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The valence-band structure and the Fermi level (EF) position of ferromagnetic-semiconductor GaMnAs

are quantitatively investigated by electrically detecting the resonant tunneling levels of a GaMnAs

quantum well (QW) in double-barrier heterostructures. The resonant level from the heavy-hole first state

is clearly observed in the metallic GaMnAs QW, indicating that holes have a high coherency and that EF

exists in the band gap. Clear enhancement of tunnel magnetoresistance induced by resonant tunneling is

demonstrated in these double-barrier heterostructures.
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GaMnAs is a prototype ferromagnetic semiconductor
[1,2], in which many unique phenomena induced by the
combination of its magnetic and semiconducting proper-
ties have been observed. In the last decade, a variety of its
physical properties have been investigated from the phys-
ics point of view as well as the application point of view for
future spintronic devices. In spite of these extensive stud-
ies, however, a complete understanding of the electronic
structure of GaMnAs has not been achieved yet. As the
mechanism of ferromagnetism in GaMnAs, the mean-field
Zener model [3,4], where the ferromagnetism is induced
by the interaction between the valence-band (VB) holes up
to 1020–1021 cm�3 and the localized Mn-3d electrons,
explained a variety of phenomena observed in GaMnAs.
In this model, it is assumed that the Fermi level (EF)
position is determined by the concentration of the VB holes
and that EF lies in VB at 200–300 meV lower than the VB
top. On the other hand, several recent reports on the optical
[5–7] and transport [8,9] properties of GaMnAs have
shown that EF exists in the impurity band (IB) within the
band gap of GaMnAs [10], generating dispute on the band
structure and the mechanism of the ferromagnetism in
GaMnAs [11].

Resonant tunneling spectroscopy is a very powerful
method for investigating the band structure because the
resonant levels contain a lot of information, such as the
effective mass, band offset, and EF. Previously, we suc-
cessfully observed the resonant tunneling effect in double-
barrier resonant tunneling diodes (RTDs) containing a
GaMnAs quantum well (QW) with the thicknesses from
3.8 to 20 nm at 2.6 K [12]. Our results indicated that the
mean free path of the VB holes is longer than 20 nm in
GaMnAs. However, the Curie temperature (TC) of the
GaMnAs QW was limited to less than �30 K because
the interstitial Mn atoms cannot be easily removed out of
the GaMnAs QW during the growth [13,14]. In such a case,
GaMnAs has a relatively small hole concentration and

shows insulating behavior which is quite different from
that of metallic GaMnAs with higher TC.
Recently, we found that TC of the inside GaMnAs layer

can be increased to 60–70 K even when its thickness is thin
(2 nm) by using a paramagnetic AlMnAs tunnel barrier in
the GaMnAs single-barrier heterostructures [15]. This im-
provement is probably because the interstitial Mn atoms
can more easily pass through the AlMnAs barrier than
through the Mn-free barrier during the growth. In this
Letter, we investigate the resonant levels formed in the
metallic GaMnAs QW [16] with a TC value of 60 K, and
show that the high coherency of the VB holes is a typical
feature of GaMnAs and that EF is not in VB but in the band
gap. Using the observed resonant levels, we quantitatively
analyze the VB structure and the EF position of the
GaMnAs QW.
Figure 1(a) shows the schematic cross sectional

RTD structures grown by molecular beam epitaxy com-
prising, from the surface side, Ga0:94Mn0:06Asð10 nmÞ=
GaAsð1 nmÞ = ðAl0:5Ga0:5As or Al0:94Mn0:06AsÞð4 nmÞ =
GaAs ð2 nmÞ = Ga0:94Mn0:06As ð2:5 nmÞ = GaAs ð1 nmÞ=
AlAsð4 nmÞ=Be-doped GaAs(100 nm) on a p-type
GaAs(001) substrate. We prepared two RTD samples
named as RTD A and B with the upper tunnel barrier
composed of Al0:5Ga0:5As and Al0:94Mn0:06As, respec-
tively. The Be concentration of the Be-doped GaAs
(GaAs:Be) layer was 2� 1018 cm�3. The thin GaAs
spacer layers were inserted to smooth the surface. The
GaAs:Be, AlAs, and the lowest GaAs spacer layers were
grown at high temperatures of 600, 550, and 600�C, re-
spectively. The GaMnAs QW, GaAs/(AlGaAs or
AlMnAs)/GaAs, and the top GaMnAs layers were grown
at low temperatures of 240, 200, and 225 �C, respectively.
We confirmed that the AlMnAs layer is paramagnetic even
at 3 K by the magnetic-field dependence of the magnetic
circular dichroism measurements. After the growth, circu-
lar mesa diodes with 200 �m in diameter were fabricated
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by chemical etching. We spin coated an insulating negative
resist on the sample, opened a contact hole with 180 �m in
diameter on the top of the mesa, and fabricated a metal
electrode by evaporating Au on this surface. In our trans-
port measurements, the bias polarity is defined by the
voltage of the top GaMnAs electrode with respect to the
substrate.

Figures 1(b) and 1(c) show the schematic band diagrams
of our RTD structures when assuming that EF exists in IB
and VB in the GaMnAs QW, respectively. The black and
blue lines are VB at the � point (EV) and quantum levels of
VB, respectively. The red dash-dotted lines are EF. Since
the resonant levels are detected when holes are injected
from GaAs:Be in our RTD devices [12], only the resonant
levels below EF can be detected. Therefore, the heavy-hole
first state (HH1) can be seen in the case of Fig. 1(b), not
Fig. 1(c). In our devices, the parallel and antiparallel
magnetization alignments can be switched by sweeping
the magnetic field along the [100] axis in plane because
of the difference of the coercivities between the GaMnAs
layers [12]. The dI=dV-V, d2I=dV2-V, and TMR-V data
were numerically derived from the I-V data at zero mag-
netic field.

Figures 2(a) and 2(b) show the dI=dV-V and d2I=dV2-V
characteristics of RTD devices fabricated in this study,
respectively. In each graph, the blue and red (green and
orange) curves are the data of RTD A (B). The blue or
green curves correspond to the parallel magnetization (P).
The red or orange curves correspond to the antiparallel
magnetization (AP). In Fig. 2(a), oscillations induced by
resonant tunneling are observed in the negative bias region
in both RTD devices. These resonant peaks are more
clearly seen in Fig. 2(b). The shapes of the d2I=dV2-V
curves of both RTD A and B are quite similar to those
observed in other RTD devices with the various GaMnAs

QW thicknesses in our previous study [12]. Thus, these
resonant peaks can be assigned as described in Figs. 2(a)
and 2(b). Here, HHn and LHn (n ¼ 1; 2; 3; . . . ) are reso-
nant tunneling through the nth level of the heavy-hole
(HH) band and light-hole (LH) band in the GaMnAs
QW, respectively. The resonant peaks in RTD A are ob-
served at higher voltages than those in RTDB, which is due
to the barrier height difference between Al0:5Ga0:5As
(�225 meV) and Al0:94Mn0:06As (�110 meV) [15]. The
peak positions are different between P and AP only at the
LH1 state both in RTD A and B, which is consistent with
the characteristics of the p-d exchange interaction with the
in-plane magnetization of GaMnAs [12,17]. The difference
in the resonant peaks’ voltage at LH1 between P and AP is
8 and 13 mV in RTD A and B, respectively. These values
are related to the difference of the TC values of the
GaMnAs QW: 30 K (RTD A) and 60 K (RTD B). In
Figs. 2(a) and 2(b), the resonant level of HH1 is observed
both in RTD A and B, which indicates that HH1 is not
occupied by holes and EF lies in the band gap as described
in Fig. 1(b) in both RTDs.
Figures 2(c) and 2(d) show the temperature evolution of

the bias dependence of the tunnel magnetoresistance
(TMR) obtained in RTD A and B, respectively. In both
RTD devices, clear enhancement of TMR is observed
especially at LH1 reflecting the spin splitting at LH1 as
shown in (a) and (b). It is a quite unique property that the
TMR ratio at LH1 is higher than that at zero bias in RTD A
at 3–15 K. Such clear TMR enhancements induced by
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FIG. 2 (color). (a) dI=dV-V and (b) d2I=dV2-V characteristics
of RTD A and B at 3 K. In both graphs, the blue and red (green
and orange) curves correspond to RTD A (B). The blue or green
curve corresponds to the parallel magnetization (P). The red or
orange curve corresponds to the antiparallel magnetization (AP).
(c) and (d) show the temperature evolution of the bias depen-
dence of TMR obtained in RTD A and B, respectively.
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FIG. 1 (color). (a) Schematic cross sectional structures of
RTD A and B. (b) (c) The schematic band diagrams of our
RTD structures assuming that EF exists in IB and VB in
GaMnAs, respectively. The black and blue lines are VB at the
� point (EV) and quantum levels of VB, respectively. The red
dash-dotted lines are EF. The green bands are IB in (b).

PRL 104, 167204 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

23 APRIL 2010

167204-2



resonant tunneling are due to the high crystallinity of
GaMnAs and have never been observed in the studies of
magnetic tunnel junctions of other material systems
[14,18]. TMR disappears at 30 K in RTD A and at 60 K
in RTDBwith increasing temperature, which indicates that
the TC of the GaMnAs QW is estimated to be 30 K and
60 K in RTD A and B, respectively. We note that the top
GaMnAs layer has a TC of 60 K which was determined by
magnetic circular dichroism.

We calculated the quantum levels in these hetero-
structures by the multiband transfer matrix technique de-
veloped in Ref. [19] with the Luttinger-Kohn 6� 6 k � p
Hamiltonian and p-d exchange interaction [3]. In Fig. 3(a),
the thin black curves, thick blue lines, and red dash-dotted
line correspond to the EV position estimated in our RTD
structures, EV assumed in our calculation, and EF, respec-
tively. In the EV diagrams shown in Fig. 3(a), the quanti-
zation, strain, and exchange splitting are neglected. We
note that the EV positions with respect to EF are different
between the top GaMnAs and the GaMnAs QW in this
picture (see the black curves), which is due to the quantum-
size effect explained later. In our calculation of the quan-
tum levels, we neglected the small band-bending effect and
assumed a flat band structure as expressed by the thick blue
lines. Furthermore, we replaced the GaMnAs top electrode
with the GaAs:Be electrode, because the character of the
wave function of GaMnAs is unknown, and this replace-
ment does not largely affect the calculated results of the
quantum levels. Here, we define �x and EDiff as the ex-
change splitting energy for the LH band in the in-plane
[100] direction and the EV position of the GaMnAs QW
with respect to that of the GaAs:Be electrode, respectively.
We neglected the small strain effect in the GaMnAs QW.

The values of �x and EDiff were determined as follows.
Figure 3(b) shows the experimentally obtained resonant-
peak bias voltage VR in the d2I=dV2-V characteristics as a

function of the calculated resonant level ER with respect to
EF in RTD B with various EDiff when �x is fixed at 5 meV.
Note that there are two points plotted at LH1 correspond-
ing to the resonant peaks in P and AP. EDiff and �x can be
determined so that the relationship between ER and VR

becomes linear and goes through the origin; VR ¼ sER

[20], where s is the slope of the line. �x, EDiff , and s
were estimated to be 3 (5) meV, 30 (20) meV, and 3.0
(2.4) for RTD A (B), respectively. The s values are a little
larger than the ideal value of 2 (corresponding to the case
that the equal bias drops occur at the two barriers in RTD),
which is probably due to a little voltage drop at the inter-
face between the top GaMnAs layer and the Au electrode.
The TC difference between RTD A and B can be seen as the
�x difference of 3 and 5 meV.
The black curves in Fig. 4(a) show the calculated VB

structures of the GaAs:Be (left figure) and the GaMnAs
QW when the AlGaAs (middle figure, RTD A) and
AlMnAs (right figure, RTD B) are used as the top tunnel
barrier, where the best fitting parameters obtained above
are used and the quantization is not considered. The hori-
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zontal axis is the in-plane wave number kk in the [100]

direction. The calculated sub-bands formed by the quanti-
zation in the GaMnAs QW are also shown on these VB
curves (red and blue curves). Note that the effective VB top
corresponds to the top of the HH1 sub-band in each
GaMnAs QW. From these results, we can see that EF exists
in the band gap (i.e., above the HH1 sub-band) of the
GaMnAs QW in both RTD devices.

If we used the following parameters of GaMnAs assum-
ing that EF lies in the VB, the carrier concentration of 4�
1020 cm�3, mobility � of 2 cm2=Vs [9], and the Fermi
wave vector kF¼0:4�=a [3], the mean free path given by
@kF�=e (@: Plank constant, e: electron charge) would be
less than 2 nm. Thus, this model contradicts the high
coherency of the VB holes obtained in our study. This
consideration also supports our conclusions that EF exists
in the band gap and that the VB holes are not largely
affected by the Mn impurities.

Here, we comment on the EDiff difference from our
previous results in Ref. [12] where EDiff was estimated to
be �� 30 meV when the GaMnAs QW thickness was up
to 20 nm. Since EDiff obtained in this study is
�þ 20-30 meV, this result means that the increase in
EDiff is 50–60 meV by reducing the QW thickness from
20 to 2.5 nm. A possible reason is the quantization of IB in
the GaMnAs QW. This is schematically explained in
Fig. 4 when the QW thickness d is (b) 2.5 nm,
(c) �20 nm, and (d) infinity (i.e., bulk). The black, blue,
and green lines are EV, quantum levels of VB, and the ones
of IB, respectively. Here, the exchange splitting and strain
are neglected. When the QW width is thin as shown in
Fig. 4(b), EF becomes lower than the original VB top of the
GaMnAs due to the quantum-size effect of IB. When the
QW becomes thick as shown in Fig. 4(c), quantization of
IB becomes weaker. Thus, EF is pushed up into the band
gap so as to maintain the hole concentration. From these
results, we can expect VB of the bulk GaMnAs as shown in
Fig. 4(d).

In summary, we fabricated ferromagnetic-RTD devices
with a GaMnAs QW whose TC is 30 and 60 K, and found
that the HH1 state is not occupied by holes in both devices.
This means that holes do not reside in VB of GaMnAs in
the equilibrium condition; EF exists in the band gap. The
VB structure of GaMnAs can be reproduced by adding a
small exchange splitting energy�x of 3–5 meV (for the LH

band) to the VB structure of GaAs. We clearly detected the
enhancement of TMR induced by the resonant tunneling in
these devices. Also, we found that the EF shift of 50–
60 meV induced by the thickness reduction of the
GaMnAs QW from 20 to 2.5 nm, which is probably due
to the quantization of IB.
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