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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~001! 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 demon-
strate that all the contacts are in the ballistic limit. A ballistic transport spin polarization of approximately 49%
and 44% is obtained for the typeA and typeB orientations of MnAs, respectively. These measurements are
consistent with our density functional calculations, and with recent observations of a large tunnel magnetore-
sistance in MnAs/AlAs/~Ga,Mn!As tunnel junctions.

DOI: 10.1103/PhysRevB.68.201307 PACS number~s!: 72.25.Ba, 71.20.Gj, 74.45.1c, 74.50.1r
se
s
et
on
m
th
’’
ti

er

A
ita
of
of
el

hi

ns
o-

se

in

re
in

-

be
the

f
in

tion

n-
lly

-

he

ing
s
ce

re-
re-
t

e

by

tion

an
16.
cted
ure
n-

f the
Contemporary interest in spintronics has recently focu
on the injection, transport, and relaxation spin processe
semiconductors and their heterostructures. Unlike all-m
devices, where efficient spin injection has been dem
strated, spin injection from ferromagnetic metals into se
conductors proved to be more challenging, due in part to
small interface resistance, or the ‘‘conductivity mismatch.1

This hurdle can be overcome by spin injection via magne
semiconductor contacts, fully spin polarized metal~‘‘half-
metal’’! contacts, or tunnel contacts.2–4 In this context, it is
particularly important to measure the spin polarization in f
romagnets, such as MnAs and~Ga,Mn!As that can be inte-
grated with technologically important semiconductors, Ga
and GaAs-based heterostructures via molecular beam ep
~MBE!.5,6 A direct measurement of the spin polarization
MnAs and ~Ga,Mn!As is relevant to the understanding
MnAs/AlAs/~Ga,Mn!As junctions that show a large tunn
magnetoresistance (;30% at ;5 K).3 While the first spin
polarization measurements of~Ga,Mn!As are just emerging,7

there have been no reported measurements of MnAs, w
has a higher ferromagnetic transition temperature~320 K!
than ~GaMn!As. Furthermore, band structure calculatio
predict that MnAs can be nearly half-metallic in the hyp
thetical zinc-blende structure.8 We note that MnAs is a fer-
romagnetic metal, and is very different from~Ga,Mn!As in
its structural, magnetic, and electronic properties.

The epitaxial growth of MnAs on~001! GaAs can pro-
duce two possible crystalline orientations of the NiAs pha
selected by specific growth conditions:5,6 in ‘‘type A’’
samples the growth axis is along@ 1̄100# MnAs and thec
axis is in the~001! plane of the GaAs substrate, while
‘‘type B’’ samples the growth axis is along@ 1̄101# MnAs
planes and thec axis is at an angle of;23° to the plane of
the substrate.

Here, we report the results of point contact Andreev
flection ~PCAR! measurements of the ballistic transport sp
polarization in both typeA and typeB ferromagnetic epilay-
ers of MnAs grown on~100! GaAs. The results are consis
tent with our density functional calculations.
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Depending on the experiment, spin polarization can
defined in a number of ways. Our interest here focuses on
transport spin polarization that can be often written asPn

5@N↑(EF)V F↑
n 2N↓(EF)V F↓

n # / @N↑(EF)VF↑
n 1N↓(EF)VF↓

n #,
whereN↑(EF), N↓(EF), andVF↑ , VF↓ are the densities o
states and the Fermi velocities for majority and minority sp
bands, respectively, andP1 andP2 refer to the ballistic and
diffusive regimes, respectively. The PCAR technique9,10

based on Andreev reflection measures the spin polariza
of the current in a ferromagnet (F) interfaced with a super-
conductor (S). For the spin-polarized current, Andreev co
ductance below the superconducting gap is partia
suppressed.11 The current transfer across theF-S interface
can be described in detail,12 using a generalized Blonder
Tinkham-Klapwijk ~GBTK! model13 for both ballistic~mean
free pathL is larger than the contact sized) and diffusive
(L,d) point contacts. Despite many approximations in t
derivation of the GBTK formulas12 ~e.g., ad-function barrier
which may not always be adequate for real systems14!, it
often provides a good description of the data, perform
well beyond its limit of applicability. For instance, it i
known to produce good fits of the data with the interfa
resistanceZ50, although within the BTK modelZ can never
be equal to zero because of the Fermi velocity mismatch.14,15

The correct interpretation of the spin polarization measu
ments also requires a clear identification of the transport
gime ~diffusive versus ballistic!. We establish the transpor
regime experimentally~see below!. Additionally, we measure
thephonon spectraof the point contact for Pb to evaluate th
contact quality.

The Pb and Sn probes for this study were fabricated
fine mechanical polishing of the thin rods.9 A shaft connected
to a differential type screw was used to change the posi
of the tip by about 10mm per revolution, allowing good
control over the contact resistance with approximately
order of magnitude better sensitivity than in Refs. 9 and
After the contact is established, the shaft was disconne
from the sample stage, eliminating most of the temperat
gradients and significantly increasing the stability of the co
tact. This design allowed us to measure the resistance o
©2003 The American Physical Society07-1



e
. A
w
c

ct
an
an
tu
su
re

a
ra

y
an

s
a

s
by

-

As
t
and
nly

rent

ially
cti-
ob-
is

ts
ry
m

int

ll
e

ot-
nts,

t
f

-

ac

et

RAPID COMMUNICATIONS

R. P. PANGULURIet al. PHYSICAL REVIEW B 68, 201307~R! ~2003!
contact in a broad temperature range, allowing independ
determination of the mean free path and the contact size
measurements were made by a four-probe technique,
the differential conductancedI/dV obtained by standard a
lock-in detection at a frequency of;2 kHz within the tem-
perature range 1.2–4.2 K. The second derivatived2I /dV2

was also recorded to obtain the point contact phonon spe
The MnAs epilayers with thicknesses between 40 nm

200 nm were grown in an EPI 930 MBE system using st
dard solid source effusion cells. The substrate tempera
was monitored using a thermocouple situated behind the
strate mounting blocks. The sample growth was monito
using reflection high-energy electron diffraction~RHEED! at
12 keV. All samples were grown on nonvicinal GaAs~001!
substrates prepared usingin situ thermal cleaning under As
overpressure. A 100-nm thick GaAs buffer was first grown
600 °C. Upon cooling in an As overpressure to a subst
temperature of 250 °C, RHEED indicated ac(434) recon-
structed GaAs surfaces. TypeA samples were produced b
either directly depositing MnAs on this surface, or on
annealedthin layer of low-temperature-grown GaAs~LT-
GaAs!. In contrast, for typeB samples, the MnAs layer wa
deposited on the unreconstructed surface of an unanne

FIG. 1. Normalized conductance of a series of Sn point cont
with different contact resistanceRc ~from 29V to 44V! of a typeA
MnAs with atT51.2 K. For convenience, a uniform vertical offs
is used for plotting each consecutive curve.
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LT-GaAs layer. The magnetic properties of the MnAs film
used in this study are comparable to that observed
others,5,17 with the coercivity along the easy@112̄0# magne-
tization axis (;200 Oe) approximately two orders of mag
nitude lower than the coercivity along the hard@0001# axis
(;3 T).

PCAR measurements were carried out on several Mn
type A and typeB samples, with approximately 10 differen
point contacts measured for each sample using both Sn
Pb superconducting tips. The geometry of the epilayer o
permits measurements along the growth axis,@ 1̄100# for
type A samples and@ 1̄101# direction for typeB. Figure 1
shows several consecutive conductance curves for diffe
Sn contacts to typeA MnAs sample. ThedI/dV characteris-
tics of this series of contacts are very analagous, essent
independent of the contact resistance, thus yielding pra
cally the same values of the spin polarization. The data
tained with the Pb tips is similar. The spin polarization
extracted from thedI/dV data in Fig. 1 using a modified
GBTK theory.12 Since, as it will be shown below, all contac
are clearly in the ballistic regime, we use the ballistic theo
to analyze the data. A typical fit of one of the curves fro
Fig. 1 is shown in Fig. 2~a!, while for comparison Fig. 2~b!
shows an example of the fit for a superconducting Pb po
contact with a typeB MnAs. For the great majority of the
contacts, the barrier strengthZ turned out to be rather sma
(Z;0.1– 0.15); see Fig. 2. Thus the question of a possiblZ
dependence of the spin polarization raised recently18 does
not appear relevant for this study.

The average spin polarization obtained for typeA MnAs
is P;(4962)% and for typeB MnAs;(4464)%, which
might indicate the presence of the spin polarization anis
ropy between the in-plane and out-of plane spin curre
expected from our band calculations.19 However, this is dif-
ficult to confirm, since this difference inP can be due to
larger errors in the measurements of the typeB MnAs com-
pared to the typeA,20 and may also arise from differen
microscopic structure of typeB samples. A single crystal o
bulk MnAs is needed to give a definitive answer to this im
portant question.

ts
act
ritical
FIG. 2. Normalized conductance data fitted~solid curve! with the model of Ref. 12 atT51.2 K. ~a! Sn point contact with typeA MnAs
with contact resistanceRc537V from Fig. 1. Fitting parameters:Z50.1,P551%. ~b! Normalized conductance curve of a Pb point cont
with type B MnAs and the corresponding fit withZ50.15, P552%. No features were seen on the conductance curves above the c
temperatures of Sn and Pb~3.7 K and 7.2 K, respectively!.
7-2
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We have independently determined the transport regi
by estimating the elastic mean free pathL and the contact
size d. We evaluated from the temperature dependence
the contact resistance at zero biasRc(T) at high tempera-
tures, whereRc(T) is proportional to the resistivityr(T) of
MnAs film21 ~see Fig. 3!. Then

d5
dr/dT

dRc /dT
, L5

3p

16 S Rc~0!d2

r
2dD .

Our probe design allowed us to measure the temperature
pendence of the contact in a broad temperature range.
estimates for MnAs typeA film and Sn tip with the typical
contact resistanceRc;10V were done in the temperatur
range 200–245 K withdRc /dT50.22V/K and dr/dT
50.3531026 V cm/K, resulting in d515 nm and L
5330 nm. These estimates show thatL@d, fully justifying
the use of the ballistic formulas in the data analysis.

To check the integrity of our contacts, we have measu
the phonon spectrumd2I /dV2 of lead in the superconductin
state, which is proportional to the Eliashberg functi
a2F(«) ~Fig 4!. The observed spectral peaks, shifted
higher energies compared to the normal state, are very c
to the known phonon peaks of Pb,22 as well as to the one
obtained previously by the Cornell group.10 The ability to see
good phonon spectra is commonly associated with small
purity scattering within the contact area.10 This gives us yet
another confirmation of the ballistic nature of the contact

Additionally, we have performed band structure calcu
tions of MnAs in the NiAs phase, using the Stuttgart Line
muffin-tin orbital ~LMTO! tight-binding ~TB! code and the
generalized gradient approximation~GGA! 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 Asp bands cross
the Fermi level for majority electrons, which are light an
have sizable velocity. In the minority spin channel, the Fe

FIG. 3. Sn-MnAs point contact resistance of and in-plane re
tivity data for the same sample of typeA MnAs in the temperature
range (;200– 240 K) where both dependencies are approxima
linear. Inset: Resistivity of MnAs between 4 K and 300 K.
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level lies in the Mnd band. The Fermi velocity in this chan
nel is smaller, by approximately a factor of 4~see Fig. 5!.
This is reminiscent of the 3d metals, such as Ni, and, sim
larly, leads to anegativedensity-of-states~DOS! polariza-
tion, but to apositivecurrent.25

The calculations yield the spin polarization for density
statesP05215%. For the ballistic transport in the plan
perpendicular to thec axis of MnAsP1'542%, and parallel
to the c axis P1i515%. For diffusive~Ohmic! transport
P2'580% and P2i543%. Importantly, this implies tha
80% of the current in plane in the bulk of MnAs is tran
ferred by the majority spins. The projection of the in-pla
Fermi velocities onto the current direction for majority an
minority spin channels arêVF↑&54.33107 cm/s, ^VF↓&
51.13107 cm/s, respectively. Our estimates of the me
free pathL from the temperature dependence of the cont
resistance above (L5330 nm) can be now cross-checked
calculating the conductance,s i5e2^N(EF)VFi

2 &t, where the

-

ly

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

FIG. 5. Calculated densities of states~solid line, in states/Ry!
and in-plane andc-axis electron velocities~dashed lines, in
106 cm/s) for spin-up and spin-down bands of MnAs~top and bot-
tom panels, respectively!.
7-3
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relaxation timet5L/^VF&;8310213 s. Using the calcu-
lated values^N(EF)VF↑

2 &52.2 Ry bohr2 and ^N(EF)VF↓
2 &

50.3 Ry bohr2 in plane we obtain ^N(EF)VF
2&

5^N(EF)VF↑
2 &1^N(EF)VF↓

2 &52.5 Ry bohr2, yielding r0

;0.25mV cm for the low-temperature resistivity, which
close to the observedr0;0.4mV cm.

In summary, we have measured the spin polarization
type A and typeB MnAs epitaxial films grown on~001!
GaAs using the PCAR technique. We conclude from the te
perature dependence study of the contact resistance an
resistivity of MnAs that all the measured contacts were in
ballistic regime. This is further supported by the phon
spectrum of Pb, acquired simultaneously with the cond
tance measurements. The transport spin polarization
49% for typeA ~in the hexagonal MnAs plane! and 44% for
a

A.
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typeB samples. The somewhat lower spin polarization m
sured for typeB samples suggests the presence of the s
anisotropy. The results are in good agreement with ourab
initio calculations, which giveP1'542% in the hexagona
plane. Our calculations also indicate thatP2'580% of the
current in the hexagonal plane of MnAs is transferred
majority spins, further emphasizing the potential importan
of this attractive material system for spintronics applicatio
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N00014-99-1-0716, and N00014-99-1-1093~N.S.!.
P.
v,

is,

.

.

r to
or

d
to

.

,

M.

R.
on,
1P. C. van Son, H. van Kempen, and P. Wyder, Phys. Rev. Lett.58,
2271 ~1987!; G.Schmidtet al., Phys. Rev. B62, R4790~2000!.

2E. I. Rashba, Phys. Rev. B62, R16267~2000!.
3S. H. Chun, S. J. Potashnik, K. C. Ku, P. Schiffer, and N. S

marth, Phys. Rev. B66, 100408~2002!.
4A. T. Hanbicki, B. T. Jonker, G. Itskos, G. Kioseoglou, and

Petrou, Appl. Phys. Lett.80, 1240~2002!.
5M. Tanaka, J. P. Harbison, M. C. Park, Y. S. Park, T. Shin, and

M. Rothberg, Appl. Phys. Lett.65, 1964~1994!.
6J. J. Berry, S. J. Potashnik, S. H. Chun, K. C. Ku, P. Schiffer,

N. Samarth, Phys. Rev. B64, 052408~2001!.
7J. G. Braden, J. S. Parker, P. Xiong, S. H. Chun, and N. Sam

Phys. Rev. Lett.91, 056602~2003!; R. P. Panguluriet al. ~un-
published!.

8N. Suzuki, M. Shirai, T. Ogawa, and I. Kitagawa, J. Magn. Mag
Mater.177, 1383~1998!; S. Sanvito and N. A. Hill, Phys. Rev. B
62, 15553~2000!; Y. J. Zhaoet al., ibid. 65, 113202~2002!.

9R. J. Soulen, Jr., J. M. Byers, M. S. Osofsky, B. Nadgorny,
Ambrose, S. F. Cheng, P. R. Broussard, C. T. Tanaka, J. Now
J. S. Moodera, A. Barry, and J. M. D. Coey, Science282, 85
~1998!.

10S. K. Upadhyay, A. Palanisami, R. N. Louie, and R. A. Buhrma
Phys. Rev. Lett.81, 3247~1998!.

11M. J. M. de Jong and C. W. J. Beenakker, Phys. Rev. Lett.74,
1657 ~1995!.

12I. I. Mazin, A. A. Golubov, and B. Nadgorny, J. Appl. Phys.89,
7576 ~2001!.

13G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev. B25,
4515 ~1982!.

14K. Xia, P. J. Kelly, G. E. W. Bauer, and I. Turek, Phys. Rev. Le
89, 166603~2002!.

15I. Zutic and O. T. Vallls, Phys. Rev. B61, 1555~2000!.
-

.

d

th,

.

.
k,

,

.

16B. Nadgorny, I. I. Mazin, M. S. Osofsky, R. J. Soulen, Jr.,
Broussard, R. M. Stroud, D. J. Singh, V. G. Harris, A. Arseno
and Ya. Mukovskii, Phys. Rev. B63, 184433~2001!.

17F. Schippan, G. Behme, L. Daweritz, K. H. Ploog, B. Denn
K.-U. Neumann, and K. R. A. Ziebeck, J. Appl. Phys.88, 2766
~2000!.

18Y. Ji Y, G. J. Strijkers, F. Y. Yang, C. L. Chien, J. M. Byers, A
Anguelouch, G. Xiao, and A. Gupta, Phys. Rev. Lett.86, 5585
~2001!; C. H. Kant, O. Kurnosikov, A. T. Filip, P. LeClair, H. J
M. Swargen, and W. J. M. de Jonge, Phys. Rev. B66, 212403
~2002!.

19P in is higher in the hexagonal MnAs plane than perpendicula
it. For typeA MnAs the current is measured in-plane, while f
type B it is measured at an angle of;23° to that plane.

20The smaller error inP for typeA MnAs samples is to be expecte
because of their lower sensitivity to the current direction due
the high hexagonal plane symmetry.

21A. I. Akimenko, A. B. Verkin, N. M. Ponomarenko, and I. K
Yanson, Sov. J. Low Temp. Phys.8, 130 ~1982!.

22See A. V. Khotkevich and I. K. Yanson,Atlas of Point Contact
Spectra of Electron-Phonon Interactions in Metals~Kluwer,
Boston, 1995!.

23J. P. Perdew and Y. Wang, Phys. Rev. B45, 13 244~1992!.
24K. Katoh, A. Yanase, and K. Motizuki, J. Magn. Magn. Mater.54,

959~1986!; P. M. Oppeneer, V. N. Antonov, T. Kraft, H. Eschrig
A. N. Yaresko, and A. Ya. Perlov, J. Appl. Phys.80, 1099
~1996!; P. Ravindran, A. Delin, P. James, B. Johansson, J.
Wills, R. Ahuja, and O. Eriksson, Phys. Rev. B59, 15 680
~1999!.

25B. Nadgorny, R. Soulen, M. Osofsky, I. I. Mazin, G. Laprade,
J. M. van de Veerdonk, A. A. Smits, S. F. Cheng, E. F. Skelt
and S. B. Qadri, Phys. Rev. B61, R3788~2000!.
7-4


