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First-principles prediction of half-metallic ferromagnetic semiconductors: V- and Cr-doped BeTe
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From results of first-principles all-electron full-potential linearized augmented plane-wave calculations, a
materials design of half-metallic ferromagnetic semiconductors based on V- and Cr-doped BeTe is proposed.
Without the need ofn- or p-type doping, the stability of the ferromagnetic spin configuration versus the
antiferromagnetic state for V- and Cr-based systems is predicted, whereas the situation is reversed for Mn-
doped BeTe ordered alloys. The calculated electronic and magnetic structures of transition-metal-doped BeTe
shows that consistent with the integer value for the total magnetic moment, half metallicity is obtained for V-
and Cr- doped structures, whereas the Mn-doped systems are semiconducting. A careful analysis of the spin
density reveals the antiferromagnetferromagnetit coupling between the Cr and W#in) d states and the
anion dangling-bongb states, which is believed to be responsible for the stabilization of the ferromagnetic
(antiferromagneticphase. These ferromagnetic semiconductors offer a potential for semiconductor spintronic
applications at room temperature; therefore, an experimental confirmation of our theoretical predictions is

encouraged.
DOI: 10.1103/PhysRevB.67.165203 PACS nuni®er75.50.Pp, 71.55.Gs, 71.20.Nr
I. INTRODUCTION It was recently reportéd that high quality films ofp-type

BeMnTe, almost lattice matched to GaAs, could be grown by

The attractive idea of manipulating the spin of the elec-solid source molecular-beam epitaxy for Mn concentrations
tron, in addition to its charge, as an added degree of freedo 10 19(;/0 For highly nitrogen-doped samples (3.4
continues to stimulate intense interest in the field”10" cm ), a hysteretic behavior of the anomalous Hall

“spintronics.”*~® Within this framework, the discovery of effect was observed, indicating a ferromagnetic state below 3

ferromagnetic materials operating at rt;om temperature ana;. twas furthgr suggested that a sizeable increase n doping

ith an optimized plasma source should lead to an increase

with high—thermgl equ.ilibrium_stability WOUld be_a_break— in the Curie temperaturél-. Since there are fundamental
through in realizing spin-polarized transistors, or in integrat-yiec - ties!? in injecting spin-polarized electrons into a com-

ing spin-logic and nonvolatile spin memory into the exciting ;5 semiconductor from a ferromagnetic metal, it seems
field of quantum computing. So far, most of the work hasgssier 1o find a ferromagnetic semiconductor with a smaller
focused on(Ga,MnAs or (In,Mn)As diluted magnetic semi-  conductivity than metals and 100% spin polarization, which
conductors(DMS),” with transition temperatures up to 110 can be grown on common semiconductors. Within this
K. However, the solubility of & transition metalS(TMs)  framework, we point out that the already small lattice mis-
in standard [lI-V semiconductors is extremely low match (0.46% between BeTewith lattice constantaBé™®
(<7%-8%), sothat high operating Curie temperatures =10.63 a.u.) and GaAsaf®°=10.68 a.u.) could even be
seem to be difficult to reach with current synthesis techteduced by the introduction of a small amount of Mn,
niques. On the other hand, the large solubility of BVis in  thereby improving the quality of the (BEM)Te epilayers.

[1-VI semiconductorgof the order of 10%—-25%Ref. 6 and Stimulated by this recent experimental work, we per-
the opportunity to independently control the localized spinformed accurate first-principles calculations within density-
(supplied by the magnetic impuritieand the hole concen- functional theory in the generalized gradient approximation
tration (typically achieved by nitrogen dopinglso makes (GGA) for zinc-blende BeTe doped with different3mag-
them particularly attractive for fundamental studiésn par- ~ netic impurities, such as V, Cr, and Mn. In Sec. Il and Sec.
ticular, in the search for new DMS having high Curie tem-Il, we re|_oort the computatlon_al and structura_l details; in Se_c.
peratures and whose magnetic properties are controllable Y We discuss the electronic and magnetic properties in
changing the carrier density, a materials design based dig'Mms Of the density of states, favored spin configurations,
first-principles calculations was performed for TM-doped and magnetic moments; and in Sec. V we draw conclusions.
Zn-based 11-VI compound¥® It was proposed that ferro-
magnetic DMS with high Curie temperatures can be realized
using ZnS, ZnSe, and ZnTe doped with V or Cr and ZnO- The theoretical framework on which our predictions are
based DMS doped with Fe, Co, Ni, V, and Cr. based is spin-polarized density-functional theory. Since it

1. COMPUTATIONAL DETAILS
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was shown that the local-spin-density approximation TABLE I. DMol® calculated total-energy differencé, (in
(LSDA) to the exchange-correlation potenitfa'h DMS can meV/TM), between the ferromagnetic and antiferromagnetic spin
severely underestimate equilibrium lattice constants angtates as a function of the TM concentratian,

bond lengths between thed3®lement and the anior$we

used the GGA, following the Perdew-Burke-Ernzerhof X 0.25 0.125 0.0625

schemé?® Two different ab initio codes, namely, density- ' I

functlona}l tfgeory for3 molecules and th_ree-mme_nsmnal peri- v ge, . Te 106 122 12 0

odic solid$® (DMol®) and full-potential linearized aug- Cr.Be. T _39 _ 29 47 ~10
ted plane-wavécLAPW)!" methods are used HB8L-xT€

men : Mn,Be,_,Te +34  +31 +3 ~0

An efficient three-dimensional numerical integration of
the matrix elements occurring in the Ritz variational method

and the choice of localized numerical orbitals, used as a bas'&so 71 and 10.52 a.u. within the GGA and local-density ap-
set, aare at the basis of th_e_ h.'gh level of accuracy Of. th(?)roximation, respectively, and thus yields good agreement
DMol*® results. Scalar relativistic effects are included via a(+0 75% and-— 1.03%) with experiment for both exchange-

local pseudopotential for all-electron calculatidfigiere, a . correlation functionals. The out-of-plane lattice parameter

double set of numerical valence functions with a local basgi e., parallel to the[001] axis) is taken as the FLAPW-
CUtOﬁ.RC of 11.0 a.u. 1S used. Thg s.tructura.l degrees of free'calculated average over composition of those in tetragonal
dom _(mternal_ _rel_axatlon)sare op_t|m|ze_d using DMéIan_d BeTe andT MTe, strained on a GaAs substrate: for example,
the final equilibrium geometry is refined using the hlghlyin the 25% case, the tetragoraa ratio (equal to 1 in the

accurate FLAPW method. . : ! .
The FLAPW approach is considered to be the most accu'-d eal cubic case, Su?h as BeTea: tr??:&f& (((;;eu:)thDTee

rate ab initio electronic structure method, in which there is superlattice (SL) is  set
e T ' .~ 2 +(cl/a)™T®)/4. The calculated/a ratios for[001] ordered
no artificial shape approximation for the wave functions,

charge density, and potential. In this work, we have used thtemragonal VTe, CrTe, and MnTee.,x=1.0) are 1.28, 1.29,

FLAPW parallel implementatiof? For all atoms, the core and_ 1.28 for ferr_omagnet(c_FM) and 1'2.7’ 1.27, and 1'25_ for
X - . __antiferromagneti¢éAFM) alignments. Since the/a value in
and valence states are treated fully- and semirelativisticall

(i.e., without spin-orbit coupling respectively. The muffin- the three TM tellurides depends very slightly on the TM and

tin radii for V, Cr, and Mn are set equal to 2.3 a.u., and 2'SO?aTmrE=s:|_pl2n75C(()|rr]1fcl;?c:g?1{[[;)lPs,W\évermttzk:;a?r]:er?(\)/r?‘:‘:gr?et;/s&:rl]ue
and 2.0 a.u. are used for Te and Be, respectively. A cutoff of o Y 9

3.4 a.u. was employed for the wave-function expansion is the_stable spin c_onf|gurat|on for V and Cr tellurides and it
Is antiferromagnetism for MnTg.

the interstitial region, whereas a 9-a.u. cutoff was used for Moreover, we checked the accuracy of the GGA func-

the charge density and potential. Integrations in reciprocal. . L i
space are performed following the Monkhorst-PacI%'onal’ by calculating the MnTe equilibrium lattice cor?TEtant

schemé?® using a set of six speciél points in the irreducible " 1€ Z'”C'b'e”dfﬂnﬂgag‘é-me calculated values am'spa
wedge of the Brillouin zone. Tests performed on the~ 1145 a.u. andigga=11.88 a.u. within LSDA and GGA,
TM.dBe, -sTe case have shown that, by increasing the num_reMsr%eectlvely, to b5e compared with t_he experimental value,
ber ofk points to 18, there were no remarkable differences irfexp — 11-96 a.L° We point out thai(i) GGA better repro-
the relevant propertiesuch as magnetic moments and den-duces the experimental lattice constaii), GGA corrects the
sity of statek the property most sensitive to the computa-Well-known LSDA *“overbinding,” by giving lattice con-
tional details, i.e., the difference between the total energies igtants larger by a few percent, afid) our results are in
the ferromagnetic and antiferromagnetic spin configurationséxcellent agreement with previous LSDA first-principles cal-
varied by about 15 meV/TM atom, and is thus considered aulations that give the MnTe equilibrium lattice constant
our numerical precisiorisee below. The density of states =11.5 aLf

were obtained according to the tetrahedron scitioe the For thex=0.125 case, we considered two different Mn
Brillouin-zone Samp"ng' using a set of 40points in the ConflguratlonS: in the f|r{tden0ted as 0125], the two Mn
irreducible part of the zone. atoms are located at the origin and at the center of the tetrag-

onal cell; in the seconfidenoted as 0.12B)], the first Mn
atom is located at the cell origin and the second Mn sits
ll. STRUCTURAL DETAILS above the first oné.e., samex andy coordinatey having its
z coordinate equal to half of the unit-cell Bravais vector

We consider different concentrationéamely, 25%, . ; .
12.5%, and 6.25% with 16, 32, and 64 atoms per unit Ce":allong thec axis. The internal degrees of freedom in the SL

respectively of TMs substituting for the Be cation in are fully rel.a.xe.d according tab initio atomic forces, yield-
TM,Be, _,Te (TM=V, Cr, Mn) systems. In order to mimic ing the equilibrium geometry.

the experimental growth along th801] axis, we constrain

the experimental in-plane lattice constant to that of G#As, IV. RESULTS AND DISCUSSION

a=10.68 a.u., which is different by less than 0.4% from the
BeTe experimental lattice constamt= 10.63 a.u.)?® so that
the small strain within the BeTe host matrix can be ne- We focus first on the stability of the spin configurations,
glected. Note that our BeTe calculated lattice constant ignd show in Table | the FLAPW calculated total-energy dif-

A. Magnetic alignments
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ference Ag5) between the FM and AFM configuratigne.,  ported here. In the case of GaMnAS;, is of the order of
negative numbers denote FM stabilityncidentally, we note  120-170 meV/atom, thus suggesting Mn-doped IlI-V com-
that the DMof results are consisteffwvithin our numerical pounds as slightly more promising. However, it is well
uncertainty, estimated as 15 meV/TM atomMdg,) with the ~ known that Mn clustering occurs for TM concentrations
FLAPW results, giving evidence of the good accuracy of thehigher than 10% in GaAs and that the presence of antisites or
DMol?3 calculations. interstitial Mn lowers the stability of the FM spin configura-
What is remarkable in Table | is that the Mn-doped sys-tion. On the other hand, the higher solubility of the TM at-
tems show antiferromagnetism as the favored Spin ConfingmS in a II-VI matrix should make feasible the incorporation
ration, whereas Cr— and V—doped systems show ferromag)f higher concentrations of Cr and V dopants within BeTe,
netism. Let us now focus on the exchange mechanismkesulting in the strong stability of the FM spin configuration.
proposed for DMS and discuss how our results can be exClkBei—xTe and \(Be, _,Te alloys can therefore be consid-
plained according to these interactions. Recall that th&red as potentially good candidates for room-temperature
double-exchange mod#, proposed by Zenéf couples ferromagnetism.
magnetic ions in different charge states by virtual hopping of
the “extra” electron from one ion to the other. Within the
band-structure framework, this means that near half filling
and when the exchange splitting is larger than the bandwidth, In Fig. 1, we show the FLAPW-calculated total density of
the band energy of the FM state is lower than that of thestateSDOS) and the TM projected density of statd2DO9
AFM spin configuration if a sufficient number of holassu-  for BeVTe, BeCrTe, and BeMnTe in the=0.25 case for the
ally smal) is present. This mechanism is believed to stabilizeFM and AFM spin configurations. The total DOS in the FM
the ferromagnetism in the manganites with perovskite struccase shows that the Mn-based system is a semiconductor
ture, such as LaMng) upon hole doping. On the other hand, (i.e., no states are available B), whereas the Cr- and
the superexchange mechanihi® resulting from thesp-d ~ V-based alloys are half metallf¢.e., spin-up(-down) states
hybridization, is a process in which the spins of two ions areare availableg(not availablg at the Fermi levelEg]. In the
correlated due to the spin-dependent kinetic exchange inteAFM spin configuration, the semiconducting character is
action between each of the two ions and the valgnband.  kept by the Mn-doped system, whereas both Cr- and V-doped
Within the band-structure framework, superexchange origistructures show metallic character.
nates from the downward shift of the sptitbands, which As far as the TM PDOS is concerned, we observe that the
lowers the band energy in the AFM state. Our results for V-spin-down states for all three TM are mostly unoccupied,
and Cr-doped systems are fully consistent with the generdpllowing a trend common to most DM%; on the other
idea of ferromagnetism driven by a double-exchange interhand, there are marked differences between Mn, Cr, and V in
action that overcomes the antiferromagnetic superexchandbe spin—up states DOS. In particular, according to Zurfger,
interaction. On the other hand, in the case of Mn, antiferrothe electronic structure of a TM which substitutes a cation in
magnetic superexchange becomes dominant with no contr& zinc-blende semiconductor can be described by a hybrid-
bution from the ferromagnetic double exchange for an insuization mechanism between the TM orbitals and the anion
lator or semiconductokthis will be discussed in greater dangling bonds—mainly witip character—formed by a cat-
detail in the following, which focuses on the density of ion vacancy in the host matriR.As a result, the, (Ref. 36
states. states essentially retain their well-localized atomiclike char-
Let us now compare our results with available experimenacter and, are therefore, nonbonding; thg states, on the
tal data. As already pointed out, it was shown experimentallyther hand, form delocalized bonding{),, and antibonding
that Mn—doped II-VI semiconductors can show ferromag-(t,g4), States. The approximate energy position of these states
netism upon hole dopin® In particular, the AFM coupling are marked in Fig. 1 for all three TM projected densities of
between Mn spins in undoped BeTe samples was reported giates.
be overcome by the hole—mediated FM interaction when the The decreased splitting in energy between thg)(, and
N-dopant concentration is increased up to 3.4e, states and the increased splitting between ¢jeand
x10 ¥ cm~3. These findings are consistent with our re- (tag)a States in going from V to Cr to Mn is consistent with
sults: the AFM coupling is in fact confirmed in undoped an expected trend: as the atomic number increases,dhe 3
MnBeTe. Moreover, our calculations clearly show that Cr-orbital energy decreases and the hybridization with the va-
and V-based systems show ferromagnetism withoubr  cancy state is increasingly weakened. In particular, in the Mn
p-type doping. case, thet)), state lies belovEg, whereas in the Cr- and
In all three TM-based systemA,, decreases as the TM V-based structures, the (), state is pushed into the band
concentration increases; this is in agreement with that previgap of the nondoped BeTe, so as to lie just in proximity to
ously obtained from first-principles Korringa-Kohn-Rostoker Eg in the TM-doped systems. As mentioned above, accord-
calculations with the coherent-potential approximation foring to the so-called generalized ferromagnetic double-
other 11-VI Zn-based semiconductotsThis trend seems to exchange interactioff, the partially occupied t6y)a band
suggest that the magnetic interactions are quite short rangedan lower the total energy, so as to stabilize the FM spin
Let us compare our results with those obtained for theconfigurations; our results, see Figgb)land Xc), are there-
more studied GaMnAs, in terms of the FLAPW calculatedfore consistent with this interpretation. Moreover, we expect
Arp (Ref. 32 at the same TM concentration as those re-that an even stronger stabilization of the FM ordering would

B. Density of states
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FIG. 1. FLAPW calculated density of states for the Fdlid) and AFM (dasheglspin configurations at = 0.25:(a) BeMnTe total DOS,
(b) BeCrTe total DOS(c) BeVTe total DOS(d) BeMnTe Mnd PDOS,(e) BeCrTe Crd PDOS, andf) BeVTe Vd PDOS. The Fermi level
is set to zero in the energy scale. A Gaussian smearing of 0.1 eV is used.

occur upon hole doping, therefore increasing the Curie temand (ii) each Mn impurity adds five additional majority-spin
perature and suggesting these materials as good candidattates to the valence band. Table Il shows that this picture is
for spintronic room-temperature applications. valid also in Mn-doped BeTe: since MBe) has severitwo)

The exchange splitting, estimated as the difference bevalence electrons, there will be five net electrons contributed
tween the nonhybridizee!g+ ande, states, is about 3.2 eV, by each Mn substituting for Be to fill the majority-spin band.
2.5 eV, and 2.0 eV for Mn, Cr, and V, respectively, andAs a result, we expediand indeed fingthat every Mn im-
follows the expected trend as a function of the numbed of purity adds no hole carrierdN,=0) to the otherwise perfect
electrons. In all cases, the crystal-field splittieefined as BeTe crystal and that the total magnetic moment amounts to
the energy difference between tleg and t,y statey is  Sug. Within this same framework, each Q) provides six
smaller than the exchange splitting, so that the high-spirtfive) valence electrons, so that there will only be féilreg
ground state is stabilized. Finally, we point out that similarnet electrons contributed by the TM substituting for Be to fill
features were theoretically observed in the case of other TMthe up-spin band; it follows that every €v) adds ongtwo)
doped 1I-VI compounds, such as ZnS, ZnSe, and ZiTe.  hole carriers and the total magnetic moment per TM impurity

As far as the comparison between the TM PDOS in theequals 4tz (3up).

FM and AFM spin configurations, note that for the Mn  The TM magnetic moment decreases in going from Mn to
PDOS, the FM bandwidth is slightly larger than that in theCr to V, consistent with the trend for the total magnetic mo-
AFM configuration. We can explain this trend as follows: in ment; the strong similarity shown by the FM and AFM spin
the FM state, the Mrd band is widened by hybridization configurations suggests that the TM magnetic moments are
between spin-up states, whereas this mechanism is prohilneakly coupled, even with the relatively high concentration
ited in the AFM configuration, where neighboring Mn sites (x=0.25) of magnetic impurities. What we need to stress is
have opposite spins. Moreover, if we estimate the center dhe different sign of the induced magnetic moment on the
gravity of the spin-upd band, we find, according to an effi- nearest—neighbdinn) anion: in the case of Mn, the TM-nn
cient superexchange interaction, that its energy is lower ife moment is positive, whereas for Cr and V it is negative. It
the AFM configuration compared to the FM case, so that thevas suggested that a negative spin polarization could be a
band energy is lowered and the AFM spin state is stabilizedsignature of the AFM coupling between the polarized hole

TABLE Il. FLAPW calculated magnetic moments far= 0.25:
C. Magnetic properties total{TM atom), TM, TM-nn Te, and TM-second-nearest-neighbor

We show in Table Il the FLAPW-calculated magnetic mo- Be. All values are in Bohr magnetons.

ments for a fixed TM concentratiorx€0.25) for the FM
and AFM spin configurations. The total integer magnetic mo-
ments are consistent with both the half-metallic character
shown by the total DO%see Fig. 1 and the number of holes ! 5 0 4 0 3 0

and the total magnetic moments obtained by integration of,™ 3.82 *+3.79 319 +3.16 240 *+2.39
the spin-resolved total density of state®t shown. In Mn- T 0.05 +0.03 -0.04 0.04 -0.03 =0.03
doped DMS, it is expectédthat (i) the number of valence 8 03 0 0.03 0 0.03 0
minority-spin electrons is not changed by the Mn impurity

Mng 2B€ 75T Crp.oB€y.75T€ Vo.2Be 7sT€
FM AFM FM AFM FM AFM
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(a) BeMnTe FM (b) BeMnTe AFM

FIG. 2. FLAPW calculated
spin-density contour plots in the
[110Q] plane for(a) FM BeMnTe,
(b) AFM BeMnTe, (c) FM Be-
CrTe, (d) AFM BeCrTe, (e) FM
BeVTe, and (f) AFM BeVTe.
Contour plots start at 1
X104 e/a.u® and increase suc-
cessively by a factor of & Posi-
tive (negative spin density is rep-
resented by soliddashedl lines.
The TM is located at the corners
of each panel and is bonded to Te;
the next-nearest-neighbor Be is lo-
cated half way along the horizon-
tal edges.

(e) BeVTe FM

T
)

and the Mn spin in the modeproposed by Dietet al. to  edges of the panelsThe spin density is remarkably different
explain diluted magnetic semiconductor ferromagnetism. lin proximity to the Te atoms and TM-Te bonds for systems in
was also arguéd that in Mn-doped magnetic semiconduc- which the FM alignment is favored compared to systems
tors, the antiferromagnetic interaction between Mhahd  favoring the AFM alignment: a negative cloud is present in
its nearest-neighbor anignstates could lower the total en- the case of Cr and V, whereas Mn only shows a very small
ergy, thereby stabilizing the ferromagnetic alignment. negative polarization along the Mn-Te bonds, the anion be-
Our present results are consistent with these models: thiag positively spin polarized overall. Moreover, in comparing
ferromagnetic(antiferromagnetic alignment is strongly fa- the FM spin-density contour plots for the different metals,
vored when the induced anion spin polarization is negativeve notice a trend as a function of the TM: the negative
(positive. In order to clarify this issue, we show in Fig. 2 the spin-density region around the anion increases in going from
spin-density contour plots for the TM-Te-Be bonds in the FMMn to Cr to V, consistent with the increase &g, .
and AFM spin configurations for the three different TM—
dqped systems v_vithzo.25. The plane shown in Fig. 2 con- V. CONCLUSIONS
tains only up-spin TM atomélocated at the corners of the
panels, both in the FM and AFM configurations. Except for ~ Using an accurate first—principles approach, we have pre-
the BeMnTe system, there is moshlike negative spin den- dicted half-metallic ferromagnetism in V- and Cr-doped
sity at the Te atoms, whereas the Be atdiosated half way BeTe, without the need fon- or p-type doping; this offers
along the horizontal edgesire positively spin polarized in the opportunity to investigate the potential of BeCrTe and
the FM case and show a positii@egative spin polarization BeVTe ferromagnetic alloys as basic materials in spintronic
in the positive (negativeé growth direction (i.e., vertical devices. On the other hand, Mn-doped systems show AFM as
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the favored spin configuration and semiconducting behaviototal DOS and in the TM PDOS can be interpreted within a
We have given a detailed analysis of the electronic and maggeneralized double-exchange interaction that stabilizes the
netic properties of these ordered alloys, in terms of density oFM phase in V- and Cr-doped BeTe alloys, whereas the only
states, magnetic moments, and total-energy differences. Oactive mechanism in the Mn-based system is superexchange,
results show that the difference in total energy between théherefore stabilizing, in the absence of any other additional
spin configurations consideredl,, decreases with the TM dopants, the AFM configuration.

concentration, consistent with quite short-ranged magnetic

interactions. The electronic and magnetic properties result ACKNOWLEDGMENT
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