PHYSICAL REVIEW B 71, 045210(2005

Effect of the Mn clustering in (GaMn)N on the magnetic transition temperature
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(GaMn)N is a topic of much current controversy. Rao and Jena suggéRted. Rev. Lett.89, 185504
(2002] that a high Curie temperature detected in some of @&Mn)N samples is a result of the formation of
small Mn clusters carrying giant magnetic moments. We report a detailed density-functional-theory study of
the effect of the Mn clustering on the electronic structure, exchange interactions, and Curie temperature in
(GaMn)N. In contrast to the prediction, the Curie temperature decreases with the formation of the clusters. The
main reason for this decrease is the splitting of the impurity band because of the intraclusteMNn
interaction that results in a decreased double-exchange effect. Additionally, the clustering increases the sensi-
tivity of the magnetic properties with respect to the compensating defects.
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I. INTRODUCTION clustering. Recently, Rao and Jé&maesented the DFT cal-

The vision of semiconductor spin-electronics attracts im-culations of the nitrogen-doped Mn clusters and formulated
mense experimental and theoretical attention to the design G interesting hypothesis that explains a very Riglierro-
the materials suitable for the realization of effective spin-magnetism observed in some of tt@aMnN samples. The
injection into a semiconductor at room temperature. Amondlypothesis is based on the assumption of the formation in
the requirements for these materials is a Curie temperaturé>aMnN of small Mn clusters carrying giant magnetic mo-
well above room temperature. After the detection of the ferments. The giant cluster moments are assumed to interact
romagnetism of(GaMn)As with the Curie temperature as strongly and, therefore, to be the reason for the high Curie
high as 110 K. the diluted magnetic semiconduct¢l®MS)  temperature.
are considered as one of the most promising classes of ma- In this paper, we report a detailed DFT study of the influ-
terials. Despite intensive efforts, the Curie temperature ofnce of the Mn clustering on the magnetism(GaMn)N.
(GaMn)As samples could not, however, be increased abov&Ve confirm the assumption of Rao and Jena concerning the
160 K? formation of giant cluster moments. We show, however, that

The prediction by Dietlet al3 of the highT, ferromag- the effect of the Mn clustering on the Curie temperature is
netism in(GaMn)N induced numerous experimental studiesopposite to the effect predicted.
on this system. High Curie temperatures up to 940 K were,
indeed, detected by a number of grod8n the other hand,
some experimental groups question the ferromagnetism of
(GaMn)N even in the low-temperature ground state. The calculations are based on the supercell approach

Also on the theoretical side, the character of the magnetigvhere one or several Ga atoms in a supercell of the semi-
state in(GaMn)N is a matter of debate. Die#lt al. used as conductor crystal are replaced by Mn atoms. Two types of
the basis for their prediction the Zener model that assumethe impurity patterns are considered. The first is a uniform
the mediation of the magnetism by the semiconductor statespattern with one Mn atom per supercell. The second is a
On the other hand, other researchemsgue that to under- clustered pattern where two, three, or four Mn impurities per
stand the magnetism of the 11I-V DMS, the double-exchangesupercell replace, respectively, two, three, or four Ga atoms
model based on a physical picture of tikelectron hopping in the vertices of the Ga tetrahedron formed by the nearest
between atoms with strong on-site Hund’s exchange must beeighbors of an N atom. All calculations of the clustered
invoked. systems are performed for tha R 2ax 2a supercell, where

An alternative to the model-Hamiltonian approaches isa is the lattice parameter of the zinc-blende structure. To
the density-functional-theor¢DFT) calculations that intend refer to different systems, we will use the notation opa
to treat systems in their detailed complexity. In the realisticcluster, wherep=1,2,3,4 is thenumber of impurities per
DFT calculations, different types of exchange interactionssupercell. The parameterwill be referred to as the size of
intermix and influence each other. Because of this generalitghe cluster.
the DFT methods are able to describe the systems with vari- First, we study the influence of the impurity clustering on
ous types of exchange interactions and are well suited for théhe electronic structure of the ferromagnetically ordered
investigation of this controversial materfaf. (GaMn)N. Then, the stability of the ferromagnetic state is

One of the very important, but up to now weakly studied,investigated by calculating Heisenberg’'s exchange param-
issues in the magnetism of DMS is the role of the impurityeters and the Curie temperature.

Il. CALCULATIONAL RESULTS AND DISCUSSION
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. connecting the Mn atom with one of the N atoms of a given coor-
FIG. 1. (Color onling Mn 3d DOS. dination sphere and the number of atoms in the sphere are shown.

DOS is given per coordination sphere. The broken line in the
The calculated values of the Mn atomic moment dependbottom-right panel shows the semiconductor valence band.
weakly on both Mn concentration and clustering and vary in

a narrow interval, from 3.37g to 3.43up. Therefore, the strong Mn 2i—N 2p hybridization with neighboring nitrogen
magnetic moment of the cluster is roughly proportional toatoms lead to a strong effective interaction between the Mn
the size of the cluster and for the four-cluster case has a larggy states within the cluster. Like in a molecule, the degener-
value of 13.72i5. This large value is in correlation with the ate atomic levels split as a result of the interatomic intraclus-
prediction by Rao and Jena. However, the conclusion aboygr interactions. The number of subgroups of the energy lev-
the formation of giant cluster moments is jUStIerd Only in thee|s and the energy distances between them have a tendency
case in which the thermodynamics of the system can be dgp increase with increasing number of interacting atoms. Be-
scribed in terms of cluster moments. For this condition to be&ause of the spatial decay of the states, the broadening
SatiSfiEd, the thermal fluctuations of the relative directions Othrough the intercluster interaction is not sufficient to merge
the Mn atomic moments belonging to the same cluster mushe levels split by the intracluster interaction in one group.
be much smaller than the fluctuations of the relative direcThese features of the electron structure are crucial for the

tions of the atomic moments belonging to different clustersynderstanding of the character of the Mn-Mn exchange in-
This problem will be addressed below. teractions.

A. Density of states B. Exchange parameters and Curie temperature

In Fig. 1, the calculated Mn®BDOS is shown. First we
compare two uniform Mn distributions witk=3.125% and
x=12.5%. The characteristic feature ¢GaMnN is the
group of the Mn 8 spin-up states that form the impurity
band in the energy region of the semiconducting gap. The 1
comparison of the uniform impurity distributions shows that He=—— > ernVr;YerVT1 : e:;,, (1)
the main result of the increased concentration is, in this case, (M) (m’ ")
the broadening of the peaks of the DOS. This broadening
reflects an increased interaction between impurity states witivhere v, v’ label the Mn sublattices anth, m' label the
decreasing distance between nearest impurity atoms. cells. We use the calculational scheme based on the frozen-

The clustering of the Mn atoms leads to a strong changenagnon approach as described eatfied frozen-magnon
in the character of the impurity band that is now split into state is characterized by a certain wave veqtaCalculating
several partgFig. 1). To understand the physical origin of the total energies of the frozen-magnon states for a regular
the splitting caused by the clustering, we consider in Fig. 2nesh, one obtains Fourier transforms of the exchange param-
the partial  DOS of N atoms for(GaMnN with x  eters. The back-Fourier transformation gives Heisenberg’s
=3.125%(one-cluster caseThe nitrogen atoms neighboring exchange parameters.
to the Mn impurities contribute strongly to the impurity-band  For the clustered systems considered in the paper, the de-
states. This reveals strong Mul-3N 2p hybridization of the termination of the exchange parameters consists of two steps.
neighboring Mn and N atoms. On the other hand, thegdN 2 In the first step, the frozen-magnon calculations are per-
contribution into the impurity band decays strongly with in- formed for cluster moments. In the second step, the frozen-
creasing distance of the N atom from the Mn impurity. Themagnon calculations are done for one of the Mn sublattices.
spatial decay is characteristic for the impurity states lying inThese two calculations give the exchange interactions be-
the semiconducting gap. tween, respectively, cluster moments and the atomic mo-

The following explanation of the splitting of the impurity ments belonging to one sublattice. SincepalMn sublattices
band with clustering can now be suggested. The spatiare equivalent, these calculations are sufficient for determin-
closeness of the Mn atoms belonging to the same cluster arnidg the Heisenberg exchange parameters in the system.

To estimate the parameters of the interatomic exchange
interactions, we map the results of the DFT calculations on
an effective Heisenberg Hamiltonian of classical spins,

045210-2



EFFECT OF THE Mn CLUSTERING INGaMn)N ON... PHYSICAL REVIEW B 71, 045210(2005

TABLE |. Calculated exchange parameténsRy). A

cluster size(p) T [ \:\ X, uniform  (a)
< Bid
2 3 4 1 3 U E
jinta 3.45 7.68 4.56 “»,'f
inter X, uniform
Jo 0.48 0.125 0.03 X <X, )
\_J °®
In the mean-field approximation, the effective exchange ;
fields acting on a given Mn moment from the Mn atoms &
outside of the given cluster and from the Mn atoms belong- ﬂ m ﬂ x, cluster (c)
ing to the same cluster are determined by the parameters all

om» Jo =
m#0 v#Y

N U
jgnerZBE 2 jw’ sintra _ = E 156’ (2) 1,

FIG. 4. (Color onlineg Schematic picture of the DOS of the

The cqlculated values of the exchange parameters are c_q,lﬁpurity band for two Mn concentrationg andx, (x;<X,). The
lected in Table I. The ferromagnetic intracluster exchange igertical solid lines show the position of the Fermi level. Compari-
in agreement with previous estimations of this quarttty. son of(a) and(b) shows the band broadening with increasing con-
Much stronger intracluster ferromagnetic exchange interaccentration of the uniformly distributed defects. Comparisor(tyf
tion compared to the intercluster interactions allows us taand(c) demonstrates the splitting of the band caused by the impu-
treat the thermodynamics of the system in terms of the rigidity clustering. The broken lines ifa) and(c) illustrate the effect of
giant cluster moments. The Curie temperature of the systenhe deviation of the atomic moments from parallel directions that

can be estimated as consists in the narrowing of the ban@ouble-exchange effecand
the shift of the centers of the gravity of the bands caused by the
Ko TVF = ijimer 3) hybridizational repulsion. The magnitude of the shift increases with
BIC T gMo - decreasing distancé between the partially filled spin-up band and

. . the lowest empty spin-down band. Therefore, the value of the anti-
.The result of.the calculatlon of the Curie temperaturefermm‘gnetiC superexchange is larger in c@sdhan in casda).
(Fig. 3 is opposite to that predicted by Rao and Jena: the
gu;ter;n%]of :hf :\/In %t]om(s: I?iadf tr?1 a ft??g grecreaﬁetof :]Tﬁght-binding model. The schematic picture in Fig. 4 helps to
urie temperature. The Lure temperature drops not onlygqie the properties of the simple model to the features of
compared with a uniform distribution of the same number o the realistic DFT calculationéFigs. 1 and B (The three
impurities, it also. has a puz_z_ling tre.nd to.decrease with th%anels in Fig. 4 correspond to the. uniform Mn distributions
replacement of single impurities by impurity clusters. with concentrations of 3.125%panel(a)] and 12.5% panel
(b)] and the four-cluster cagganel(c)].)
C. Interpretaion in terms of double-exchange and In its physical essence, the mechanism of the effective
superexchange effects positive exchange interaction iGaMnN is similar to the
An interpretation of the results of realistic DFT calcula- g]p?i(t:tri]r?glgfr?hzf I\t/lhne ?:jjZ‘tj:tfsemxgtzgéoeggfngg;‘%ﬁﬁ%h,\aﬂ';gg

tions is complicated by the complexity of the many-band™". : .
interactions inherent for the DFT approach. Therefore, to ex-Spm'dOWn states energetically unfavorable. One isolated en-

plain this result it is useful to, first, discuss the influence of'9Y Pand in an exchange field generated by a frozen-
the frozen magnons on the total energy within the simpl agnon magnetic configuration is described within a tight-
inding approximatiof? by the expression cd9/2)e(k

- %q) +sinz(0/2)s(k + %q) —-(A/2), wheree(k) is the nonmag-

GaMnN
T

T T 200 . . e ..

Q| [eomuser ’ g netic band and\ is the exchange splitting. The deviation of
E’m_ . _lwg the atomic moments from parallel directions leads to the nar-
g v o g rowing of the band keeping the position of the center of
§ o % gravity unchangedsee Fig. 4 and its captionif the band is
‘f‘“’ vl \‘_ 5 empty or completely filled, the change of the magnetic con-
g Fy -cluster 13.5% Y/ .woé figuration does not change the contribution of this band, to

0 o.bsx oy 0 i the total energy. For a partially filled band, the total energy of

the occupied states increases with increasing noncollinearity
FIG. 3. (Color onling Left panel: The Curie temperature as a that gives a positivéferromagneti¢ contribution to the in-

function of the Mn concentration. Numbers at the calculated pointderatomic exchange.

show the size of the clusters. Right panel: The Curie temperature as In contrast to the double exchange, the superexchange is

a function of the band occupation=0 corresponds to the nominal essentially a many-band mechanism. The simple Anderson’s

number of electrons. formula for the superexchange=-b?/ 8 (Ref. 19 is, in its
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essence, a standard second-order perturbation expression &range caused by the partial filling of the band is similar in
the energy of a nondegenerate level, whéris the energy both cases. Therefore, the reason for a lofevalue in the
distance to the first excited state ands a small parameter four-cluster system is a more negatiVg1) that can be re-
describing the efficiency of the interlevel interaction causedated to the decreased distance between hybridizing spin-up
by the perturbation. The expression is always negative sincgnd spin-down statedigs. 1 and %

where the lower level is bonding and decreases its energyependence of the Curie temperature on the presence of un-
The consideration of two tight-binding bands in a frozen-cqnqjled donor defects. Indeed, the compensation of 10%
magnon field shows that the hybridizational repulsion causeds ye noles changes, in the four-cluster case, the intercluster
lby a frozen .magnon.t%kes dplahce also in this ééslé.the hexchange from ferromagnetic to antiferromagnéEka. 3).

owelr .Statg IS OCCUD'ﬁ and t ef ukf)per state |sdempty, t"8ince the number of holes is already decreased by the band
repulsion decreases the energy of the system and gives negﬁ)‘litting, this level of compensation is very low. This effect
tive (antiferromagnetic contribution in the interatomic ex- .11 be one of the reasons for nonferromagnetic or Tow-

change parameters. states obtained experimentally for some of @aMn)N
The energy increase caused by the double—exchan%mmes P Y ‘

mechanism depends on the width of the partially filled ban
and the degree of the occupation of this band. On the other D. Concluding remarks
hand, the negative superexchange contribution depends on

the energy distance between interacting states and the over- €oncluding, we briefly comment on the difference be-
lap of their wave functions. tween(GaMn)N and (GaMn)As. In (GaMn)As, the impurity

In the case of a uniform impurity distribution, the width Pand merges with the valence band, which leads to a much
of the impurity band increases with increasing Mn concen-SIOwer spatial decay of the states. As a result, the effect of
tration. For any impurity concentration there is one hole pefhe clustering on the Curie temperature (BaMnAs is
Mn atom. This results in a monotonous increase of the interMuch weaker. This property correlates with a much smaller
atomic exchange interactions and Curie temperature with inScattering of the experimental Curie temperatures in the case
creasing Mn concentratiofFig. 3). of (GaMnAs. . _

In the clustered case, instead of one broader feature there NOte that the calculations presented in the paper were
is a group of separated impurity subbands. The ferromagPerformed for unrelaxed atomic positions of the semiconduc-
netic interaction caused by the double-exchange effect comd8r matrix. The replacement of Ga atoms of a bulk semicon-
from the partially occupied subband. The width of the par-ductor by Mn atoms is not expected to lead to a substantial
tially occupied subband tends to decrease with increasin&‘tt'ce relaxatiori2 To verlfy the validity Of'thIS expe_ctatlon,
cluster size(Figs. 1 and % Simultaneously, the splitting W€ performed the calculation of the atomic relaxation for the
leads to a decrease in the number of holes per Mn atom ifpur-cluster case. We used a plane-wave pseudopotential

the partially filled subband. For example, the number of holé?0de[VASP (Refs. 14 and 1bwithin the local spin-density
states per Mn atom in the four-cluster case is one-fourth oftPProximation(LSDA) (Ref. 16]. The atoms are described

the corresponding number for the one-cluster case. Both tHey Ultrasoft Vanderbilt-type pseudopotentidiss supplied
decrease of the width of the partially filed band and thebY Kresse and Hafnéf. The wave functions are expanded
decrease of the number of holes per Mn atom lead to a d&¥ith an energy cutoff of 348 eV. 'I;he electron density was
creased double-exchange effect producing the trend to low&alculated using specid-point set? corresponding to a 2
Curie temperature. X 2% 2 folding. The calculations were started with nonsym-
To elucidate the role of the superexchange, we performefletric positions of the Mn atoms. After the relaxation, the
a calculation of the interatomic exchange parameters and tHgtrahedral symmetry of the ideal Ga positions has been re-

Curie temperature as a function of the band occupafiog. ~ Stored. o _

3). The value ofn=1 corresponds to the situation where all T_o_ study the sensitivity of the calculational results to the

energy bands are either completely filled or empty. The negaQosmons of the Mn atoms, we repeate_d the calculations of
tive values ofT (1) reveal prevailing antiferromagnetic inter- the four-cluster system for assumed inward and outward
actions in agreement with the concept of antiferromagneti@°mic relaxations up to 10% of the linear cluster size. Even
superexchange through completely occupied bands. The ifie" these very large changes of the Mn positions, all the
crease ofT(n) with deviation fromn=1 either to higher or Cconclusions of the paper remain qualitatively valid.

to lower n values confirms that partial occupation of the

bands gives a ferromagnetic contribution to interatomic ex-
change interactions. The value[d@t,(0)—T,(1)] providing an The financial support of Bundesministerium fir Bildung
estimation of the positive contribution to the interatomic ex-und Forschung is acknowledged.

ACKNOWLEDGMENTS

045210-4



EFFECT OF THE Mn CLUSTERING INGaMn)N ON... PHYSICAL REVIEW B 71, 045210(2005

1H. Ohno, Science281, 951 (1998. Physica B340 363(2003; L. Kronik, M. Jain, and J. R. Che-

2D. Chiba, K. Takamura, F. Matsukura, and H. Ohno, Appl. Phys. likowsky, Phys. Rev. B66, 041203(2002; B. Sanyal, O. Ben-
Lett. 82, 3020(2003; K. W. Edmonds, P. Bogusawski, K.Y. gone, and S. Mirbtibid. 68, 205210(2003; A. Filippetti, N. A.
Wang, R.P. Campion, S.N. Novikov, N.R.S. Farley, B.L. Gal-  Spaldin, and S. Sanvito, e-print cond-mat/0302178; P. Mahade-
lagher, C.T. Foxon, M. Sawicki, T. Dietl, M. Buongiorno van and A. Zunger, Phys. Rev. B9, 115211(2004); L. M.

Nardelli, and J. Bernholc, Phys. Rev. Le®2, 037201(2004). Sandratskii, P. Bruno and J. Kudrnovskipid. 69, 195203
3T. Dietl, H. Ohno, F. Matsukura, J. Cibert, and D. Ferrand, (2004.
Science287, 1019(2000. 9B. K. Rao and P. Jena, Phys. Rev. Le88, 185504(2002.
4S. Sonoda, S. Shimizu, T. Sasaki, Y. Yamamoto, and H. Hori, JI°L. M. Sandratskii and P. Bruno, Phys. Rev.88, 134435(2002);
Cryst. Growth 237, 1358(2002; N. Theodoropoulou, A. F.He- 67, 214402(2003.
bard, M. E.Overberg, C. R. Abernathy, S. J.Pearton, S. NXP. W. Anderson and H. Hasegawa, Phys. REQ0, 675 (1955,
G.Chu, and R. G.Wilson, Appl. Phys. Leff8, 3475(2001); M. H. Akai, Phys. Rev. Lett81, 3002(1998.

L. Reed N. A. El-Masry, H. H. Stadelmaier, M. K. Ritums, M. J. 12P. W. Anderson, Phys. Rew15, 2 (1959.

Reed, C. A. Parker, J. C. Roberts, and S. M. Bedair, Appl. Phys!3G. P. Das, B. K. Rao, and P. Jena, Phys. Rev6® 035207

Lett. 79, 3473(2001). (2003; S. Mirbt, B. Sanyal, and P. Mohn, J. Phys.: Condens.
5S. Dhar O. Brandt, A. Trampert, L. Daweritz, K. J.Friedland, K. Matter 14, 3295(2002.

H.Ploog, J. Keller, B. Boschoten, and G. Giintherodt, Appl.14G. Kresse and J. Hafner, Phys. Rev.4B, RC558(1993.

Phys. Lett.82, 2077(2003. 15G. Kresse and J. Furthmiiller, Phys. Rev5B, 11 169(1996.
5p. M. Krstajic, F. M. Peeters, V. A. luanov, V. Fleurov, and K. 16p, M. Ceperley and B. J. Alder, Phys. Rev. Led5, 566 (1980.
Kikoin, e-print cond-mat/0311525. 17D. Vanderbilt, Phys. Rev. B}1, 7892(1990.
M. van Schilfgaarde and O. N. Mryasov, Phys. Rev.@, 18G. Kresse and J. Hafner, J. Phys.: Condens. MaBeiB245
233205(2001). (1994.

8K. Sato P. H. Dederichs, H. Katayama-Yosida, J. Kudrnovsky,'°H. J. Monkhorst and J. D. Pack, Phys. Rev.1B, 5188(1976.

045210-5



