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Spin-polarized ballistic transport in a thin superlattice of zinc blende half-metallic compounds
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We examine theoretically ballistic conduction in thin layers of zinc blende half metals, considering as an
example a superlattice consisting of monolayers of GaAs and MnAs, a bilayer of CrAs, and a bilayer of GaAs.
By artificially separating bilayers, we show that surface states thwart half metallicity. However, capping the
metal-As bilayers restores half metallicity, and ballistic conduction of electrons witBii83 eV of the Fermi
level will give nearly 100% spin-polarized transmission in the direction of the superlattice. Recent develop-
ments suggest atomic layer epitaxy can be used to produce such thin layers for spintronic applications.

DOI: 10.1103/PhysRevB.71.012414 PACS nunt®er75.50.Pp, 75.70.Cn, 71.26b, 73.50-h

Since their discovery by de Groet all in 1983, half tions have been performed using the plane wave pseudopo-
metallic (HM) compounds, in which one spin channel is tential metho#® based on density functional thedfyin the
metallic while the other is semiconducting, have been theyeneralized gradient approximatig@GA).>” We used the
focus of much research® The interest in these novel mate- VASP implementatiot1° with ultrasoft pseudopotenti&fs
rials is practical as well as fundamental, as the 100% spiffior all atoms. Spin polarized calculations were carried out to
polarization at the Fermi energy offers potentially significantaccount for different spin channels. A plane wave cutoff of
advantages for spintronic device applicatidnd,in which 450 eV was used, and an %111Xx7 Monkhorst-Pack
the spin of electrons is exploited as well as the charge.  k-point mesh was employed, corresponding to k4doints

After the pioneering work of Akinagat al® predicting in the irreducible Brillouin zone. Tests with largr point
the half metallic behavior of zinc blend&B) CrAs and  sets yielded changes in total energy of less than 1 meV.
subsequently growing it in thin film form, several such g investigate the formation of a conducting channel, we
transition metal compounds have been investigatediarted with a model in which GgVngsAs, CrAs, and
experimentall§ and theoretically-® In all HM ZB transition  gaas are separated into three slab regifffig. 1(a)]. We
metal pnictides, the majority spin channel is metallic whileihen moved the regions together until all atoms were at GaAs

the minority channel is semiconductifido search for new s : o :
. X : ulk positions[Fig. 1(b)]. The GGA optimized lattice con-
HM materials based on these ZB-HMs, theoretical studies OEtant of GaAs(a,=5.722 A was used for all calculations.

various heterostructure®’ have been carried out. Sanvito Sectional views of the superlattice are shown in Fig. 1. The
and HilP° have examined the electronic and transport proper="". : I View | #‘I) atl y %V Ih '9. d
ties of a digital ferromagnetic heterostructtireomposed of ~ Unit cell is tetragonal with lattice constaay/y2 in thea and

a monolayer of MnAs and 16 layers of GaAs. They foundP directions. Figure () shows the slab configuration with

that the in-plane conduction is confined to the vicinity of the [001] O Ga
MnAs layer. Experimentally, it has been found that bilayer

CrAs and GaAs can be grown in the ZB structure to form a % Mn
CrAs/GaAs superlattice by molecular beam epitixiur- e} @ Cr
thermore, ZB MnAs monolayet$ have been successfully O As

embedded into thick GaAs. Therefore, it is of interest to
investigate how a thin film superlattice involving these HMs
can exhibit half metallic properties and ballistic transport in
the direction of growth.

In this paper, we address these issues using a thin super-
lattice composed of MnAs, CrAs, and GaAs, by carrying out
first-principles calculations. We start with a model consisting
of three separate regions: a region containing a monolayer of
GaAs and a monolayer of MnAs, which we denote by
Ga sMng sAs, a region containing a bilayer of CrAs, and a
region containing a bilayer of GaAs. Then we bring them
together to form a model superlattice and address the ques-
tion of ballistic conduction by examining the density and
dispersion of states in the vicinity of the Fermi eneigy.

We find that the superlattice is half metallic, with 100% spin-
polarized ballistic transport in the growth direction. FIG. 1. (8 Separated andb) connected superlattice, viewed

First-principles total energy electronic-structure calcula-alongb. b is the[110] direction.
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FIG. 2. Total and projected density of states of FIG. 3. Calculated charge densities in e 1) plane for the
(Gay.gMng sAs)(CrAs)(GaAsg for the thin super-lattice(a) c=4a, thin superlattice:(a) c=4ay case; (b) c=3a, case. The upper,
case;(b) c=3ay case. The material is metallic. The positireega-  middle, and bottom panels represent the majority spin channel, mi-
tive) values represent majorityninority) spin. Ex=0. nority spin channel, and conducting states with energi€s3 eV

. . . aboveEg. The corresponding maximum values are 2.21, 0.47, and
c=4a, and Fig. 1b) shows the superlattice witb=3a,. By (03 electrons/A for c=4a, case, and 2.93, 0.53, and
reducing the spacing between the regions from tgchse 37 electrons/A for c=3a, case, respectively. The contours are
to the 3, case, we examine the effect of the surfaces on thgqyaily spaced between the maximum value and zero.
electronic structure and the formation of a conducting chan-
nel in real space. charge densities for the majority and minority states in a

In the c=4a, case, the system is a two-dimensional ferro-(011) plane containing the Ga-As-Mn-As, Cr-As-Cr-As, and
magnetic metal with a net magnetic moment of Quiglper  Ga-As-Ga-As chains are shown in the upper and middle pan-
unit cell. Calculated total and projected densities of stateels of Fig. 3a), respectively. The indices are defined with
(DOSS9 are shown in Fig. @). Both majority and minority  respect to the conventional cell. There is essentially no over-
DOSs are nonzero &¢. Considering first the total DOS, we lap of charge between the regions. The calculated charge
find low-lying, isolated Ass states at~—-10 eV, Gas and  density for the states with energie€).3 eV aboveEg in the
As-p bonding states at-6 eV, and metat-As-p hybrid  (011) plane is shown in the bottom panel of FidaB These
states in the vicinity oEg. As shown in the projected DOSs states can accommodate externally injected electrons. How-
panels, the Mrd states are located lower in energy than theever, the charge distributions are confined in the three re-
corresponding Cd states, consistent with nuclear charges.gions because of the energy barrieracuum between them.
Due to the lack of fourfold coordination, the surface Ga andNo channel is formed along thedirection and conduction
Cr atoms contribute minority spin stateskt which destroy ~ will be inhibited.
half metallicity (see c=3a, discussion beloyv The total In the c=3a, case, all atoms are fourfold coordinated and
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there are no surface states. This results in a gap in the mi Majority spin Minority spin
nority channel aEr and so produces a HM structure. The ~ '? 13
magnetic moment is 1@ per unit cell, consistent with the
moment equation of Ref. 12 for such composite structures. 1
The saturation magnetization of the superlattice is consisten | | L |

with that of the constituent compountfThe semiconduct- = O'Sé I | 05? 1L Sozev

ing gap in the minority channel is 0.95 eV, only slightly less 3

than those of the constituent CrAs and MnAs compounds. Tl °[ 10 R I —Er

understand the electronic properties of the3a, case, we & | 11 ] I ] F ]
examine total and projected DOSs in FighR As in the '0‘5><_ = 0 T )
constituent ZB magnetic compountignd thec=4a, con- 1k ]
figuration above, we find isolated, low-lying Asstates at
~=10.0 eV. Metald-As-p hybrid states appear4 eV be-
low Eg. In the majority spin channel, the states-a8.7 eV iy zr z °r zZ T z
show significant Mrt,, character while those at2.9 eV are @ (b) @ (b)
more strongly Mney in nature. The broad manifold around
—2.0 eV of strong Ct,4 character is associated with hybrid-
ized Criy—Asp bonding states while the more localized
manifold around—1.2 eV is associated with nonbonding Cr
ey States. The minority channel shows similar structures but A2 "
with d states shifted upward in energy relative to the corre- _he oK _
sponding majority states by the exchange interaction. Be- Go = ZmEV J 8773<q,"”|PZ|\Pk”>5(8k" Be),
cause the more localized nonbondiag states are shifted
more than the strongly hybridized bondityg states, a semi- ) . .
conducting gap is opened in the minority channeEat whereA is the finite cross section;,®s the momentum op-
To examine the formation of a conducting channel in the®rator, B==ifiVz &, is the energy for a state with Bloch
c=3a, configuration, we need only focus on the majority VEctork, band indexr, and spin indesx. _ _
spin states since the minority spin channel is semiconducting Flgure 5 shows the ballistic conductances in theirec-
with a 0.95 eV gap. The calculated total charge densities in gon for both c=3a, (solid line) and c=4a, (dashed ling
(011) plane for the majority and the minority spin states areCaSes- In order to indicate the contnbunon; from different
shown in the upper and middle panels of Figh)3 respec- bands, we plo_t the ponductances as a function qf the energy.
tively. The majority charge densities show medahs-p For'th.e majority spin channel,'arounql the Fermi energy the
bonding and strongly localizee, densities at the metal at- Pallistic conductance foc=3a, is ten times larger than the
oms, consistent with the stromst,, hybridization and non- %M€ for c=4a, due to substantially larger velocity compo-
bonding e, character evident in the projected DQBig. nents, although thg dgnsme§ of states are S|m|l_ar.for the two
2(b)]. The minority charge densities also show the metalases. For the minority spin c.hannel,. t.h('a ballistic conduc-
d-As-p bonding with cleart,, character at the metal atoms. tances are zero for both cases in the vicinity of 0.3 eV above
The charge densities around the Ga atoms are essentiaff)e Femi energy. The calculated results suggest that the
non-spin-polarized. The bottom panel of FigbBshows the - 52 Superlattice involving the MnAs and CrAs will be a
calculated charge distribution for majority spin states with9°0d Spintronic material. _ o o
energies~0.3 eV aboveEr. Along the zigzag chain in the In summary, we have examined ballistic conduction in a
(011) plane there are contours extending from the left end to
the right end corresponding to a clear conducting channel, in
marked contrast to the=4a, case. Figure 4 shows the cal-
culated band structures for both cadesZ is in thec direc-
tion, perpendicular to the layers. Tle=3ay majority spin
bands in the vicinity ofEx show significant dispersion
whereas the corresponding 4a, bands are essentially flat.
Thus thec=3a, states not only form a clear conducting
channel along the direction but also show significant ve-
locity components along that direction. The projection of the
Fermi surface perpendicular to tledirection will then be
substantially larger for the=3a, configuration, yielding a -16
correspondingly larger ballistic conductance in that direction.
Moreover, due to the half metallic nature of the 3a, su-
perlattice, the current will be 100% spin polarized. FIG. 5. Ballistic conductances along thadirection for the thin
The ballistic conductance in thedirection can be calcu-  superlattice as a function of the energy. The Fermi energy is set to
lated once the electronic wave function and energy areero. The solid and dotted lines represent ¢we8a, and c=4ay
known?22 cases, respectively.

FIG. 4. Band structures along tleadirection for the thin super-
lattice: (a) c=3a,y case;(b) c=4a, case. The states with energies
within ~0.3 eV of Er are shadedEg=0.
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thin superlattice composed of ging sAs, CrAs, and GaAs Work at UC Davis is supported by NSF Grant Nos.
half metallic and semiconducting layers. Based on an examiESC-0255007 and INT-9872053, the Materials Research
nation of electronic structure and charge distributions, wenstitute at Lawrence Livermore National Laboratory
find that upon bringing separated slabs together, a half mgi LNL), NSERSC at Lawrence Berkeley National Labora-
tallic superlattice is formed with a clear conducting channekory, and the Research Committee at UC Davis. Work at
spanning the length of the superlattice; whereas, due to thel NI was performed under the auspices of the U.S. Depart-
presence of surface states, half metallicity is not manifesteghent of Energy by University of California, Lawrence Liv-

in the separated configuration. Such a half metallic superlats;more National Laboratory under Contract No. W-7405-
tice grown on GaAs may be an excellent candidate for Spi”Eng-48.

tronic applications.
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