.4x 102 cm~2 and
in Fig. 3(a@) indicates ferromagnetism at 100 K in the as- Te=112K. Here, Ripoe=Rosneat CRanect/ 10,  Where Rs
grown sample. Remarkable improvemenﬂ'@fwas achieved :CRsheetandX:C/(T_Tc)- (b) TC (filled circles) and psheet(Open

in the annealed samplgBigs. 3b)—(d)]. Especially, the hys-  circleg as a function ofT,. The as-grown results are connected
teresis in Fig. &) indicates that the ferromagnetic order is with dotted lines.

retained even at 170 K for the sample annealedT at
=300°C. Further increase df, to 320 °C resulted in the the magnetization in the paramagnetic stae={T¢) is ex-
fall of T¢ [Fig. 3(d)]. Note thatT. was increased from 70 K pressed asd = yH=xB/uo, where the magnetic suscepti-
(grown atT,=400°C, as-grownto 112 K (Ts=300°C, as- bility x follows the Curie Weiss lawy=C/(T—T¢), andC
grown), and 172 K [<=300°C, LT-annealed Our explana- is the Curie constant. By taking into account the general
tion is that while the partially segregated Mn dopant§at Curie Weiss equation, the Hall coefficieRy, is expressed as
=400 °C do not take part in the ferromagnetic ordering, theRn=pH/B=Ro+Cp C/uo(T-Tc). The fitting using this
more abrupt profile of Mn dopants with higher peak concen-equation to the experiment®;—T trace yields thé ¢ andp
tration grown at 300 °C resulted in the increaseTef This (=1/eRo; e is the charge of a hole
Tc was further enhanced by the LT-annealing, which contrib- It is notable that the Curie consta@tof magnetic semi-
uted to the reduction of point defects and thus led to loweconductors is theoretically expressed a8 = (4/ad)
compensation. X (pZauax)/ (3kg),*® where ug is the Bohr magnetorkg is

In order to estimatd - and the hole concentratiqgnof the  the Boltzman constang,, is the lattice constar(in our case,
sample by ruling out the anomalous Hall effect, we havea, is set at 5.65 A, which is the value for Ga)As is the Mn
performed the Curie Weiss fitting to the experimental trace otontent & is set at 0.15 fomMy,,=0.3 ML, since we defined
Hall resistivity py (or Hall coefficientRy) versus tempera- the local Mn contenix as 6y,/2 ML, where 2 ML is the
ture T. In a magnetic material, there exists the anomalouwidth of the Mn distribution estimated by TEMp is the
Hall effect contribution to the Hall resistivity, expressed aseffective magnetic moment of a Mn idiefined aspe=9g
pu=RoB+RsM, whereRg is the ordinary Hall coefficient, [Sy,(Sun+1)1¥% g and Sy, are theg-factor and the total
B is the magnetic fieldRg is the anomalous Hall coefficient spin of Mn). In our analysis, we used=2, andS,,,=5/2,
and M is the magnetization of the sampieRg is propor-  which are the values of th€GaMn)As random alloy:® The
tional to the resistivityp of the sampleRs=cp (c is a con- above general equation of a bulk magnetic material can be
stany, when skew-scattering is dominant. On the other handmodified t0 Ry.spee™ Ro-sheet™ CRsheeC! o(T—Te) for a

FIG. 4. (Color (a) Temperature dependence of the sheet resis-
ceRgeet(0pen squargsand sheet Hall coefficierRy_ghee(filled
squares of the as-grown 0.3 ML Mro-doped GaAs ;=300 °C)
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2-dimensional system, wheRy, gneeis the sheet Hall coef- all the as-grown and annealed samples of &oped GaAs
ficient, Ro.sheetiS the ordinary sheet Hall coefficient and heterostructures, which is comparable to the reported values
RsneetiS the sheet resistance of the sample. From the fittingf (In,Mn)As?® (c=5.6) and(Ga,MnNAs® (c=1.8). Hence,
using the modified equation #8y.sheetmeasured alT=Tc, the above-mentioned values in the Mns-doped GaAs het-
one can estimat®g_gheet(Ro-shee 1/€ Pshee), thus the sheet erostructures can eliminate the possibility of superparamag-
hole concentratiomgpee, andTc. netism. Furthermore, the absence of any clusters in the high
Figure 4a) shows the temperature dependenceRgf..; resolution lattice images of cross-sectional THEbke Fig.
and Ry.sneetOf the as-grown 0.3 ML Mns-doped GaAs s  1(b)] also negates the possibility of superparamagnetism
=300°C)p-AlGaAs heterostructure. In the paramagneticfrom tiny cluster structures.
state of the sampleTETe), the experimental value of In order to explain the remarkable enhancemerfofiue
Rp-sheet(in the Ohm/Tesla unitis expressed as the slope of to the LT-annealing;T¢ and pgpee; €Stimated by the Curie
the linear relation of Hall resistance versus magnetic fld Weiss fittings are plotted as a function of annealing tempera-
Figure 4a) also plots the Curie Weiss fitting to the experi- ture T, in Fig. 4(b). It is apparent that, up t6,=300 °C, the
mental Ry gheer T data measured at different temperaturesdecrease of electrical compensation of holes by Mn intersti-
(T=T¢), and also shows temperature dependent curvgs of tials or other defects resulted in the increase of the hole con-
[=C/(T-To)], Rosheer and CRghee/1to, Needed for the centration and magnetically active Mn dopants, and thus en-
Curie Weiss fitting. From the Curie Weiss fitting, it was es-hanced 2DHG-mediated ferromagnetic ordering among the
timated thatT¢ was 112 K, antpgpeewas 1.4<10" cm™ 2. local Mn spins and increased itSc. However, above
The prefactor constart was taken to be 2.2 T. The esti- 300 °C, diffusion of the Mn dopants might have resulted in
matedT of 112 K is in good agreement with the tempera-the decrease of ferromagnetic ordering.
ture dependence of the remanence of the Hall hysteresis In summary, we have shown that the controlled overlap of
loops atT<T.. The T of samples annealed a,=280, the wave function of the 2DHG and the Mhdoping profile
300, and 320 °C, estimated in the same way, were 120, 172 GaAs can lead to ferromagnetic ordering. The higfgst
and 128 K, respectively, which were also in good agreementf the ferromagnetic heterostructures prepared with suitable
with the temperature dependence of the remanence of ttgrowth conditions and low-temperature annealing was 172
Hall hysteresis loops measured B& T (see Fig. 3 It is K. This T¢ value is the highest among the reported values in

notable that the prefactarexisted between 1.8—2.2°F for -V (GaAs, InA3 magnetic semiconductors.
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