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In this paper we investigate theoretically the ground-state NiAs-type structure of MnAs and we compare the
magnetic and structural properties with a hypothetical zinc-blende structure. A zinc-blende structure can be
obtained, in principle, from the diluted magnetic semiconductar @dn,As in the limitx=1. Using density-
functional calculations within the local spin-density approximation, we show that the zinc-blende structure,
although showing half metallic behavior that is very attractive for spintronics, cannot be stabilized at equilib-
rium. We perform a tight-binding analysis of the Mn-As bond in the tetrahedral coordination to investigate the
nature of the bonding in diluted magnetic semiconductors.

[. INTRODUCTION =As, Sb, and Bi. High-quality all-epitaxial MnAs structures
can be grown onto commonly used Ga@efs. 13—15and

In the last few years there has been a growing interest ii$i.!° For MnAs/GaAs the interfaces are thermodynamically
combining magnetotransport experiments based on the giastable since the materials share the As atoms and the growth
magnetoresistanc€sMR) in metallic magnetic multilayers process is completely compatible with existing [lI-V
with semiconductor physicsSemiconductors offer various molecular-beam epitax¢MBE) technology.
advantages over metals such as a very long spin lifetime, Another attractive prospective crystal structure for MnAs
persistent spin coherendeand compatibility with existing is the zinc-blende structure. Recent density-functional
semiconductor processing technologies. These propertiggiculationd’” have shown that the latter, which can be ob-
pave the way for using semiconductors as media for storinggined in principle in the limit of 100% doping from
coherencg and realizing elemgnts for solid—statg quantuma Mn, _ As, is a half metal. This makes zinc-blende MnAs
comput'at|orf‘. The natural extension of GMR to semiconduc- yery promising for spintronics because it will allow the in-
tors is in a hybrid spin valve where the magnetic elementgi,qic gitficulty of injecting spins into semiconductors to be

are elt(fj]ert gagndet;:] metals otr_ d|'|Utedt magne(J;'_Covercomel.2 Unfortunately to our knowledge zinc-blende
semiconductors’ an e nonmagnetic elements are ordi-\, < has never been successfully grown.

nary semiconductors. In both cases it is essential to inject In this paper we investigate, by using density-functional

sr;g)ig];bureltc():rtxer:%rémagnetlc semiconductors and this IsaforcEaIcuIations, the stability of the NiAs-type MnAs with

So far, spin injection into semiconductors from metallic F€sPect to the hypothetical _z?nc—blende structure. In particu-
contacts has been elusiveith GMR signals smaller than lar, we quk for growth conditiongfor example, strains from
19%29 In contrast, spin injection from diluted magnetic semi- thé growing substrate or volume compressjotisat can
conductors has been more successful, and evidence of pol&Pable the zinc-blende phase to be made. One of the main
ized currents either into llI-\(Ref. 10 and 1I-VI (Ref. 1)) results of this analysis is that the zinc-blende structure cannot
semiconductors has been demonstrated. In both cases, the stabilized either by lattice stretching or by compression.
polarization is observed by optical techniques, which makedVe also consider the magnetic properties of the NiAs-type
the integration of such systems in present semiconductdvinAs grown onto GaAs with different crystalline
technology very difficult and all electronic systems would beorientations and lattice distortions. Finally, we look at the
more technologically desirable. Recently it has beemature of the chemical bonding in zinc-blende MnAs.
suggestetf that a spin valve with a conventional injector- This is particularly important since the tetrahedral coordina-
detector geometry made by metallic contacts cannot presetibn of the Mn atoms is one of the key elements for
large signals at equilibrium due to the very different resistiv-understanding the properties of magnetic diluted IlI-V
ities of the contacts and the semiconductor spacer. Muckemiconductors.
larger signals are predicted by using half-metallic contacts or The remainder of this paper is organized as follows. In the
diluted magnetic semiconductors. next sections, we will briefly discuss the calculation tech-

From the point of view of the materials, the systemnique and provide some information regarding the lattice
formed by GaAs as a nonmagnetic semiconductor and bgtructures considered and their properties. Then we will
MnAs and Ga_,Mn,As, respectively, as magnetic metal move on to analyze the stability of the NiAs-type MnAs
and diluted magnetic semiconductors is the most promisinginder compression and distortion of the unit cell. In Sec. V,
for spintronics applications. For the metallic component inwe will consider the zinc-blende structure and we will com-
metal/semiconductor structures, MnAs presents several aghare its structural properties with the NiAs type. Finally, we
vantages over transition metals. MnAs grows epitaxiallywill perform a fit onto a tight-binding model in order to
onto GaAs in the hexagonal NiAs-type structure. This strucanalyze the details of the chemical bonding in zinc-blende
ture is characteristic of all bulk Mt compounds withX MnAs.
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Il. COMPUTATIONAL DETAILS

We compute the electronic structure of MnAs with both
NiAs-type and zinc-blende lattice structures using a plane-
wave pseudopotential implementation of the density-
functional theory® with the local spin-density approxima-
tion. The use of pseudopotentials for the study of magnetic
systems, although not yet as popular as all-electron methods,
is now well documented We use the optimized pseudopo-  FIG. 1. (a) NiAs-type crystal structure. The lattice constants for
tentials developed by Rapmt al?° for our Mn pseudopo- bulk MnAs area=3.7 A andc=5.7 A. (b) NiAs-type crystal
tential, allowing us to use a small cutoff energy for the structure: primitive cell.
plane-wave expansion in the total energy calculation of the
solid. This is achieved by minimizing the kinetic energy in  MnAs can grow epitaxially onto GaAs in several possible
the high Fourier components of the pseudo-wave-functioncrystalline orientations with respect to the GaAs substrate,
The reference configuration for our Mn is%*%4p®2?%3d>  depending on the growth conditions. In particular, when
with core radii of 2.0, 2.15, and 2.0 a.u. and we use the usua¥inAs grows onto(001) GaAs, two orientations can occtit.
Kleinman-Bylander separable form with two projectors for The first one, which is usually called typ® has growth
each angular momentufh?? For As, we use the standard plane (1L00) and epitaxial relationship

Hamann-Schiter-Chiang pseudopotentfdlwith one prgjec- [HZO]MnAsH[llO]GaAs and [0001]MnAs||[T10]GaAs,
tor for each angular momentum. The pseudopotentials Werghiie the second. known as typB, has growth planes
tested by comparing the pseudoeigenvalues with those ge : ’

N — o . .
erated by all-electron calculations for several atomic and++01) ~and_ (102) —and epitaxial  relationship
ionic configurations. We also checked the portability by cal-Ll1120]MnAs|[110]GaAs and [1120]MnAs|[110]GaAs.
culating the equilibrium lattice constant of GaAs and theMoreover, MnAs can be grown ontd11) GaAs (Ref. 29
dependence of the magnetization on the unit cell volume oWith growth direction along the axis of the hexagonal cell
hypothetical fcc Mn. Both are in excellent agreement withand — epitaxial  relationship  (0001)Mnid11)GaAs,
all-electron calculations. Moreover, the Mn pseudopotential§1100|MnAs||[112]GaAs, and[2110]MnAs||[110]GaAs.
has been successfully used in earlier studies of perovskitall these phases have the easy axis of magnetization along
manganites?® the ¢ axis of the hexagonal cell. The saturation magnetiza-
Total energy and band structure are calculated by usingons (M) are very different, being 416 emu/ém331
the codesPeCTER?* This is a spin-polarized implementation emu/cni,?® and 640 emu/ch?® respectively, for typeA,
of density-functional theory written in C, which originated type B, and(111) GaAs grown MnAs. Moreover for MnAs
from the programcasTeP 2.1%° The plane-wave cutoff is MBE deposited onto GaAs, the saturation magnetization de-
fixed to 870 eV (63 Ry) and we use a simple electron pends on the number of monolayers deposifesljggesting
density mixing scheme for convergence developed byhat relaxation of the lattice has an important influence on the
Kerker® with variable Gaussian broadening between 0.8 andnagnetic properties. In what follows, we will show that these
10 % eV. We use a ¥4x4 Monkhorst-Pack grid for the changes of the saturation magnetization can be correlated
zinc-blende structure and a<®@x 3 for the NiAs-type struc-  with distortions of the hexagonal unit cell resulting from
ture. This leads, respectively, to 10 andk@oints in the matching to the substrate.
corresponding irreducible Brillouin zones. Stability of the Bulk zinc-blende MnAs is unstable, and zinc-blende
results with respect té&-point sampling has been carefully structure thin films have not been demonstrated
checked and the present choice represents a good compmenclusively** However, Mn can be incorporated into epi-
mise between accuracy and computation time. We observiaxial layers of GaAs with concentrations beyond its solubil-
that by doubling the number of irreducibikepoints, the total ity limit by using low temperature MBE techniquésThe
energy changes typically by less than 20 meV. Therefore, whighest concentration obtained so far is=0.07 for
consider 20 meV as the limit of the accuracy of our calcu-Ga, _,Mn,As, above which the Mn atoms segregate forming
lation. clusters of MnAs with NiAs-type structure. Nevertheless, the
low-concentration limit is reproducible. Mn in GaAs acts
Ill. CRYSTAL STRUCTURES both as a source of localized spin and also as an acceptor,
providing electrical carriergholes. (Ga,MnAs is ferromag-
The NiAs-type lattice structure is a hexagonal structurenetic for concentration above=0.005, although the origin
(space groupP6;/mmg with four atoms in the primitive  of the ferromagnetism is still a matter of debate. In Sec. V
unit cell (see Fig. 1 It is the equilibrium lattice structure of e will study the limit ofx=1 in order to understand the

the pnictides formed with Mn at room temperature. Bulknature of the chemical bond of Mn tetrahedrally coordinated
MnAs has lattice constants @=3.7 A andc=5.7 A and  ith As.

is a ferromagnetic metal with @, of 318 K. AboveT, it
undergoes a phase transition to a paramagnetic state involv-
ing also a structural change to the hexagonal MnP-type lat-
tice structure (space groupPnma with a 2% volume In this section we look at the magnetic properties and
reduction?’ A further structural phase transition back to the structural stability of the NiAs-type phase. In Fig. 2 we
NiAs-type phase is observed at 398 K with the material represent the band structure for ferromagnetic MnAs with lat-
maining paramagnetic. tice parameter corresponding to the experimental bulk values

IV. NiAs-TYPE MnAs
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FIG. 2. Band structure for bulk MnAs with NiAs-type lattice \Y (A3)

structure. The figure on the left corresponds to the majority spin and

the one to the right to the minority. The horizontal line denotes the  F|G. 3. Total energya) and magnetizatiokb) as a function of

position of the Fermi energy, which has been chosen to be 0 eV.the MnAs pair volume for the NiAs-typel{) and the zinc-blende
(@) structure. Note the large stability of the NiAs-type structure

(a=3.7 A, c=5.7 A). The two lower bands correspond to °Ve" & Very broad volume range.

the 4s states of As, and the following 16 to hybridizedd —_ . )
bands. This band structure is characteristic of all the Mn-the equilibrium volume, we observe a saturation of the mag

based pnictidé€ and we can identify three distinct regions: netic moment per MnAs pair to a value a}roun;inﬁ This
. . ’ saturation can be understood by comparing the band struc-
(i) a low-energyp-d bonding region(between —6 and

_ L tures of Fig. 2 with those obtained for an expanded structure
2.5 eV for the majority band and betweerb and 0 eV for (a=4.3 A ¢c=6.62 A with a volume per MnAs pair of
the minority, (ii) an almost dispersionless intermediate ré-£2 93 A3 din Eig. 4. Ei b hat there i
ion (~ — 2.0 for the majority and-1 for the majority banyd : ) presented in Fig. 4. First we observe that there is
9 e . . . a large shrinking of the Ml bands without a drastic change
and (iii) a high-energyp-d antibonding region(between

- - f their centers with respect to the Fermi energy. As a result
1.5and 3 e.V fqr the majority band a}nd between 1.5 and %f the strongp-d interaction the minorityp bands below the
eV for the minority. The ferromagnetism is mostly due to

. o .~ ~ Fermi energy are pushed to higher energies, while the ma-
the spin splitting of the degeneradebands, although a rigid . " ;
shift rl?woderi can%ot be apngJied due to the strcpnggiinterac?— jority p bands above the Fermi energy are pulled to lower
tion. We will see in the next section thptd interaction is energy. This increases the number of occupied majority
alsd very strong in the zinc-blende stru‘ci:ture states and decreases the occupation of minority states result-

. . . ing in lobal incr in the magnetic moment of th -
Turning our attention to the structural properties we Cal'te?n a global increase € magnetic moment ot the sys
culate the total energy and the magnetic moment per MnAs The saturation of the magnetization to a value-ofug

\%g ;‘)‘:’ ;Lurrlgttilgnbgivt/r;zxcilﬁénﬁei?guopr:(;? :){eag:ﬁsi ;stegoms.can be explained by considering charge transfer from Mn to

. ) As. Three electrons will be transferred from each Mn to a
which corresponds to the e_xpe.rlmental value for bulk IvaS'neighboring As in order to fill completely the electronegative
The results are presented in Fig(dpen squargs

Our calculated equilibrium volume is 31.123%Awvhich is 10
slightly smaller than the experimental one of 33.78§.A
This small discrepancy can be explained by a general ten-
dency of the local-density approximatiobhDA) to underes- 5
timate the equilibrium volume. We also note that the struc-
ture is very stable with respect to compression and expansion
of the unit cell around the equilibrium valuévolume
changes of the order of 50% give energy changes of approxi-
mately 1 eVf. Our calculated magnetizatiod s at equilib-
rium is between 2. B and 3.Qug which is smaller than that
found experimentally € 3.4ug). Nevertheless, it is notable
that the magnetization is very sensitive to the volume around
the equilibrium position, and small volume changes can pro-
duce large changes in the magnetization. For large compres- 15
sions the system evolves to a paramagnetic state. This tran-
sition is not directly comparable with experiments on MNAS |G, 4. Band structure of NiAs-type MnAs at expanded volume.
under pressuré since a structural transition to the MnP-type The lattice constants am=4.3 A andc=6.62 A . The figure on
structure and a magnetic transition to a mixed ferromagnetighe left shows the majority spin and the one to the right the minor-
and antiferromagnetic phase are experimentally observed fafy. The horizontal line denotes the position of the Fermi energy,
pressures above 4 kbar. In contrast, for volumes larger thawhich has been chosen to be 0 eV.
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FIG. 5. Total energy [ on the left-hand side scalend mag- FIG. 6. Total energy as a function of the zinc-blende lattice
netization (< on the right-hand side scalas a function of the cell  spacing for the paramagnetic phas®)( the half-metallic phase
aspect ratiac/a. For bulk MnAs c/a=1.54. (*), and for nonconstrained magnetic moment ).

As atoms’ 4 shell. This leads to an atomic configuration of |attice distortions considered the second-nearest-neighbor
Mn with four electrons in the valence, which arrange them-distancegAs-As and Mn-Mn change drastically, while the
selves following Hund’s rules and produce a magnetic mofirst-nearest-neighbor distané®n-As) is almost constant.
ment of 4ug. The charge transfer is not complete for unit This produces no appreciable change in the total energy sug-
cell volume corresponding to the experimental value becausgesting that the latter is dominated only by the Mn-As bond.
of the strongp-d interaction. Thisp-d interaction in fact Moreover, because of the absence of any strong angular de-
leads also to a quite large negative polarization of the anionpendence, we can also conclude that the Mn-As has a large
(—0.23+0.054g), which has been observed with neutronionic component.
scattering®® For stretched unit cells, the-d hybridation is Our calculated tiny energy variation for even large distor-
reduced and a more ionic configuration is resumed. tions, combined with the large change in magnetization at
We finally look at the magnetization and the total energysmall distortions, explain most of the properties of the dif-
of distorted cells. We consider cells with a volume equal toferent epitaxial orientations of MnAs on GaAs. In fact it is
that of bulk MnAs and calculate the energy and the magneworth noting that a large change of the magnetization occurs
tization as a function of the cell aspect ratita. Our results  for ratiosc/a just above the one corresponding to the bulk.
are presented in Fig. 5. The magnetization passes from a high-magnetization region
Several interesting aspects must be pointed out. First, no®a<1.54 to a low-magnetization regiaria>1.54. This is
that the energy scale is much smaller than that of Figl.3 very important since large changes of the magnetization have
The total energy for aspect ratios from 1.4 to 1.7 changebeen observed in MnAs grown onto GaAs with different
only by 25 meV(which is equal tokgT at room tempera- crystalline orientationftypeA, typeB, and MnAs ontq111)
ture). This tiny variation is within the accuracy limit of the GaAg. It is difficult to correlate directly the deformation of
calculation and we can just conclude that ¢da going from  the cell with the magnetization observed in experiments
1.4 to 1.7, there is a large stability region. By comparingsince a complicated surface reconstruction octuamnd a
Figs. 3@ and 5 one can conclude that NiAs-type MnAs candetailed characterization is not easy. We do not want to go
accommodate large distortions, which are much less energwyto details of this intricate issue and we only suggest that the
demanding than volume changes. This can be easily undereduction of the magnetization of MnAs grown onto GaAs
stood by using a simple geometrical argument. Consider thmay be due to large deformation of the hexagonal lattice.
nearest-neighbor distanck,,.as as a function of the lattice

constanta for fixed cell volume, V. ZINC-BLENDE MnAs
V2 We now consider MnAs with the zinc-blende lattice struc-
dMn-ASZi‘ [14 -9 (1) ture. In Fig. 6, we present the total energy as a function of
V3 a the volume per formula unit for MnAs and also compare the

total energy of the same structure when the magnetic mo-

whereV, is the volume occupied by a Mn-As pair. It is clear ment is fixed either to g (paramagnetic phaser to 4ug
that dyn.as IS nonmonotonic with a minimum ata  (half-metallic phasge The equilibrium lattice constant is
=(2Vo) Y%, which is 3.629 A in the case of bulk MnAs. found between 5.6 A\(=43.904 A% and 57 A
Moreover,dy,.as does not vary much with the lattice con- =46.298 A%), which is very similar to the lattice constant
stanta around this minimum. Foc/a increasing from 1.3 to  of GaAs. Such a value is smalléas we would expect within
1.8, a increases by about 10% whildy,_as increases by the LDA) than that predicted from the linear extrapolation of
=<1%. Since the total energy does not vary considerably as the experimental lattice constant of GaMn,As for x—1
function of the Mn-As bond angle, but only as a function of (5.89 A).® It is also smaller than another LDA result obtained
its bond length, we can conclude that the Mn-As bond iswith the fully linear augmented plane wavé-LAPW)
largely ionic and dominates the total energy. In fact, for themethod(5.9 A).>® This could be due to the pseudopotential
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theory, thee orbitals possess higher energy than theThis

is also due to the strong-d interaction. If we now turn our
attention to the minority band, we can find most of the fea-
tures of the majority. The main difference is the large split
between the, and thee states, which gives rise to a large
gap in the band structure.

We observe that the Fermi energy cuts through the band
center of the high-dispersiop band in the majority band,
and through the band edge of the almost dispersiondess
band in the minority. This is very important from the point of
view of the transport, since very different spin-dependent
r - effective masses are predicted. When the lattice constant is
v increased, we expect a general narrowing of all the bands.
L T X K rL r X K r This does not affect qualitatively the majority band. How-

ever, for some critical lattice spacing, the band edge okthe

.EIG. 7. Band structure for_zinc-blende MnAs at the LDA energy hand in the minority spin shifts aboVéq giving rise to a
minimum (a=5.7 A). The figure on the left corresponds to the emiconducting behavior. This generates the half metallicity.
majority spin and the one on the right to the minority. The horizon- |, summary, if we start from the atomic configuration for
tal line denotes the position of the Fermi energy, which has bee'R/In and As, the mechanism giving rise to the magnetism is
chosen to be 0 eV. the transfer of one electron from the Miorbitals to the As

p shell in order to form thesp® bond. The remaining four
method used here or differences in convergence, or samplinglectrons in the Mnd shell maximize the local magnetic
between the two calculations. We do not fully understand thegnoment of Mn due to Hund’s coupling and the final state
reason for such a disagreement. In order to shed some lighlirns out to be ferromagnetic due to the strgng interac-
on this point, we repeat the calculation with different pseu-ion. Note that these are features of the tetrahedral coordina-
dopotentials by using a density-functional code with pseudotion and are absent in the NiAs-type structure, where no half
atomic wave function8® This leads to a similar equilibrium metallic state is predicted.
lattice constant that supports the present results. We also Finally, we look at the stability of the zinc-blende struc-
notice that the paramagnetic phase becomes energetically feure with respect to the NiAs-type. The total energy and the
vorable fora=5.0 A (V=31.25 A%), where a ferromag- saturation magnetization of both the structures as a function
netic to paramagnetic transition is predicted. In contrast, fobf the volume occupied by a MnAs pair are presented in Fig.
lattice spacings larger than 5.8 A/¢48.778 A®) a transi- ~ 3(a). It is clear that the NiAs-type has a much lower total
tion to an half metallic state is predicted. This is a veryenergy and also a more compressed lattice. Therefore, it is
important result since half-metallicity is one of the condi- the stable structure at all the thermodynamically accessible
tions required to obtain large signals in a semiconductor spipressures. This is consistent with the very small dilution
valve!? limit of Mn in zinc-blende GaAs and with the fact that the

The behavior of the magnetization as a function of theannealing usually induces segregation of MnAs NiAs-type
unit cell volume is summarized in Fig(l3 (black circles. particles within the GaAs matrix®
We notice that it looks similar to its counterpart for the We also note that for very expanded unit cells, the zinc-
NiAs-type structurgopen squaresalthough in the latter, no  blende structure becomes stable with a crossover volume that
transition to a half-metallic state is found. This fundamentalcorresponds to a zinc-blende lattice constant of 5.8 A . How-
difference between the two structures can be understood kywver, this large volume increase in the NiAs-type structure is
looking at the band structure of zinc-blende MnAs in Fig. 7.very unlikely to occur, even if the lattice constants are forced

We first note that, excluding the presence of the ¥n to be large by growing onto substrates with large mismatch.
bands, the band structure closely resembles that of the nois we noted previously, the NiAs-type structure can easily
magnetic Ill-V semiconductors. Consider the majority bandsaccommodate large cell distortioriig. 5). Therefore, at
first. By symmetry analysis, we can easily identify the lowerequilibrium it is energetically more favorable for the system
lying As s states(lowest band]["; at thel” point), the Asp  to distort the cell, instead of increasing the volume and in-
valence bandfirst I' ;5 point aboveEg), and the first of the ducing a NiAs-type to zinc-blende transition.
conduction band€irst I'; point aboveEg). However, due to Finally, we investigate the effect of the anion size on the
the strong interaction with the Md states, the A bands  stability properties of the zinc-blende structure. Our hope is
(top of the valence bands in Gapare pushed toward higher that for larger ionic radii, the NiAs-type structure should
energies and become half filled. The Mrbands, which are  become more rigid and a transition to the zinc-blende struc-
split into the doubly degenerateband (';,) and the triply ture at large volume may be induced. We perform the same
degeneraté, band (',5) are below the Fermi energy and calculations described above for MnBi both with NiAs-type
entirely occupied. Therefore, one can conclude that two imand zinc-blende structurébulk MnBi is a ferromagnetic
portant interactions are presefi): the s-p interaction giving  metal at room temperature with NiAs-type structure and lat-
rise to thesp® bond typical of nonmagnetic semiconductorstice constanta=4.17 A, ¢c=5.764 A). We did not find
and (i) the p-d interaction responsible for the magnetism, any relevant qualitative difference with respect to the MnAs
which sets the position and the dispersion of thepAsand.  case(see Fig. 8 and this is related to the geometrical argu-
Note also that in contrast to the prediction from crystal fieldment presented in Sec. IV. Hence we conclude that, for all
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FIG. 8. Total energy as a function of the MnBi pair volume for \inAs. The stars (*) are thab initio eigenvalues and the continu-

the zinc-blende @) and the NiAs-type structurel(). Note the  oys jine are the band calculated with the parameters of Tables | and
large stability of the NiAs-type structure over a very broad volume;.

range as in the MnAs case. In the inset, the energies for three

different values ofc/a for a volume corresponding to the bulk
MnBi are shown. The central point corresponds to bulk Mngi ( (h€ case of MnAs, the presence of the Blband makes the

=43.37 A3). fitting procedure more complicated than in nonmagnetic
semiconductors. However, we do not need to introduce any

the Mn-pnictides, the NiAs-type is the more stable crystal-2d hocexcited statésuch ass*) to fit the valence band, and

line structure and a transition to zinc-blende structure can b€ first conduction band, as is frequently done in the
obtained only with highly nonequilibrium methods. literature’™ The fit has been performed using 350 eigenval-
ues that correspond to the lowest 10 energies calculated at 35

k vectors and the weight is chosen to be one for each eigen-
value. We perform two independent fits for the majority and

Finally, to analyze the detailed nature of the Mn-As bond-minority band allowing both the on-site energies and the
ing in the zinc-blende lattice we perform a tight-binding fit to hopping integrals to be different. . o
our calculated LDA band structure. We use a fitting algo- In Figs. 9 and 10 we present the best fits for the majority

rithm included in the packagexon (Ref. 37 that minimizes ~ and minority spin band, respectively. We note that the agree-
the following function ment with theab initio bands is remarkably good, in particu-

lar for the lower-lying bands. The highest bands are not well
. . reproducedin particular for the majority spinbecause we
f(En,y)=2 an|Ea(k)—ES(k, )], (2 did not include higher-energy bands in the fit. The complete
" parametrization giving rise to the bands in Figs. 9 and 10 is
provided in Tables | and Il
Several important points must be stressed. First, we note
that the major difference between the majority and the mi-

VI. Mn-As BOND IN THE ZINC-BLENDE STRUCTURE

where y is the m-dimensional vector containing the Slater-
Koster tight-binding parametet® a,, is the weight assigned

to the eigenvalué€e,, andE; is the computed eigenvalue. ; :
. . ' nority parameters is the value of the Mrd 3and As %
We consider first{Mn-As) and secondeMn-Mn and As-Ag on-site energies. The on-site energy of trek Idn orbitals

nearest-neighbor couplings. This interaction set has bee&)incides with the position of the states, which by symme-
shown to reproduce correctly the valence band and the fir '

) ; : ) ﬂy are weakly coupled to the other bands. By contrastt the
of the conduction bands of diamondlike semiconducidts. states are strongly coupled to the abovepisand and this

coupling is strongly spin dependent. From Table Il one can
see that the dominant hopping integrals are along the Mn-As
bond and that the parameters are quite similar for the two
spin directions. The only parameters that differ strongly for

% TABLE I. On-site energies for the majority and minority bands
= of zinc-blende MnAs. The notation is that of Slater and Ko&ef.
B 39).
Majority (eV) Minority (eV)
Eas(as) —9.8394 —9.9188
L T X UK r Eas(4p) —0.8709 —0.3476
Enn(as) 0.7380 —1.0519
FIG. 9. Fit of the band structure for the majority band of MnAs. Enn(ap) 1.1254 1.4601
The stars (*) are thab initio eigenvalues and the continuous line En(ad) —5.4699 —2.3417

are the band calculated with the parameters of Tables | and II.
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TABLE II. Hopping integrals for the majority and minority TABLE IIl. Tight-binding parameters for GaAs. The notation is
bands of zinc-blende MnAs. The notation is that of Slater and Ko-that of Slater and KostgiRef. 38.
ster (Ref. 38.

GaAs(eV)

Majority (eV) Minority (eV) Eratey 7859
E{as(4s)— Mn(as)] o 1.8554 1.3592 Ens(4p) 1.0395
E{as(as) - Mn(ap)) o —1.8684 —1.5061 Ecags) —0.2676
Ejas(4s) - Mn(3d)] o 1.0852 2.0521 Eca(ap) 2.8029
Elas(ap)-mn(as)]o 2.5898 2.3806 E(as(4s) - Ga(a)1 o 1.4895
Eas(4p) ~Mn(ap) o 2.2825 2.5146 Eras(as) - cap)l o —1.5445
Eas(4p)~Mn(ap)] = —0.9342 —0.8346 Elas(ap)-caas)] o 2.5864
E{astp)—mn(3d)] o 1.0329 1.4592 Eqas(ap) - ca(4p)] o 2.1571
E{as(4p)—Mn(3d)] = —0.4317 —0.6831 Eqas(ap) - ca(ap)] = —0.7540
Elas(as)- As(4s)) o —0.0133 —0.1377 Elas(as) - As(as)) o 0.0032
Eas(as)-As(ap)l 0.0031 0.0175 Eas(4s) - As(dp)] —0.0437
Efas(ap) - As(ap)] o 0.0009 0.0064 Elastp) - As@p) o —0.0009
Eas(ap) - As(ap)l = 0.0255 —0.0373 E(as(4p) - As(ap)1 7 0.0010
E[Mn(4'5)an(4S)]rr 0.0000 0.0000 E[Ga(4s)—Ga(45)]<r —0.1038
E[Mn(4s)an(4p)]cr 0.0053 —0.0009 E[Ga(4s)fGa(4p)]rr —0.0919
E{mn(as)—Mn(3d)] o —0.1579 0.1216 Ejca(ap)— Ga(4p)] o 0.4828
EMn(4p) - Mn(ap)] o 0.4411 0.3323 Eca(4p) - Ga(ap)] = —0.1512
E (Mn(4p) - Mn(ap)] = —0.2265 —0.0167
E (Mn(4p) - Mn(3d)] o 0.2398 -0.2232
E[Mn(4p)— Mn(3d)] = —0.0298 0.1963 pressures. A phase transition to the zinc-blende structure is
E {Mn(3d) — Mn(3d)] —-0.1139 —0.1199 predicted for volume stretching, which in principle, could be
E Mn(3d)— Mn(3d)] = 0.0453 0.0773 obtained by growing ont_o a substrate with large lattice mis-
E[Mn(3d) - Mn(3c)] 5 —0.0002 —0.0005 match. However, the NiAs phase can accommodate large

lattice distortions that preserve the Mn-As nearest-neighbor
distance and a transition to a zinc-blende phase looks very
up and down spin are thedo, pdo, and pdw elements. unlikely.
These govern the repulsion of theMn d bands and the As We have also investigated the zinc-blende phase in more
p bands and are responsible for the laegs, splitting in the  detail, since the tetrahedral coordination is crucial for the
minority band. physics of diluted magnetic semiconductors. By performing
Finally, we check our hypothesis on the formation of aboth ab initio calculations and tight-binding fitting, we see
strongsp3 bond by comparing thes, sp, andpp hopping that two important effects are presefi): the formation of a
integrals for MnAs with those of GaAs, which have beenstablesp® bond and(ii) a strongp-d hybridization, which
obtained with the same fitting procedure from our calculatecsplits the Mnd bands and gives rise to ferromagnetism. In
LDA band structure. The GaAs parameters are shown iarticular for large lattice spacings, the zinc-blende structure
Table IIl and their magnitude is clearly comparable with theis predicted to be half metallic.
MnAs case. Moreover, the second-nearest-neighlpor and

pp integrals, which are the only second-nearest-neighbor ACKNOWLEDGMENTS
parameters with appreciable amplitude and the ones that de- _ _ _ .
scribe most of the dispersion of the Asband along K We would like to thank G. Theurich for having provided

—T, are very similar. This clearly suggests the formation ofand supported the use of SPECTER and M. Fearn and A.P.
a Strongsp3 bond in MnAs, together with a Stror@.d hy_ Horsfield for the tlght-blndlng packageXON. This work
bridation. made use of MRL Central Facilities supported by the Na-
tional Science Foundation under Award No. DMR96-32716.
This work was supported by the DARPA/ONR under Grant
No. N0014-99-1-1096, by ONR Grant No. N00014-00-

We have investigated theoretically the structural and mag10557, by NSF-DMR under Grant No. 9973076, and by
netic properties of the hexagonal NiAs-type and the zincACS PRF under Grant No. 33851-G5. Useful discussions
blende phases of MnAs. From the analysis, we conclude thatith N. Samarth, D.D. Awschalom, and L. Sham are kindly
the NiAs-type structure is more stable at all thermodynamicacknowledged.

VIl. CONCLUSION

*Email address: ssanvito@mrl.ucsb.edu (1998.

1G. Prinz, Phys. Today8, No. 4 (1995. 4D. P. Di Vincenzo, Sciencg70, 255 (1995.

2J. M. Kikkawa and D. D. Awschalom, Phys. Rev. L&, 4113  °H. Ohno, J. Magn. Magn. Mate200, 110(1999.
(1998. 5H. Ohno, Scienc@81, 951 (1998.

3J. M. Kikkawa and D. D. Awschalom, Natufeondon 397, 139 "H. X. Tang, F. G. Monzon, R. Lifshitz, M. C. Cross, and M. L.



15 560 STEFANO SANVITO AND NICOLA A. HILL PRB 62

Roukes, Phys. Rev. B1, 4437(2000, and references therein. to Computing in Science and Engineering. The code is publi-
8W. Y. Lee, S. Gardelis, B. C. Choi, Y. B. Xu, C. G. Schmidt, C.  cally available at http://www.mrl.ucsb.edutheurich/Gespenst/

H. W. Barnes, D. A. Ritchie, E. H. Linfield, and J. A. C. Bland, (unpublishegl

Appl. Phys. Lett.85, 6682(1999. M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D.
9p. R. Hammer, B. R. Bennet, M. J. Yang, and M. Johnson, Phys. Joannopoulos, Rev. Mod. Phyg#4, 1045(1992.

Rev. Lett.83, 203(1999. %G. P. Kerker, Phys. Rev. B3, 3082(1981).

'%y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno, 27k wotizuki, K. Katoh, and A. Yanase, J. Phys.10, 495(1986,
and D. D. Awschalom, Naturd_ondon 402 790(1999. and references therein.

"'R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G. Schmidt, A.28\1 Tanaka, J. P. Harbison, M. C. Park, Y. S. Park, T. Shin, and
Waag, and L. W. Molenkamp, Naturd ondon 402 787 G. M. Rothberg, Appl. Phys. Let65, 1964 (1994).

(1999. 29 . L
. o M. Tanaka, K. Saito, M. Goto, and T. Nishinaga, J. Magn. Magn.
12
G. Schmidt, L. W. Molenkamp, A. T. Filip, and B. J. van Wees, Mater. 198-199 719 (1999

13JO?:;IZE:QEHSC;?n;nudb“TShS?;hina a. Aopl. Phys. L@t 64 30M. Tanaka, J. P. Harbison, M. C. Park, Y. S. Park, T. Shin, and
' L ' ' ga, Appl. Fhys. G. M. Rothberg, J. Appl. Phyg6, 6278(1994).

(1999, and references therein. a1 . o
M. Tanaka, J. P. Harbison, T. Sands, B. Philips, T. L. Cheeks, J32N' Samarth(pnvate commgnlcatlo)_n o
K. Maki, T. Kaneko, H. Hiroyoshi, and K. Kamigaki, J. Magn.

De Boeck, F. T. Florez, and V. G. Keramidas, Appl. Phys. Lett.

15M. Tanaka, J. P. Harbison, T. Sands, T. L. Cheeks, and V. Y. Yamaguchi and H. Watanabe, J. Magn. Magn. MaBdr-34
Keramidas, J. Vac. Sci. Technol. 2, 1091(1994). 619 (1983.

16K Akeura, M. Tanaka, M. Ueki, and T. Nishinaga, Appl. Phys. >‘F. Schippan, A. Trampert, L. Deeritz, and K. H. Ploog, J. Vac.
Lett. 67, 3349(1995. Sci. Technol. B17, 1716(1999.

177 Ogawa, M. Shirai, N. Suzuki, and I. Kitagawa, J. Magn. Magn. **M. Shirai, T. Ogawa, |. Kitagawa, and N. Suzuki, J. Magn. Magn.
Mater. 196-197 428 (1999. Mater. 177-181 1383(1998.

8H. Hohenberg and W. Kohn, Phys. Re\36, B864 (1964); W. %3, sanvito, P. Ordéjg and N.A.  Hill,  preprint
Kohn and L. Shamibid. 140 A1133(1965. cond-mat/0011050.

19N. A. Hill and K. M. Rabe, Phys. Rev. B9, 8759(1999. 37oxoN [Oxford O(N) tight binding codé was developed at The

20A. M. Rappe, K. M. Rabe, E. Kaxiras, and J. D. loannopolous, Materials Modelling Laboratory of the Department of Materials
Phys. Rev. B41, 1227(1990. at the University of Oxford.

21|, Kleinman and D. M. Bylander, Phys. Rev.4B, 1425(1982.  38J. C. Slater and G. F. Koster, Phys. R84, 1498(1954.

22p_ E. Blachl, Phys. Rev. Bt1, 5414(1990. %D, J. Chadi and M. L. Cohen, Phys. Status Solidi6B 405

23D. R. Hamann, M. Schter, and C. Chiang, Phys. Rev. Le#3, (1975.
1494 (1979. 40p. Vogl, H. P. Hjalmarson, and J. D. Dow, J. Phys. Chem. Solids

24G. Theurich, B. Anson, N. A. Hill, and A. Hill, preprint submitted 44, 365(1983.



