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Ferromagnetism and high Curie temperature in semiconductor heterostructures with Mnd-doped
GaAs and p-type selective doping

Ahsan M. Nazmul,* S. Sugahara, and M. Tanaka†

Department of Electronic Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
and PRESTO, Japan Science & Technology Corporation, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

~Received 25 February 2003; published 25 June 2003!

The interaction between the magnetic dopants~Mn! and 2-dimensional hole gas~2DHG! in Mn d-doped
GaAs/Be-dopedp-type AlGaAs heterostructures, where holes were supplied from the Be-doped AlGaAs to the
Mn d-doped GaAs, realized ferromagnetic ordering. The Curie temperatureTC of the heterostructure prepared
with suitable growth conditions was 172 K, highest among theTC values reported in III-V~InAs, GaAs!
magnetic semiconductors.
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Advances in epitaxial growth technology, such as mole
lar beam epitaxy~MBE!, have made it possible to grow
variety of semiconductor heterostructures with atomica
controlled layer thicknesses and abrupt doping profiles
which the wave function of carriers can be controlled in
tificially designed potentials.1 This has led to creation o
some electronic and optical devices, e.g. high-electr
mobility transistors~HEMT! and quantum-well lasers. Whil
the bandgap and wave function engineering are so far lim
to nonmagneticsemiconductor heterostructures, we aim
broaden its use tomagneticheterostructures and to exten
the degree of freedom in designing spin-related propertie
semiconductors. In this Rapid Communication, we use
two-dimensional hole gas~2DHG! system in selectively-
doped GaAs/p-AlGaAs heterostructures2 together with
d-doping of magnetic~Mn! impurities, and successfully
maximize the ferromagnetic order among the Mn spins
GaAs by overlapping the wave function of 2DHG with th
Mn d-doping profile.

The mainstream studies of spin-electronic materials ba
on III-V semiconductors consist of~i! ferromagnet/
semiconductor heterostructures such as MnAs/GaAs3 and~ii !
magnetic alloy semiconductors such as InMnAs a
GaMnAs.4–6 Despite extensive studies, in the former syst
special techniques are required to grow multilayer hete
structures with abrupt interfaces,7 and much higher Curie
temperatureTC is needed for practical application in the la
ter system@the highestTC for the past few years was 110
for ~GaMn!As#.8 Unlike the random alloy system, here w
used-doping of Mn in GaAs, where the doping profile alon
the growth direction is approximated by Dirac’sd-function.
Inherent advantages ofd-doping9 are locally high dopant
concentration and high carrier concentration, which can l
to high Curie temperatureTC.10 Another prospective advan
tage is easy fabrication of multilayer heterostructures c
taining Mn d-doped GaAs layers with excellen
interfaces.11,12

Mn d-doped GaAs layers were grown on semi-insulat
~SI! GaAs~001! substrates by MBE at the growth temper
turesTs5200– 400 °C, and were characterized by second
ion mass spectroscopy~SIMS!, transmission electron micros
copy ~TEM!, and X-ray standing wave studies. These str
tural analyses revealed that most of the Mn atoms
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abruptly confined within a width of 2–3 monolayers~ML ! in
the zinc-blende structure as substitutional dopants, when
nominal thicknessuMn of Mn is below 1 ML.12,13 The Mn
doping profiles retained abruptness even at elevatedTs up to
400 °C. Here,uMn51 ML corresponds to a sheet Mn con
centration of 6.331014 cm22, taking into account that Mn
atoms are substituted for the Ga sublattice in the zinc-ble
GaAs with the lattice constant of 0.565 nm. Although it w
possible to incorporate high Mn concentration in the M
d-doped GaAs layers, the hole to Mn concentration ra
p/uMn was very low and was not enough to realize ferroma
netic ordering.13

In order to obtain high hole concentration and locally hi
Mn concentration at the same position, we have grown
ML Mn d-doped GaAs/Be-dopedp-AlGaAs heterostructures
by MBE, its structure is shown in Fig. 1~a!. Thesep-type
selectively doped heterostructures (p-SDHS) resemble an
inverted high electron mobility transistor, where holes a
provided from thep-AlGaAs layer to the overlying GaAs
layer. A 200 nm-thick undoped GaAs buffer layer, a 3
nm-thick undoped Al0.3Ga0.7As layer, a 30 nm-thick Be-
doped p-Al0.3Ga0.7As ~Be concentration was 1.8
31018 cm23), and ads nm-thick undoped GaAs separatio
layer were successively grown atTs5600 °C on a SI-
GaAs~001! substrate. Then, 0.3 ML Mn was deposited with
20 nm-thick undoped GaAs cap layer atTs5400 °C or
300 °C. The thicknessds of the undoped-GaAs separatio
layer was a measure to control the interaction between
Mn d-doped GaAs layer and the 2DHG formed at t
GaAs/p-AlGaAs interface. Successful epitaxial growth
the p-SDHS was confirmed byin situ reflection high-energy
electron diffraction~RHEED! observations. A cross sectiona
high-resolution TEM lattice image of a 1 ML Mn d-doped
GaAs layer in Fig. 1~b! ~grown atTs5300 °C) shows that
Mn atoms are incorporated in the zinc-blende structure w
out any dislocations or clusters. Other TEM images sugg
that thed-doped Mn atoms are localized within a width o
2–3 ML.12

Hall loops~Hall resistance versus magnetic fieldB) at 40
K of 0.3 ML Mn d-doped GaAs layers grown at 400 °
without and with p-SDHS (ds53 nm) are shown in Figs
2~a! and 2~b!, respectively. The hysteresis in the Hall loop
the samplewith p-SDHS clearly indicates ferromagnetic o
der, while the ferromagnetic hysteresis is absent in
samplewithout p-SDHS. The origin of the negative slope
©2003 The American Physical Society08-1
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B.2 kG in Fig. 2~b! is the influence of the negative magn
toresistance, which is proportional to the Hall resistivity. D
tails of the expressions are described later. The tempera
dependence of the sheet resistance (Rsheet–T) of the samples
withoutandwith p-SDHS is plotted in Fig. 2~c!. The sample
without p-SDHS shows insulating behavior due to the lo
hole concentration as described earlier. In contrast,
sample with p-SDHS shows a local maximum of th
Rsheet–T trace, which suggests thatTC is around 70 K. This
value ofTC was confirmed by measuring Hall loops at va
ous temperatures, where hysteresis remained open u
60–70 K.

The ferromagnetic order of the sampleswith p-SDHS was
found strongly dependent on the GaAs separation la
thicknessds . As shown in Fig. 2~d!, the local maximum
temperature of the bump in theRsheet–T trace, which roughly
corresponds toTC, was 45 K atds50 nm and 70 K atds
53 nm. The Hall loops showed clear ferromagnetic hys
esis atds50 and 3 nm belowTC. With further increase ofds
to 5 and 10 nm, the bump disappeared. Hysteresis in lo
was not observed atds55 and 10 nm, indicating the absenc
of ferromagnetic order. Theds dependence of the ferromag
netic order is explained using the valence band diagram
the heterostructure in Fig. 2~e!. Here,z is the growth direc-
tion of the sample. The concentration of 2DHG formed at
GaAs/p-AlGaAs heterointerface without Mnd-doping was
1.831012 cm22, estimated by Hall measurements. We thi
that the degree of the overlap of the 2DHG wave funct
and the Mnd-doping profile directly affects the ferromag
netic ordering andTC of the heterostructures.TC was highest

FIG. 1. ~Color! ~a! Sample structure of Mnd-doped GaAswith
p-type selectively doped heterostructures (p-SDHS). The GaAs
separation layer thicknessds was 0–10 nm. Holes are supplied fro
the Be-dopedp-type Al0.3Ga0.7As layer to the Mnd-doped GaAs
layer in the SDHS.~b! High-resolution TEM lattice image of the
Mn d-doped GaAs layer withuMn51.0 ML grown atTs5300 °C.
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~70 K! at ds53 nm, because the overlap was maximu
Note that the self-consistent calculation of GaAs/p-AlGaAs
heterostructures14 indicates that the peak position of th
2DHG wave function with similar order of hole concentra
tion to ours is around 3 nm away from the heterointerfa
which is in good agreement with our explanation. Furth
increase ofds to 5 and 10 nm decreased the overlap of t
2DHG wave function and the Mnd-doping profile, thus
weakened the ferromagnetic order. We also notice that
sheet resistanceRsheet of the Mn d-doped GaAs heterostur
cures decreased with the increase ofds @see Fig. 2~d!#. It is
apparent thatds plays the role of controlling the degree o
scattering of the 2DHG by the Mn dopants in thed-doped
layer. The increase ofds weakens the scattering, thus in
creases the mobility of the 2DHG and eventually decrea
Rsheet.

In order to completely suppress the surface segregatio
Mn, and to obtain locally higher Mn concentration in a id
ally sharpd-doped profile,Ts of the Mnd-doped GaAs layer
in the SDHS was lowered from 400 °C~at which surface
segregation of around 30% Mn dopants was observed in
SIMS depth profile! to 300 °C ~at which no segregation o
Mn was detected!.12,13 The sample examined here was a 0
ML Mn d-doped GaAs (Ts5300 °C)/Be-dopedp-AlGaAs
heterostructure withds50 nm, as shown in Fig. 1~a!.

It is known that the transport and magnetic properties
III-V magnetic semiconductors are very sensitive to t

FIG. 2. ~Color! ~a!, ~b! Hall loops of 0.3 ML Mnd-doped GaAs
layers grown at 400 °Cwithout and with p-SDHS (ds53 nm),
measured at 40 K.~c! Rsheet–T traces of the sampleswithout and
with p-SDHS, respectively.~d! Rsheet–T traces of 0.3 ML Mn
d-doped GaAs sampleswith p-SDHS fords50, 3, 5 and 10 nm.~e!
Schematic diagram of the valence band profile of thep-SDHS, the
2DHG wave function, and Mn dopants.EV andEF are the valence
band top and the Fermi energy, respectively.z is the growth direc-
tion.
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growth conditions,15 and also to low temperature~LT! an-
nealing ~at temperatures slightly above the grow
temperature!.16 We expect a similar effect for the Mn
d-doped GaAs layer grown atTs5300 °Cwith p-SDHS. LT-
annealing was carried out in a nitrogen atmosphere for
minutes with various annealing temperaturesTa5280, 300,
320, and 335 °C. Figure 3 shows the Hall loops of the
grown and annealed samples. The hysteresis in the Hall
in Fig. 3~a! indicates ferromagnetism at 100 K in the a
grown sample. Remarkable improvement ofTC was achieved
in the annealed samples@Figs. 3~b!–~d!#. Especially, the hys-
teresis in Fig. 3~c! indicates that the ferromagnetic order
retained even at 170 K for the sample annealed atTa
5300 °C. Further increase ofTa to 320 °C resulted in the
fall of TC @Fig. 3~d!#. Note thatTC was increased from 70 K
~grown atTs5400 °C, as-grown! to 112 K (Ts5300 °C, as-
grown!, and 172 K (Ts5300 °C, LT-annealed!. Our explana-
tion is that while the partially segregated Mn dopants atTs
5400 °C do not take part in the ferromagnetic ordering,
more abrupt profile of Mn dopants with higher peak conc
tration grown at 300 °C resulted in the increase ofTC. This
TC was further enhanced by the LT-annealing, which contr
uted to the reduction of point defects and thus led to low
compensation.

In order to estimateTC and the hole concentrationp of the
sample by ruling out the anomalous Hall effect, we ha
performed the Curie Weiss fitting to the experimental trace
Hall resistivity rH ~or Hall coefficientRH) versus tempera
ture T. In a magnetic material, there exists the anomal
Hall effect contribution to the Hall resistivity, expressed
rH5ROB1RSM , whereRO is the ordinary Hall coefficient,
B is the magnetic field,RS is the anomalous Hall coefficien
and M is the magnetization of the sample.17 RS is propor-
tional to the resistivityr of the sample,RS5cr (c is a con-
stant!, when skew-scattering is dominant. On the other ha

FIG. 3. Ferromagnetic Hall hyteresis loops of a 0.3 ML M
d-doped GaAs layerwith p-SDHS (ds50 nm) grown at 300 °C;
~a! as-grown sample measured at 100 K,~b! sample with Ta

5280 °C measured at 110 K,~c! sample withTa5300 °C measured
at 170 K, and~d! sample withTa5320 °C measured at 120 K.
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the magnetization in the paramagnetic state (T>TC) is ex-
pressed asM5xH5xB/m0 , where the magnetic suscept
bility x follows the Curie Weiss law,x5C/(T2TC), andC
is the Curie constant. By taking into account the gene
Curie Weiss equation, the Hall coefficientRH is expressed as
RH5rH /B5RO1cr C/m0(T-TC). The fitting using this
equation to the experimentalRH–T trace yields theTC andp
(51/eRO; e is the charge of a hole!.

It is notable that the Curie constantC of magnetic semi-
conductors is theoretically expressed asC5(4/a0

3)
3(peff

2 mB
2x)/(3kB),18 wheremB is the Bohr magneton,kB is

the Boltzman constant,a0 is the lattice constant~in our case,
a0 is set at 5.65 Å, which is the value for GaAs!, x is the Mn
content (x is set at 0.15 foruMn50.3 ML, since we defined
the local Mn contentx as uMn/2 ML, where 2 ML is the
width of the Mn distribution estimated by TEM!, peff is the
effective magnetic moment of a Mn ion~defined aspeff5g
@SMn(SMn11)#1/2; g and SMn are theg-factor and the total
spin of Mn!. In our analysis, we usedg52, andSMn55/2,
which are the values of the~GaMn!As random alloy.19 The
above general equation of a bulk magnetic material can
modified to RH-sheet5RO-sheet1cRsheetC/m0(T2TC) for a

FIG. 4. ~Color! ~a! Temperature dependence of the sheet re
tanceRsheet~open squares! and sheet Hall coefficientRH-sheet~filled
squares! of the as-grown 0.3 ML Mnd-doped GaAs (Ts5300 °C)
with p-SDHS. From the Curie Weiss fitting to theRH-sheet–T curve,
RO-sheet and xare estimated, yieldingpsheet51.431012 cm22 and
TC5112 K. Here, RH-sheet5RO-sheet1cRsheetx/m0 , where RS

5cRsheetandx5C/(T2TC). ~b! TC ~filled circles! andpsheet~open
circles! as a function ofTa. The as-grown results are connecte
with dotted lines.
8-3



d
tin

t

tic
f
of

ri-
re
of

s

a-
es

17
e
t

lues

ag-
high

ism

ra-

sti-
on-
en-
the

in

of

ble
72
in

K

M

L.

u

v.

n
ys

. J
,

.

ci-

n,
om,

wth
.

k
L
the

e-

ett.

ys.

.
K.

L.

RAPID COMMUNICATIONS

AHSAN M. NAZMUL, S. SUGAHARA, AND M. TANAKA PHYSICAL REVIEW B 67, 241308~R! ~2003!
2-dimensional system, whereRH-sheet is the sheet Hall coef-
ficient, RO-sheet is the ordinary sheet Hall coefficient an
Rsheet is the sheet resistance of the sample. From the fit
using the modified equation toRH-sheetmeasured atT>TC,
one can estimateRO-sheet(RO-sheet51/epsheet), thus the shee
hole concentrationpsheet, andTC.

Figure 4~a! shows the temperature dependence ofRsheet
andRH-sheetof the as-grown 0.3 ML Mnd-doped GaAs (Ts
5300 °C)/p-AlGaAs heterostructure. In the paramagne
state of the sample (T>TC), the experimental value o
RH-sheet~in the Ohm/Tesla unit! is expressed as the slope
the linear relation of Hall resistance versus magnetic fieldB.
Figure 4~a! also plots the Curie Weiss fitting to the expe
mental RH-sheet–T data measured at different temperatu
(T>TC), and also shows temperature dependent curvesx
@5C/(T-TC)#, RO-sheet, and cRsheetx/m0 , needed for the
Curie Weiss fitting. From the Curie Weiss fitting, it was e
timated thatTC was 112 K, andpsheetwas 1.431012 cm22.
The prefactor constantc was taken to be 2.2 T21. The esti-
matedTC of 112 K is in good agreement with the temper
ture dependence of the remanence of the Hall hyster
loops atT<TC. The TC of samples annealed atTa5280,
300, and 320 °C, estimated in the same way, were 120,
and 128 K, respectively, which were also in good agreem
with the temperature dependence of the remanence of
Hall hysteresis loops measured atT<TC ~see Fig. 3!. It is
notable that the prefactorc existed between 1.8– 2.2 T21 for
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