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Ferromagnetism in Mn-doped GaN: From clusters to crystals
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The magnetic coupling between doped Mn atoms in clusters as well as crystals of GaN has been studied
from first principles using molecular orbital theory for clusters and linearized muffin tin orbital—tight binding
formulation for crystals. The calculations, based on density functional theory and the generalized gradient
approximation for exchange and correlation, reveal the coupling to be ferromagnetic with a magnetic moment
ranging from 2.Qug to 4.0 g per Mn atom depending on its environment. Mn atoms also tend to cluster and
bind more strongly to N atoms than to Ga atoms. The significant binding of Mn to GaN clusters further
indicates that it may be possible to increase the Mn concentration in GaN by using a porous substrate that
offers substantial surface sites.
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[. INTRODUCTION equally important is that the Mn atoms couple ferromagneti-
cally leading to giant magnetic moments.
The discovery of ferromagnetism in Mn-doped InAs and There have been several theoretical attempts based on
GaAs with a Curie point of 110 Kand the subsequent the- model calculations to study this _probl_em as well. The origi-
oretical predictiof that the Curie point in Mn-doped GaN Nal explanation of ferromagnetism in DMS systems was

. . 2 - .
could be higher than the room temperature have created &€ by Dietlet al”in terms of hole-mediated Rudermann-

intense interest in the study of dilute magnetic semiconducl-('tt.el'Kasuya'Yos'da(RKKY) Interaction. Th's approach,
hich implies that a Fermi surface must exist, has recently

tors (DMSy). Studies of these systems are driven not only b))N - -
L . . - been questioned by Litvinov and DugaeVhese authors,
the academic interest in understanding the origin of ferroinstead, propose that ferromagnetism in DMS systems is due
fact that iconducting devices that bi lect e,to localized spins in the magnetic impurity acceptor level of
actthat new semiconducting devices that combine electron gye semjconductor crystal, that excite band electrons due to

charge and spin could be of hi_gh technological interest. ¢ p-d exchange interaction. Several first principles
There are two central questions that need to be address%él)culationévlo‘lz have also been carried out to understand
in the quest for doped magnetic semiconductors with a Curighe magnetic properties of dilute magnetic semiconductors.
temperature above 300 Ki) What is the origin of the fer-  ysing local density supercell band calculations fak tBan-
romagnetic coupling in these system How does one sition metal(TM)-doped IlI-V zinc-blende semiconductors,
increase Mn concentration so that the magnetic ion densitgchnfgaarde and Mryg&{} had shown that the anomalous
and consequently the Curie temperatufig)(could be en- exchange interactions between the impurity atoms deviate
hanced? Several attempts have been made in the recent yeatongly from the RKKY-like simple models and undergo a
both experimentally and theoretically to address these issuegansition from ferromagneti¢for Mn and Cj to antiferro-
Overberget al? reported aT, between 10 and 25 K in GaN magnetic(for Fe) as a function ofd-band filling. Sato and
samples containing 7% Mn while Theodoropoleal* and  Katayama-Yoshid&' on the other hand, had carried out
Reedet al® have reported ferromagnetism(®a,MnN with Korringa-Kohn-Rostoker coherent potential approximation
T, of 250 and 228370 K, respectively. Sonaataal® suc-  (KKR-CPA) calculations in randomly substitutedi M im-
ceeded in incorporating upto 9% Mn in GaN and estimategurities in GaN and found ferromagnetic state to be stable for
(by extrapolation of the magnetization vs temperature curvéalf-filled or less than half-filled impurities such as Mn, Cr,
using mean field approximatipra T, as high as 945 K. and V. Both these first-principles investigations indepen-
Although the growth mechanism seems to play a vital roledently confirm that Mn atoms couple ferromagnetically in
the reason for such a wide variation Bf is not understood. GaN. More recently Kroniket al'?> used pesudopotential
Recently Dharet al.” have measured the magnetic prop- density functional calculations to investigate suitability of
erties of(Ga,MnN layers grown on 4H-Si@001) by reac- (Ga,MnN system for spin injection and transport.
tive molecular beam epitaxy by varying Mn/Ga flux ratio.  In this paper we present the results of first principles the-
They have found that the homogeneous allég,MnN pro-  oretical calculations of the electronic structure, energetics,
duced with low concentration of Mn exhibits anti- and magnetism of a Mn dimer-doped GaN in various struc-
ferromagnetic Mn-Mn interaction and undergoes a spin glastural forms that simulate binding of Mn on to surface as well
transition at temperatures around 5 K. On the other hand, thas bulk sites. We investigate if Mn substitution is energeti-
sample of(Ga,MnN with 14% Mn exhibits ferromagnetic cally favorable and if its binding energy depends on the en-
coupling with a Curie point of about 750 K. They have sug-vironment. We also determine the charge and spin state of
gested that this ferromagnetism could originate from nm-Mn and the coupling between the spins at Mn sites. We have
scale Mn-rich clusters formed during the growth. This pos-done this by doping a pair of Mn atoms into (GaN)
sibility was first proposed by Rao and Jéhaho found (x<3) clusters(surface sitesas well as into wurtzite GaN
clustering of Mn around N to be energetically favorable andcrystal (bulk sites. This allows us to study if the coupling
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between Mn atoms is ferromagnetic or antiferromagnetic. ~
Since the environment around Mn sites changes significantly 15 1 S —
with cluster size as well as in the crystal, we are able to o < ?i s
determine the effect of local bonding on the energetics, elec- T~ —~——

tronic structure, and magnetic properties of doped Mn. We
find that the Mn atoms are coupled ferromagnetically irre-
spective of the hosts we have considered. This is particularly
interesting since bulk Mn is antiferromagnetic while in very

small clusters the coupling is ferromagnetic and/or ferrimag- 5 i
netic. == P

0

Energy (eV)

In Sec. Il we describe our theoretical procedure. The re- .10 -
sults are discussed in Sec. Ill and summarized in Sec. IV. e e
-15
Il. THEORETICAL PROCEDURE A L M G A H K G
The calculations on clusters were carried out by using the FIG. 1. Band structure of wurtzite GaN.

linear combination of atomic orbitals molecular orbital
(LCAO-MO) method. The atomic orbitals centered at indi- =3.189 A andc=5.185A). When Mn goes into a Ga-
vidual Ga, N, and Mn sites were represented by Gaussiapubstitutional position, there is a strong Mn-N bonding re-
orbitals. We used the frozen core LANL2DZ basis set avail-sulting in formation of stable MyN clusters on which inde-
able in thecaussiaN 98 code®® The total energies were cal- pendent cluster calculations have been performed. We have
culated using the density functional theory and generalize@i€glected any structural relaxation effect in the first shell N
gradient approximation (GGA) for exchange and nheighbors of Mn(subsequent shells are anyway expected to
correlation'* The geometries were optimized by calculating be unperturbed This is based upon the recent cluster
the force at every atomic site and relaxing the geometry unti¢alculatiof where Mn-N distance was seen to vary with Mn
the forces vanish. The threshold for this was set at 0.00045g0ncentration ranging from 1.62 A in the MnN dimer to 1.96
a.u./Bohr. Since Mn atom could carry a magnetic momentA in the MngN cluster. We will show in this paper that Mn-N
the geometries were optimized for various spin multiplici- distances in (GaNMn, clusters also vary from 1.78 A in
ties, M =2S+1 to arrive at the ground state. (GaN)Mn, to 1.92 A in (GaN}Mn, clusters. The distance

In order to study the effect of the Mn impurity on the between Ga and N in bulk GaN is 1.96 A. Thus, we do not
electronic structure of GaN crystal and the interaction be€xpect significant relaxation in the Mn-N distance in bulk
tween Mn magnetic moments, we have considered the hex@aN. More importantly, Wangt al'® have calculated the
agonal wurtzite structure which lies lower in energy than thetotal energies and magnetic properties@&,MnN using a
cubic zincblende structure. A super cell which is eight timesGaN(11D) slab and replacing two Ga atoms by two Mn
larger than the wurtzite GaN unit cell was constructed thatitoms at successive locations. They allowed the two top lay-
accommodates 16 Ga and 16 N atoms. Two of the nearest Gas to relax. They have found the magnetic moment and cou-
atoms were selectively replaced by Mn atoms so that th@ling of Mn atoms to remain unchanged due to relaxation.
super cell formula unit becomes Maa N;6. Recent ex- Using the so-called Hartree potential plot prescription, we
periment by Dhaet al.” suggests that Mn atoms occupy sub- have fixed the Ga and N atomic sphere radii to be 1.227 and
stitutional sites. It should be noted, however, that this 321.015 A, which are roughly proportional to the correspond-
atom super cell is one of the smallest super cell that ensuréag covalent radii of 1.62 and 1.26 A of Ga and N, respec-
separation between the impurities in neighboring super celltvely. For Mn atomic spheres, we have used the same atomic
by at least a few times the Ga-N bond length. Similar supesphere radius as that of Ga. Brillouin zo(®Z) integration
cells have been us&tfor a Be impurity in wurtzite GaN. has been performed using the improved tetrahedron

All the band structure calculations reported in this workmethod® In all our supercell calculations, we have used
have been performed using self-consistent tight-binding 1in{6,6,4 k mesh which corresponds to &4points in the irre-
ear muffin-tin orbital(TB-LMTO) method with the atomic ducible wedge of the simple cubic BZ. Spin-polarized scalar
sphere approximation and the “combined correctidfi.WWe  relativistic (i.e., without spin-orbit interaction which is not
have used the density functional theory and generalized graignificant for GaN calculations have been performed with
dient approximation for exchange-correlation as per theminimal basis set consisting efp, andd orbitals (¢ =2) for
original Perdew-Wang formulatioH. The super cell is di- Ga, Mn, and N, with Nd orbitals downfolded. Note that the
vided into space-filling and therefore slightly overlappinglocalized semicore @ states of Ga have been treated as fully
spheres centered on each atom. Since the wurtzite GaN is aslaxed band states, as emphasized by other wdrkérs
open structure, we had to introduce two different types ofalso. Apart from the valence states of Ga, Mn, and N, the
empty spheregtwo of each typgin the unit cell of GaN, core orbitals were kept frozen to their isolated atomic form.
thereby making the total number of spheres in the wurtzite We have first benchmarked our calculations by comparing
unit cell as 8. This translates to a 64-atom supercell with 3Zhe electronic, cohesive and structural properties of bulk
real atoms and 32 empty spheres. All the calculations hav@vurtzite GaN with those reported in the literature. The band
been performed with the experimental lattice parametars ( structure in Fig. 1 shows a direct gap ef2 eV at the
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(a) (b) Mn nalized LCAO result§ on Wurtzite GaN. Since the overes-
timation of the binding energy and the underestimation of the
band gap are typical of local density approximation that are
partially salvaged by incorporation of GGAs, we have used
GGAs as discussed above in all our calculations. More rig-
orous (and also computationally demandn@W calcula-
tions have been report&dthat show improved energy gaps
due to incorporation of nonlocal exchange-correlation poten-
tial.

IIl. RESULTS

We first discuss the results of magnetic coupling between
Mn atoms doped into (GalNxlusters and compare that with
the bulk result. As indicated before, the environment of Mn
in (GaN), clusters where most atoms are on the surface ver-
sus that in the bulk can illustrate how sensitive the magnetic
coupling and the magnitude of the magnetic moment are to
interatomic separation and atomic coordination.

A. Mn, doped (GaN), (x=3) clusters

FIG. 2. Ground state cluster geometries of (Galgft pane) It is a priori not clear what is the magnetic coupli(igr-
and (GaN)}Mn;, (right pane). The magnetic moment of each cluster romagnetic versus anti-ferromagneticetween Mn atoms
is also provided. and the total magnetic moment of the pM@aN), clusters.

Thus we have carried out geometry optimization for all pos-
I'-point, which can be artificially ‘opened up’ to match with sible spin multiplicitiesM =2S+ 1. The total magnetic mo-
the experimental gap, by applying some externalment of the cluster is thell-1. The ground state geometries
¢-dependent potential(as done by Christensen and along with the corresponding magnetic moments are given in
Gorczycd’ for calculating deformation potential and the op- Fig. 2. The geometries for other spin configurations are simi-
tical properties et¢.The zero of the energy is fixed at the top lar to those in Fig. 2. In Table | we provide information on
of the valence band, which consistssoindp-orbitals of Ga  the Mn-Mn distance in Mg(GaN), (x<3) clusters for dif-
and N. The semicorelike 8 states appear as narrow bandsferent spin multiplicities. Also listed in the table are the mag-
~10 eV below the Fermi level. The valence bandwidtts,  netic moment at the Ga, N, and Mn sites and the relative
W2, andW3 are found to be 7.2, 2.6, and 0.7 eV, respec-energies measured with respect to the ground state spin mul-
tively, which are in very good agreement with the orthogo-tiplicity.

TABLE I. Distribution of magnetic moments and Mn-Mn distance in JfBaN), (x=<3) clusters as a
function of spin multiplicity,M =2S+ 1. The energyAE for each spin multiplicity is given with respect to
the ground state structure.

Mn-Mn distance

AE Spin (ug) at the site of R
Cluster Multiplicity (eV) Ga N Mn
3 2.33 0.06 -0.02 0.98 3.23
Mn,(GaN) 5 1.46 -0.37 —-0.36 2.37 3.19
7 0.69 —-0.16 —-0.30 3.23 3.01
9 0.0 -0.13 —-0.06 4.10 3.11
11 0.34 0.62 0.06 4.66 3.05
3 1.09 —-0.32 —-0.01 1.33 2.56
Mn,(GaN), 5 0.0 —0.09 0.06 2.03 2.52
7 0.51 0.11 0.06 2.83 2.71
9 2.37 0.82 0.13 3.05 2.84
5 1.56 0.19,-0.02 0.19, 0.13 1.60 2.48
Mn,(GaN)z 7 0.98 0.25,-0.20 —-0.16,—0.07 3.00 2.72
9 0.0 0.09, 0.01 0.36, 0.32 3.44 2.44
11 1.39 0.06, 0.07 —-0.10,-0.02 5.04 3.52
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TABLE Il. Energetics of (GaN) and (GaN)Mn, complexes. 30
See Eqs(1)—(3) for definitions.
X E, (eV) AE (eV) AE; (eV)
20 L EF T
1 0 5.39 -
2 2.99 3.73 5.97
3 3.33 4.34 4.03

10

We first discuss the equilibrium geometries of
Mn,(GaN), clusters corresponding to the most preferred
spin configuration with those of (Galklusters in Fig. 2.
Some of the representative bond distances are marked in the2 0
figure. The Ga-N distance in the dimer is 1.88 A and changes &
only slightly as clusters grow. Note that the nearest distance %
between Ga andll in the wurtzite crystalline GaN is 1.95 A.
These close values between inter-atomic distances in clusters 10
and crystals is characteristic of covalently bonded systems.

As the (GaN) clusters are doped with Mn atoms, the struc-

tures change significantly. The GaN bond distances get en-

larged by almats1 A in going from GaN to (GaN)Ms, but 20 Er i,
this enhancement decreases rapidly in larger (GsIN)
clusters yielding a value of about 2.73 A in (GagM)n, and
1.88 A in (GaN}Mn,. Since this GaN bond distance is

V cell)

DOS (sta

close to that in GaN crystal, namely, 1.95 A, it indicates that 30

doping of Mn into clusters may illustrate the salient features -20 -15 -10 -5 0 5 10
of the electronic structure of bulk Mn-doped GaN. We also

note from Table | that Mn-Mn distances in (GaN)n, clus- Energy (eV)

ters vary from 3.11 A in (GaN)Mpn to 2.44 A in

(GaN);Mn,. In bulk @-Mn, the Mn-Mn distances also vary

over a wide range, namely, between 2.25 and 2.95 A.
We now discuss the energetics of these clusters. The bind-

FIG. 3. Total density of states of a wurtzite (Qdn,)N;g Su-
percell for majority spin(top) and minority spin(bottom.

ing energy of (GaN) clusters is defined as weakly with another Mn atom. The nature of bonding
changes in the presence of GaN. Mn and N atoms form a
Ep=[XE(GaN)—E(GaN),]/x. (1) strong bond due to charge transfer from Mn to N. As a matter

. L : : of fact, the binding energy of MnN dimer is 3.07 eV which is
g(?st?r?élrzggllle) enngS);e?a;Q in adding a GaN dimer to ansignificantly larger than that of GaN, namely, 2.18 eV. In
-1 addition, the two Mn atoms that interact weakly with each
AE,=E(GaN) +E[(GaN),_;]—E[(GaN),]. (2)  otherin Mn, due to their closed gshells, no longer do so in
o o ] the presence of N. Their coupling is mediated by N. The fact
Similarly, the energy gain in adding two Mn atoms t0 anthat the bonding of MnN is stronger than that of GaN sug-
existing (GaNj, cluster is defined as gests that when Mn is deposited on the GaN substrate, Mn
_ can replace Ga atoms and cluster around N. This is con-
AB=E[(GaN)]+2E(Mn)~E[(GaNMnz].  (3) gy by recent experiment of Prokes and co-work&rs.
HereE represents the total energy of the corresponding sysSince small (GaN) clusters represent all surface atoms, our
tems. The results are given in Table Il. We first note that theesults suggest that the doping of Mn in GaN surfaces as well
binding energy of a GaN dimer measured against dissociaas porous GaN that contains large surface area is energeti-
tion into Ga and N atoms is 2.18 eV. As associative GaNcally favorable. The successive energy gains in adding two
units are added, the binding energy in Ei) steadily in- Mn atoms to (GaN) clusters are also substantial although
creases. On the other hand, the energy gain in adding suthey tend to oscillate with cluster size.
cessive GaN unitfsee Eq.(2)] first increases and then de-  We now consider the magnetic properties of these clus-
creases, indicating that (GafN)s a relatively more stable ters. In Fig. 2 we list the total magnetic moments of the
unit. clusters for which the energy is the minimum. The magnetic
Doping of Mn atoms to (GaN)clusters is found to be moments of free Ga, N, and Mn atoms are, respectively,
energetically quite favorable. For example, the addition oflug, 3ug, and Sug. The magnetic moments of clusters of
two Mn atoms to a GaN dimer results in an energy gain of(GaN), are 2ug for x=1 and Qug for x=2 and 3. For those
5.39 eV. It should be mentioned that the binding energy of alusters that have finite magnetic moment, much of it is lo-
Mn, dimer is less than 0.1 eV as the Mn atom has a halfcated at the N site which is antiferromagnetically coupled to
filled 3d shell and a filled 4 shell, and hence interacts the moment at the Ga site. As clusters increase in size, it is
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FIG. 5. Energy band structure of G&In,N; (majority spin
Energy (eV) along selected high symmetry directions. The fat-bands are projec-

) ) ) tions on to Mney (top) and Mn+,4 (bottom); see the text for de-
FIG. 4. Partial density of states of a wurtzite (@dn,)Nqg tails.

supercell projected onto a Mn site, for majority sgiap) and mi-
nority spin (bottom. The reason why we used Mn dimer, rather than a single Mn

decrease and eventually vanish since bulk GaN is nonmags - :
. ) ; with our cluster results. Accordingly our supercell, as men-
netic. We already see this happen in clusters as small £

oned in Sec. Il has the formula unit M@a;,N,, and the
(GaN), . . e .
As tHe Mn atoms are doped, the (GaMn, (x<3) clus Mn-Mn distance we have chosen is 3.19 A. This distance is
) 2 \X= -

- ; i more than the critical distance of 2.5 A obtained above from
ters exhibit substantial magnetic moments. For example, th

: ur cluster calculations. The results of our supercell band
total magnetic moments of (GaN)Mrand (Ga_l\l}an are - calculations reported here are all for ferromagnetic configu-
8ug each. Most of these moments are localized at the M

/ r}ation, which is favored over antiferromagnetic configuration
sites(Table ), and the two Mn atoms are coupled ferromag-¢ Mn-doped GaN%!! This is also supported by total en-

Zgﬂcﬁel%ggﬁ gﬁiﬂi?:&ﬁf%ﬁ:&‘“ t(s)lt'{?’lsoggea\;ehl;lynssm:! a|?1 rgy considerations. The total and parti&lin-projected
P y 9 y " densities of state$DOS of Mn,Ga N6 (Figs. 3 and %

most of these clusters the Mn-Mn distance is larger than 2. :
. how that the Fermi level passes through dMbands for the
A. It has been known from studies of free MRef. 24 and majority spin. The minority spin Mrd band lies above the

MnO (Ref. 2.5 clusters th"."t Fhe cpuplmg betvyeen Mn atomsFermi level and merges with the bottom of the conduction
could be antiferromagnetic if their inter-atomic distances arg._nd. within the expected local density approximation
reduced. Th_us, it'is important that for Mn atoms to couple LDA') bandgap. This confirms the half-metallic nature of
ferromagnetically, they need to be kept apart by more tha is system, although both majority and minority spin DOSs

2.5 A. In bulk GaN this is not a problem as Mn’s substituted . .

for the Ga site and the nearest neighbor distance between tvitgﬁlw ?lgﬁgrt?g; S?\%&STQSZF) Zrzcaﬁaztliﬂggsbxghauf

Ga atoms in bulk GaN is 3.19 A. We will show in the fol- o Poa™ - ; y
bridized with Mn 2p. Thet,, level lies above they level

lt?]\i’;'?gi;zr:gg?htl\gge'TB band structure calculations that thereby indicating that Mn is s?tting in t_etrahedral, rather
' than octahedral crystal field environment in the GaN lattice.
This is in conformity with the results obtained by Schilf-
gaarde and Mryasd¥and by Sato and Katayama-Yoshia.
For our bulk calculations, we have used a pair of MnWhen spin polarization is switched on, there is a further
atoms replacing Ga sites in the wurtzite GaN bulk crystalspin-splitting by as much as2 eV. The peak of the majority

B. Mn, doped in wurtzite GaN crystal

035207-5



G. P. DAS, B. K. RAO, AND P. JENA PHYSICAL REVIEW B8, 035207 (2003

spin Mnd band lies~1.8 eV above the top of the valence indicate the ferromagnetic coupling to decrease and even
band of GaN. This conforms to the conventional wisdom ofvanish with increasing Mn-Mn separation and for a Mn im-
Mn acting as an effective mass acceptdP{h) and also purity going to an interstitial rather than a Ga-substitutional
with the recent deep-level optical spectroscopy measurgiosition in the wurtzite lattice.
ments on lightly Mn-doped samplé$which indicates that
Mn forms a deep acceptor level at 1.4 eV above the GaN
band gap. The dispersions of tieg and t,y bands in the
hexagonal plané.e., perpendicular to the axis) are clearly The above results indicate that the coupling between Mn
seen from the projected fat-bands of the respective Mn orbitatoms is ferromagnetic whether they are doped into the crys-
als (Fig. 5. Each of the fat band has been allocated a widthal or clusters. Equally interesting is our finding that the Mn
proportional to thgsum of the weight(s) of the correspond- atoms retain a magnetic moment of aboutd;Srrespective
ing orthonormal orbitgk). The minimum gap(direch ap-  of their environment. Since clusters represent an extreme
pears at theVl point. What is important is that the Fermi case of surface states and crystal sites represent a substitu-
level passes right through the fattened impurity bandional bulk environment, we are convinced that doping of
(majority-spin, thereby confirming that the impurity level Mn in GaN whether they are porous, crystalline, or thin lay-
acts as an effective mass acceptor. ers would lead to ferromagnetic coupling between Mn atoms.
Our supercell calculations yield a localized magnetic mo-Our results further suggest that clustering of Mn around N is
ment of ~3.5ug manifested on the Mn atom. Some weak energetically favorable. The sensitivity of the measurgd
polarization is also observed to be induced onto the nearesd experimental growth conditions may very well be due to
neighborN atoms in the host semiconductor lattice surround-the clustering of Mn around N.
ing the magnetic impurity atom. This is in agreement with
the results reported by Foreg al?” and by Schilfgaarde and
Mrysovi® from their LDA supercell calculations on
zincblende GaN doped with Mn. The latter investigators ar- This work was supported by a grant from the Office of
gued about the possible formation of small Mn clusters inNaval Research under a Defense University Research Initia-
GaN, and also how the ferromagnetic coupling strength igive on NanotechnologyDURINT). B.K.R. and P.J. also ac-
expected to decrease with Mn concentration going eitheknowledge support from the Department of Enerd@E-
way from some critical concentration. Our calculations alsoFG02-96ER45579
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