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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 typk 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/AlAg/Ga,MnAs tunnel junctions.
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Contemporary interest in spintronics has recently focused Depending on the experiment, spin polarization can be
on the injection, transport, and relaxation spin processes idefined in a number of ways. Our interest here focuses on the
semiconductors and their heterostructures. Unlike all-metdiransport spin polarization that can be often written Bg
devices, where efficient spin injection has been demon=[N(Ef)Vg,—N (Eg)VE 1/[N{(Ep) Vg, + NL(EF)\_/EJ’
strated, spin injection from ferromagnetic metals into semiwhereN,(Eg), N|(Eg), andVg;, Vg, are the densities of
conductors proved to be more challenging, due in part to th&tates and the I_:ermi velocities for majority and m.in(-)rity spin
small interface resistance, or the “conductivity mismatch.” bands, respectively, arféd; and P, refer to the ballistic and
This hurdle can be overcome by spin injection via magnetigliffusive regimes, respectively. The PCAR technittfe
semiconductor contacts, fully spin polarized met4ialf- based on Andreev reflection measures the spin polarization
metal”) contacts, or tunnel contacts? In this context, it is  Of the current in a ferromagneF] interfaced with a super-
particularly important to measure the spin polarization in fer-conductor §). For the spin-polarized current, Andreev con-
romagnets, such as MnAs aiGa,MnAs that can be inte- ductance below the superconducting gap is partially
grated with technologically important semiconductors, Gaasuppressed. The current ét%ansfer across tlﬁﬁs mtelrface
and GaAs-based heterostructures via molecular beam epitaf§" be descrlbgd in det ,usm}gs a genera@ed_ Blonder-
(MBE).>® A direct measurement of the spin polarization of mkham-KIngljk(GBTK) modet™ for bqth balllsth(mgan
MnAs and (Ga,MnAs is relevant to the understanding of free pathl_. is larger than th? contact sizh af‘d d'|ffusn./e
MnAs/AlAs/(Ga,MnAs junctions that show a large tunnel (L<_d)_p0|nt contacts. Despltggmany approxwr_latlons n the
magnetoresistance-(30% at ~5 K).3 While the first spin derivation of the GBTK formulas (e.g., as-function barrier

o . . which may not always be adequate for real systémit
e et o o e s o e anen provdes a good descrpion of the data, performin
has a higher ferromagnetic transition temperat(@20 K) ell beyond its limit of applicability. For instance, it is

. _known to produce good fits of the data with the interface
than.(GaMn)As. Furthermore, band structure .Calcmat'onsresistanca=0, although within the BTK mode can never
predict that MnAs can be nearly half-metallic in the hypo

; ; . "be equal to zero because of the Fermi velocity mism&teh.
?gﬁg:arl];t'ir(l:c;géetg?eaﬁgl“:gttzerwzi;gi;?ﬁ%g’“&g’p\g ifr?r- The correct interpretation of the spin polarization measure-
its str%ctural ma 'netic and glectronic 0 ertfes ments also requires a clear identification of the transport re-

The epita;<ial growtr,\ of MnAs or(OO:Ip.) (gaAs cén oro- gime (diffusive versus ballistic We establish the transport

. . . : . regime experimentallysee below Additionally, we measure
duce two possible _c_rystalllne orientations _O.f thf’ NiAs p"hasethe phonon spectraf the point contact for Pb to evaluate the
selected by specific growth condition8:in “type A

e iy contact quality.
samples the growth axis is aloid100] MnAs and thec  The Pbh and Sn probes for this study were fabricated by
axis is in the(001) plane of the GaAs substrate, while in fine mechanical polishing of the thin rodi& shaft connected
“type B” samples the growth axis is alondl101] MnAs  to a differential type screw was used to change the position
planes and the axis is at an angle of23° to the plane of of the tip by about 10um per revolution, allowing good
the substrate. control over the contact resistance with approximately an
Here, we report the results of point contact Andreev re-order of magnitude better sensitivity than in Refs. 9 and 16.
flection (PCAR) measurements of the ballistic transport spinAfter the contact is established, the shaft was disconnected
polarization in both typé\ and typeB ferromagnetic epilay- from the sample stage, eliminating most of the temperature
ers of MnAs grown on(100) GaAs. The results are consis- gradients and significantly increasing the stability of the con-
tent with our density functional calculations. tact. This design allowed us to measure the resistance of the
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S14 LT-GaAs layer. The magnetic properties of the MnAs films
S wotme ] used in this study are comparable to that observed by
S 13 ,,MWA1 others>” with the coercivity along the eagyl120] magne-

‘g 42 0hms tization axis (~200 Oe) approximately two orders of mag-

8 1.2 Eonammrrmre ™y, S mmmooono oo nitude lower than the coercivity along the hd@D01] axis

he) 37 Ohms ] (~3T).

I 11¢0 WW“” °eoo00000 ] PCAR measurements were carried out on several MnAs

w 20 Ohms 7 type A and typeB samples, with approximately 10 different

S ! °°WW’ point contacts measured for each sample using both Sn and
2‘3 Y Pb superconducting tips. The geometry of the epilayer only

-&oltageo (mv) 2 4 permits measurements alor?g the growth aKtBlQO] for
type A samples and1101] direction for typeB. Figure 1
FIG. 1. Normalized conductance of a series of Sn point contact§hows several consecutive conductance curves for different
with different contact resistand®, (from 290 to 44Q) of atypeA  Sn contacts to typA MnAs sample. Thell/dV characteris-
MnAs with at T=1.2 K. For convenience, a uniform vertical offset tics of this series of contacts are very analagous, essentially
is used for plotting each consecutive curve. independent of the contact resistance, thus yielding practi-
cally the same values of the spin polarization. The data ob-
contact in a broad temperature range, allowing independeniained with the Pb tips is similar. The spin polarization is
determination of the mean free path and the contact size. Akxtracted from thedl/dV data in Fig. 1 using a modified
measurements were made by a four-probe technique, witBBTK theory*? Since, as it will be shown below, all contacts
the differential conductancel/dV obtained by standard ac are clearly in the ballistic regime, we use the ballistic theory
lock-in detection at a frequency of 2 kHz within the tem-  to analyze the data. A typical fit of one of the curves from
perature range 1.2—4.2 K. The second derivatife/dV? Fig. 1 is shown in Fig. @), while for comparison Fig. ()
was also recorded to obtain the point contact phonon spectrahows an example of the fit for a superconducting Pb point
The MnAs epilayers with thicknesses between 40 nm andontact with a typeB MnAs. For the great majority of the
200 nm were grown in an EPI 930 MBE system using stancontacts, the barrier strengihturned out to be rather small
dard solid source effusion cells. The substrate temperatugZ~0.1—-0.15); see Fig. 2. Thus the question of a posable
was monitored using a thermocouple situated behind the sulslependence of the spin polarization raised rec&htlpes
strate mounting blocks. The sample growth was monitorechot appear relevant for this study.
using reflection high-energy electron diffractitRHEED) at The average spin polarization obtained for typévinAs
12 keV. All samples were grown on nonvicinal Gaf01) is P~(49£2)% and for typeB MnAs~ (44=4)%, which
substrates prepared usingsitu thermal cleaning under As might indicate the presence of the spin polarization anisot-
overpressure. A 100-nm thick GaAs buffer was first grown atopy between the in-plane and out-of plane spin currents,
600°C. Upon cooling in an As overpressure to a substratexpected from our band calculatiotfsHowever, this is dif-
temperature of 250 °C, RHEED indicatecc@ X 4) recon- ficult to confirm, since this difference i® can be due to
structed GaAs surfaces. Typge samples were produced by larger errors in the measurements of the tHp»MnAs com-
either directly depositing MnAs on this surface, or on anpared to the typeA,?° and may also arise from different
annealedthin layer of low-temperature-grown GaA&T- microscopic structure of typB samples. A single crystal of
GaAs. In contrast, for typdB3 samples, the MnAs layer was bulk MnAs is needed to give a definitive answer to this im-
deposited on the unreconstructed surface of an unanneal@drtant question.
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FIG. 2. Normalized conductance data fiti@olid curve with the model of Ref. 12 af =1.2 K. (a) Sn point contact with typé& MnAs
with contact resistand@.= 37 Q) from Fig. 1. Fitting parameterZ=0.1,P=51%. (b) Normalized conductance curve of a Pb point contact

with type B MnAs and the corresponding fit with=0.15,P=52%. No features were seen on the conductance curves above the critical
temperatures of Sn and BB.7 K and 7.2 K, respectively
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subtracting the value of the superconducting gap Pb, the two peaks
FIG. 3. Sn-MnAs point contact resistance of and in-plane resis{at 4.65 and 8.8 my/practically coincide with the tabulated peak
tivity data for the same sample of tygeMnAs in the temperature Vvalues of the Eliashberg function of RRef. 22.
range (-200-240 K) where both dependencies are approximately
linear. Inset: Resistivity of MnAs between 4 K and 300 K. level lies in the Mnd band. The Fermi velocity in this chan-
nel is smaller, by approximately a factor of(dee Fig. 5.
We have independently determined the transport regimelhis is reminiscent of the @ metals, such as Ni, and, simi-
by estimating the elastic mean free pathand the contact larly, leads to anegativedensity-of-statesDOS) polariza-
sized. We evaluated from the temperature dependence oftion, but to apositivecurrent®®

the contact resistance at zero bRgT) at high tempera- The calculations yield the spin polarization for density of

tures, whereR (T) is proportional to the resistivity(T) of  statesPo=—15%. For the ballistic transport in the plane
MnAs film?! (see Fig. 3 Then perpendicular to the axis of MnAsP,, =42%, and parallel
to the ¢ axis Py;=15%. For diffusive(Ohmic) transport
dp/dT 37 [ RL(0)d? P, =80% andP,=43%. Importantly, this implies that

= dR./dT’ = E(T— ) 80% of the current in plane in the bulk of MnAs is trans-

ferred by the majority spins. The projection of the in-plane

Our probe design allowed us to measure the temperature dggrmi_ veloc_ities onto the current direction7for majority and
pendence of the contact in a broad temperature range. THBINOMtY >pin channels argVe)=4.3X10" cm/s, (Vg|)
estimates for MnAs typé film and Sn tip with the typical =1.1X10" cm/s, respectively. Our estimates of the mean
contact resistanc&.~10Q were done in the temperature freg pathL from the temperature dependence of the contact
range 200-245 K withdR,/dT=0.22Q/K and dp/dT reS|stan_ce abovd_(=330 nm) can be now 2cross—checked by
~0.35<10 % Q cm/K, resulting in d=15nm and L calculating the conductance; =e*(N(Eg)VE;) 7, where the
=330 nm. These estimates show thatd, fully justifying

the use of the ballistic formulas in the data analysis.

To check the integrity of our contacts, we have measured
the phonon spectrumi’l /dV? of lead in the superconducting
state, which is proportional to the Eliashberg function
«’F(g) (Fig 4). The observed spectral peaks, shifted to %
higher energies compared to the normal state, are very clos [
to the known phonon peaks of Bbas well as to the ones
obtained previously by the Cornell grotfpThe ability to see
good phonon spectra is commonly associated with small im-*° [ /%
purity scattering within the contact ar&aThis gives us yet f
another confirmation of the ballistic nature of the contacts.

Additionally, we have performed band structure calcula- ol
tions of MnAs in the NiAs phase, using the Stuttgart Linear ) DOS (st Ry ") ——
muffin-tin orbital (LMTO) tight-binding (TB) code and the I Vol {10° o spert
generalized gradient approximatid®GA) approximation 02 015 01
for the exchange-correlation potentfalThe calculated band

structure agrees with the previous reséftShe Mn majority FIG. 5. Calculated densities of statéslid line, in states/Ry
d band is almost fully occupied, and only Asbands cross and in-plane andc-axis electron velocities(dashed lines, in
the Fermi level for majority electrons, which are light and 10° cm/s) for spin-up and spin-down bands of Mnfsp and bot-
have sizable velocity. In the minority spin channel, the Fermitom panels, respectively
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relaxation timer=L/(Vg)~8x10 ¥s. Using the calcu- typeB samples. The somewhat lower spin polarization mea-
lated Va|UeS<N(EF)V§¢)=2-2 Ry bohf and <N(EF)V§3> sured for typeB samples suggests the presence of the spin
=0.3 Rybohf in plane we obtain (N(Eg)VE anisotropy. The results are in good agreement with ajur
=(N(Ef)V2,)+(N(Eg)VZ )=2.5 Rybohf, yielding p, initio calculations, which givePy, =42% in the hexagonal
~0.251Q cm for the low-temperature resistivity, which is Plane. Our calculations also indicate ti&f, =80% of the
close to the observep,~0.4 1 cm. current in the hexagonal plane of MnAs is transferred by

In summary, we have measured the spin polarization ofmajority spins, further emphasizing the potential importance
type A and typeB MnAs epitaxial films grown on(001) of this attractive material system for spintronics applications.
GaAs using the PCAR technique. We conclude from the tem- )
perature dependence study of the contact resistance and the'"We thank D.N. Basov, A.G. Petukhov, and I. Zutic for
resistivity of MnAs that all the measured contacts were in thediscussions and L.E. Wenger for the use of magnetic mea-
ballistic regime. This is further supported by the phononsurement facility. This work was supported by DARPA
spectrum of Pb, acquired simultaneously with the conducthrough ONR Grant No. NO0014-02-1-0886 and NSF career
tance measurements. The transport spin polarization wagrant (B.N.) and ONR Grant Nos. N00014-99-1-0071,
49% for typeA (in the hexagonal MnAs planend 44% for  N00014-99-1-0716, and N0O0014-99-1-1098S).
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