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We report the inducement of a ferromagnetic order by photogenerated carriers in a novel III-V–
based magnetic semiconductor heterostructurep-(In,Mn)AsyGaSb grown by molecular beam epitaxy.
At low temperaturess,35 Kd, samples preserve ferromagnetic order even after the light is switched
off, whereas they recover their original paramagnetic condition above 35 K. The results are explained
in terms of hole transfer from GaSb to InMnAs in the heterostructure, which enhances a ferromagnetic
spin exchange among Mn ions in the InMnAs layer. [S0031-9007(97)03396-6]

PACS numbers: 72.20.My, 72.40.+w , 72.80.Ey
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Cooperative phenomena based on spin exchange
teractions between carriers and local magnetic mome
have long been studied in the diluted magnetic se
conductor (DMS). Among various DMS materials, th
III-V–based DMS represent a new class of semiconduc
alloys that can be grown by molecular beam epita
with a large amount of magnetic ions (concentration
manganese ions:fMng  1020 , 1021 cm23) [1,2]. It
has been shown thatn-type (In,Mn)As usually exhibits
paramagnetic characteristics, whereasp-type layers and
related heterostructuresp-(In,Mn)Asy(Ga,Al)Sb show
various types of ferromagnetic order at low temperatu
[3–5]. These facts suggest that holes can change
strength of spin exchange among Mn ions. This phenom
non is reminiscent of the carrier-induced magnetic ord
found a decade ago in the IV-VI–based DMS (Pb, S
Mn)Te [6]. Lately, the light-induced dynamic magnet
effect has been studied in the II-VI–based DMS (CdM
nTe) by the micro-SQUID technique, in which circula
polarized light has been utilized to yield spin-polarize
carriers and thus magnetic polarons [7]. These wo
stimulated us to the study of (photo) carrier-induc
magnetic order, which is an interesting and challeng
subject.

In this paper, we demonstrate, by means of photog
erated carriers, that the strength of ferromagnetic s
exchange can be controlled by changing the hole conc
trations in (In, Mn)Asy(Ga, Al)Sb heterostructures. Th
consequence is an enhanced magnetization and, in s
cases, a magnetic phase change. The experimental
clearly show that the change in magnetization is pur
electronic, and is not accompanied by any photoindu
and/or heat-induced structural or chemical changes.

In Fig. 1, we show schematically the sample structu
and expected band edge profile of an (In, Mn)AsyGaSb
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heterostructure. Samples were grown by molecular be
epitaxy. The Mn contentx of a top 120 Å (In, Mn)As
layer was fixed at0.06 6 0.02. Details of growth proce-
dures and general physical properties have been descr
in other papers [5,8]. The most important point in samp
preparation is the use of relatively low substrate tempe
turessTsd for the growth of (In, Mn)As layers (Ts  440
to 470 K). This was necessary to suppress the formati
of ferromagnetic MnAs crystallites, and also to control th
hole concentrationspd while keeping the Mn content un-
changed. The reduction ofTs increases the number o
n-type defects, which consequently reduces the numbe
holes supplied from Mn acceptors [5,8]. Samples stu
ied most extensively in this work are basically parama
netic. As shown later, however, the samples are in t
critical condition in that a small change in carrier num
bers significantly influeneces their magnetic and galvan
magnetic properties. Anomalous Hall effect appears to

FIG. 1. (a) Structure of the sample. Direction of ligh
irradiation is also shown by an arrow. (b) Band edge profi
of (In,Mn)AsyGaSb heterostructure.Ec, Ey , and EF denote
band edges of conduction band, valence band, and Fermi le
respectively.
© 1997 The American Physical Society 4617
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large, making it difficult to determine carrier concentr
tions unless measured at high fields where magnetiza
is saturated [9]. Nevertheless, thep values of the samples
studied here are certainly lower than those of ferrom
netic heterostructures.

As shown in Fig. 1(b), the (In, Mn)AsyGaSb het-
erostructure most likely consists of a broken-gap type
band alignment, being similar to the InAsyGaSb [10]. We
infer that a large built-in electronic field exists across t
p-(In, Mn)AsyGaSb heterostructure due to the position
the surface Fermi level which is pinned inside the cond
tion band [11]. On the basis of these considerations,
expect that photogenerated holes can be accumulate
the (In,Mn)As layer and its vicinity. We discuss this poi
in later paragraphs to explain our experimental results.

Light-induced magnetization experiments were carr
out using a SQUID magnetometer and magneto-opt
cryostat, which were equipped with optical fiber an
light pipe systems, respectively. Using a 100 W halog
incandescent lamp, samples were irradiated with wh
light of wavelengths ranging from0.8 s1.55 eVd to
1.4 mm s0.88 eVd. The area of irradiation was abou
14 mm2 and the excitation light intensity was abou
5 3 1014 photons cm22 s21. As discussed later, mos
of the light penetrates through an ultrathin (In, Mn)A
layer and is absorbed in a relatively thick GaSb lay
whose band gap is 0.8 eV at 5 K. The magnetic fie
was always applied normal to the sample plane. T
demagnetization factor was assumed to be 1 on the b
of the planar geometry of the samples. The diamagn
contribution from the GaSbyGaAs (100) substrate wa
measured separately, and subtracted from the ove
magnetization signal.

When samples were irradiated with light, an increase
magnetization occurred gradually. It usually took abo
20 min to establish a steady state condition. Surprising
the enhanced magnetization persisted at low temperat
sT , 35 Kd even after the light was switched off. Thi
behavior allowed us to ignore any bolometric effec
during the light irradiation. On the other hand, it led u
to suspect that samples might undergo some irrevers
structural /chemical change, such as the developmen
ferromagnetic MnAs and/or MnSb second phases. T
point was examined by repeating the experiments un
heat cycling, as described below.

Figure 2 shows the temperature dependence of
magnetization under a magnetic field of 0.02 T duri
cooldown in the dark (open circles) and warmup af
light irradiation (solid circles). Before the irradiation
the sample exhibits paramagnetic behavior through
the entire temperature range studied in this work
to 50 K). A Curie-Weiss plot yields a paramagnet
Curie temperature and Curie constant of1.1 K and2.5 3

1021 K, respectively (inset of Fig. 2). Light irradiation
is then carried out at 5 K for 30 min under a ze
magnetic field, followed by a 20 min interval in th
4618
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FIG. 2. Temperature dependence of magnetization obser
during cooldown in the dark (open circles) and warmup (sol
circles) under a fixed magnetic field of 0.02 T. Light irradiatio
at 5 K is also shown by an arrow. The Curie-Weiss plot for
sample in the dark is shown in the inset.

dark before magnetization experiments. When a magne
field of 0.02 T is applied, we observe an enhanceme
in magnetization, as shown by the arrow in the figur
The enhanced magnetization decreases with increas
sample temperature, and almost vanishes at about 35
When the sample is cooled down again and irradiat
with light at 5 K, the behavior shown in Fig. 2 is
reproduced. From these observations, we can conclu
that the enhancement in magnetization is not due to
formation of ferromagnetic second phases such as Mn
and MnSb.

We now show in Figs. 3(a) and 3(b), respectivel
light-induced changes in magnetization and Hall resisti
ity curves at 5 K. Before the irradiation, the magnetizatio
changes nonlinearly with an external magnetic field wi
no hysteretic behavior, as shown by the open circles plot
in Fig. 3(a). This curve can be fitted by the Brillouin func
tion (solid line) with g  2, constituent spinj  75 6

20, and the effective concentration̄x  sfMng 3 5y2dyj
(fMng  1.1 6 0.3 3 1021 cm23 for this sample). This
result shows that 30 Mn atomsf 75ys5y2dg form a ferro-
magnetic cluster, indicating that the sample in the dark
close to the ferromagnetic phase transition. After light i
radiation, a hysteresis loop develops, as shown by the so
circles in Fig. 3(a). The magnetization curve saturat
at about 0.2 T with a saturation magnetization of abo
6 3 1022 T. This value is reasonably close to the theo
retical value of6 6 2 3 1022 T based on the high spin
configuration ofMn21 ions sS  5y2d. We can there-
fore conclude that the observed behavior is not due to
changes in the ionic state of Mn ions, as was the case
FeBO3 [12], CdCr2Se4 [13], and magnetic garnets [14].
In these materials, a change in the ionic state manifests
self in an alternation of the magnetic easy axis and/or
change in the mobility of the magnetic domain walls.
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FIG. 3. (a) Magnetization curves at 5 K observed befo
(open circles) and after (solid circles) light irradiation. Sol
line shows a theoretical curve. (b) Hall resistivitysrHalld
observed at 5 K before (dashed line) and after (solid line) lig
irradiation.

Hall resistivity srHalld curves [Fig. 3(b)] also showed
a behavior similar to the magnetization curves [Fig. 3(a
reflecting the fact that therHall directly correlates with
magnetization through the skew scattering [4,8].
shown by the dashed line, the anomalous Hall eff
is noticeable even in the dark, indicating again that
sample is in the critical condition for the ferromagnet
phase transition. Here, the contribution of negative m
netoresistance (Drxxyrxx , 3% at 0.3 T) is separated
from the raw Hall resistance data on the basis of sy
metric (antisymmetric) characteristics ofrxx srHalld with
respect to the polarity of a magnetic field. To extrac
change in the carrier concentration, we have carried
Hall resistivity measurements under high magnetic fie
s615 Td, where the contribution of the anomalous Ha
effect is expected to be negligible [4,5]. The hole co
centrationsp thus obtained at 5 K before and after ligh
irradiation are3.76 3 1019 cm23 and3.90 3 1019 cm23,
respectively, assuming a homogeneous distribution
holes across the 120 Å thick (In,Mn)As layer. An in
crease in sample conductivity by about 6% has also b
consistently observed. These results suggest that a s
increase inp results in a change in magnetic order, rem
niscent of a phase transition. Similar light-induced e
hancement in magnetization has also been observed
samples with lowerp values [8].

Figure 4 shows the dependence of the persistent ph
conductivitysDGd on temperature. As can be seen in t
figure, DG is clearly detectable up to about 45 K. No
that the observed temperature dependence is simila
that for light-induced magnetization (Fig. 2). This coinc
re
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FIG. 4. Temperature dependence of the persistent photoc
ductivity DG. Inset shows the excitation photon energy depe
dence ofDG at 77 K.

dence strongly supports the conjecture that the enhan
magnetization is induced by photogenerated carriers.
the inset of Fig. 4, we show the dependence ofDG on
excitation photon energy. This experiment was done
77 K, and a little change in conductivity was detected b
the lock-in technique. As shown in the inset, theDG is
almost negligible forhn , 0.8 eV , whereas it increases
steeply at about 0.8 eV and higher. This behavior ind
cates that carriers are generated primarily in a GaSb lay
and raises an interesting question as to how this proc
results in enhanced magnetization and its persist
characteristics.

We strongly believe that the key to explaining th
observed results lies in the unique band edge profile
(In,Mn)AsyGaSb heterostructures, as shown previously
Fig. 1(b): When holes are generated in a GaSb lay
by light irradiation, they are transferred effectively to
thin p-type (In, Mn)As layer due to large band bendin
across the heterostructure. Electrons will drift towar
the opposite direction, so that holes do not recombi
immediately with electrons when the light is switched of
This type of photogalvano effect has been invoked earl
to explain the persistent negative photoconductivity inn-
InAsyAlSb quantum wells [15,16]. Holes thus transferre
to the p-(In, Mn)As layer enhance the ferromagneti
spin exchange among Mn ions and induce the obser
enhancement in magnetization and phase change.
gradual increase in both magnetization and conductiv
during the light irradiation can probably be explaine
in terms of the existence of carrier trapping centers
GaSb and (In, Mn)As layers, and/or the (In, Mn)AsyGaSb
heterointerface.

In conclusion, we have shown experimental evidence
a ferromagnetic order induced by photogenerated hole
p-sIn0.94Mn0.06dAsyGaSb heterostructures. We have es
tablished that the ferromagnetic order in thep-(In,Mn)As
is induced by the presence of excess holes. Critical h
concentration for the ferromagnetic order in the samp
shown in this study is found to be about3.8 3 1019 cm23.
4619



VOLUME 78, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 16 JUNE 1997

i,
o
o
I
y

a
a
r
i-

,

,

d

.

,

,

n,

d

.

s.

,
r,

,

The authors would like to thank Professor F. Minam
Professor J. Yoshino, and Professor H. Kukimoto f
enlightening discussions, and also Mr. K. Nozawa f
helpful discussions on the measurement by the SQU
magnetometer. This work was partially supported b
Nissan Scientific Foundation, TORAY Science Found
tion, TEPCO Research Foundation, and NEDO Propos
based AIT R&D program and also by a Grant-in-Aid fo
Scientific Research from the Ministry of Education, Sc
ence, Sports and Culture, Japan.

[1] H. Munekata, H. Ohno, S. von Molnar, A. Segmuller
L. L. Chang, and L. Esaki, Phys. Rev. Lett.63, 1849
(1989).

[2] H. Ohno, A. Shen, F. Matsukura, A. Oiwa, A. Endo
S. Katsumoto, and Y. Iye, Appl. Phys. Lett.69, 363
(1996).

[3] H. Munekata, T. Penney, and L. L. Chang, Surf. Sci.267,
342 (1992).

[4] H. Ohno, H. Munekata, T. Penney, S. von Molnar, an
L. L. Chang, Phys. Rev. Lett.68, 2664 (1992).

[5] H. Munekata, A. Zaslavsky, P. Fumagalli, and R. J
Gambino, Appl. Phys. Lett.63, 2929 (1993).

[6] T. Story, R. R. Galazka, R. B. Frankel, and P. A. Wolff
Phys. Rev. Lett.56, 777 (1986).

[7] D. D. Awschalom, M. R. Freeman, N. Samarth, H. Luo
and J. K. Furdyna, Phys. Rev. Lett.66, 1212 (1991);
4620
r
r
D

-
l-

S. Takeyama, S. Adachi, Y. Takagi, and V. F. Aguekia
Phys. Rev. B52, 1444 (1995).

[8] H. Munekata, T. Abe, S. Koshihara, A. Oiwa,
M. Hirasawa, S. Katsumoto, Y. Iye, C. Urano, an
H. Takagi, J. Appl. Phys.81, 4862 (1997).

[9] Hall resistance is expressed byrHall  R0B 1 crxxM.
Therefore, 1yp ~ drHallydB , R0 1 crxxdMydB.
When M is saturated, we get1yp ~ R0. Otherwise, it
is difficult to determinep values only from low-field
measurements; e.g.,p values measured at 0.4 T are
3 , 5 3 1018 cm23 and 2 , 4 3 1019 cm23 at room
temperature and 5 K, respectively.

[10] G. Tuttle, H. Kroemer, and J. H. English, J. Appl. Phys
65, 5239 (1989).

[11] P. C. Tsui, Phys. Rev. Lett.24, 303 (1970); S. Kawaji and
H. C. Gatos, Surf. Sci.7, 215 (1967).

[12] D. E. Lacklison, J. Chadwick, and J. L. Page, J. Phys. D5,
810 (1972).

[13] W. Lems, P. J. Rijnierse, P. F. Bongers, and V. Enz, Phy
Rev. Lett.21, 1643 (1968).

[14] R. W. Teale and D. W. Temple, Phys. Rev. Lett.19, 904
(1967).

[15] Ch. Gauer, J. Scriba, A. Wixforth, J. P. Kotthaus
C. Nguyen, G. Tuttle, J. H. English, and H. Kroeme
Semicond. Sci. Technol.8, S137 (1993); I. Lo, W. C.
Mitchel, M. O. Manasreh, C. E. Stutz, and K. R. Evans
Appl. Phys. Lett.60, 751 (1992).

[16] D. J. Chadi, Phys. Rev. B47, 13 478 (1993).


