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We have fabricated epitaxial p-i-n diode structures, containing a single GaMnAs layer, by using
molecular beam epitaxy. For vertical transport measurements, the samples were patterned into
mesa structures by using standard photolithography. The low-temperature magnetoresistance
shows a strong bias voltage dependence, including sign-changes, similar to those of p-n diodes. The
anisotropic magnetoresistance seems to originate from inherent in-plane magnetic anisotropy and
the spin-orbit interaction of (Ga,Mn)As. The enhanced magnetoresistance in p-i-n diodes shows
that the performance of GaMnAs diodes can be improved by using interface manipulations.
PACS numbers: 75.50.Pp, 85.75.Mm
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I. INTRODUCTION

Electronic devices utilizing spin manipulation are expected to accelerate the integration of information processing and storage. Especially, the advent of diluted magnetic semiconductors boosted the research
on spin electronics because of characteristic transport
and optical properties not expected from ferromagnetic metals [1]. Various heterostructures involving
(Ga,Mn)As, the best known diluted magnetic semiconductor, have shown interesting properties, such as
spin-dependent light emission, gate-controlled ferromagnetism and current-induced magnetization reversal [2].
However, (Ga,Mn)As has some drawbacks; the transition temperature is much lower than room temperature
and the charges are carried by holes whose spin lifetimes
are much shorter than those of electrons. While the
rst problem should be solved by new materials [3, 4]
or innovative growth methods [5], the second one can
be overcome by using Zener-Esaki diode structures [6,
7]. Recently, an interesting magnetoresistance was observed in these structures [8]. The authors interpreted
their results in terms of the tunneling anisotropic magnetoresistance that had been introduced to explain a large
spin-valve-like magnetoresistance even from a single ferromagnetic layer [9]. Here, we present the magnetotrans E-mail:
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port properties of another Zener-Esaki diode structure
with a di erent interface. We nd that low-temperature
magnetoresistance (MR) can be increased by the insertion of an insulating GaAs layer between (Ga,Mn)As
and n-GaAs. The strong bias voltage dependence and
the sign changes at forward biasing imply that the inplane magnetic anisotropy and the spin-orbit interaction
of (Ga,Mn)As are the origin of this anisotropic magnetoresistance, as in (Ga,Mn)As / n-GaAs diodes [10].
II. EXPERIMENTS

The (Ga,Mn)As p-i-n samples are prepared in a Riber
MBE 32 deposition chamber with standard e usion
cells containing elemental sources [11]. Before each
growth, the molybdenum sample holders are chemically
etched and epi-ready n+ -GaAs(001) substrates are indium mounted. After the growth of a 500-nm-thick nGaAs bu er layer at 600  C (n  1019 cm3 ), followed by
a 100-nm-thick unintentionally doped GaAs at the same
temperature, the substrate temperature is lowered to 250
 C and the growth of a 100-nm-thick Ga1 x Mnx As (x 
3 %) is begun. For comparison, p-n structures without
the unintentionally doped layer are also prepared.
The ferromagnetic transition temperature of
(Ga,Mn)As determined by using a superconducting
quantum interference device is 80 K. For vertical trans-
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Fig. 1. The structure of a (Ga,Mn)As p-i-n diode with
contact pads.

Fig. 3. Magnetoresistance of (a) a p-i-n diode and (b) a
p-n diode under reverse bias at 15 K.

ranging up to 0.2 T. Data are taken by using the
four-probe method with a standard dc source-measure
unit (Keithley 2400).
III. RESULTS AND DISCUSSION

Fig. 2. (a) I -V characteristics at room temperature and
(b) semi-log plot of the I -V characteristics of p-i-n diodes at
room temperature and at 15 K.

port measurements, 20-um-diameter mesas are de ned
by using standard photolithography and wet-etching
[12]. Figure 1 shows the structure of the p-i-n samples
used in this experiment. The current-voltage characteristics, as well as MR, are measured in a closed-cycle
He refrigerator with perpendicular magnetic elds

The current-voltage characteristics of our sample are
those expected from a diode structure, as shown in Figure 2. The coincidence of the I -V curves from four different junctions (A, C, D, F) out of six junctions represents the reproducibility of our junctions. Although
negative di erential conductance, a characteristic of a
Zener-Esaki diode, is not observed, a small suppression
of conductance around 0.3 V is seen at 15 K. At this
temperature, we measured the dependence of the resistance on the perpendicular magnetic eld at a xed bias
voltage. Figure 3(a) shows a typical MR curve at 15
K for a p-i-n diode. Here, the MR is de ned as [R(H )
{ R(0)]/R(0). The maximum MR at H = 1700 Oe is
about 4 % under a reverse bias of {100 mV, which seems
rather small compared to reported data [8]. However,
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Fig. 4. Comparison of the bias-voltage-dependent magnetoresistance (at T = 15 K and H = 1700 Oe) between a p-i-n
diode (solid circle) and a p-n diode (empty square). Because
of the uctuations, the MR of the p-n diode is not well-de ned
for {100 mV < Vbias < 100 mV.

one should note that the applied magnetic eld (0.2 T)
is much smaller in the present experiment and that a
steep change in MR is reported to occur at 0.2 T  0.3
T. For a proper comparison between p-i-n and p-n structures, we present the results obtained from our own p-n
sample in Figure 3(b) under the same bias voltage. One
can notice that the junction resistance is decreased by a
factor of about 1/20, which is obviously from the lack of
an insulating layer. The maximum MR also decreases to
2.5 %. The e ect is more drastic if we compare the resistances: the resistance of the p-i-n (p-n) diode changes
by 35 k (0.5 k ) when a perpendicular eld of H =
1700 Oe is applied.
Compared to the results of Ref. 8, the MR of our
p-n diode is small, even after the consideration of the
di erence in the magnetic eld strength. This and the
lack of a clear negative di erential resistance (not shown)
imply that the interfaces of our heterostructures are not
as clean as those of other groups' [6{8]. If we take this
into account, an important nding is that the insertion
of an insulating layer in a (Ga,Mn)As p-n diode increases
the MR, as well as the junction resistance. This points
out that a suitable heterostructure design, in addition to
better interface control, can lead to a signi cant increase
in the MR.
The well-known anisotropic magnetoresistance (AMR)
comes from the resistance di erence when the current
ows parallel or perpendicular to the sample magnetization. Gould et al. claimed that the tunnelling MR also
depended on the angle between the directions of the current and the magnetization and named this phenomenon
as the tunneling anisotropic magnetoresistance (TAMR)
[9]. TAMR is enhanced in (Ga,Mn)As because of the
strong spin-orbit coupling in the valence bands and the
large anisotropy in the Fermi surface [10]. The bias dependence of the TAMR in Zener-Esaki diodes with dif-

Fig. 5. Magnetoresistance under Vbias = 50 mV at (a)
40 K and (b) 80 K of a p-i-n diode, showing the decrease in
heating and its disappearance at the transition temperature.

ferent hole concentrations of (Ga,Mn)As has been calculated numerically and the predictions are quite striking
[10]. A large and strongly bias-dependent MR is predicted from the calculation, which is in accord with previous reports and ours. Especially, the shape of the MR
for a hole concentration of 1  1020 cm 3 , including the
sign change, is very close to Figure 4. In fact, this hole
concentration is what we expect from the transition temperature of (Ga,Mn)As [13]. Note that the insertion of
an insulating layer turns out to reduce the uctuations
signi cantly, despite the increased junction resistance,
enabling an accurate determination of the MR at low
bias voltages.
An interesting prediction of the model is the shift of
the MR peak position from reverse bias to forward bias
as the hole concentration increases. We tried to prove
this by increasing the hole concentration through thermal annealing, but failed. The reason was that the annealing process changed the interface structure, as well as
the properties of (Ga,Mn)As [14]. It seems necessary to
prepare (Ga,Mn)As diode structures with a higher con-
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mechanisms should be developed to understand the fast
decay of the surface magnetism in (Ga,Mn)As junctions.
IV. CONCLUSION

A (Ga,Mn)As Zener-Esaki diode structure with an inserted insulating layer was studied. The low-temperature
magnetoresistance shows a strong bias voltage dependence and a sign change, implying that the model based
on the strong spin-orbit coupling in the valence bands
and large anisotropy in the Fermi surface of (Ga,Mn)As
may be applicable. The enhanced magnetoresistance
and junction resistance in p-i-n diodes compared to pn diodes has an important implication in device applications. A suitable heterostructure inserted between
(Ga,Mn)As and n-GaAs, combined with better interface control, may lead to a signi cant increase in the
anisotropic magnetoresistance.
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