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First-principles study of Mn-induced local magnetic moments in host semiconductors
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Using the first-principles method, we calculate the atom and angular momentum resolved local moments in
diluted GaMnAs, GaMnN, and CdMnTe. We show that the local moments are correlated with magnetic
stability and can be explained by the occupation and hybridization of the host states with thek 9t1e3 in
both spin channels. We also show that the splitting of the localized core orbitals follow the sign of the local
magnetic moments, but for the delocalized valence states the splitting is determined by hybridization with Mn
states. We propose that spin-polarized photoemission measurement of the shallow core states could be used to
measure the local moments of the host elements.
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I. INTRODUCTION order in semiconductors. Recently, Keavratyal.,'' using
Because of the coupling of hosandp states with local-  XT@y magnetic circular dichroisiXMCD), which measures
ized Mn 3 states, Mn-doped 1I-VI and I1I-V diluted mag- the magnetic field-induced differential absorption of thg
netic semiconductor§DMS) exhibit interesting properties €d9es of right and left circularly polarized x-ray radiation,

that combine semiconductor electronics with magnefigh have deduced for the first time the atom-resolved spin con-
Most of the Mn DMS. such as CdMnTe. shows antiferr'o_figuration in ferromagnetic diluted GaMnAs. They find that,

magnetic behavior caused by the superexchange interactiolf GaMnAs, the As local moment is antiparallel to the Mn,

where occupied Mrd states couple with the neighboring whereas Gathasb a s(;nall paraII(TI momert1.t. Hov;ever, t?%'.rt
unoccupied Mnd states, thus lowering the total enefgy. measurement IS based on Several assumptions whose vaildity

However, recent discovery that Mn-doped I1I-V semiconduc-'> Iyet to :e edstabllshed. Itzorhexarrsﬁle, they qssume?hthe As
tors can have ferromagnetic ground statess led to an in- valence & an 4» moments have the same sign as 1€ ex-
tensified search for high; ferromagnetic DMS and stimu- change sphttmg_ and the XMCD spectrum follows the sign of
lated investigations to understand the mechanism o?he corrgspondmg qual m.omeH.t. . . .
ferromagnetic exchange in these systems. In this paper, using first-principles density functional

It is now well established that the presence of holes is‘theory, we calculate the band structures, density of states
crucial for the ferromagnetism in Mn doped IV (DOY), and atom and angular momentum resolved local mo-

6-9 T ) ents in diluted GaMnAs, GaMnN, and CdMnTe, as well as
systems:5-° This can be understood through band structurétEe hypothetical zinc-blende MnAs, MnN, and MnTe. We

models. As an example, we show schematically in Fig. ],f o . .
where the hole i he valen n _ MnA ind that(l)_!n GaMnAs, the As local moment is antiparallel
ere the hole is at the valence band edge., Ga 5 the Mn.(ii) In CdMnTe, the Te local moment is parallel to

In the ferromagnetic case, the exchange splitting caused b ) .
coupling between hogt state and Mn(occupied and unoc- EQE '\S/Iig'n("(')? ![r;\eGENIIQ(I:\Ia;I drﬁ(p);n:r:rt]%SSIcghSeMer;tﬁg?cpeon;irt?\}frg),r
cupied d state pushes one spin state ard and the opposi h

upied pu b upw Ppos! egative. We show that these trends of local moments can be

spin state downward relative to the antiferromagnetic case. . ; S
b g xplained by the occupation and hybridization of the host

When the hole is present, it occupies the high energy stat€

thus lowering the total energy. In the case where no hole ig‘tates with the Mn 6 states in both spin channels and are

present, such as in CdMnTe, the ferromagnetic splitting Oloegonsistent with available theoretical models of magnetic cou-

ina i 7.9 i i it-
not lower the total energy to the first order, and thus theDllng in these systemis®”*We also find thativ) the split

material remains antiferromagnetic through the superext—'ng of the core orbitals follow the sign of the local magnetic

change. When the hole is at the Mrievel (e.g., GaMnN, moments due to the dire¢potentia) exchange, but fode-
the exchange splitting due mostly to the dirded coupling

: ; . . AF F F AF
between the Mn ions is responsible for the ferromagnetic t _OL ‘ '
order. .

It has been showf!! that understanding the Mn ion- —

induced local magnetic moments in semiconductor host is a
key issue in testing the various mechanism of ferromagnetic FIG. 1. Schematic model of hole-stabilized ferromagnetism.
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TABLE I. Calculated lattice constants and thep, d, and total local momentén wg) inside the MT
spheres of zinc-blende ferromagnetic,G#n,As, Ga_,Mn,N, and Cd_,Mn,Te. Only the moments of the
Mn atom and its nearest neighbor anion and cation atoms are shown.

Compounds Atom plow@l us uP ud a(h)

MnAs Mn 3.57 0.05 0.03 3.49 5.700

As -0.16 0.01 -0.19 0.02

GaMnAs, Mn 3.57 0.04 0.03 3.50
As -0.04 0.00 -0.05 0.01 5.752

Ga 0.03 0.02 0.01 0.00

GaysMnAsy, Mn 3.62 0.04 0.04 3.54
As -0.04 0.00 -0.05 0.01 5.765

Ga 0.01 0.01 0.00 0.00
MnN Mn 1.39 0.02 0.00 1.37 4.378

N -0.04 0.00 -0.04 0.00

GaMnN, Mn 3.39 0.03 0.05 3.31
N 0.01 0.01 0.00 0.00 4.489

Ga 0.05 0.02 0.02 0.01

GaMnNyq Mn 3.37 0.02 0.05 3.30
N 0.01 0.01 0.00 0.00 4512

Ga 0.01 0.01 0.01 0.00
MnTe Mn 4.24 0.05 0.05 4.14 6.402

Te 0.08 0.01 0.06 0.01

CdMnTe, Mn 4.12 0.04 0.03 4.05
Te 0.02 0.00 0.02 0.00 6.574

Cd 0.02 0.01 0.01 0.00

CdysMnTeys Mn 4.12 0.04 0.04 4.04
Te 0.01 0.00 0.01 0.00 6.617

Cd 0.00 0.00 0.00 0.00

localized host valence states, the splitting depends on théhe sign of the moment is independent of MT size. The
hybridization of these states with localized Md &ates, i.e., Brillouin-zone integrations were performed using 60
the kinetic exchange effect is more important. This indicatesMonkhorst-Pack speciak-points® in the irreducible Bril-
that the differential spin density of staté8DOS of the de-  louin zone of the zinc-blende phase and equivalepbints
localized valence states usually does not follow the sign ofor the superstructures. We find that GGA overestimates the
its local moment; thus deducing the local moment througHattice constants of GaAs and CdTe by less than 2%, but have
the measurement of XMCD may require prior knowledge ofmuch better agreement with experimérior GaN and MiX
the band structur€. We propose that direct spin-polarized (X=N, As, and Tgin their respective ground stat&s-or the
photoemission measurement of the shallow core state coulaloys, we assume Vegard’s rule is obeyed, but the internal
be a possible alternative to measure the local moments @tomic positions are fully relaxed.
host elements.

Ill. RESULTS AND DISCUSSION

II. METHODS OF CALCULATION .
The calculated lattice constants and local moments of

The total energy and band structure calculations in thiGa_Mn,As, Ga_Mn,N, and Cd_Mn,Te are shown in
study were performed using the general potential linearizedable |. For each system, we calculated the resultx at
augmented plane wav@ APW) method® within the local =1.0,x=0.25, andx=0.0625, respectively. There are one
spin density approximation. For the exchange-correlation poMn per unit cell. Figure 2 shows the calculated band struc-
tential, we used the generalized gradient approximationures atx=1.0 andx=0.25, and Fig. 3 shows the spin-density
(GGA) of Perdew and Wantf: The muffin-tin(MT) radii are  contour of the three systems. For GaMnAs, we find the local
1.25 Bohr for N and 2.20 Bohr for all other elements. Themagnetic moment of Mn is close to 36, whereas for the
local moments are defined as the moments within the MThearest neighbor As atom, the moment is negafiee, an-
spheres. Although this somewhat underestimates the trugarallel to the Mn moment This can also be observed in
moments, especially for extended states, our test shows thgig. 3(@. The magnitude of the As moment at dilute limit
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FIG. 2. Calculated band struc-
tures for the three systems. The
dashed line shows the Fermi en-
ergy. The labels indicate the ma-
jority character of the bands at the
I' point.

FIG. 3. (Color online Contour
plot of the spin density for(a)
Ga_,Mn,As, (b) Ga_,Mn,N, and
(¢c) Cdy_yMn,Te atx=0.25. Solid
black lines represent positive
charge densities and dashed red
lines indicate negative charge den-
sity. The charges are in the loga-
rithmic scale.
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(=0.04 ug) is about four times smaller than that a1  quences(a) The filling of the spin-up hole state increases the
(-0.16 ug). This is consistent with the fact that at dilute limit local moment of Mn in CdMnTe relative to that in GaMnAs,
As has only one Mn nearest neighbor, whereags=st, As  because the hybridized hole state contains spin-up kin 3
has four Mn neighbors. The Ga atom has a slightly positivecharacter.(b) The filled spin-up hole state contains mostly
moment. The moments decay very fast when it is furthei@nion p orbital. Furthermore, because the hybridization be-
away from the Mn atom. Our results are consistent with prefween the spin-down Té,, state and the unoccupied spin-
vious calculation$® and the results deduced from the down Mnt,, state reduces the spin-down Tp €ontent(see
XMCD measurements Fig. 4), it also explains why the Mn-induced local moment of
To understand the results, we note that the local magneti€e in CdMnTe is positivdi.e., parallel to the Mn moment,
moment of an element is determined by two fact¢isthe  see also Fig. @)].
occupation of the corresponding spin-up and spin-down For GaMnN, we find that the Mn-induced local moment
bands andii) the hybridization of the states with othec-  of N is negative when the Mn concentration is higtx 1),
cupied and unoccupiestates. For example, for the Mn atom but changes to positive value when the Mn concentration is
in GaAs, Hund’s rule for the half-filled 8shell is obeyed. small. This can be understood by noticing that due to the
The five spin-up @ states are occupied, whereas the fivehigh electronegativity of N, both the spin-up and spin-down
spin-down 3 states are unoccupi¢Big. 2], thus the local Mn 3d states are higher in energy than the pllévels[Figs.
magnetic moment of Mn would be close toug if the Mn  2(c) and 2d)]. For high Mn concentration, the strongd
does not couple to host elements. However, because the Mmwupling results in a high crystal field splitting, pushing the
t,q State has the same symmetry as the amjgistate in the unoccupied Mrtq state to a higher energy, so that only the
crystal, the two states couple strongly with each ofliég. €4 State is mostly occupiefFig. 2(c)]. This leads to a low-
2).5 This coupling has two important effects) It pushes the spin configuration at the Mn site~1.4 ug) and antiferro-
spin-upty, level upward and the spin-dows, level down-  magnetic coupling between the Mn iollsBecause the
ward, resulting in a negative exchange splitting of the aniorspin-up Mnt,q state energy is slightly lower than that of
p state?® The hole introduced by the Mn substitution on the spin-down Mnt,y State energy, the slightly strongprd hy-
Ga site is located in the spin-up chann@) The coupling bridization in the spin-up channel leads to a small negative
leads to wave function hybridization, which introduces a Mnlocal moment on the N site. At low Mn concentration, how-
d character into the nominally anidp, state and an aniop  ever, thep-d coupling is reduced. When the crystal field
character into nominally Mi,4 states(see Fig. 4. Because splitting is smaller than the exchange splitting, Mn will have
this hybridization introduces the spin-down Md 8haracter a high-spin configuration at the Mn site-3.4 ), where
into the occupied states and, furthermore, the hole is on ththe spin-up Mnt,y state is now mostly occupied and the
spin-up t,, state with spin-up Mn @ character, the local spin-down Mney state is mostly unoccupiddrig. 2d)]. Be-
moment at the Mn site is significantly reduced. This explainscause the occupied spin-up My state also contains spin-up
why the Mn local momen{(3.6 ug) in GaMnAs is much N p character due to hybridization, it increases the spin-up
smaller than the g one may expect from the simple character at the N site, switching its moment from negative
Hund's rule*®2! Moreover, because the hole is on theto positive. The creation of holes at the nominally Mg
spin-upt,, state, it also explains why As has a negative localstate also results in a ferromagnetic coupling between the Mn
moment with mostly As @ character. It is interesting to note ions.
in Table I that the Ass orbital moment ispositive i.e., op- Our analysis above shows that in GaMnAs, the system
posite to the Ap moment. This is because the hole at va-has a ferromagnetic ground state, which is accompanied by a
lence band maximundVBM) has mostly Asp character§, negative local moment at the As site. For CdMnTe, because
and the Ass and Mnd coupling is not allowed by symmetry it has no hole at the VBM, the system has an antiferromag-
at the zone center. netic ground state, and the local moment at the Te site is
The situation in the CdMnTe system is different from thatpositive in the ferromagnetic phase. For GaMnN, as the sys-
in GaMnAs, because the substitution of Mn on the Cd sitedem’s ground state changes from antiferromagnetic to ferro-
does not introduce holé$ This has the following conse- magnetic, the local moment at N site also changes from
negative to positive values in the ferromagnetic phase.
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FIG. 4. Schematic plot to show the hybridization-induced mix-
ing of the charge character of spin-up and spin-down tijnand FIG. 5. Differential spin density of states for atoms in
anionty, levels. Ga 79Mng »5As. The zero is at the Fermi energy.
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TABLE II. Core-orbital eigenvalue differenae,=€.~ ¢! (in eV) for the three DMS at different concen-
trations. 4, eigenvalues are considered for Ga, Mn, and As;Ais used for Cd and Te ands{, orbitals
are used for N.

Ga _,Mn,As Gag _Mn,N Cd;,Mn,Te
X Atom A€, Atom Ae; Atom A€,
1.00 Mn 3.763 Mn 1.508 Mn 4.477
As -0.018 N -0.039 Te 0.015
Mn 3.766 Mn 3.707 Mn 4.368
0.25 Ga 0.003 Ga 0.010 Cd 0.004
As -0.004 N 0.018 Te 0.004

Therefore, Mn-induced local moments at the host site ar¢he band structur€. We propose that a possible alternative

strongly correlated to the magnetic coupling of Mn ions.  would be to measure the spin-polarized photoemission of the
We have considered whether the host local moment ishallow core staté

reflected in the differential spin DOS, as assumed in

magneto-optical measuremefg.g., XMCD).*1*? Table Il

lists the splitting of the core levels. We find that the sign of

the spin splitting of the localized core states is strongly cor- In summary, we calculate the atom and angular

related to the local moments shown in Table I. When themomentum-resolved local moments in diluted GaMnAs,

moment is positive, the splittinde.= fg—eg is also positive. GaMnN, and CdMnTe. We find that the local moments are

This is because the splitting of the localized state is causedorrelated with the magnetic stability of these systems and

mainly by the direct(potentia) exchange, which is propor- can be explained by the occupation and hybridization of the

tional to the local moment. On the other hand, we find thahost states with the Mndstates in both spin channels. We

the correlation does not exist for the extended unoccupie@ropose that spin-polarized photoemission measurement of

conductions and p states. For example, in Fig. 5 we show the shallow core state could be used to measure the local

the calculated differential SDOS of the unoccupied conducmoments of the host elements.

tion band states. We observe that although Ga in GaMnAs
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