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Tunable spin transport in CrAs: Role of correlation effects
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Correlation effects on the electronic structure of half-metallic CrAs in zinc-blende structure are studied for
different substrate lattice constants. Depending on the substrate the spectral weight of the nonquasiparticle
states might be tuned from a well-developed value in the case of an InAs substrate to an almost negligible
contribution for the GaAs one. A piezoelectric material that would allow a change in the substrate lattice
parameters opens the possibility for practical investigations of the switcttahkble nonquasiparticle states.

Since the latter are important for the tunneling magnetoresistance and related phenomena, it creates new
opportunities in spintronics.
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I. INTRODUCTION However, standard local density approximat{a®A) [or
generalized gradient approximatig®GA), LDA+U, etc]

One of the strongest motivations to investigate magneticalculations are in general insufficient to describe some im-
semiconductors and half-metallic ferromagnétdViF's) is  portant many-particle features of the half-metallic ferromag-
the possibility to design and produce novel stable structuresets. One of these many-body features, the nonquasiparticle
on semiconducting substrates with new interesting properNQP) state§-2 contribute essentially to the tunneling trans-
ties. Adopting this point of view first-principles studies are port in heterostructures containing HMF$? The origin of
an excellent starting point to predict new systems having théhese states is connected with the “spin-polaron” processes:
desired properties. Recently Akinagtal! found the possi- the spin-down low-energy electron excitations, which are
bility to fabricate zinc-blendetZB-) type CrAs half-metallic  forbidden for HMF’s in the one-particle picture, turn out to
ferromagnetic material. Experimental data confirmed thabe possible as superpositions of spin-up electron excitations
this material is ferromagnetic with a magnetic moment ofand virtual magnon’ Recently we have applied the LDA
3ug, in agreement with theoretical predictioh&ccordingto  +DMFT (dynamical mean-field theoryapproach-*3to de-
this calculation this half-metallic material has a gap of aboutscribe from first principles the nonquasiparticle states in a
1.8 eV in the minority-spin channel which has attractedprototype half-metallic ferromagnet NiMnSh.
much attention to this potential candidate for spintronic ap- In this paper, we describe the correlation effects in CrAs
plications, keeping in mind also its high Curie temperatureHMF material in the framework of the LDA+DMFT ap-

T. around 40K. Note that recent experiments on CrAs ep-proach. We will show that these many-body spin-polaron
ilayers grown on GaA®01) evidenced an orthorhombic processes are very sensitive to structural properties of the
structure, different from the ZB one, so the structure is ratheartificially produced CrAs compound. Depending on the sub-
sensitive to the preparation procéssdowever, it is highly  strate characteristics, such as a large lattice constant, as in the
desirable to explore the possibility of the existence of half-case of InAs(6.06 A), or a smaller one, as in the case of
metallic ferromagnetism in materials which are compatibleGaAs (5.65 A), the spectral weight of the nonquasiparticle
with important 11I-V and II-1V semiconductors. For this pur- states can be tuned from a large value in the former case
pose effort has been made on the metastable ZB structurg$nAs) to an almost negligible contribution in the later case
such as CrAs:3 Beyond the importance of the preparation (GaAs. Therefore, the correlation effects in conjunction with
techniques, attention should be given to the understanding afructural properties determine the behavior of electronic
the finite-temperature properties in these HMF materialsstates in CrAs near the Fermi level which has a substantial
Therefore, it is interesting to explore theoretically the mechaimpact on the tunneling transport in the corresponding het-
nism behind half-metallic ferromagnetism at finite tempera-erostructures.

ture from a realistic electronic structure point of view.

Theoretical studiésof the 3 transition-metal monoars-
enides have shown that the ferromagnetic phase of the ZB
structure CrAs compound should be more stable than the
antiferromagnetic one. The calculated equilibrium lattice First, let us explain in a simple way why the nonquasipar-
constant is larger than that of Ga#&.65 A) having a value ticle states are important for the tunneling transgfat for-
of 5.80 A (Ref. 4. Following this work similar electronic mal derivations, see Refs. 9 and)1To this aim we consider
structure calculations concerning the stability of the half-the case of a narrow-band saturated Hubbard ferromagnet
metallic ferromagnetic state in the ZB structure have beenvhere the current carriers are the holes in the lowest Hub-
carried ouf bard band and the nonquasiparticle states proaidgpectral

II. TUNNELING TRANSPORT AND
NONQUASIPARTICLE PHYSICS
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N o0 3 [Tigl[1+Ng = (ty-o)]
kap
E X[f(t) — f(t+ eV]SEeV+t—tyg+wg),  (2)
(b) wheree is the electron charge andis the bias’ The differ-
t4te et ttit1 ential conductance of the junction with antiparallel magneti-
térr ¢ 16{ t S zation directions is just proportionéfbr zero temperatujyeo
t4tt Y it the density of nonquasiparticle states:

(c) dl/dV « NNQp(ew

t‘ 1 i*f i# }} Note that the valueNyop(eV) vanishes forleV <fiw,,
VRt LUt Lt wherefiw, is an anisotropy gap in the magnon spectfum,

which is small, but could be changed by suitable
FIG. 1. The tunneling transport between strongly correlated fersubstitution®® It is worthwhile to note also that the nonqua-

romagnets. The density of states in the lower Hubbard ianis ~ Siparticle states play an important roleegether with the
provided by standard current states for majority-spin electronglassical effect of the smearing of the gap by spin-disorder
(above and by nonquasiparticle states for minority-spin electronsScattering in the depolarization of the states near the Fermi
(below), the latter contribution being nonzero only above the Fermienergy at finite temperatures; again, estimations of the tun-
energy(occupied states are shadowedowever, tunneling is pos- neling magnetoresistance based on a simple Stoner-like pic-
sible both for parallel(b) and antiparallel(c) magnetization ture of the energy spectrum appear to be completely
directions. unrealistict’

weight for the minority-spin projectiohA schematic density
of states is shown in Fig.(4). Suppose we have a tunnel . NONQUASIPARTICLE STATES
junction with two pieces of this ferromagnet with either par- AND ELECTRONIC STRUCTURE
allel [Fig. 1(b)] or antiparallel[Fig. 1(c)] magnetization di-

rections. From the one-particle point of view, spin-

Corseeng el = Jorodn I the 1 €52 aled xac mfinin 0IGKENTO) schom i o
’ y-p P creened Korringa-Kohn-Rostok@KR)?! approach, frozen

charge current Is a ”a'?Sfer process between an empty S'g%re together with the LDA. The correlation effects are
and a single-occupied site rather than the motion of the elec[—

tron irrespective to the site like in the band theory, and there—reated in the framework of DMF¥, with a spin-polarized
fore the distinction between these two casese Fig. 1 is T-matrix_fluctuation exchange(SPTH type of DMFT

solver?® The SPTF approximation is a multiband spin-

?huaef[ %rgyets?[irt:;tiglrtfg)efr;ﬁg It[ljr;[zgli?lenr?lgeieii)iitigtsér::?sggé larized generalization of the fluctuation exchange approxi-
g mag ation (FLEX),'213 put with a different treatment of

on a simple one-electron picture is too optimistic; even for__ . . )
| . . . X - particle-hole(PH) and particle-particlg PP channels. The
antiparallel spin orientation of two pieces of the half-metallic PP channel is described byTamatrix approack giving a

ferromagnets in the junction for 'zero'temperature, the Currenrtenormalization of the effective interaction. This effective
is not zero, due to the nonquasiparticle states. More exactl

: . i . . Yteraction is used explicitly in the particle-hole channel. Jus-
I vanlshe_s for zero bias since the den5|ty_0f NQP states ﬁ‘ications, further developments, and details of this scheme
the Fermi energy equals to zero. However, it grows with bias

: . can be found in Ref. 23. The spin-polaron process is de-
sharply, having the scale of order of typicahagnon ) ) i o i
energies—that is, millivolts. scribed by the fluctuation potential matiW”’ (iw) with o

The latter statement is confirmed by a formal consider=3, defined in.3a similar way as in the spin-polarized FLEX
ation of the antiparallel spin orientation case, based on th@Pproximatiort

To perform the calculations we used the newly developed
LDA+DMFT scheme'® This method is based on the so-

standard tunneling Hamiltoni&h A W i) W (i)
W(iw) = . 3
i) (W*(iw) W"(iw)) &
H=H_+Hg+ > (TkpClTCpL-" H.c), (1) The essential feature here is that the poten®lis a
kp

complex energy-dependent matrix in spin space vath
diagonalelements:

where H_r are the Hamiltonia_ns of th_e leffright) half- _ W (i) = U ™ (i) = x5 (1) U™, (4)
spacesk and p are corresponding quasimomenta, and spin

projections are defined with respect to the magnetization diwhereU™ represents the bare vertex matrix corresponding to
rection of a given half-space with opposite magnetizatiorthe transverse magnetic channgf,(iw) is an effective
directions(spin is supposed to be conserving in the “global” transverse susceptibility matrix, angy ’(iw) is the bare
coordinate systeinFor the tunneling currentin the second transverse susceptibility.iw are fermionic Matsubara fre-
order inTy, one has guencies andm) corresponds to the magnetic interaction
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channel?13 The local Green functions as well as the elec- TABLE I. The muffin-tin radii of the Cr, As, and the two types
tronic self-energies are spin diagonal for collinear magneti®f empty spheres placed as vacancies of the ZB structure. The con-
configurations. In this approximation the electronic self-streined LDA values for the Coulomb and exchange interactions are
energy is calculated in terms of the effective interactions irPresented.

various channels. The particle-particle contribution to the
self-energy was combined with the Hartree-Fock and Cr As E El U J
second-order contributiort8.To ensure a physical transpar- @u) (auw (@u) (@u (V) (V)
ent description in the current implementation the combined RS o565 2688 2565 2688 659 093

particle-particle self-energy is presented by its a Hartree ™M
3™ and Fock2(™ types of contributions: Rui 2633 2759 2633 2759 646  0.93
Ryf> 2751 2883 2751 2883 625 0093

S =sTH L 3(TF) 4 E(ph), (5)
where the particle-hole contributidt®” reads picture of a less effective screening due to increasing of the
(oh) o o' distances between the atoms.
SEy = 2 Wi G5, (6) The typical insulating screening used in the constraint
340’

calculatiort® should be replaced by a metallic kind of screen-

Since some part of the correlation effects are included"d. The metallic screening will lead to a smaller valueof
already in the local spin density approximatiéhSDA) Unfortunately, there are no reliable sqhemes to calcWate
“double counted” terms should be taken into account. To thignetals; therefore, we choose some intermediate valug of
aim, we start with the LSDA electronic structure and replace=2 €V andJ=0.9 eV. It is important to realize that there are
S,(E) by 3,(E)-3,(0) in all equations of the LDA NO S|gn!f|cant changes in the yalues of the average Coulomb
+DMFT method® the energyE being relative to the Fermi interaction for the studied lattice structures and that the ex-
energy andEg=0. It means that we only ad#iynamicalcor- change interaction is practically constant. Note that physical
relation effects to the LSDA method. results are not very sensitive to the valuelhfas was dem-

In our calculations we considered the standard represefnstrated by us for NiMnsH. _
tation of the zinc-blende structure with an fcc unit cell con- _ The LSDA and LSDA+DMFT calculations for the den-

taining four atoms: G0,0,0, As(1/4,1/4,1/4, and two va- sity of states(DOS) are presented in Fig. 2. Depending on
cant sitesE(1/2,1/2,1/2 andEL(3/4,3/4,3/4. We used the lattice constant the Cr and As atoms lose electrons and

the experimental lattice constant of GaB$5 A) and chiS c,jhlarg?.is ga".‘edfby thﬁ vqcr?ntdsites.fAhs a resultfthe
InAs(6.06 A) for all the calculations, and the equilibrium thee”l];sivc?f gar;\]g\gﬂgstrrg?e] tto?/vg? d; ?heg(ranicc)i dtleeo?{ah%az Ofror
value for the bulk CrAg.,=5.8 A), obtained by full- h ’ I locali gap

otential linear augmented  plane-wave(FLAPW) a InAs s_ubstre_lte_. The Cr moments are well loca ized due toa
(F:)alculationé To calculate the charae density we inte ratemechanlsm similar to that of localization of the magnetic

: 9 y we 9 moment on the Mn atom in the Heusler NiMnZ\ote that

along a contour on the complex energy plane which extends
from the bottom of the band up to the Fermi le¥&ijsing 30

4 T
energy points. For the Brillouin zone integration we sum up a ,\,"ll spin up
a k-space grid of 89 points in the irreducible part of the o B .7 A NAs
Brillouin zone. A cutoff ofl ;=8 for the multipole expan- 0 i *‘Y -~
sion of the charge density and a cutoff Igfy,=3 for the -2 v Y/ 1
. . \l‘l spin down
wave functions were used. The Perdew-WAnmarametriza- . ; — W,
tion of the LDA to the exchange correlation potential was = .l 2. g A spin up
used. § l\'\ ! \'\* MM_‘
@ 2| V W
IV. RESULTS AND DISCUSSIONS S : jif J¥in domn
1 .
. . Apons [} spin up
The LDA+DMFT calculations were carried out for three ap ™ i :" A
lattice constants: the GaAs, InAs, and the “equilibrium” one. 0 Aﬁ.;ﬂ\[ "'?“‘r- —=
The corresponding LDA computational results agree with Sl 5 N7 ]
previous oned:*?’In order to evaluate the average Coulomb ) ) L sepimdcum
interaction on the Cr atoms and the corresponding exchange -6 EE (eV)O 2 4
.

interactions we start with the constrained LDA metR&dh
our case the constrained LDA calculation indicates that the s 5 density of states calculated in the LSRiashed ling
average Coulomb interaction between the @reBectrons is  ng | SpA+DMFT (solid line) methods corresponding to a tem-
aboutU=6.5 eV with an exchange interaction energy aboulerature ofT=200 K, average Coulomb interaction parameter
J=0.9 eV. Itis important to note that the values of the aver-=2 ey, and exchangé=0.9 eV. The nonquasiparticle states are
age Coulomb interaction parameter slightly decrease goinglearly visible for lattice parameters larger thag=5.8 A, in the
from the GaA$U=6.59 eV} to InAS(U=6.25 eV} lattice  unoccupied part for the minority-spin channel just above the Fermi
constants; see Table I. This is in agreement with a naivéevel, around 0.5 eV.
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TABLE Il. Summarizing table containing the results of our calculation. CrAs magnetic moments corre-
sponding to the GaAs, InAs, and the equlibrium lattice constagt For the latter one the valuag
=5.8 A was usedRef. 4. Parameters of the DMFT calculations are presented in the last three columns of the

table.
Cr As E E1l Total T U J
(up) (up) (up) (1g) (up) (K) (eV) (eV)
usans 3.191 -0.270 -0.009 0.089 3.00 — — —
uSHs 3.224 -0.267 -0.023 0.067 3.00 200 2 0.9
uld, 3.284 -0.341 -0.018 0.076 3.00 — — —
- 3.290 -0.327 -0.024 0.068 3.00 200 2 0.9
s 3.376 -0.416 -0.025 0.066 3.00 — — —
o= 3.430 -0.433 -0.033 0.043 3.00 200 2 0.9

the local Cr spin moment is more thapgand the As atom «\E-E/(E>E.). The appearance of the complex self-
possesses a small induced magnetic montehtorder of  energy>(E)=3,(E)-i3,(E) changes the singular contribu-
-0.3ug) coupled antiparallel to the Cr one. The results arejon as

presented in Table Il. Calculated, DMFT, and Cr magnetic

moments increased in comparison with the LDA results, due ON(E) = [VZ3(E) + S5(E) + Z,(E)]*2, (7)
to the localization tendency of the Cr e3tates as a conse- )
quence of correlation effects. whereZ,(E)=E-E.—2(E) (cf. Ref. 30. Assuming that the

According to our calculations, the system remains half-Self-energy is small in comparison wite-E; one can find
metallic with a fairly large band gafabout 1.8 eV for all ~ for the states in the gaN(E) = 2,(E)/VE.~E(E<E). One
lattice constants compared with the band gap of the NiMnSI§an see that the shift of the gap edge changes drastically the
which is only 0.75 e\ density of states for the sanXs(E).

In Fig. 2 the nonquasiparticle states are visible for lattice In the remaining part of the paper we elaborate more on
parameter higher than the equilibrium one, with a considerthe possibility of the practical use of tunable properties of
able spectral weight in the case of the InAs substrate. InAs igonquasiparticle states in CrAs grown on different sub-
widely used as substrate material for the growth of differenstrates. For most of the applications room temperature and
compounds. According to our calculations this situation isthe stability of the ferromagnetic state are the most important
very favorable for the experimental investigation of the for-prerequisites. The ferromagnetic CrAs material might be
mation of nonquasiparticle states as well as the investigatiogrown on Ill-V semiconductors similarly to the zinc-blende
of their nature. CrSb3 We observed the presence of the NQP states for

Comparing with the case of the GaAs lattice parameterCrAs lattice parameters larger than 5.8 A. It was found ex-
for the InAs substrate, the most significant change in theerimentally that at 300 K, around this value of the lattice
electronic structure is suffered by the psstates. Having a parameter a stable solid solution of {adngsAs is
larger lattice constant the Cr atom acquires a slightly larger
magnetic moment. In the LDA calculations, nevertheless, the
magnetic moment per unit cell is integes Expanding the
lattice constant from the GaAs to the InAs lattice the Cr
states become more atomic like and therefore the spin mag-
netic moment increases. This is reflected equally in the
charge transfer which is smaller for the InAs lattice param-
eters. Alarger Cr moment induces a large spin polarization of
the Asp states, compensating the smalted hybridization,
the total moment remaining at its integer value pfi;3Ref.

27.

Note that the essential difference of the many-body elec-
tronic structure for the lattice constants of GaAs and InAs is
completely due to the difference in the position of the Fermi
energy with respect to the minority-spin band gap whereas

z, @

the self-energy characterizing the correlation effects is not - . . .

changed too muctFig. 3). The total density of state(E) is - - E_EF ) 2 4

rather sensitive to the difference between the band &tge

and the Fermi energlc. If this difference is very smali.e., FIG. 3. Energy dependences of imaginary parts of the electron

the system is close to the electronic topological transitiorself-energy,(E), for lattice constants of GaA®), equilibrium one
E.—Ef), one can use a simple expression for the singularb), and InAs(c): e, down solid line;t,,, down decorated solid
contribution to the bare density of statesiNy(E) line; ey, up dashed linety,, up decorated dashed line.
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formed?3! So from the practical point of view 65% of gallium A very high sensitivity of the minority-electron density of

in a Galn;_,As compound would constitute the ideal sub- states near the Fermi energy to the lattice constant opens a
strate on which the CrAs half-metal would present tunablenew interesting opportunity to run the current in CrAs-based
properties of its NQP’s. Having the @gJny ssAs substrate  tunnel junctions. Suppose we have an antiparallel orientation
CrAs could be a part of the epitaxial IV structure, provid- of the magnetizations in the tunnel junctifsuch as shown

ing an easy way to integrate with the existing semiconductof, Fig. 1(c)], then thel-V characteristic is determined by the
technology. density of the nonquasiparticle states. Thus, if we will influ-

In addition, to determine possible substrates for th&nce the lattice constafe.g., using a piezoelectric matejial
growth of layered half-metallic materials, electronic structure

calculations were carried out for lattice parameters in theocne can modify the differential conductivity. This makes
r rAs a very promising material with tunable characteristics
range 5.60—6.03 A (Ref. 32. According to these y P g

calculations’? growth with minimal strain might be accom- which opens new ways for applications in spintronics.
plished in a half-metallic multilayer system grown on InAs
substrate which would be the best choice to evidence the
NQP states, since the Fermi energy is situated in this case far
enough from the bottom of the conduction band. This work is part of the research programme of the Stich-
The existence of NQP states is a manifestation of theéing voor Fundamenteel Onderzoek der Mate(leOM),

many-body interaction at finite temperatures, magnetoeleowhich is financially supported by the Nederlandse Organi-
tronic applications being able to measure their presence. satie voor Wetenschappelijk Onderza@kWO).
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