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Magnetism and energetics of Mn-Doped ZnO(lOTO) thin films
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First-principles calculations based on gradient corrected density functional theory are performed on
Mn-doped ZnO thin film. Magnetism and energetics are studied for two Mn concentrations and varying Mn
configurations. It is found that in the dilute limit when Mn atoms are far apart, the ferro-magnetic and
antiferromagnetic states are energetically nearly degenerate. The resulting fluctuation would, therefore, make
the system paramagnetic as found in the experiment. But, as the concentration of Mn atoms increases, there is
a tendency for Mn atoms to form nearest neighbors and cluster around oxygen. For such a configuration, the
antiferromagnetic coupling between Mn atoms is energetically more favorable. The results are compared with
a diverse range of experiments on Mn-doped ZnO thin film.
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There is considerable current interest in exploiting elec- The central questions are as follow4) In what way is
tron spin in the design and synthesis of novel spin-basedoping of Mn into ZnO different from that into GaN?2) Is
electronic materials. In this context, the discovery of ferro-it energetically favorable to replace a Zn site with Mn and if
magnetism inGa, Mn)As (Ref. 1) with a Curie temperature so do the Mn atoms prefer to occupy the surface or subsur-
(T, of 110 K and subsequent theoretical predictitmt T,  face sites23) As the concentration of Mn increases, do the
could exceed room temperature {&a, MnN and (Zn, = Mn atoms prefer to cluster in ZnO as they do in GaKpIs
Mn)O have created considerable theoretical and experimerthe coupling between Mn atoms in ZnO thin film ferromag-
tal interest in dilute magnetic semiconductBMS) systems. netic or antiferromagnetic and what is the difference in their
The doping of Mn in GaN and ZnO has many attractiveenergiesq5) How does the concentration of Mn affect the
features. The large energy gap of 8.4 eV between the fillethagnetic properties aZzn, Mn)O?
4s and half filled 3 valence orbitals of Mn prevents their In this paper we address some of the above questions. We
significant hybridization in bulk environment. Consequently,do this by calculating the total energies, electronic structure,
the chemistry of the Mn atom is governed by its’£lec-  and magnetic properties of Mn-doped Zi@010) thin film
trons, while its magnetic properties are determined by theor two different Mn concentrations and for Mn atoms re-
3d° shell. No other transition metal shows this dichotomy of pjacing various Zn sites. The calculations were carried out
behavior. Thus, doping of Mn, which is expected to carryysing density functional theory and generalized gradient ap-
large magnetic moments, brings a new functionality to thesgroximation for exchange and correlatiShwhich has met
DMS materials. with considerable success in predicting the properties of Mn

While much of the past work has concentrated(@®&, and Mn oxide clusters. For example, the magnetic moment
Mn)N systems’ it is only recently that attention has been of the Mny5 cluster predicted by Nayakt all® has been
focused on Mn doped Zn&*° Compared to other wide-band recently confirmed by magnetic deflection experiment of

gap mat7erials, Zn0 has a high?r exciton binding energy oknjckelbein2® Similarly the prediction of the electron affin-
60 meV/ and ZnO-based DMS's are transparent to VISIbleity of MnOganion is in quantitative agreement with

light.2 This makes ZnO thin film one of the most promising experimentl

materials for fabricating ultraviolet light-emitting and laser . . .
devices as well as new devices making use of magneto- e have modeled thel010) film by a slab of eight layers

optical effects. Therefore, ZnO thin film has become a hotlycontaining 64 atoms in the supercell. To preserve symmetry,
pursued systerfr.l” However, experiments give puzzling re- the two top and bottom layers of the slab were taken to be
sults concerning the magnetism and structure. For examplédentical, and each slab was separated from the other by a
Junget al. and Sharmat al* reported that ferromagnetism vacuum region of 10 A. The central four layers were held
appears in Mn-doped ZnO thin film, while Ueds all? fixed at their bulk configuration while the surface and sub-
found that no ferromagnetism exists in Mn-doped ZnO thinsurface layers on either side of the slab were allowed to relax
film prepared by using a pulsed-laser deposition techniquevithout any symmetry constraint. Calculations of the total
Furthermore, Fukumurat al. found that a strong antiferro- energies and forces, and optimizations of geometry were car-
magnetic coupling exists in this systémSimilarly while  ried out using a plane-wave basis set with the projector aug-
homogeneous distribution of Mn in epitaxial ZnO thin films mented plane wavéPAW) method? as implemented in the
was reported by Chengt al.® clustering of Mn atoms in Viennaab initio Simulation Packageévasp).?® K-point con-
ZnO thin film is reported by Jinet al. in recent Vvergence was achieved witf6x 4x 1) Monkhorst-Pack'
experiments? To understand these puzzling observationsgrid, and tests with up t8 X 6 X 2) Monkhorstk-point mesh
and to clarify the magnetic properties and structure of thisvere made. The energy cutoff was set at 350 eV and the
technologically important Mn-doped ZnO film, theoretical convergence in energy and force were ™46V and 3
studies are highly desirable. x 102 eV/A, respectively. Tests performed on slabs con-
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FIG. 1. The supercell of ZnCDlOTO) slab consisting of 32 Zn
and 32 O atoms. The numbered atoms are Zn.

taining six and ten layer@8 and 80 atom/supercell, respec-
tively) indicated that the results are not sensitive to the num-
ber of layers and that a slab composed of eight lay2rs

X 2) (1010) wurtzite ZnO is adequate to mimic the surface.
In the following we only discuss our results based on the
eight-layer slab. ]

In Fig. 1 we show the supercell containing 32 Zn and 32 8 6 4 2 0 2 4 6

O atoms used to represent t(#010) slab. The darker num- Energy relative to Fermi energy (eV)

bered atoms are Zn, and the lighter atoms are O. To compare

our results with previous calculations and to assess the sen- FIG. 2. Total DOS for(a) pure andb) Mn-doped ZnO thin film
sitivity of our results to slab thickness, we first discuss then the antiferromagnetic ground state. The corresponding partial
surface relaxation and electronic structure of pure zndPOS of Mn atom is shown irc).

(1010) film. The lateral, vertical, and angular displacements = ) S
of atoms on the top two layers of the film were calculated.diViding by the number of surface dimetwhich is 4 in our

We found that the Zn atom on the surface layer moves out€@S8 that relaxed the most. We find these energies to be
ward by 0.28 A while that on the subsurface layer moves2Pout 0.28 eV/dimer. In Fig.(8) we plot the total density of
inward by —0.07 A. Similarly, the Zn-O distance on the sur-States for spin up and down electrons corresponding to pure
face layer contracts by —6.42% while that on the subsurfac&nO (1010) film. Note that the densities of states for spin up
layer expands by +0.4%. The relaxations of the atoms in thand down electrons are identical and hence the film is non-
subsurface layer are an order of magnitude smaller than thatagnetic.

in the surface layer. These relaxations have been calculated To study the properties of Mn-doped ZnO, we first have to
previously by Wander and Harristhwho used a hybrid determine the preferred site of Mn atoms and how these sites
exchange-correlation functiongB3LYP)?® and supercells change as the concentration of Mn is increased. We discuss
consisting of 8—16 atoms. More recently, Meyer and Marx the substitution of &ingle Mn atom first. We have consid-
calculated the relaxations by modeling the surface with slabsred two different configurations: a surface gitearked No.
consisting of one Zn-O dimer and 4-20 layers containing upg}) and a subsurface sitmarked No. $in Fig. 1. To preserve

to 40 atoms in the supercell. Our results agree well withsymmetry, we also had to replace Zn sites on the bottom two
those calculated by Meyer and M&fin spite of the fact that layers of the slabs, namely, Nos. 31 and 25, respectively,
our supercell contains four Zn-O dimers while that used bywith Mn. Thus, the supercell consisted of ;}gdn,0s3,. This
Meyer and Mar%’ contains only one Zn-O dimer. The en- amounts to a Mn concentration of 6.25%. Since the two Mn
ergy gain due to relaxation is calculated by taking the differ-atoms are too far apart to interact with each other, this su-
ence between the two slabs before and after relaxation arpercell geometry can yield information on the properties cor-

Partical DOS of Mn in AFM
o
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responding to dilute Mn substitution. The Mn-O bond on the ———————1sp -
surface layer was found to contract by —5.17%. Recall that 1.5 MM;m::t:‘;v[]\:n:zn(lA(g\v?) :ﬁ: I f’§
the corresponding Zn-O bond contracted by —6.42%. = A;A7A<OA:>A\” - s 2

The total energy of the slab with Mn occupying the sur- E; 104 &o—4 A—A\z:ﬁ‘ g
face site is found to be 0.01 eV lower than when Mn atom & e
occupies the subsurface site. This energy difference is indeed ¢ ;| o E
very small, and one can argue that Mn does not exhibit any .& '\0—0/0\.f07°= 2
site preference in ZnO. Thus, at low concentration, Mn could 5 m/ So—o—o 35 F
occupy any Zn site in ZnO. This is consistent with the ex- = 00 —O relative energy (AFM) g
perimental findin§ that Mn is distributed homogeneously in —®— relative energy (FM) 30 8
ZnO in the dilute limit. It is interesting to note that {Ga, B S

N)Mn thin film, we have foun# that Mn occupying the
surface site lies 1.37 eV below the subsurface site.
In order to study magnetic coupling between Mn atoms,

Configuration number (N)

. FIG. 3. Magnetic moments and relative energies calculated with
we have replacedwo Zn sites bytwo Mn atoms on the respect to the antiferromagnetic ground state in Mn-doped ZnO thin

surface and /or sub-surface locations. Corresponding atoms corresponding to antiferromagneiaFM) and ferromagnetic
at the bottom of the slab were also replaced to preserve sy EM) states for different configurations of Mn in ZMn,Os,

metry. This corresponds to a supercell consisting osuperce”_
Zn,gMn, O3, and a Mn concentration of 12.5%. Once again
there are many Zn sites where Mn atoms can be substitutediscussed in the above. These energy differences are mea-
We have studied eight different configurations. Configuratiorsured with respect to the ground-state configuration 1 which
No. 1 corresponds to the replacement of two nearestis antiferromagnetic. Note that the ferromagnetic state in
neighbor Zn atoms by Mn on the surface layer marked Nosconfiguration 1 lies 0.11 eV/Mn atom above the antiferro-
2 and 4 in Fig. 1. Symmetry of the slab then requires that wenagnetic ground state. This result is consistent with the ex-
also replace Zn sites Nos. 29 and 31 with Mn. Configurationperiments of Ueda&t al,'? Fukumuraet al,'” Yoon et al,?°
2 and 3 correspond to the replacement of the second-nearesaiad Kolesniket al3® who found(Zn, Mn)O system is anti-
neighbor and third-nearest-neighbor Zn sites on the surfacierromagnetic. While the antiferromagnetic state is consis-
layer, namely, sites 2, 3, 29, 32 and 1, 2, 30, 29, respectivelyently lower in energy than the ferromagnetic state, we find
Configuration 4 represents the substitution of two nearest Zthat the energy differencke between these states decreases
sites by Mn with one belonging to the surface and the otheas the distance between Mn atoms increases with the only
to the subsurface plane. This corresponds to Mn atoms sulexception of configuration 5, where the two Mn atoms be-
stituting sites 2, 5 and 29, 25 in Fig. 1. Configuration 5long to two different layers. For example, we recall that
corresponds to the substitution of Zn atoms from the surfacevhen Mn atoms form nearest neighbor on the surface layer,
and subsurface layers forming next-nearest-neighbor positioihey are 3.25 A apart anfle=—0.11 eV/Mn atom. On the
(sites 2, 6 and 29, 37Configuration 6 is achieved by replac- other hand, when the distance between them is 5.21 and
ing two nearest-neighbor Zn atoms on subsurface layers b§.14 A, Ae is 0.007 and 0.003 eV/Mn atom, respectively.
Mn. These correspond to sites 5, 8 and 25, 27 in Fig. 1, an@hus in the dilute limit when Mn atoms are far apart, the
configuration 7 corresponds to the replacement on sites 5, §ystem will display paramagneti©r spin glass behavior
and 25, 28. Finally, configuration 8 represents two furthessince there is no preferential direction for the spin to align.
Zn atoms on the subsurface laygsites 5, 6 and 25, 36 This agrees with the experiment of Cheng and CRi&ato
replaced by Mn atoms. The distances between two Mn atomand Katayama-Yoshidahave studied the magnetic proper-
in configurations 1, 2, 3, 4, 5, 6, 7, and 8 are, respectivelyties of transition-metal-doped II-VI and IlI-V bulk semicon-
3.25, 5.21, 6.14, 3.22, 5.54, 3.25, 5.21, and 6.14 A. ductors systematically using the KKR-CPA method and local
The total energies of the ZgMn,05, slab were calculated density approximation. They have found the spin glass state
for all the above eight configurations by allowing Mn atomsto be the energetically favorable state in tEZ&, Mn)O sys-
to couple ferromagnetically as well as antiferromagneticallytem.
The lowest energy configuration is found to be an antiferro- On the other hand, as concentration increases, Mn atoms
magnetic state where Mn atoms replace the two nearest Ztan come close to each other, cluster around the O atom, and
sites on the surface layéconfiguration ] and are 3.25 A exhibit antiferromagnetic behavior as seen exper-
apart. This suggests that as the concentration of Mn inimentallyl”-2°Due to this clustering, it can be expected that a
creases, Mn atoms will have a tendency to form clustersecondary phase might appear in some experimental condi-
around oxygen. This is consistent with the recenttions. Recall that a similar process also exists in the
experiment® in which laser molecular-beam epitaxy method Mn-doped GaN system. It was shown recetftipat cluster-
was employed to fabricate epitaxi@n,Mn)O thin filmina ing of Mn around N is energetically favorable and in small
high throughput fashion, and the local structures were inveselusters the resulting ferromagnetic coupling between Mn
tigated. Mn atoms were found to substitutionally replace Zratoms leads to giant magnetic moments. The authaiso
atoms in ZnO thin film and to form cluster at high concen-suggested that the observed ferromagnetisniGa, MnN
tration. with large Curie point could result from this clustering. In a
In Fig. 3 we plot the relative energies of the ferromagneticrecent experiment, Dhaet al3® have demonstrated that the
and antiferromagnetic states for all the eight configuration®rigin of the frequently observed high temperature ferromag-
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netism in(Ga, Mn)N layers is indeed related to the formation eight configurations. The magnetic moments localized at the

of Mn-rich clusters. Mn sites in the antiferromagnetic state are slightly larger
Due to the antiferromagnetic coupling, tliZn, MMO  than those in the ferromagnetic state. A small amount of

system has no net magnetic moment, as shown in the totghagnetic moment0.14ug) exists on the O atom. This indi-

density of stategDOS) in Fig. 2b). The Fermi energy lies in cates that the amount of charge transfer from Mn to O is

the gap which is considerably reduced from that in pure ZnQ . .
[see Fig. 23)]. It is found that each Mn atom individually independent of Mn location and that Mn remains as &Mn

has a magnetic moment of about 44 with opposite spin ion. According to thepd Zener model, the ferromagnetis_m is
orientation, and the main contribution comes from the MnMediated by holes as in Mn-doped Gas.Since in

-3d orbital. Figure ZC) shows the partia| DOS for one Mn l\/ln-doped ZnO, Mn is isoelectronic with Zn, there are no
atom. The hybridization between Qe2and Mn-3i reduces holes to mediate ferromagnetism. This is the physical reason
the magnetic moment as compared to that of a free Mn atomyvhy we find the ground state of M#n,_,O to be antiferro-
This is different from the case of a MnO dim@where the magnetic. The origin of the observed ferromagnetism in
4s electron of Mn can strongly hybridize with thegRelec-  Mn-doped Zn systems in certain experiméntsmains an
trons of O, thus leaving thed3 electrons to carry a magnetic unresolved issue.

moment of fug. However, when Mn atoms are doped sub- ) i
stitutionally in ZnO film, in addition to the other surrounding ~ This work was partly supported by a grant from the Office
Mn atoms, there are four oxygen atoms bonded to it. Thé@f Naval research. We are thankful to Dr. A. K. Rajagopal
large coordination of oxygen enhances the hybridizatiorand Professor H. Morkoc for interesting discussions. The au-
among the orbitals, and the magnetic moment is reducethors thank the crew of the Center for Computational Mate-

accordingly.

In Fig. 3, we also plot the magnetic moments of the anti-

ferromagnetiqg AFM) and ferromagneti¢FM) states for all

rials Science, the Institute for Materials Research, Tohoku
University, for their continuous support of the HITAC

SR8000 supercomputing facility.
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