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Magnetic coupling between Cr atoms doped at bulk and surface
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Contrary to theoretical prediction that Cr-doped bulk ZnO is ferromagnetic, recent experiments on
Cr-doped ZnO thin film reveal the coupling to be antiferromagnetic. Using first-principles
calculations based on gradient corrected density functional theory, we show that a possible origin of
this disagreement may be associated with the site preference of Cr. In bulk, when Cr substitutes Zn,
bond contraction occurs and Cr atoms prefer to cluster around O atoms. The ferromagnetic coupling
among Cr atoms is driven by Cr 3d and O 2p exchange interactions as in Cr,O cluster. However,
when Cr atoms replace Zn on the surface, due to the different bonding environment, bonds expand
preventing Cr atoms from clustering around O atoms. Consequently, the coupling between Cr atoms

becomes antiferromagnetic. © 2005 American Institute of Physics. [DOI: 10.1063/1.2106023]

Dilute magnetic semiconductors (DMS) have been re-
garded as prime candidates for applications in spintronics.
Among the extensively studied DMS systems, GaMnAs,'
InMnAs,” and ZnCrTe’ have been found to exhibit ferromag-
netic order unambiguously. Following the theoretical
predicti0ns4_6 of ferromagnetism in Cr-doped bulk ZnO,
considerable experimental efforts have been devoted to this
system.L11 Using a pulsed-laser deposition technique, Ueda
and co-workers’ prepared ZnO film doped with 3d transition
metals including Co, Mn, Cr, and Ni. They found that Cr, Ni
and Mn-doped ZnO films did not show ferromagnetic behav-
ior. Jin et al. also did not find any indication of ferromag-
netism for Cr-doped ZnO film at low temperature even down
to 3 K. Lee and co-workers recently reported that Cr-doped
ZnO film shows no ferromagnetic behavior, and co-doping is
necessary to make this system ferromagnetic.9 To understand
these experimental results, we have preformed extensive the-
oretical studies of Cr-doped ZnO both in the crystal and thin
film.

The calculations were carried out using density func-
tional theory (DFT) and generalized gradient approximation
(GGA) for exchange and correlation. We have studied the
magnetic properties of Cr-doped ZnO in both bulk and

(101_0) surface with wurtzite structure. For bulk calculation,
we have used (2 X 2 X 2) supercell with experimental lattice
constants (a=b=3.249 A, ¢=5.205 A). We have simulated

the ZnO (1010) surface by a slab model consisting of eight
layers. The corresponding ZnO supercell consists of 32 Zn
atoms and 32 O atoms. Each slab was separated from the
other by a vacuum region of 10 A so that the surfaces do not
interact with each other. To preserve symmetry, the top and
bottom layers of the slab were taken to be similar. The cen-
tral four layers of the slab were held fixed at their bulk con-
figuration while the surface and subsurface layers on either
side of the slab were allowed to relax without any symmetry
constraint. The calculations of total energies and forces, and
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optimizations of ]%eometry, were carried out using DFT and
PWOI functional ~ for the GGA to exchange and correlation
potential. A plane-wave basis set and the projector aug-
mented wave pote:ntials13 for Cr, Zn, and O, as implemented
in the Vienna ab initio simulation package,14 were employed.
The energy cutoff was set at 300 eV and the convergence in
energy and force were 107! and 1073 eV/A, respectively.
k-point convergence was achieved with 5X5X4
Monkhorst-Pack mesh'® for the bulk calculations. For the
surface case, we used 6 X4 X 1 Monkhorst k points mesh for
the geometry optimization and 8X6X?2 for the final
calculation.

We begin our discussion with Cr-doped ZnO bulk. Fig-
ure 1(a) shows ZnO (2 X2 X 2) supercell in wurtzite struc-
ture containing 16 Zn and 16 O atoms. To study the magnetic
coupling between Cr atoms, we replaced two Zn atoms with
Cr in different Zn sites which formed Zn4,Cr,0,¢ supercell.
This corresponds to a 12.5% Cr concentration. Due to the

wurtzite structure, [0001] direction is different from [1010]
and [0110] directions. We, therefore, studied the relative sta-

2.0 — T T T T
Moment on Cr - A~
Momenton Ce3d A |35

15F

aAa AAA

1.0

1
o
=3

0.5

Relative energy (€V)

-0-0

0.0 -».Iw.'i

M- relative energy (FM)
-0 relative energy (AFM)
P b

Magnetic moment ( p/atom)

N
n

-0.5 L 2.0

I II I Iv V VI
Configuration number (N)

(2 (b)

FIG. 1. (a) The (2 X2 X 2) supercell of bulk ZnO consisting of 16 Zn and 16
O atoms. The numbered lighter spheres are Zn. The darker spheres are O.
(b) Magnetic moments and relative energies calculated with respect to the
ground state of Zn;,Cr,0,4 supercell corresponding to FM and AFM states
for each configuration.
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bility of Cr atoms by replacing two Zn atoms in six different
configurations. Configuration I-VI correspond to Cr atoms
substituting Zn at sites marked Nos. (7, 6), (7, 8), (7, 11), (7,
10), (7, 15), and (7, 12) in Fig. 1(a), respectively. In the first
three configurations, Cr atoms cluster around O, namely, Cr—
O—Cr, while in the last three configurations, the two Cr at-
oms are separated with the configuration of Cr—-O-Zn-O-Cr
along different directions. We calculated the total energies of
ferromagnetic (FM) and antiferromagnetic (AFM) spin
alignment for each configuration.

The calculations were first carried out by not allowing
the supercell to relax. From this unrelaxed calculation, it was
found that configuration I and II are energetically nearly de-
generate and are lower in energy than the other four configu-
rations (ITI-VI) by 0.238, 0.486, 0.388, and 0.438 eV, respec-
tively. This suggests that occupancy of Cr is anisotropic and
Cr atoms have a tendency to cluster around O atoms in bulk
ZnO. The energy difference between the AFM and FM states
(AE=E pm—Epy) 1s 0.285, 0.285, 0.191, 0.090, 0.072, and
0.023 eV for configurations I-VI, respectively. This verifies
that the coupling between these two Cr atoms is FM as pre-
dicted by previous theoretical studies.*™® This FM coupling
feature between Cr atoms in bulk ZnO is analogous to that in
Cr,O cluster where the O atom mediates the magnetism
through p-d exchange interactions.'®

We then allowed all the atoms in the Zn;4Cr,0,4 super-
cell to fully relax without any symmetry constraint. Configu-
ration II was found to be the ground state lying 0.021, 0.177,
0.279, 0.404, and 0.403 eV lower in energy than configura-
tions I, III, IV, V, and VI, respectively. The FM state lies
0.288, 0.267, 0.089, 0.080, 0.064, and 0.044 eV lower in
energy than the AFM one for configuration I-VI, respec-
tively. Therefore, the optimization of the supercell in ZnO
bulk did not change the FM coupling characteristics. In the
ground state, the magnetic moment on Cr atom is found to be
3.26 pp and arises mainly from Cr 3d orbital (3.11 ug). A
small contribution to the moment results from 45(0.12 wg)
and 4p(0.04 wp) orbitals of Cr due to the sp and d hybrid-
ization. The O atom bridging the two Cr atoms is antiferro-
magnetically polarized and carries a magnetic moment of
—0.05 pug mainly coming from O 2p orbitals. The overall
magnetic moment at each Cr atom is about 3.20 ug (as plot-
ted in Fig. 1(b) and the two Cr atoms couple ferromagneti-
cally to each other but antiferromagnetically to their nearest
neighbor O atoms. The hybridization between O 2p and Cr
3d reduces the magnetic moment of Cr as compared to that
of a free Cr atom.

The electronic structure of Cr-doped bulk ZnO can be
seen from Figs. 2(a) and 2(b). Here we only show the total
density of states (DOS) and the partial DOS of Cr 3d and O
2p for the ground state configuration of fully relaxed
Zn4Cr,0¢ supercell. The DOS shows signature of half me-
tallic character. Most of the magnetic moment is due to con-
tribution of Cr 3d states and ferromagnetism is a conse-
quence of overlap between Cr 3d and O 2p states. The Cr—Cr
and Cr-O bond lengths were found to be 3.256 and 1.982 A,
which are contracted by 1.2% and 1.0%, respectively, as
compared to the undoped case. The bond length contraction
is due to the fact that the electronegativity of Cr is smaller
than that of Zn. Thus, when Cr replaces Zn, more charges are
transferred to the surrounding O atoms resulting in a reduc-
tion of the radius of Cr compared to that of Zn.
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FIG. 2. (a) Total spin density of states (DOS) of the Zn,,Cr,0,4 bulk super-
cell; (b) partial DOS of Cr 3d and O 2p in Zn,Cr,0,4 bulk; (c) total spin
DOS of the ZnygCr4O4, surface supercell; (d) partial DOS of Cr 3d and O 2p
in ZnyyCryOs3,.

We now discuss the magnetic coupling between Cr at-
oms on the ZnO surface. In Fig. 3 we show the supercell of

the slab used to model the ZnO surface having [1010] orien-
tation. The supercell consists of 32 Zn atoms (which are
lighter and marked) and 32 O atoms (which are darker). The

reconstruction of the ZnO (1010) surface has been discussed
in our previous work."” To study the magnetic properties of
Cr-doped ZnO, we first determine the preferred site of Cr
atom by substituting one Zn atom with Cr. We have consid-
ered two different configurations by replacing Zn with Cr in
the surface site (marked No. 4) and subsurface site (marked
No. 7) in Fig. 3. To preserve symmetry, we replaced Zn sites
on the bottom two layers of the slab, namely, Nos. 31 and 25,
respectively. Thus, the supercell consists of Zn;,Cr,03, cor-
responding to a Cr concentration of 6.25%. Since the two Cr
atoms in the top and bottom layers of the slab are far apart
(8.968 A), one can assume that they do not interact with each
other. Thus, the above supercell geometry can give us infor-
mation on the site preference of Cr in the dilute limit. The
total energy of the slab with Cr substituted on the surface site
was found to be 0.57 eV lower than that when Cr atom
substitutes the subsurface site. This shows that Cr prefers to
reside on the surface site, similar to what was found in Mn-

FIG. 3. The side view of the eight layer slab of (2X2) (1010) ZnO surface
consisting of 32 Zn and 32 O atoms. The numbered lighter spheres are Zn.
The darker spheres are O.
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doped GaN film."” It is interesting to mention that in (Zn,
Mn)O thin film, the Mn atoms did not exhibit any site pref-
erence, as the Mn occupying the surface site lies only 0.01
eV below the subsurface site.'

To determine the magnetic coupling between Cr atoms,
it is necessary to replace at least two Zn atoms with two Cr
on either side of the slab. This corresponds to a supercell
consisting of Zn,3CryO3, and a Cr concentration of 12.5%.
We have considered seven configurations. For each configu-
ration, we optimized the structure fully and performed the
calculations for both FM and AFM spin configurations. In
the first column of Table I, we show, for each of the seven
configurations, which Zn sites (see Fig. 3) have been re-
placed with Cr. The ground state of this system is found to be
configuration III. The two Cr atoms on the surface do not
form nearest neighbors suggesting that Cr atoms do not have
the tendency to cluster on the surface as they did in the bulk.
The optimized Cr—Cr distances are given in the second col-
umn of Table 1. Using configuration III as the reference state,
the energy difference Ae for other configurations is listed in
the third column. The energy difference AE between the FM
and the AFM states for each of the configuration is given in
the fourth column of Table I. Note that the ground state is
found to be AFM. Because of the surface relaxation the av-
erage Cr-O bond length on the surface is 1.939 A. This
corresponds to a 2.2% contraction, as compared to that in the
ZnO bulk. The corresponding FM state is 0.025 eV higher in
energy than AFM state. The configurations with two Zn at-
oms replaced in the subsurface layer, namely configurations
VI and VII, have much higher energy than the ground state
configuration III, as shown in Table I. Similarly, the energy
of configurations IV and V (where one Cr atom is on the
surface and the second one in the subsurface layer) is higher
than the ground state configuration III by 0.857 and 0.906
eV, respectively. This once again indicates that Cr atoms pre-
fer the surface sites of ZnO thin film. The energy difference
between the FM and AFM states, that AE increases when the
distance between Cr atoms decreases. Especially, if the two
Cr atoms are substituted at the nearest neighbor sites in the
same layer or different layers (configuration I, configuration
VI, and configuration IV), the system displays ferromag-
netism, but their energies are higher than the ground state by
0.314, 1.397, and 0.857 eV, respectively.

The total DOS and the partial spin DOS of Cr 3d and O
2p for the ground state configuration are shown in Figs. 2(c)
and 2(d). Since the spin up and spin down DOS are identical
as shown in Fig. 2(c), the total moment of the system is zero
and the coupling between Cr atoms is AFM. The magnetic
moment on each Cr atom is found to be 3.286 ug with op-
posite spin orientation. This moment mainly comes from the
Cr 3d orbital as can be seen from the partial DOS of Cr atom
in Fig. 2(d), similar to the Cr-doped ZnO bulk case.

Based on our calculations, we found some fundamental
differences between the surface and bulk of Cr-doped ZnO.
In bulk, Cr substituting Zn atom is fourfold coordinated. The
Cr-O bond contracts as compared with the Zn—-O bond.
However, on the surface, Cr becomes threefold coordinated
and Cr-O bond expands by 3.7% when compared with the
Zn—-0 bond length on the surface. To reduce the energy cost
for this bond expansion on the surface, Cr atoms prefer to
reside far apart from each other. Consequently, Cr atoms do
not cluster around O atoms. It has been shown that the FM
coupling between Cr atoms in Cr,O molecule is driven by
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TABLE I. Energetics of Cr-doped ZnO slab. The first column identifies the
configurations corresponding to different Zn sites that are replaced by Cr
(see Fig. 3). The second column shows the optimized Cr—Cr distance d¢,_¢;-
The third column gives the energy difference Ae relative to the ground state
(configuration III). The energy difference AE between AFM and FM states
for each configuration is given in the fourth column. The preferred magnetic
coupling between Cr atoms is given in the fifth column.

Configurations der e (A) Ae (eV) AE (eV) Coupling
1(2,4/29,31) 3.336 0.314 0.226 FM
11(2,3/29,32) 5.209 0.713 -0.038 AFM
111(1,2/30,29) 6.142 0.000 -0.025 AFM
1V(2,5/29,28) 3.208 0.857 0.345 FM
V(2,6/29,27) 5.491 0.906 —-0.080 AFM
VI(7,6/25,27) 3.244 1.397 0.540 FM
VII(5,6/28,27) 6.106 1.551 -0.033 AFM

the direct Cr 3d and O 2p exchange interactions.'® Ferro-
magnetism shown in Cr-doped ZnO bulk follows a similar
picture. This is also found to be true in surface and subsur-
face configurations where two Cr atoms cluster around O
(configuration I, configuration IV, and configuration VI) and
like to couple ferromagnetically. However, for these configu-
rations, the energies are higher than the AFM ground state. In
the ground state configuration on the surface, O atom does
not directly bridge the Cr atoms. Hence the direct p-d ex-
change interaction does not occur and the ferromagnetic cou-
pling is not favored.

In conclusion, we studied the magnetism in (Zn, Cr)O

system in both bulk and (1010) surface with wurtzite struc-
ture. In the bulk case, Cr—Cr coupling is FM and the Cr
atoms prefer to cluster around the neighboring O atoms. In
the surface case, on the other hand, the coupling is AFM, as
Cr atoms no longer prefer to cluster around O. Therefore, the
different magnetic coupling between Cr atoms doped in thin
film as compared to the bulk case arises from the different
morphology associated with Cr doping.
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