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Surface half-metallicity of CrAs in the zinc-blende structure
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The development of new techniques such as the molecular beam epitaxy have enabled the growth of thin
films of materials presenting novel properties. Recently it was made possible to grow a CrAs thin-film in the
zinc blende structure. In this contribution, the full-potential screened KKR method is used to study the
electronic and magnetic properties of bulk CrAs in this phase as well as the Cr and As ternidGied
surfaces. Bulk CrAs is found to be a half-metallic ferromagnet for all three GaAs, AlAs and InAs experimental
lattice constants with a total spin magnetic moment @§3 The Cr-terminated surface retains the half-metallic
character of the bulk, while in the case of the As-termination the surface states destroy the gap in the minority-
spin band.
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The mainstream charged electronics has ignored the elepotential linearized augmented-plane-wavé~LAPW)
tron spin but recently a new field, the so called magnetoeleonethod they have shown that in the ferromagnetic case Zb-
tronics or spintronics, has emerged that combines magnetiérAs would be a half-metal with a total spin magnetic mo-
elements with the existing conventional electronics to proiment of 3ug in agreement with the experiment. Afterwards,
duce devices with new or enhanced properti&ge interest ~ Shiral continued the theoretical study of the-&ansitional
in this field has increased after the simultaneous discovery ghonoarsenides and showed that the ferromagnetic phase for
giant magneto resistan¢&MR) by the groups of Feftand ~ Zb-CrAs should be more stable than the antiferromagnetic
Grinberg® Although the achieved progress, there are stillsolution. He also calculated the theoretical equilibrium lat-
central problems that have not been well solved. The injectice constant and found a value of 0.58 nm, which lies inbe-
tion of spin polarized current from a ferromagnet into atween the experimental lattice constants of GE&AS65 nm),
semiconductor remains still an open challefigéhe most ~ AlAs (0.566 nm, and InAs(0.606 nm. Due to the existence
successful attempts concern the injection of spin-curren®f two vacant sites per unit cell in the Zb structure, CrAs can
from a dilute magnetic semiconductor such as GaMnAsgadopt the lattice constant of all GaAs, AlAs, or InAs for the
where Mn atoms have substituted Ga atoms. Qstrel®> and ~ first few monolayers without deforming due to strain. So
Fiederling et al® have used such contacts to inject spin-CrAs in the zinc blende structure combines the advantages of
polarized electrons and holes, respectively, into GaAs obtaira very highT . with the coherent growth on GaAs or InAs. In
ing an efficiency of 90% spin-polarized current in GaAs. Thethis contribution | will study the electronic and magnetic
advantage of dilute magnetic semiconductors is their cohemproperties of bulk CrAs and it§001) surfaces taking into
ent growth on semiconductors and their half-metallicity, i.e.,account both possible terminations, Cr or As, for different
the minority band presents a gap at the Fermi level, and thugttice constants using &b initio technique. | will show that
electrons at the Fermi level are 100% spin polariz&lit  the surface terminated at Cr keeps the half-metallic character
existing magnetic semiconductors have very low Curie temof the bulk CrAs, making it a serious candidate for an
peratureT, and thus are unattractive for industrial applica- “ideal” spin-injection into GaAs, AlAs or InAs.
tions. Other known half-metallic materials are Gr@nd

Lag -Sio.sMn0O3.8 thin films of which have been found to CTAS &

present practically 100% spin polarization at the Fermi level

at low temperaturés but they also have low, . Finally the g / ®cr

half-metallic Heusler alloys such as NiMn$Befs. 10,11 o oD B As

present aT. far above the room temperature, but their sur- D - i &)

faces are not half-metalfitand experimentally it is difficult .E@/ P : Ovoidi

to control the stoichiometry of their surfacks. Py Vil
Akinaga and collaborators have managed to grow thin ® i‘f—%‘ P o

films of CrAs on GaA&100 substrates by molecular-beam . i

[001]

\
. . . W
epitaxy* They have found that CrAs is ferromagnetic at S / /] /

room temperature with & larger than 400 K and they have O o
deduced a total spin-magnetic moment @fg3 Bulk CrAs 1001 S /

adopts either the MnP-type structure showing a

helimagnetic-paramagnetic transition at 256 K, or it crystal- FIG. 1. Schematic representation of the zinc blende structure. To
lizes as CsAs which is an antiferromagnet with a’Bletem- ~ Model the system in our calculations we assume the existence of
perature of 393 K. So the structure of the thin film cannot pdwo non-equivalent vacant sites. The lattice consists of four fcc
one of the two stable bulk structures. Akinagaal. have sublattices. The unit cell is that of an fcc lattice with four atoms per
made the assumption that CrAs adopts the zinc blé@tg  unit cell: Cr at (000), As atf 7 ;) and the two vacant sites at

structure of GaAs, presented in Fig. 1, and using the full{3 3 3) and ¢ 2 %).
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To perform the calculations, | used the Vosko, Wilk and
Nusair parametrizatidfi for the local density approximation “ AGaas
(LDA) to the exchange-correlation potential to solve the 5 |
Kohn-Sham equations within the full-potential screened —~ AN AV
Korringa-Kohn-Rostoker methdd.| have used the experi- z (SRR
mental lattice constants of GaAs and InAs for all the calcu- § ¥
lations; | do not present the results for the AlAs lattice con- E 27 " OWNE 7CrAS(0(M)1)
stant since the latter one is practically the same as the GaA » ol Buk | lCr term
lattice parameter. | simulated the surface by a slab consistinwa . . , ‘ ——t
of 15 CrAs layers, so that | have two equivalent surfaces. ForQ 2
the screening | took for all compounds interactions up to the As / As
sixth neighbors into account leading to a tight-bindifid) 0 : = R
cluster around each atom of 65 neighbors. To calculate the \
charge density, | integrated along a contour on the complex  _, . ; : Al :
energy plane, which extends from the bottom of the band ug -45 -3 -15 0 15 3-45 3 -15 0 15 3
to the Fermi levet® using 42 energy points. For the Brillouin Energy (eV)
zone(BZ) integration | have used le-space grid of 3& 30
%30 in the full BZ for the bulk calculations andkg-space
grid 30X 30 in the two-dimensional full BZ for the surface

FIG. 2. Spin- and atom-resolved DOS of the Cr-terminated
(00)) surface for the Cr atom at the surface layer and the As atom at

lculati In addition | d - —6 for th the subsurface layer for both the GaAs and InAs lattice constants.
calculations. In addition | used a cutoff &,,=6 for the he Ass states are located at around 10 eV below the Fermi level

mutlipole expansion of the charge density and the potent nd are not shown in the figures. The surface DOS are compared to
and a cutoff ofl ,,,,=3 for the wavefuctions. the bulk calculationgdashed lines

In the Zb structure there is a gap in the paramagnetic

materials which is separating the bonding from the antlbondfhiS is clearly seen in Fig. 2 where the Fermi level for the

ing states. While in a semiconductor like GaAs only theInAs lattice constant is at the middle of the gap while for the

bonding states are occupied and the semicondu_cting p_hase Fhaller GaAs lattice constant is at the right edge of the gap.
stable, in the case of CrAs there are also occupied antibon he theoretical lattice constant is inbetween these two

Ing states. Due to thg very high DOS at the Fermi Ievgl th(?/alues?5 So bulk CrAs is a stable half-metallic ferromagnet
paramagnetic phase is not stable and the ferromagnetic Sta&@er a large range of lattice constants
is stabilized. This stabilization is not followed by a change in ", is interesting also to mention tha-t the total spin mag-

the charge transfer. For the GaAs lattice constant the Cr aloMatic moment in a half-metallic material should be an integer

looses about 0.9 electrons and_ the As atom about_ 0.8 eleﬁ’umber as the total number of spin-down occupied states is
trons for both the paramagnetic and ferromagnetic phaseash integer number. As shown in Table | the total spin-

and this charge is gained by the vacant sites. The KKR Cf”“r’noment of bulk CrAs should be/a, . In the KKR method

Yhe charge density is calculated by integrating on the com-

2 is similar to the one obtained using the FLAPW by Aki- : L .
14 . : plex energy plane. The numerical accuracy of this integration
nagaet al.”* for the same lattice constant but the Fermi IevelCombined with the finité-cutoff are responsible for the non-

@n the FLAPW.caICL!Ia.tion was at the middle of the gap Wh”einteger value of the total bulk spin moments presented in
In my calculatlons it is at the right edge of the 9ap. In theTable I. The explanation of why there are exactly three un-
ferromagnetp phase the C.r moments are well localized qugompensated spin states is similar to the one for the half-
to t_he exclusion O.f the spin-down e!ectrons at the Cr Sltemetallic Heusler alloys which is discussed in detail in Ref.
similar to the localized Mn moments in the Heusler alldys, 20. The As atom in the minority band offers osband and
and the Cr spin moment is more thap.gas can be seen in threep bands that lie low in energy and can accommodate

Table l. The As atom possesses a s_maII induced spin Mags5ur electrons. There are practically no occupied minodity
netic moment that is antiferromagnetically coupled to the Cr

spin moment, while the contribution of the two vacant sites
to the total moment is negligible.

GaAs is not the only possible buffer for the growth of
CrAs as InAs is also widely used in experiments. In Fig. 2 |
have drawn the atomic and spin-projected DOS for CrAs fo
the case of the experimental GaAs and InAs lattice constants M up) cr As Voidl  Void2 Total
(left and right panel, respectivelyln both cases the system
remains half-metallic with a pretty large band dapwidth of  agaas  Bulk  3.017 —-0.198 0.005 0.122 2.946

TABLE I. Spin magnetic moment img for CrAs in the bulk
case and for the surface and subsurface layers in the case of the Cr
and As terminated001) surfaces for both the GaAs and InAs ex-
Iperimental lattice constants.

~2 eV) compared to the NiMnSb that has a band gap that (oopcCr 3961 —0.177 0.078 0.170
is only ~0.5 eV wide'®!! Thed states of Cr are well local- (00DAs 2.407 —0.388 —0.044 0.014
ized and in the case of the GaAs lattice constant it is mainlys. Buk  3.269 —0.382 —0.029 0.080 2.937
the p states of As which are squeezed compared to the larger (00DCr 4.138 —0.333 0.044 0.124
InAs lattice constant. As they are squeezed they move higher (OODAs 2.941 —0.618 —0.067 0.003

in energy pushing also the Fermi level higher in energy and
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states. The total number of uncompensated spins should b
just the total number of valence electrons 11 minus two times
the number of occupied minority statesx2=8, and the 5

total spin moment inug would be also(11-8 ug=3 ug. g NN

In the case of the InAs lattice constant the Cr spin momentis.o 0 =<7, . S '
larger than for the GaAs lattice constant. When the lattice is & W b s W
expanded, the Cr electronic structure becomes more atomic'® /1 CrAs(O()l)
like and its spin-magnetic moment increases. This is alsc® 4| - Bulk | |As term
reflected on the charge transfer which is smaller for the InAswn . . , : —
lattice parametefthe Cr atom loses 0.8 electrons and the As Q ' ' ' ' '
atom 0.6. Although this means that the hybridization with = N As AN As
As states should decrease, the larger Cr moment induces 0 e - g ‘
larger spin polarization of the Ap states, so that the total W Yy
magnetic moment remainsu3; . D) N . : L .
As the last part of this contribution | have studied the 45 3 15 0 15 345 3 -15 0 15 3
(001) surfaces of CrAs taking into account both the Cr and Energy (eV)
As terminations. | present in Fig. 2 the atomic projected
DOS for the Cr atom at the surface and the As atom at the
subsurface layer for the Cr-terminated surface and for both
the GaAs and InAs lattice constants. There are no surfackave mainlys andp type electrons which can participate in
states within the gap, so this surface is half-metallic. To mydirectional bonding similar to what happens in a semicon-
knowledge this is the first case that electronic structure calductor like GaAs. In a simple model we can assume that As
culations predict a surface of an intermetallic compound taatoms interact through directional bonds made up of some
present 100% spin-polarization at the Fermi level. The Askind of sp hybrids. When we open the As terminated surface
atom at the subsurface layer has the same tetrahedral engn As atom at the surface loses 4 from its 12 nearest As
ronment as in the bulk and the amount of electronic chargezejghbors(note that the As atoms sit on a fcc lattiGnd so
which it loses, is similar to the bulk case. The DOS of thegangling bonds are created. These dangling bonds create a
surface atoms is slightly different than the bulk DOS. The Crg;rface band within the minority spin-down gap. In the case
atoms at the surface lose electronic charge towards thss 5 transition metal, the surface states arise fromype

\éacutt:mtanggthelrfma8n$|fhm%r22nt mgr?azesl ‘t:t‘?ns'derab!%'tomiclike states, which are pinned near the Fermi level act-
Yy abou -93up Tor bo € S and InAs lattice con- ing like a virtual bound stat&: These states, except in the

stants as can be seen in Table I. On the other hand the absor .« v o host close-packed surfaces, are not enough
lute value of the magnetic moment of the As atom at th

subsurface layer decreases compared to the bulk case. NQ and'ened by the interaction between the surface atom and
ItS neighbors and they form a surface band. In the case of Cr

that in agreement with the half-metallicity of this surface. CrAs th h litt f itbstates | | d
also the total spin moment remains an integer number. If thd! ©TAS th€ €xchange Splitling of 1sstales Is very farge an

total spin moments of the atoms in the surface and subsuf?uS When we open the Cr-terminated surface there is no
face layers are added the total spin moment is slightly largef-like atomic state that can be found within the minority gap
than 4ug, but if also the negative moment of the vacuum isand Fhe surface remains .half—metalllc. Contrary to Cr, the Ni
added then the total moment is exactly. for both the terminated(001) surface in the case of the NiMnSb com-
GaAs and InAs lattice constants. pound loses its half-metallicity because both the gap and
In the case of the As-terminatéf01) surface the situa- the exchange splitting of the Ni states are very small and
tion is not as ideal as in the case of the Cr terminated surfac&hen the Ni surface is opened there id-ike state of the Ni
as can be seen in Fig. 3. Now there are states within the geggom at the surface that is slightly shifted in energy com-
that destroy the half-metallic character. In the case of thgared to the continuum of the states and is pinned at the
InAs lattice constant the gap is only partially destroyed butFermi level.
the Fermi level is below the remaining fully spin-polarized | have shown using first-principles calculations that the
region. Contrary to the Cr termination the DOS of both theCr-terminated001) surface of CrAs in the zinc blend struc-
As surface atom and the Cr subsurface atom present larg@re should be half-metallic for both the GaAs and InAs ex-
deviations from the bulk case. The As atom at the surfac@erimental lattice constants. Contrary to the Cr-terminated,
loses~0.4 more electrons than in the bulk CrAs. Its spinthe As-terminated surface loses its half-metallicity due to
magnetic moment is practically doubled. Although the Crgyrface states within the gap. The bulk CrAs shows a total
atoms at the subsurface layer present a charge transfer COR}sin magnetic moment of 3, and its properties can be ex-

parable to the bulk calculations, the changes in their DOS argjained similarly to the ones of the half-metallic Heusler al-
pronounced, the spin imbalance decreases and their magne, %/s

moment is 0.3—04g lower than in the bulk CrAs.

The different behavior of the two terminated surfaces is The author acknowledges financial support from the RT
possibly arising from the different origin of surface states inNetwork of Computational Magnetoelectronic€Contract
the 3d transition metals and thep elements. The As atoms No. RTN1-1999-0014bof the European Commission.

FIG. 3. Similar to Fig. 2 for the As-terminat€@01) surface.
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