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Point contact spin spectroscopy of ferromagnetic MnAs epitaxial films
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We use point contact Andreev reflection spectroscopy to measure the transport spin polarization of MnAs
epitaxial films grown on 共001兲 GaAs. By analyzing both the temperature dependence of the contact resistance
and the phonon spectra of lead, acquired simultaneously with the spin polarization measurements, we demonstrate that all the contacts are in the ballistic limit. A ballistic transport spin polarization of approximately 49%
and 44% is obtained for the type A and type B orientations of MnAs, respectively. These measurements are
consistent with our density functional calculations, and with recent observations of a large tunnel magnetoresistance in MnAs/AlAs/共Ga,Mn兲As tunnel junctions.
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Contemporary interest in spintronics has recently focused
on the injection, transport, and relaxation spin processes in
semiconductors and their heterostructures. Unlike all-metal
devices, where efficient spin injection has been demonstrated, spin injection from ferromagnetic metals into semiconductors proved to be more challenging, due in part to the
small interface resistance, or the ‘‘conductivity mismatch.’’ 1
This hurdle can be overcome by spin injection via magnetic
semiconductor contacts, fully spin polarized metal 共‘‘halfmetal’’兲 contacts, or tunnel contacts.2– 4 In this context, it is
particularly important to measure the spin polarization in ferromagnets, such as MnAs and 共Ga,Mn兲As that can be integrated with technologically important semiconductors, GaAs
and GaAs-based heterostructures via molecular beam epitaxy
共MBE兲.5,6 A direct measurement of the spin polarization of
MnAs and 共Ga,Mn兲As is relevant to the understanding of
MnAs/AlAs/共Ga,Mn兲As junctions that show a large tunnel
magnetoresistance (⬃30% at ⬃5 K).3 While the first spin
polarization measurements of 共Ga,Mn兲As are just emerging,7
there have been no reported measurements of MnAs, which
has a higher ferromagnetic transition temperature 共320 K兲
than 共GaMn兲As. Furthermore, band structure calculations
predict that MnAs can be nearly half-metallic in the hypothetical zinc-blende structure.8 We note that MnAs is a ferromagnetic metal, and is very different from 共Ga,Mn兲As in
its structural, magnetic, and electronic properties.
The epitaxial growth of MnAs on 共001兲 GaAs can produce two possible crystalline orientations of the NiAs phase,
selected by specific growth conditions:5,6 in ‘‘type A’’
samples the growth axis is along 关 1̄100兴 MnAs and the c
axis is in the 共001兲 plane of the GaAs substrate, while in
‘‘type B’’ samples the growth axis is along 关 1̄101兴 MnAs
planes and the c axis is at an angle of ⬃23° to the plane of
the substrate.
Here, we report the results of point contact Andreev reflection 共PCAR兲 measurements of the ballistic transport spin
polarization in both type A and type B ferromagnetic epilayers of MnAs grown on 共100兲 GaAs. The results are consistent with our density functional calculations.
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Depending on the experiment, spin polarization can be
defined in a number of ways. Our interest here focuses on the
transport spin polarization that can be often written as P n
n
n
n
n
⫽ 关 N ↑ (E F )V F↑
⫺N ↓ (E F )V F↓
⫹N ↓ (E F )V F↓
兴 / 关 N ↑ (E F )V F↑
兴,
where N ↑ (E F ), N ↓ (E F ), and V F↑ , V F↓ are the densities of
states and the Fermi velocities for majority and minority spin
bands, respectively, and P 1 and P 2 refer to the ballistic and
diffusive regimes, respectively. The PCAR technique9,10
based on Andreev reflection measures the spin polarization
of the current in a ferromagnet (F) interfaced with a superconductor (S). For the spin-polarized current, Andreev conductance below the superconducting gap is partially
suppressed.11 The current transfer across the F-S interface
can be described in detail,12 using a generalized BlonderTinkham-Klapwijk 共GBTK兲 model13 for both ballistic 共mean
free path L is larger than the contact size d) and diffusive
(L⬍d) point contacts. Despite many approximations in the
derivation of the GBTK formulas12 共e.g., a ␦-function barrier
which may not always be adequate for real systems14兲, it
often provides a good description of the data, performing
well beyond its limit of applicability. For instance, it is
known to produce good fits of the data with the interface
resistance Z⫽0, although within the BTK model Z can never
be equal to zero because of the Fermi velocity mismatch.14,15
The correct interpretation of the spin polarization measurements also requires a clear identification of the transport regime 共diffusive versus ballistic兲. We establish the transport
regime experimentally 共see below兲. Additionally, we measure
the phonon spectra of the point contact for Pb to evaluate the
contact quality.
The Pb and Sn probes for this study were fabricated by
fine mechanical polishing of the thin rods.9 A shaft connected
to a differential type screw was used to change the position
of the tip by about 10 m per revolution, allowing good
control over the contact resistance with approximately an
order of magnitude better sensitivity than in Refs. 9 and 16.
After the contact is established, the shaft was disconnected
from the sample stage, eliminating most of the temperature
gradients and significantly increasing the stability of the contact. This design allowed us to measure the resistance of the
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FIG. 1. Normalized conductance of a series of Sn point contacts
with different contact resistance R c 共from 29 ⍀ to 44 ⍀兲 of a type A
MnAs with at T⫽1.2 K. For convenience, a uniform vertical offset
is used for plotting each consecutive curve.

contact in a broad temperature range, allowing independent
determination of the mean free path and the contact size. All
measurements were made by a four-probe technique, with
the differential conductance dI/dV obtained by standard ac
lock-in detection at a frequency of ⬃2 kHz within the temperature range 1.2– 4.2 K. The second derivative d 2 I/dV 2
was also recorded to obtain the point contact phonon spectra.
The MnAs epilayers with thicknesses between 40 nm and
200 nm were grown in an EPI 930 MBE system using standard solid source effusion cells. The substrate temperature
was monitored using a thermocouple situated behind the substrate mounting blocks. The sample growth was monitored
using reflection high-energy electron diffraction 共RHEED兲 at
12 keV. All samples were grown on nonvicinal GaAs 共001兲
substrates prepared using in situ thermal cleaning under As
overpressure. A 100-nm thick GaAs buffer was first grown at
600 °C. Upon cooling in an As overpressure to a substrate
temperature of 250 °C, RHEED indicated a c(4⫻4) reconstructed GaAs surfaces. Type A samples were produced by
either directly depositing MnAs on this surface, or on an
annealed thin layer of low-temperature-grown GaAs 共LTGaAs兲. In contrast, for type B samples, the MnAs layer was
deposited on the unreconstructed surface of an unannealed

LT-GaAs layer. The magnetic properties of the MnAs films
used in this study are comparable to that observed by
others,5,17 with the coercivity along the easy 关 112̄0 兴 magnetization axis (⬃200 Oe) approximately two orders of magnitude lower than the coercivity along the hard 关0001兴 axis
(⬃3 T).
PCAR measurements were carried out on several MnAs
type A and type B samples, with approximately 10 different
point contacts measured for each sample using both Sn and
Pb superconducting tips. The geometry of the epilayer only
permits measurements along the growth axis, 关 1̄100兴 for
type A samples and 关 1̄101兴 direction for type B. Figure 1
shows several consecutive conductance curves for different
Sn contacts to type A MnAs sample. The dI/dV characteristics of this series of contacts are very analagous, essentially
independent of the contact resistance, thus yielding practically the same values of the spin polarization. The data obtained with the Pb tips is similar. The spin polarization is
extracted from the dI/dV data in Fig. 1 using a modified
GBTK theory.12 Since, as it will be shown below, all contacts
are clearly in the ballistic regime, we use the ballistic theory
to analyze the data. A typical fit of one of the curves from
Fig. 1 is shown in Fig. 2共a兲, while for comparison Fig. 2共b兲
shows an example of the fit for a superconducting Pb point
contact with a type B MnAs. For the great majority of the
contacts, the barrier strength Z turned out to be rather small
(Z⬃0.1– 0.15); see Fig. 2. Thus the question of a possible Z
dependence of the spin polarization raised recently18 does
not appear relevant for this study.
The average spin polarization obtained for type A MnAs
is P⬃(49⫾2)% and for type B MnAs⬃(44⫾4)%, which
might indicate the presence of the spin polarization anisotropy between the in-plane and out-of plane spin currents,
expected from our band calculations.19 However, this is difficult to confirm, since this difference in P can be due to
larger errors in the measurements of the type B MnAs compared to the type A, 20 and may also arise from different
microscopic structure of type B samples. A single crystal of
bulk MnAs is needed to give a definitive answer to this important question.

FIG. 2. Normalized conductance data fitted 共solid curve兲 with the model of Ref. 12 at T⫽1.2 K. 共a兲 Sn point contact with type A MnAs
with contact resistance R c⫽37 ⍀ from Fig. 1. Fitting parameters: Z⫽0.1, P⫽51%. 共b兲 Normalized conductance curve of a Pb point contact
with type B MnAs and the corresponding fit with Z⫽0.15, P⫽52%. No features were seen on the conductance curves above the critical
temperatures of Sn and Pb 共3.7 K and 7.2 K, respectively兲.
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POINT CONTACT SPIN SPECTROSCOPY OF . . .

FIG. 3. Sn-MnAs point contact resistance of and in-plane resistivity data for the same sample of type A MnAs in the temperature
range (⬃200– 240 K) where both dependencies are approximately
linear. Inset: Resistivity of MnAs between 4 K and 300 K.

We have independently determined the transport regime,
by estimating the elastic mean free path L and the contact
size d. We evaluate d from the temperature dependence of
the contact resistance at zero bias R c(T) at high temperatures, where R c(T) is proportional to the resistivity  (T) of
MnAs film21 共see Fig. 3兲. Then
d⫽

d  /dT
,
dR c /dT

L⫽

冉

冊

3  R c共 0 兲 d 2
⫺d .
16


Our probe design allowed us to measure the temperature dependence of the contact in a broad temperature range. The
estimates for MnAs type A film and Sn tip with the typical
contact resistance R c⬃10 ⍀ were done in the temperature
range 200–245 K with dR c /dT⫽0.22 ⍀/K and d  /dT
⫽0.35⫻10⫺6 ⍀ cm/K, resulting in d⫽15 nm and L
⫽330 nm. These estimates show that LⰇd, fully justifying
the use of the ballistic formulas in the data analysis.
To check the integrity of our contacts, we have measured
the phonon spectrum d 2 I/dV 2 of lead in the superconducting
state, which is proportional to the Eliashberg function
␣ 2 F() 共Fig 4兲. The observed spectral peaks, shifted to
higher energies compared to the normal state, are very close
to the known phonon peaks of Pb,22 as well as to the ones
obtained previously by the Cornell group.10 The ability to see
good phonon spectra is commonly associated with small impurity scattering within the contact area.10 This gives us yet
another confirmation of the ballistic nature of the contacts.
Additionally, we have performed band structure calculations of MnAs in the NiAs phase, using the Stuttgart Linear
muffin-tin orbital 共LMTO兲 tight-binding 共TB兲 code and the
generalized gradient approximation 共GGA兲 approximation
for the exchange-correlation potential.23 The calculated band
structure agrees with the previous results.24 The Mn majority
d band is almost fully occupied, and only As p bands cross
the Fermi level for majority electrons, which are light and
have sizable velocity. In the minority spin channel, the Fermi

FIG. 4. Phonon spectra for Pb/MnAs 共type A) junction. Upon
subtracting the value of the superconducting gap Pb, the two peaks
共at 4.65 and 8.8 mV兲 practically coincide with the tabulated peak
values of the Eliashberg function of Pb 共Ref. 22兲.

level lies in the Mn d band. The Fermi velocity in this channel is smaller, by approximately a factor of 4 共see Fig. 5兲.
This is reminiscent of the 3d metals, such as Ni, and, similarly, leads to a negative density-of-states 共DOS兲 polarization, but to a positive current.25
The calculations yield the spin polarization for density of
states P 0 ⫽⫺15%. For the ballistic transport in the plane
perpendicular to the c axis of MnAs P 1⬜ ⫽42%, and parallel
to the c axis P 1 储 ⫽15%. For diffusive 共Ohmic兲 transport
P 2⬜ ⫽80% and P 2 储 ⫽43%. Importantly, this implies that
80% of the current in plane in the bulk of MnAs is transferred by the majority spins. The projection of the in-plane
Fermi velocities onto the current direction for majority and
minority spin channels are 具 V F↑ 典 ⫽4.3⫻107 cm/s, 具 V F↓ 典
⫽1.1⫻107 cm/s, respectively. Our estimates of the mean
free path L from the temperature dependence of the contact
resistance above (L⫽330 nm) can be now cross-checked by
2
calculating the conductance,  i ⫽e 2 具 N(E F )V Fi
典  , where the

FIG. 5. Calculated densities of states 共solid line, in states/Ry兲
and in-plane and c-axis electron velocities 共dashed lines, in
106 cm/s) for spin-up and spin-down bands of MnAs 共top and bottom panels, respectively兲.
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relaxation time  ⫽L/ 具 V F 典 ⬃8⫻10⫺13 s. Using the calcu2
2
lated values 具 N(E F )V F↑
典 ⫽2.2 Ry bohr2 and 具 N(E F )V F↓
典
2
⫽0.3 Ry bohr
in plane we obtain 具 N(E F )V F2 典
2
2
⫽ 具 N(E F )V F↑
典 ⫹ 具 N(E F )V F↓
典 ⫽2.5 Ry bohr2 , yielding  0
⬃0.25  ⍀ cm for the low-temperature resistivity, which is
close to the observed  0 ⬃0.4  ⍀ cm.
In summary, we have measured the spin polarization of
type A and type B MnAs epitaxial films grown on 共001兲
GaAs using the PCAR technique. We conclude from the temperature dependence study of the contact resistance and the
resistivity of MnAs that all the measured contacts were in the
ballistic regime. This is further supported by the phonon
spectrum of Pb, acquired simultaneously with the conductance measurements. The transport spin polarization was
49% for type A 共in the hexagonal MnAs plane兲 and 44% for
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