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We present a theoretical study of the transport properties of a CrAs/GaAs/CrAs trilayer. The theory was
based on a first principles method for calculating the electronic structure, in combination with a Kubo-
Landauer approach for calculating the transport properties in a current perpendicular to the plane geometry. We
have also investigated the electronic structure and the magnetic properties of this trilayer, with special focus on
electronic and magnetic properties at the CrAs/GaAs interface. Finally, we have studied the effects of chemical
disorder on the transport properties, in particular the influence of As antisites at both the Cr and Ga sites.
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[. INTRODUCTION erties, half metallicity, and structural stability of several
promising pnictide- and chalcogenide-based materials. Pask
The increased interest in the magnetic and transport profet al2® have investigated the stability afnc-blendevin and
erties of thin film systems is mainly caused by the complex-Cr pnictides and carbides and suggested appropriate sub-
ity and challenging academic questions these man-made matrates for their growth. Kibléf, Sakum&® and
terials raise, in combination with the potential use of suchKudrnovskyet al?® have calculated the exchange interaction
systems in sensor applicatiohA. large number of multilay- and found a high Curie temperature fainc-blendetype
ers have been fabricated and their magnetic and transpo@rAs and similar compounds.
properties have been studied. Novel effects, such as the in- However, the relation between transport properties and
ter|ayer exchange Coup"ﬁgind the giant magnetic resis- magnetism has not been addressed with equal intensity. The
tance(GMR) effect= have been discovered experimentally Magnetoresistance of a MnAs/GaAs/MnAs trilayer hetero-
and analyzed theoreticaffy® structure has been studied and a small magnetoresistance ra-
Of particular interest are the half-metallic ferromagnetstio |€ss than 1% has been measured for a current-in-plane

; i o dirantinn (CIP) geometry. Transport properties of digital ferromagnetic
(HMF), i.e., compounds for which only one spin direction
has a gap at the Fermi levEL, while the other has metallic heterostructure MnAs/GaAs have been calculated by San-

; "7 ; . ) i
character. This class of ferromagnets, first predicted by gyito and Hil” and they f(())und a high spin-polarized _tunnel
Groot et al!! based on band structure calculations for,C1 Ing current close to 100% for the current-perpendicular to

type Heusler alloys, are now intensively studied because th lane (CPP) geometry and a large metallic conductance in
yp ys, y nAs in the CIP geometry. Also, Pampuch al?® have

should pr_ovide a current with a high degree of spin pOIariza'suggested tha-MnAs film on GaA$001) substrate could
tion and improve significantly f[he performancr_a of magnetoy-"\sed as a magnetologic gate.
optical dewcgs such as tunneling magnetoresistance devices. \ne have chosen here to investigate the CrAs/GaAs/CrAs
Recently, Akinageet al*? have found that metastabignc- trilayer with special emphasis on the transport properties. In
blendetype CrAs grown on GaA801) substrate exhibits this paper we have also studied the electronic structure and
well-pronounced HMF character, but the most prominenimagnetism of the CrAs/GaAs/CrAs trilayer. We have also
feature is its high Curie temperature above 400°K. In fact, dnvestigated the effects of As antisites defects at Ga or Cr
large number of artificiakinc-blendetransition metal com-  sites and how they affects the electronic structure, magne-
pounds exhibit HMF character, and some of them, e.g.tism, and most importantly the transport properties.
MnAs or CrAs, have already been grown on different The paper is organized as follows. In Sec. Il we present
substrates3-16 the method used to resolve the electronic structure and the
Based on first-principles calculations, Galanakis andransport properties, and we describe the computational de-
Mavropoulo$”*€ have investigated the half-metallic charac- tails of the system. In Sec. Il we describe the electronic
ter of 3 transition metal pnictides and chalcogenides forstructure and the transport properties of the ideal
different lattice constants, simulating the growth of theseCrAs/GaAs/CrAs trilayer without defects. In Sec. IV we
compounds on different substrates. Also, Samyalll®, Xie  analyze the effect of chemical disorder. Finally we summa-
et al,?%?and Shirad? have investigated the magnetic prop- rize our results in Sec. V.
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Il. METHOD OF CALCULATION all transport calculations, ideal and disordered systems, we

_used 10 k, points in the original SBZ. For disordered sys-

The electronic structur,e of th_e SVStﬁm IS Qescl:rlbed '%Sems, an average conductance over four alloy configurations
terms of a surface Green’s function technique implemente evaluated in &4 X 4) two-dimensional lateral supercell. A

within the framework of a tight-binding linear muffin-tin or- ¢, imaginary pars=10"7 Ry has been added to the en-

i 9 i i - . .
bital approactt? This approach allows us to simulate on an ooy in order to evaluate the Green's function quantities en-
ab initio level the experimental conditions in the CPP Co”'tering in the conductance calculation.

figuration with two semi-infinite leads sandwiching the ac- 110 system studied consists of a trilayer

tive region composed of alternated magnetic and nonmagycyas/mGaAsCrAs, grown in thezinc-blendestructure
netic layers. . ) 001 direction, embedded in two semi-infinite leads. We
The corresponding transport properties are evaluatefly e ysed the principal layer technique with two atomic lay-

within a Kubo-Landauer approach in the CPP geometryg g her principal layer, one Qor Ga layer and one As layer.
based on a transmission matrix formulation within the Imearm the two-dimensional cell, each atomic layer is composed

response theorysee Ref. 3L Recently, the theory has been ¢ o atomic sites, one containing a Qr Ga atom to-

adepted and implemented for' general crystallographic Orie'bether with an empty sphere, and one containing an As atom
tations of atomic layer® In this approach the conductance together with an empty sphere. The empty spaces were in-

of the system is given by cluded only to obtain a closer packing of atomic spheres in

21 21 the zinc-blendestructure. We used the same Wigner-Seitz
C’(Ep) = FEE Ty (Ep) = Fﬁz tr{BY97 NBRIN, radius rasp=2.6294 a.u. for all atomic components in the
I ky Ik trilayer structure, which corresponds to a lattice constant of

(1) GaAs(agaa=5.65 A). In a Landauer formulation, one needs
to include leads that act as electron reservoirs. In our study

whereg is the spin indeXo=1,|) ande?/h is the quantum e choose vanadium as the lead material because it is para-
conductanceBy (Bp) is the anti-Hermitian part of the so- magnetic and has an in-plane lattice constant that allows
called embedding potential describing the influence of thematching with the CrAgand GaAs$ structure. At the inter-
left (right) semi-infinite lead onto th&l-layers active region. face between CrAs and the lead, we found that a V/As in-
The quantity gi‘},(gﬁfl) is the off-diagonal retardedad- terface(As-terminated CrAgis preferable in order to keep a
vanced Green'’s function matrix, linking the left lead and the Cr environment that renders half-metallicity. For a Cr-
right lead?® The trace over angular momenta and sites in théerminated interface, the hybridization between Cr and V af-
unit cell is denoted by tr. The conductance is then obtainedects the Cr magnetic moment substantially, and hence also
by summing the transmission probabiliﬂ;{ju(EF) of each the half metallic properties of the CrAs layers. Hence in our
channelk, in the surface Brillouin zon¢SB2). study we used As terminated layers at the CrAs/V interface.

This approach can be extended to systems with chemical
disorder such as interface interdiffusion and/or alloyed lay-
ers, within a lateral two-dimensional supercell mettiod In the zinc-blendestructure withT3 as the space group,
with random occupation of supercell lattice sites by aténs the Cr atoms have tetrahedral environment with As atoms at
and B, corresponding to the layerwise alloy compositionthe tetrahedron corners. Due to this tetrahedral symmetry, the
A;,By. The transmission coefficients for the supercell cand states split in a lower doubly degeneratievel (ds,2_.2 and
then be decomposed as a sum of a ballistic part, with scatl,>_y2 orbitalg and a higher triply degenerate level,, d,,
tering between states with the sainevector of the original  and d,, orbitaly with t, symmetry. Within the tetrahedral
(1X1)-cell SBZ, and a diffusive part, with scattering be- symmetry,p—d mixing is allowed and the states of Cr with
tween differentk; andk, states in the original SBZ With  t, symmetry can hybridize with the Ag states also with,
this supercell technique, our description allows us to studysymmetry?>3¢ This induces a large bonding-antibonding
disordered systems and it treats ballistic and diffusive scatsplitting that opens up a gap.
tering on equal footing on a quantitative level. The e states(ds2_2 andd,2_2) belong to a different irre-

The electronic structure was determined self-consistentlylucible representation, with different symmetry and there-
within the local spin density approximation, with Vosko- fore do not hybridize with A9 states. Consequently, these
Wilk-Nusair parameterization for the exchange-correlationstates become nonbonding and lie in the gap caused by the
potential®® We used a €4p* and 4°4p® valence configura- p-d hybridization of Cr and Ast, states. In addition, the
tion for Ga atoms and As atoms, respectively, with the filledexchange splitting shifts the relative position of the two ma-
3d shell treated as the core, while Cr atoms are described byrity and minority spin channels, and the Fermi level lies in
a 3d°4s! valence configuration. The calculations were carriecthe band gap for the minority spin, and in the antibonding
out with a 256k, points mesh in the originallx 1)-cell  band for the majority spin, resulting in a half-metallic com-
SBZ. For disordered systems, the potentials are determingsbund. To illustrate this we show in Fig. 1 the atom-resolved
self-consistently using the coherent potential approximatiomensity of stategDOS) of bulk CrAs in the zinc-blende
(CPA).2° The potentials determined for a given alloy compo- structure for the GaAs lattice constant. We also show in Fig.
sition were used in transport calculations for various randoni(b) the t,- ande-decomposed DOS for the Cr atoms.
supercell configurations, neglecting therefore fluctuations of In Fig. 2 we present the atom-resolved DOS for some
the potentials due to variations of the local environment. Foselected  bilayers (Cr,As or GaA$ in the

Ill. IDEAL LAYERS WITHOUT DEFECTS
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E_EF [Ry] the 3CrAs/4GaAs/3QrAs trilayer for the ferromagnetic coupling of
the two CrAs magnetic layers.

FIG. 1. (Color onling Calculated DOS of bulk CrAs in the
zinc-blendestructure for the GaAs lattice constg@ia=5.65 A).
In (@) we show the Cr and As projected states angbinwe show
the Cr projected states ontandt, symmetry. The vertical line
denotes the Fermi energy.

reduced intensity and broadening of this structure reveals a
decrease of the Cr-As hybridization, therefore a decrease
of the bonding-antibonding splitting responsible for the gap.
We also note that around the same endrefy.1 Ry but for
majority spin states, the small gap separating the two struc-
5CrAs/5GaAs/5CrAs trilayer. Bilayers on the CrAs side aretures(bondingt, and nonbonding frone) disappears as one
denoted IA-2, IA-1, and IA, respectively, when approachingmoves towards the interface.

the CrAs/GaAs interface from the CrAs side, and on the On the GaAs side, the most striking change is the closure
GaAs side they are denoted IB+2, IB+1 and IB from theof the band gagGaAs IB) and a wider bandwidth for the
GaAs side(With this notation, the bilayers CrAs IA-2 and states around —0.5 Ry. We also note a small polarization of
GaAs IB+2 correspond to the center of the 5CrAs layers and>aAs states due to proximity effects with the spin-polarized
the 5GaAs layers, respectivelye observe that deep in the Cr states. However, a small but nonzero band gap subsists in
layer (IA-2 for CrAs and IB+2 for GaAg the DOS looks the minority spin channel that turns out to give a GaAs layer
like the corresponding bulk DOS with well-defined half- at the interface that is half-metallic.

metallic character for CrAs and a well-defined band gap for It is well known that the LSDA underestimates the size of
GaAs. As one approaches the CrAs/GaAs interface, the DOthe band gap in semiconductofdue to overestimation of

is modified. For instance, for CrAs the gap in the minority delocalization and hybridization by the use of information
spin channel is much narrower, and there is only a pseuddaken from the homogeneous electronjygatence it is rel-
gap. Also, the peak just below —0.1 Ry in the minority spinevant to ask how reliably we can reproduce finer details con-

channel is less pronounced both for the As and Cr atoms. Theerning the band gap and half-metallicity of the presently
studied system@&nd similar systemsWith a better theoret-

wl=—K| casu| | [E=%8 o ical description of the band gafike GW, exact exchange, or
20 | ] o , other approximatioy we expect that the majority spin chan-
0 e o 10 nel of thg GaAs layer in proximity to CrAs will Keep its band
20 | 1t Gans 1B.2| —10 gap, which will result in a higher effective barrier of tunnel-
= P A ; ing from the CrAs layer.
@ 40| CrAs IA-1 10 Since the electronic structure of the CrAs and GaAs lay-
§ 20 | : PN i ers for the interface-2 and interface-1 layers is very similar to
.g 0 R Ty o g that of bulk CrAs and GaAs, respectively, we conclude that
o~ \ 1 Gahsipsr 110 the changes in the electronic structure are dominated by
o e —t ' changes in the nearest-neighboring environment. Hence one
Q st} CrAs IA-2| 110 may, for convenience, calculate the electronic structure of the
200 A\ ] AN 0 CrAs/GaAs/CrAs trilayer using somewhat reduced thick-
0 oy Ll ' nesses for the CrAs layers. We have done so and used a
-20 | W 1 GaAsip | =10 3CrAs/4GaAs/3CrAs trilayer. However one has to bear in
04-02 0 02 o4 00 04 mind that transport properties do depend on the thicknesses.
Energy [Ry] Energy [Ry] The magnetic momenttriangle) for each atom site in the

3CrAs/4GaAs/3CrAs trilayer, in a ferromagnetic configura-
FIG. 2. (Color onling Calculated DOS of selected CrAs layers tion, is shown in Fig. 3. Deep in the CrAs layer, Cr and As

of the 5CrAs/5GaAs/5CrAs trilayer. The vertical lines denote theatoms exhibit a total magnetic moment of 3u@9and
Fermi energy. —-0.22ug, respectively. These moments become somewhat re-
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TABLE I. Spin-resolved conductances per layer atdmunits
€?/h) calculated for a 3CrAshGaAs/3CrAs trilayer sandwiched
by two semi-infinite leadsm is the number of GaAs layexsThe 0.02
subscriptsd= and AF denote the ferromagnetic or antiferromagnetic

— model fit
@ first principles calc.

Wi

coupling of the two magnetic slabs. 0.01
cl . Chk  Ch 0
3CrAs/4GaAs 0.01797 810° 3x10° 3x10° 4 5 6 7 &8 9 10
3CrAs/5GaAs 0.00677 R210% 1x10° 1x107° number of ML
8 6 6
3CrAs/6GaAs 0.00398  x10° 6x10° 6x10° FIG. 4. Model fit(solid line) of the spin-up conductanc(@ﬁ)

3CrAs/8GaAs 0.000430 <10® 7x107 9x107 obtained from the first principles calculati¢tiamonds. The effec-
3CrAs/10GaAs  0.000121 <108 1x107 1x107 tive massm =0.02n, has been used in the insulator region of
5CrAs/4GaAs 0.01008 <108 3xX10° 3x10°5 lengthL. In the inset we show the geometry of the model potential
and the wave function.

duced to 3.0@g and —0.1L5 at the GaAs interface, i.e., the o )
moments of the interface atoms are very similar to the mofectangular-shaped tunnel barrigolid line). The transmis-

ments deep in the films. For the empty spheres we found &lon coefficient used for this calculation is given by
nonzero magnetic moment of +0,42 (not shown only for

. . . 1

;nlﬁteyéfxserlg sites in the same atomic plane as the As atom T(E) = — . E<E,
yer. ke + k i
The charge transfer for each site of the 1 +( kK ) SULEE

3CrAs/4GaAs/3CrAs trilayer is also shown in Fig. 3. In the
CrAs layer, we observe a charge transfer, compared to free —
atoms, with a decrease of —0.8 and -0.7 electrons for Cr and k=\2mEh*,
As atoms, respectively. Correspondingly, the empty spheres
show an excess of electrons of +0.85 and +0.69 for sites in k=\2m' (Vo - E)/K2. (2)

the Cr atomic plane and the As atomic plane, respectively. In
the GaAs layer, Ga atoms show a decrease of —0.65 electrons

while the decrease is of —0.7 electrons for the As atoms

Figure 3 shows that the charge transfer is essentially thgfelfﬁmthlitr\];heelrzzg\)/n ?sﬁfhcél\é)ea?r]iifshleni t?}? ;gl‘c‘;[:sgogiﬂfn
same for the GaAs region and the CrAs region. gint, 0 Y

In Table I, we show the conductané@ €*/h units) for Fermi energy. For largel, the transmission coefficient

the ideal 3CrAsmGaAs/3CrAs trilayerwithout defectsas (=)~ [4Kk/ (k?+ %) Pexp(-2«L), which shows the expo-

a function of insulator thicknessn=4, 5, 6, 8, and 10 For nential Qecay off(E) as a fgnctlon.of the msulatqr thickness
comparison we also present the calculated conductance forka, 1h€ fitted conductance is obtained by summing the trans-
5CrAs/4GaAs/5CrAs trilayer, and we note that qualitatively Mission coefficientin Eq2) up to the Fermi energy, in order
this trilayer behaves similar to the 3CrAs/4GaAs/3CrAs!® include in our one-dimensional model, the projected
trilayer. Overall, one may note from the table that for all theXi"cOmMponents of the states. The model fit reproduces all
studied trilayers the conductance is nonzero only for the
spin-up channel of the parallel configurati(:@:) of the two
CrAs layer magnetizations, which is due to the half-metallic 100 | OAs[2B]
character of the CrAs layers. For the antiferromagnetic cou-
pling between CrAs layers across the GaAs layer we calcu-
late a vanishingly small conductance, which would result in
a large tunneling magnetoresistan@@viR). Note that be-
cause of the geometry of the system with one vanadium layer
on one side and two vanadium layers one the other side of
the active region, the system are not rigorously symmetric
(see abscissa of Fig).3As a consequence, conductances for
the AF configuration is not exactly identical for the spin-up
and spin-down channels. From the table it is also clear that -40
the conductance for the ferromagnetic configuration de-

creases as the insulator thickness increases, due to a larger

width of the barrier. The decrease is highly nonlinear and F|G. 5. Mixing energy of As antisites ifCr;_,As,)As structure.
reflects the expected exponential decay of the transmissiorhe energy of the As phase has been computed foritieblende
as the barrier width increases. This fact is further illustratedstructure(with lattice parameter of CrAs,=5.65 A) as well as for
in Fig. 4, where the data from the first principles calculationsthe ground-state trigonal structuie-As) for the experimental equi-
(diamond$ have been fitted with the conductance of alibrium volumeV=21.3 A2 per atom. Lines are guide for the eyes.
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' Cras IA — TABLE Il. Spin-resolved conductances per layer atobmunits
40 1 —-- gg(imp_) €?/h) calculated for 3CrAs/4GaAs/3CrAs trilayer with 12.5% As
20 A - ) antisites at Cr sites and 4% As antisites at Ga sites.
0 oS
- —20 7 cl CL cl C
> \ - F F AF AF
c ") CrasiA- ' '
g 40 1) GaAsiB+1 | .4 Asga 0.017886 0.000186 0.000246 0.000398
T 201 ] 2 Ascr 0.010827 0.000580 0.004148 0.002940
S 0
B 0= e N
w20 ¥\ 1} 1-10
8 : : —— :
40 + ClAsiA-21 |  GaAslH 1 10 In Fig. 6, the atom projected DOS is shown for 12.5% of
20 - J\/\ ] S 0 As antisites at Cr sites. One may see that it affects the con-
0 = \\r«a?\//- < 0 ducting properties since a small metallic character is devel-
-20 1 1° oped in the CrAs layerge.g., the CrAs IA-2 layer How-
0402 0 0.2 04 00 04 ever, for the CrAs layers close to the GaAs interface there is
Energy [Ry] Energy [Ry] still a half metallic character in the DOS. Table Il shows the

calculated conductance for a CrAs/GaAs/CrAs trilayer with
FIG. 6. (Color onling Calculated DOS of CrAs layers in the 12.5% As antisites at Cr sites and 4% As antisites at Ga sites.
3CrAs/4GaAs/3CrAs trilayer with 12.5% gsantisites. The ver-  Although the presence of defects in the GaAs and CrAs lay-
tical lines denote the Fermi energy. ers slightly increases the conductance of the AF coupling,
compared to the data in Table I, we nevertheless predict a
values of the conductance within reasonable limits, as can beery large magnetoresistive effect, since the AF coupling
seen in Fig. 4. gives a substantially smaller conductance than the ferromag-
netic coupling.

IV. EFFECT OF DISORDER V. CONCLUSION

Due to high equilibrium vapor pressure of As, epitaxial \yg have studied the electronic structure and conductance
growth of CrAs is usually pgrformed at a certain As OVEr" ot CrAs/GaAs/CrAs trilayers using a first principles tech-
pressure that produces As-rich CrAs. Since a production Ozique. Both the presence of defetts antisites and defect-

CrAs/GaAs/CrAs trilayers is expected not to be pOSSiblefree trilayers have been considered. We predict that a large

without defects we have calculated the transport properties FRagnetoresistance effect should be observed, for the antifer-
a function of As antisites, both on the Cr and Ga sites. Before g !

we report the results of this calculation, we first consider théomagnenc alignment of the CrAs layers exhibits a vanish-

stability of the system with As antisites. Hence we show in'"d!Y low conductancgeven in the presence of As antisite
Fig. 5 the calcuiated mixing energy, i.e., the calculated endefects. In addition, we found a large spin-polarization of

ergy difference E[(Cri1_AS)As]-x E[AsAs]- (1 the current in the case of ferromagnetic orientation of the
—X)E[CrAs], whereE[AsAs] is either in the metastablenc- magnetic(CrAs) slabs. We have analyzed our calculations

blendeor the ground-state trigonal structure, all other phasegv'th a s!mple square-well m_odgl potentle}I .and an anal_ytlcal
are in thezinc-blendestructure. Note that for As with one ©€XPression for the transmission coefficient. The simple
atom constituent, theinc-blendestructure is equivalent to Model reproduces the numerical data rather well. Finally, we
the diamond structure. It is important to note that the groundghave investigated the stability of As antisites in CrAs and
state Of SO|id phase As is not the diamond structure but infound that n the case Of AS'nCh Content, the antisites Should
stead a trigonal structur@e-As),3’-3° therefore zinc-blende be present if thginc-blendgstructure is preservet_j, although
As corresponds to a metastable phase. However, CrAs in tfePhase separation betwesnc-blendeCrAs and trigonal As
zinc-blendestructure is also a metastable phase that is stabfannot be excluded.
lized as overlayers ominc-blendeGaAs.

From the figure, one can conclude that phase separation of
zinc-blendeCrAs and trigonal Aqa-As) is preferable com- ACKNOWLEDGMENTS
pared to the alloy, in the case of the As-rich systencles.
On the other handCr;_As,)As alloy with A, antisites is This work was supported by the Computational Magneto-
likely to happen if theinc-blendestructure is preserved, also electronicg¥HPRN-CT-2000-00143RTN network of the Eu-
for the As phasd€diamond$. Due to the stabilizing mecha- ropean Commission. O.B. and O.E. are grateful to the Stra-
nism produced by ainc-blendesubstrate or GaAs layers, it tegic Foundation for Resear¢BSH, the Swedish Research
is not unlikely that excess As atoms are situated aing-  Council (VR), and to the Goéran Gustafsson foundation for
blendelattice. For this reason, we have investigated also thsupport. I.T., J. K., and V.D. acknowledge support of the
effect of Ag., antisites on the transport properties. Grant Agency of the Czech Republibo. 202/04/0588
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