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We demonstrate efficient spin-polarized tunneling between a ferromagnetic metal and a ferromagnetic semi-
conductor with highly mismatched conductivities. This is indicated by a large tunneling magnetoresisgance
to 30%) at low temperatures in epitaxial magnetic tunnel junctions composed of a ferromagnetigdvmasl
and a ferromagnetic semiconductor (GgMn,As) separated by a nonmagnetic semicondu@bks). Analy-
sis of the current-voltage characteristics yields detailed information about the asymmetric tunnel barrier. The
low temperature conductance-voltage characteristics show a zero bias anomaly/dndependence of the
conductance, suggesting a correlation gap in the density of states ofNbaAs. These experiments suggest
that MnAs/AlAs heterostructures offer well characterized tunnel junctions for high efficiency spin injection
into GaAs.
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Fundamental studies of spin-dependent transport and tuierromagnetic semiconductor MTJ’s wherein the ferromag-
neling in metallic ferromagnetic heterostructures have beenetic layers have comparable conductiviflesthe
of critical importance to the development of metallic “spin- ferromagnetic components in our hybrid heterostructures
tronic” devices for high density information storagélhe  have conductivities differing by four orders of magnitude
emerging interest in @emiconductebased “spintronics” (~1 uQcm for MnAs and =~10mQcm for
technology has now sparked substantial interest in studies @a, _,Mn,As).'%! These hybrid systems hence open up a
similar phenomena in semiconductor heterostructti®s. distinct class of devices that could yield interesting insights
important hurdle in this context is the inefficient injection of jnto the physics of MTJs.
spin-polarized currents from metallic ferromagnets into  gamples are fabricated by molecular-beam epitaxy on

semiconductors due to the large mismatch in conducti\ﬁties.p+_GaAS(OOD substrates after the growth of a 40-nm-thick
This problem can be overcome by using either ferromagnetif)_GaAS buffer layer. We have studied a wide variety of
semiconductors or highly spin-polarized paramagnetic semiz

R ; . Sample configurations involving GaAs,(Ga,MnAs,
conductors for spin injectioh.Alternatively, spins can be (Ga,ADAs and MnAs, but focus here on a systematic set of
injected from a ferromagnetic metal via a tunnel bartiand ' '

the conductivity mismatch problem is essentially circum-four samples wherein Ga,Mn,As (x=0.03, thickness 120

vented by the large contact resistafide direct scheme for nm), GaAs(thickness 1 nij AlAs (thicknesslyas=1, 2, 5,

detecting spin injection in this case is to measure the tunnef'i‘nd 10 nm, GaAs(thickness 1 nm and MnAs(thickness 45

ing magnetoresistancéfMR) between metallic ferromag- nm) are grown sequentially at 250 °C. T_he thin GaAs spacer
netic tunnel contacts that sandwich a semiconditiome layers p_Iaced betweer_1 the ferromagnetlt_: Iayers_ar_1d the tun-
tunnel barrier serves as a spin injector and the other a Spilﬂe| barrier seem crucial to the observation of distinct TMR
detector, and the physics is completely analogous to that of gharacteristicS. Reflection high energy electron diffraction
traditional magnetic tunnel junctiofMTJ).” The fabrication ~Measurements during the growth confirm the epitaxy of
of high quality epitaxial metal/semiconductor/metal hetero-MnAs in the “type-B” orientation? Photolithography and
structures needed for such a scheme presents a difficult m#et-etching techniques define 3@@n-diameter mesas
terials challenge. For instance, even in the most successf@fched down into the-GaAs region for vertical transport
examples of such epitaxial MTJ@InAs/AlAs/MnAs), the ~ measurements. The dc current-voltage characteristics of a
magnetoresistance effects are smatll(%).2 mesa between the top MnAs layer and the back of the

Here we demonstrate efficient spin-polarized tunneling ifP-GaAs substrate are measured using a four-probe method in
a class of “hybrid” epitaxial MTJ's comprised of a ferro- & continuous flow He cryostat over the range 4.2—300 K with
magnetic meta(MnAs) and a ferromagnetic semiconductor @n in-plane magnetic field ranging up to 2 kG provided by an
(Ga,_Mn,As) separated by a nonmagnetic semiconductoglectromagnet; additional tran_sport measurements down to
(AlAs). Although the current experiment is limited to detect- 330 MK use a He 3 cryostat with a superconducting magnet.
ing spin injection at temperatures below the relatively lowFinally, magnetization is measured on 10-fnpieces of the
Curie temperature of anMnxAs (TC: 70 K), the h|gh unpatterngd wafer using a Quantum DeS|gn Superconductlng
Curie temperature of MnAsT(.=320 K) allows for future ~duantum interference device magnetometer.
room temperature experiments in different configurations. Figure X&) shows the magnetization hysteresis loop mea-
We note the low Curie temperature of the,GgMn,As layer ~ Sured &5 K for the samplg Wlth an AIA§ barrier thickness
provides a built-in control experiment since we can measurfains=5 nm. The magnetic field is applied along the easy
the TMR in both the paramagnetic and ferromagnetic stateaxis of “type-B” MnAs, parallel to[110] GaAs? Two dis-
of Ga_,Mn,As. Unlike traditional MTJ’s based upon me- tinct transitions at 20 and 500 Oe indicate the switching of
tallic ferromagneté, or the recently developed all- magnetization direction of Ga,Mn,As and MnAs, respec-
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FIG. 1. () Magnetic hysteresis loops at=>5 K for a MnAs- FIG. 2. (a) Temperature dependences of,GgMn,As magneti-

Ga,_Mn,As hybrid junction and for the same sample after the ;4ti0n at 50 Oe and TMR measured with 100 wA for a junction
MnAs layer is removed. The transition of GagMn,As is broad- \yith d,,,.=5 nm. (b) 1-V characteristics and voltage dependence
ened by the adjacent MnAs laye€b) Magnetoresistances of hybrid ot TMR for the same junction at 4.2 K.

junctions with a different AlAs barrier thicknes3 €4.2 K). The

curves are shifted for clarity. ) o ]
since the bulk magnetization of GgMn,As (Ref. 16 is far

tively; the coercive field of the Ga,Mn,As layer is more €SS than 4 expected for a half-metallic systethSpurious
readily seen by chemically removing the MnAs lajeee the effe_cts that might ar_t|f|C|aI_Iy enhance TMR such as magneto
inset to Fig. 18)]. Figure 1b) shows the TMR for all four ~'esistance due to fringe fields can be ruled out in our mea-
samples normalized at the high-field value. A sudden resissurements since the magneto-resistances of the individual
tance drop accompanies the switching of the MnAs magneMnAs and Ga_,Mn,As layers are smaller than 0.5% for the
tization from antiparallel to parallel with respect to the field range shown in Fig.(b). Further, the systematic varia-
Ga _,Mn,As magnetization. We note that the TMR shows ation of the TMR Wlth barrier thickness rules out possible
nonmonotonic dependence on the AlAs barrier thicknes§ffects of fringe fields due to the nearby MnAs layer on
daae, With a striking effect of around 30% for the sample G&-xMnAS. We now focus on the sample withys=5
with dyas=5 nm. nm in order to examine the physics of these MTJs in some
These results are interpreted in straightforward analoggepth- ) , . .
with metallic MTJ's: the tunneling probability is larger when I contrast with all-metal MTJ's where there is a negli-
the two ferromagnetic layers are magnetically aligned tha/$iPle change in magnetization with temperature, the magne-
when they are antialigned. Quantitatively, the change in th&iZation and hence the spin-polarization of,GgMn,As de-

tunnel resistance is given by pend strongly on temperature. Figurga?2 shows the
temperature dependence of the TMR along with that of the
(Ra—Rp) 2PsPy bulk magnetization. Both disappear at the Curie temperature
T= Ro (1-PoPy)’ (1 of Ga_,Mn,As (around 70 K. The figure also shows that

the temperature dependences of the TMR and the magneti-
whereR, andRp are the junction resistances with antiparal- zation are quite different. This discrepancy may be related to
lel and parallel moment$s and Py, are the spin polariza- the faster decay of surface magnetism, as is found in other
tions of Ga_,Mn,As and MnAs, respectively. If the spin half-metallic system&’ or it may indicate that the spin po-
polarizationsPg and Py, were known, one could estimate larization in Ga_,Mn,As is not directly proportional to the
the spin injection efficiency through the tunnel barrier as anagnetization. The correlation of the TMR wiff. is a
ratio of the observed TMR to the ideal TMR predicted by theunique feature of these junctions where one can probe both
above equation. Direct measurement®Pgf andPg are not  ferromagnetic and paramagnetic states by changing the tem-
yet available, but band structure calculations prefligt=1 perature.
for x=0.125 andP,,=0.3*! Assuming that the half- The voltage dependence of the TMR at 4.3/g. 2(b)]
metallicity of Gg_,Mn,As holds down tox=0.03 (i.e., shows a rapid decay of the TMR at voltages as low as 100
Pcs=1), the TMR observed in our measurements is close tanV. This qualitatively resembles similar behavior in metallic
40% of the ideal TMR. This is a very conservative estimateMTJ’s, but the relative scale of the voltage is much smaller
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FIG. 3. Zero field conductance curves of the junction used in g .
Fig. 2 at selected temperaturds= 20,40,60,80, and 100 K for the E 0.05p - «=en antiparallel
curves between 4.2 and 120 K. The dashed line superimposed on S 0.04;
the 120-K data is a fit to Brinkman-Dynes-Rowell model over the © .03l : ;-320?'“( i
range+40 mV (see the text The inset shows the schematic dia- 0.02 ) ) ) )
gram of the model. 0 1 2 3 4

Voltage'” (mv"?)
in these hybrid MTJ’S. The rapid decrease in the TMR with
voltage is likely related to the smaller spin splitting in the
Ga, _,Mn,As layer (=100 meV) compared to typical split-
tings in metaIIiF: ferromagnets%l eV). Figure 3 ShOWS the 330 mK.(b) The data in(a) are plotted as a function &f*’2. Linear
G-V characteristics measured at zero magnet'lc.fleld for S€Vits (solid lineg are used to extract the correlation dape the text
eral temperatures between 4.2 and 240 K. A distinct zero biaghe geviation at low bias is due to thermal broadening.
anomaly develops below thi. of Ga, _,Mn,As, suggesting
a small energy gap around the Fermi energy. Another noticeer to a subtle change at the interfd@ane note that mea-
able feature is the asymmetry in tBeV curves: the conduc- surements of Fe/GaN/Fe MTJ's grown @01) GaAs yield a
tance under positive biasvherein the MnAs is at a higher Small barrier height0.11 eV), comparable to our resultSA
potentia) is larger than that under negative bias, and—at temsimple estimate of, is given by the difference between the
peratures above the Curie temperature of GhIn As—the ~ Known AlAs-GaAs valence band offs¢0.55 eV} and the
minimum conductance occurs away from zero bias. A fullFérmi energy of Ga ,Mn,As (0.16 eV). Our result from
analysis of the G-V characteristics below theTc of fitting the data (0.480.01 eV) is c_Iose to this estimate
Ga_,Mn,As is not possible because the detailed valenc 0.39 eV). Equally good agreement is found for the barrier

; ) ; S o
band structure of this material is presently not known from hickness: we det_ermanNAs 6.70.1 nm assuming I'ght.

. L hole states participate in the tunneling through AlAs, while
experiment. Instead we focus on tli&V characteristics

b T h th duct It daps=4.4+0.1 nm assuming heavy holes. A mixture of
above 1¢c where the conductance-voltlage CUIVES aré pardjghi and heavy holes may possibly provide a better descrip-
bolic within the voltage range- 40 mV (see for instance the

rade tion of reality, consistent with the designed AlAs thickn€ss
data forT=120 K in Fig. 3. ~ nm). The successful application of the BDR model implies
The asymmetric shape and the occurrence of minimumnat the conduction is indeed due to tunneling processes.
conductance at a finite voltage lead us to apply the The development of a zero bias anomaly below the Curie
Brinkman-Rowell-Dynes(BDR) tunneling model that was temperature of Ga ,Mn,As deserves further attention, since
originally developed to calculate the tunneling across metalit may help in understanding the electronic structure of
insulator-metal junctions with different barrier heights at theGa,_,Mn,As at the Fermi energy. Figure(@ shows the
interfaces’® Although Ga _,Mn,As is not a metal, the BDR  conductance dip in the low bias conductance curves for par-
model is still applicable for voltages less than the Fermiallel and antiparallel spin orientations. As expected, the zero
energy of Ga_,Mn,As (0.16 eV if we assume a hole density bias anomaly becomes more pronounced as the temperature
of 1x10%° cm™3). A best fit to the BDR model—shown for s lowered from 4.2 K to 330 mK. Since GaMn,As is
the data at 120 K in Fig. 3—allows us to extract the barrierknown to exhibit a metal-insulator transition, we analyze the
heights at the MnAs/AlAs interface ¢(;) and the behavior of the conductance-voltage characteristics within
Ga,_«Mn,As/AlAs interface b,), as well as the barrier the context of early studies of disordered systems with a
thickness €l 5s) (see the inset of Fig.)3 metal-insulator transitio® On the metallic side of the
The best value fokp; is 0.15+0.01 eV, which is much metal-insulator transition, the one-electron density of states
smaller than that obtaing@.8 eV) in studies of MnAs/AlAs/  at the Fermi energyN(E)] can be calculated using a scaling
MnAs MTJ's grown on(111) GaAs® This discrepancy can model that includes localization, correlation, and screening,
be attributed to the different orientation of the MnAs growth and is given b§?

FIG. 4. (a) Low bias conductance curves for the same junction
as in Figs. 2 and 3das=5 nm) for parallel and antiparallel mag-
netization directions. The zero-bias anomaly is more pronounced at
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N(E)=N(0)[1+ (E/A)Y2, 2) MnAs/AlAs/Ga, _,Mn,As magnetic tunnel junctions indi-
cates an excellent model system for studying spin injection
where the correlation gap is a measure of the screening from a ferromagnetic metal into a semiconductor. Even with
length. As shown in Fig. @), the conductance in the MTJ’s conservative estimates for the spin polarization in the ferro-
studied here is indeed proportional\td’? except at the low- magnetic layers, this observation indicates highly efficient
est bias, where it is affected by thermal broaderfihgince  spin injection through the AlAs barrier. Modeling of thev
the conductance is proportional M(E), a linear fit to the characteristics at temperatures above the Curie temperature
data in Fig. 4b) yields A=5.7 and 3.0 meV for parallel and of the Ga_,Mn,As layer allow us to understand the nature
antiparallel configurations, respectively. Surprisinggnd  Of the barrier in great detail.
perhaps coincidentallythese values of the correlation gapin N s, SH.C, and K.C.K were supported by Grant Nos.
Ga - xMn,As are consistent with those extracted from stud-oNR N00014-99-1-0071, -0716, and DARPA/ONR N00014-
ies of granular aluminum tunnel junctidfisin the regime 99.1-1093. P.S. and S.P. were supported by Grant Nos.
wherein the Al conductivity is comparable to that of pARPA N00014-00-1-0951 and NSF DMR 01-01318. We

Ga _,Mn,As. thank D. D. Awschalom and M. Flatte for a critical reading
In summary, the observation of a large TMR in hybrid of this manuscript.
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