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First-principles study of magnetism in (1120) Zn;_,Mn,O thin film

Q. Wang and P. Jena®
Department of Physics, Virginia Commonwealth University, Richmond, Virginia 23284

(Received 8 December 2003; accepted 30 March 2004; published online 6 May 2004

First-principles calculations of total energies and magnetism of Avn, O thin film are performed

by simulating it with a slab consisting of seven layers along (14t is shown that a single Mn

atom shows very little preference for the site it occupies. This is consistent with the experimental
finding that Mn atoms are homogeneously distributed in ZnO films. As the concentration of Mn
atoms increases, antiferromagnetic coupling between Mn atoms becomes more favorable, and there
is a tendency for Mn atoms to form clusters around oxygen, in agreement with recent experiments.
© 2004 American Institute of Physic§DOI: 10.1063/1.1755834

The recent discovery of room temperature ferromagdin the following. The total energies, forces, and geometry
netism in Mn-doped GaAs® has added a new dimension to optimizations were carried out using a plane-wave basis set
the importance of this material. The p electrons of GaAs with the projector augmented plane wa(®AW) method
are responsible for transport, while teslectrons of Mn are  and the generalized gradient approximation for exchange and
responsible for the magnetic properties. Consequently, theorrelation® as implemented in the Vienrab Initio Simula-
coupling between these electrons can be exploited in newon Package(vasp).!® k-point convergence was achieved
magnetic devices for information processing and data stomwith a (6x4x 1) Monkhorst—Pack grid, and test with up
age. This possibility has created much interest in the study ab (8 6x2) Monkhorstk-points mesh were made. The en-
dilute magnetic semiconductors where transition metal atomergy cutoff was set at 350 eV and the convergence in energy
are doped into II-1V and Il1-V semiconductors. While most and force were 10* eV and 3x10 2 eV/A, respectively.
of the studies have concentrated on the Ill-V semiconducTo study the sensitivity of our results on the number of lay-
tors, attention has recently been focused on the 1I-VI systerars, calculations were repeated on slabs containing five, nine,
such as(Zn, Mn)O. and eleven layer$40, 72, and 88 atoms/supercell, respec-

ZnO is a wide-band-gap semiconductor with a direct gagively) for undoped ZnO slabs. The energy gain due to the
of 3.4 eV. It has a wide range of applications in optical coat-surface relaxation was found to be 0.201, 0.234, 0.233, and
ings, light emitting diodes, chemical sensors, and catalystg.235 eV/dimer for five, seven, nine, and eleven layers, re-
for hydrogenation/dehydrogenation reactions. Since the soluspectively. Similarly, the Zn—O lengths in the surface and
bility of Mn in ZnO is much larger than that in GaN, great subsurface also converged in seven-layer slab. Thus in the
experimental efforts have been devoted to the study of magollowing we only discuss our results based on the seven-
netism in ZnO induced by Mn doping, especially for ZnO |ayer slab.
thin films. It is believed that the confined electrons or pho-  The geometry of the supercell containing 56 atoms
tons in such thin films are expected to exhibit outstanding zn,,0,¢), which form zigzag ZnO dimer chains, is given in
properties and functionalities. Fig. 1. The Zn—0 dimer on the first layer is tilted by an angle

In this letter, we report calculations of total energies,of 7.48°. The O atoms on the first and second layer moved
electronic structure and magnetic properties of Mn-dopeqipward by 0.24 A and downward by 0.04 A along the
(1120) ZnO thin film based on density functional theory and[ 11207 direction, respectively. Similarly the distances be-
the generalized gradient approximation for exchange anglyeen the Zn and O atoms in the surface layer contracts by
correlation? This formalism has been successful in the past_5 504 and—5.8% anng[lTOO] and[0001], respectively.
in predicting the magnetic moment of Wycluster by Nayak while the bond length between Zn on the first layer and O on
et al.,® which has been recently confirmed by the magnetiGhe second layer contracts by oniyl.6%, the corresponding
deflection experiment of KnickelbefhSimilarly the pre- rejaxation between atoms in the second layer is much
dicted electron affinity ofMnO, anion is in quantitative smaller. These results are in good agreement with the recent
agreement with e>.<pe'r|mef‘1t. calculations of Meyer and Mar¥ The energy gain due to

The (112) thin film was modeled by a slab of seven rejaxation is calculated by taking the difference between the
layers containing a total of 56 atoms. To preserve symmetryoia| energies of the slabs before and after relaxation and
the two top and bottom layers of the slab were taken t0 bjviding by the number of surface dimers that relaxed the
identical, and each slab was separated from the other by &st (there are four on each of the slab surfac#¥e find
vacuum region of 10 A. The central three layers were fixed athis energy gain to be 0.23 eV/dimer.
their bulk configuration, while the surface and subsurface |, Fig. 2(a) we plot the total density of states for spin-up
layers on either side of the slab were allowed to relax with-;,q spin-down electrons corresponding to undoped ZnO
out any symmetry constraint for all the calculations reported(llfo) film. Note that the densities of states for spin-up and
spin-down electrons are identical and hence the film is non-
¥Electronic mail: pjena@vcu.edu magnetic.
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FIG. 1. Side view of the supercell of ZnO (T&}Z slab consisting of 28 Zn

and 28 O atoms. The numbered atoms are Zn.
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with Mn, respectively. This led to a supercell consisting of
Zn,gMn, 0,5 and a Mn concentration of 7.14%. We consider
this concentration to be dilute as the distance between the
two Mn atoms on the two sides of the slab is large and the
interaction between the Mn atoms is expected to be weak.
After optimization, the Mn—O bonds in _the surface layer
contract by—1.62% and—3.16% alond 1100] and[0001],
respectively, while the bond between surface Mn and nearest
subsurface O expands by 2.33%.

The energy gained by replacing the Zn atom with Mn is
calculated by using the following equation:

AS = - [ E(ang, nMnnOZS) - E(Zn28028) +n E(Zn)

—nE(Mn)]/n, (1)

whereE is the total energy. The energy gains associated with
Mn occupying the surface and subsurface sites are, respec-
tively, 2.27 and 2.20 eV. Since this energy difference, namely
0.07 eV, is within the error of our calculation, we can assume
that Mn atoms show no site preference. Thus, in the dilute
limit, when Mn atoms are expected to be far apart, Mn can
substitute Zn sites homogeneously. This confirms the experi-
mental finding in the dilute limit2 This is in contrast t4Ga,
Mn)N where Mn occupying the surface site lies 1.37 eV
lower than that occupying the subsurface &ftte.

We next discuss the magnetic coupling between two Mn

The properties of Mn-doped ZnO were studied in suc-atoms by replacing two Zn sites with Mn atoms. There are
cessive steps. To determine the preferred site of Mn atomsnany ways this substitution can be achieved, depending
we first substituted a single Mn atom in a surface siteupon which Zn sites are replaced by Mn. We have studied
(marked No. 4 and then in a subsurface sitmarked No. %
in Fig. 1. To preserve symmetry, we also replaced Zn sites imearest neighbor Zn atoms by Mn on the surface layer
the bottom two layers of the slab, namely Nos. 25 and 23narked Nos. 1 and 4 in Fig. (tonfiguration ). To preserve
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five different configurations. First, we have replaced two
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FIG. 2. Total spin density of statéB0S) for (a) Zn,0O,5; (B} Mn-daned ZnQ (Zp,Mn,0,4); (c) nartial spin DOS of Mn & (solid ling) and O 20 (dotted
line); (d) partial spin DOS of Mn 4 (dotted ling and 4p (solid line) in Zn,,Mn,;O,g.
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3.6 . . - - — 48 an AFM system. However, the energy gap is considerably
341 Moment on Mn atom (EM) —&— 4.6 reduced from that in undoped Zr{Gee Fig. 2a)]. The mag-

o 3.2} Mornent on Mo atom (AFM) —A— | | 2 netic moment of each Mn atom is 4.L#& and mainly arises

L30r A A A A | 8 from the Mn 3 orbital (3.93ug). Due to thespandd hy-

d sl A A8 142 = bridization, small contributions to the moment also comes

§o 26l lao ¥ from_ 4s (Q.lS,uB) and 4p orbitals (0.10ug) of Mn_. Th.e

B4 O g hybridization between O and Mn 3 [as shown in Fig.

é 22l m—— 0O Oo—-—@g— @ 138 S 2(c)] reduces the magnetic moment as compared to that of a
20l 797 E::ggg;? (é%ﬂ\@ 136 free Mn atom: Figure @) shows the partial spin DOS of
18 . . . . P Mn 4s_ and 4 in ZNny,Mn,Oyg. _ _

| I I v v It is interesting to note the changes in energy difference
Configuration number between AFM and FM states for different geometry configu-

) o . rations. The energy difference nearly vanishes in configura-
FIG. 3. Magnetic moments and energy gain in Mn doped ZnO thin film _. £ 11 and Il h in Fia. 3. N hat for th
corresponding to antiferromagnetiaFM) and ferromagneti¢FM) states t|on§ 0 ?‘n » as shown in Fig. 3. Note that for these two
for different configurations of Mn in ZgMn,O,g supercell. configurations, the Mn atoms are 5.62 and 7.78 A apart and
the large distances result in very weak magnetic coupling.

. _ Therefore, the energy difference between FM and AFM
symmetry, we also replaced Zn at sites Nos. 26 and 25 WitQ; e should be very small.

Mn. This corresponds to a £Mn, O, supercell and a Mn In summary, we have investigated the electronic struc-
concentration of 14.28%. In configuration Il, Zn atoms ONtyure and magnetism of Mn-doped ZnO thin film in detail
the sites of Nos. 2, 4, 25, and 27 are replaced by Mn atomg,qjng first-principles calculations. It is found that in the

Configuration Il correspon.ds to. the replacement of Site_San_anXO thin film the clustering of Mn atoms around O
Nos. 1, 2, 26, and 27. Configuration IV relates to the substijaes place at higher Mn concentrations, and the magnetic
tution of two Zn sites by Mn with one in the surface layer ., hjing between Mn ions is antiferromagnetic. This is in
and the other in the subsurface layer. This has Mn atomgq eement with the recent calculation of Sato and Katayama-
substituting Zn at sites Nos. 2, 5, 27, and 23. Configuration Wyqhida of a Mn-doped ZnO crystHl.Because Mn and Zn
corresponds to the substitution of Zn atoms at the subsurfaqgave the same valence, there are no free holes to mediate
layer at sites Nos. 5, 8, 23, and 22. Typically, the Mn_oferromagnetism when Mn atoms substitute at Zn sites. To

distance in the surface laydconfiguration ) relaxes by  ohiain ferromagnetism in this system, other treatments, such
—4.11% and—4.66% along 1100] and[0001], while that ¢ codoping and defects, are neeffed.

of the nearest Mn—O distance on the second layer relaxes
about 0.91%. The relaxed Mn—Mn distances for configura-  This work was partly supported by a grant from the Of-
tions I, 1, 1, 1V, and V are 2.91, 5.62, 7.78, 3.21, and 3.17 fice of Naval Research. The authors are thankful to Dr. A. K.
A, respectively. The studies of the total energies of thes&®ajagopal and Professor H. Morkdar interesting discus-
configurations can not only yield the preferred distance besions.
tween the Mn atoms, but also can illustrate how the magnetic
coupling changes with Mn—Mn distance. IT. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrant, Scie?&
We have calculated the energy gain per Mn atom for the,1019(2000.
above five configurations by using Ed) for both ferromag- 3E' gmg gg:zzgggi gié E;gg%'
netic and antiferromagnetic spin alignments. These results; p perdew and Y. Wang, Phys. Revag 13244(1992).
are given in Fig. 3. The lowest energy configuratibnis an ®S. K. Nayak, M. Nooijen, and P. Jena, J. Phys. Cherti03 9853(1999.
antiferromagnetic state where Mn atoms replace the twofg'- E- g”'tc"e'bg'”kpgys- Rpevj '-et%)'( 5553\52003- 4 LS. Wang. Ch
f . . . L. Gutsey, b. K. Rao, F. Jena, A.-b. Wang, an .->. vwang, em.
nearestZn sites in the surface layer. This suggests that Mn Phys. Lett312 598 (1999.
atoms have a tendency to form clusters around oxygen, irtp, E. Bloechl, Phys. Rev. BO, 17953(1994).
agreement with the recent experimeénin an epitaxial Zn- lZJ. P. Perdew and Y. Wang, Phys. RevA§ 13244(1992.
MnO thin film fabricated with a laser molecular-beam ,,> ffﬁ/ls;?kﬁgfsfé I:gfgneljr, Izr;)ésk F;ﬁ‘;i%tﬁ?‘?gf:gl 076
method. In the ground statle configuration k&h, Mn)O, the  12p’ Meyer and D. Marx, Phys. Rev. 67, 035403(2003.
ferromagnetic(FM) state lies 0.21 eV/Mn atom above the 3x. M. Cheng and C. L. Chien, J. Appl. Phya3, 7876(2003.
antiferromagnetic (AFM) state. This agrees with ['Q.Wang, Q. Sun, and P. Jefunpublishedl _ )
experiment® where the authors did not observe FM behav- % Jin Y.-Z. Yoo, T. Sekiguchi, T. Chikyow, H. Ofuchi, H. Fujioka, M.
. h . . Oshima, and H. Koinuma, Appl. Phys. Le83, 39 (2003.
lor. On the contrary, an AFM interaction between Mn BatomSlGK_ Ueda, H. Tabata, and T. Kawai, Appl. Phys. L&®, 988 (2002.
is experimentally identified in Mn-doped ZnO systéH. YT, Fukumuraet al, Appl. Phys. Lett.78, 958 (2001).
The total density of state®OS) corresponding to con- **S. W. Yoon, S.-B. Cho, S. C. We, S. Yoon, B. J. Suh, H. K. Song, and Y.
figuration | is shown in Fig. @). Note that the densities of ,,”; Shin. J- Appl. Physd3, 7879(2003.
. o . . 1°H. Katayama-Yoshida and K. Sato, J. Phys. Chem. S6ld4447(2003.
states for spin-up and spin-down states are again identicalk satg and H. Katayama-Yoshida, Jpn. J. Appl. Phys., P&9,2 555

leading to zero magnetic moment. This is to be expected in (2000.
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