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On-site Coulomb interaction and the magnetism of„GaMn…N and „GaMn…As
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We use the local-density approximation~LDA ! and LDA1U schemes to study the magnetism of~GaMn!As
and~GaMn!N for a number of Mn concentrations and varying number of holes. We show that for both systems
and both calculational schemes the presence of holes is crucial for establishing ferromagnetism. For both
systems, the introduction ofU increases delocalization of the holes and, simultaneously, decreases thep-d
interaction. Since these two trends exert opposite influences on the Mn-Mn exchange interaction the character
of the variation of the Curie temperatureTC cannot be predicted without direct calculation. We show that the
variation ofTC is different for two systems. For low Mn concentrations we obtain the tendency to increasing
TC in the case of~GaMn!N whereas an opposite tendency to decreasingTC is obtained for~GaMn!As. We
reveal the origin of this difference by inspecting the properties of the densities of states and holes for both
systems. The main body of calculations is performed within a supercell approach. The Curie temperatures
calculated within the coherent-potential approximation to atomic disorder are reported for comparison. Both
approaches give similar qualitative behavior. The results of calculations are related to the experimental data.

DOI: 10.1103/PhysRevB.69.195203 PACS number~s!: 75.50.Pp, 75.30.Et, 71.15.Mb
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I. INTRODUCTION

After the discovery of the ferromagnetism o
Ga0.947Mn0.053As with the Curie temperature as high as 1
K ~Ref. 1! the diluted magnetic semiconductors~DMS! be-
came the subject of intensive experimental and theore
studies being considered as promising materials for semi
ductor spintronics. Although much new understanding
the physics of DMS has been won by the investigation
~GaMn!As, the Curie temperature of this prototype syste
could not be raised above 150 K.2 The design of technologi
cally useful DMS materials with the Curie temperature e
ceeding the room temperature remains a challenge.

The theoretical prediction by Dietlet al.3 of the high-TC
ferromagnetism in~GaMn!N played an important role in the
formulation of the directions of the search for new ferroma
netic DMS’s. A number of experimental studies indeed d
tected the ferromagnetism of~GaMn!N samples with the Cu-
rie temperature higher than the room temperature4–6

However, the experimental data on the magnetic state
~GaMn!N are strongly scattered and range from a param
netic ground state to the ferromagnetic state with a very h
Curie temperature of 940 K.

New proof of the complexity of the magnetism o
~GaMn!N was given by the recent magnetic circular dichr
ism measurements by Ando.7 The measurements were pe
formed on a high-TC sample and led Ando to the conclusio
that the~GaMn!N phase in this sample is paramagnetic. T
ferromagnetism of the sample was claimed to come from
unidentified phase. On the other hand, in a recent preprin
Giraud et al.8 a high-temperature ferromagnetism was d
tected in the samples with a low Mn concentration of ab
2%. The authors rule out the presence of precipitates in
system and argue that the room-temperature ferromagne
is an intrinsic property of~GaMn!N. Thus the situation is
controversial and calls for further research efforts. The p
pose of the present work is a theoretical comparative stud
0163-1829/2004/69~19!/195203~7!/$22.50 69 1952
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~GaMn!As and~GaMn!N with a focus on the influence of th
on-site Coulomb interaction on the Curie temperature of b
systems. The calculations are performed on the basis of
density-functional theory~DFT! within both local-density
approximation~LDA ! and LDA1U ~Ref. 9! approach.

Numerous LDA calculations of the electronic structure
~GaMn!As have been reported~see, e.g., reviews Refs. 1
and 11 and more recent calculations Refs. 12–15!. For
~GaMn!N the number of such calculations is still small~see
Refs. 16–19 and recent preprint20!. The study of the proper-
ties of both systems which goes beyond the LDA is at
very beginning. There are a short report on the LDA1U
calculation for ~GaMn!As ~Ref. 21! and a very recent
article19 on LDA1U calculation for both systems. We men
tion also the preprint on the self-interaction corrected LD
~SIC-LDA! calculation20 for these systems.

The present work is important in a number of aspec
First, we investigate the characteristics of the holes and
cuss them from the viewpoint of the mediation of the ferr
magnetic exchange interaction between the Mn impurit
Second, we calculate interatomic exchange interactions
the Curie temperatures. Third, we separate the contribut
of the antiferromagnetic superexchange and the ferrom
netic kinetic exchange to the Curie temperatures. In all st
ies we focus on the influence of the on-site Coulomb int
action.

II. CALCULATIONAL SCHEME

The calculational scheme is discussed in Refs. 12 and
to which the reader is referred for more details. The sche
is based on the DFT calculations for supercells of semic
ductor crystals with one Ga atom replaced by a Mn ato
The size of the supercell determines the Mn concentrat
To calculate the interatomic exchange interactions we use
frozen-magnon technique and map the results of the t
©2004 The American Physical Society03-1
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energy of the helical magnetic configurations onto a class
Heisenberg Hamiltonian

He f f52(
iÞ j

Ji j ei•ej , ~1!

whereJi j is an exchange interaction between two Mn si
( i , j ) andei is the unit vector pointing in the direction of th
magnetic moment at sitei.

To estimate the parameters of the Mn-Mn exchange in
action we perform calculation for the frozen-magnon co
figurations:

u i5const, f i5q•Ri , ~2!

whereu i andf i are the polar and azimuthal angles of vec
ei , Ri is the position of thei th Mn atom. The directions o
the induced moments in the atomic spheres of the atom
the semiconductor matrix are kept parallel to thez axis.

It can be shown that within the Heisenberg model~1! the
energy of such configurations can be represented in the f

E~u,q!5E0~u!2sin2uJ~q!, ~3!

where E0 does not depend onq and J(q) is the Fourier
transform of the parameters of the exchange interaction
tween pairs of Mn atoms:

J~q!5(
j Þ0

J0 jexp~ iq•R0 j !. ~4!

Performing back Fourier transformation we obtain the
rameters of the exchange interaction between Mn atoms

J0 j5
1

N (
q

exp~2 iq•R0j!J~q!. ~5!

The Curie temperature is estimated in the mean-fi
~MF! approximation

kBTC
MF5

2

3 (
j Þ0

J0 j . ~6!

We use a rigid-band approach to calculate the excha
parameters and Curie temperature for different electron
cupations. We assume that the electron structure calcul
for a DMS with a given concentration of the 3d impurity is
basically preserved in the presence of defects. The main
ference is in the occupation of the bands and, respectivel
the position of the Fermi level.

In the main body of the LDA1U calculations we use
U50.3 Ry that corresponds to the value determin
experimentally23 and is used in some previou
calculations.19,21,24The dependence of the Curie temperatu
on U is illustrated at the end of the paper. The results of
supercell calculations are compared with the results of
calculations within the coherent-potential approximati
~CPA!.25
19520
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III. CALCULATIONAL RESULTS AND DISCUSSION

A. Density of states

We begin the discussion with the properties of the den
of states~DOS!. In Figs. 1 and 2 we present the DOS forx
56.25%. The main features of the DOS discussed below
common for all Mn concentrations studied. The replacem
of one Ga atom by a Mn atom adds to the energy struc
five valence bands related to the Mn 3d spin-up states. On
the other hand, there are only four valence electrons ad
As a result, both~GaMn!As and~GaMn!N have one hole per
Mn atom. ~GaMn!N is half metallic in both LDA and LDA
1U calculations with only majority-spin states present at
Fermi level.~GaMn!As is half metallic in LDA calculation
and possesses small contribution of the minority-spin sta
in LDA1U calculation. In all cases the systems are char
terized by high spin polarization of the electron states at
Fermi energy. This property is in good agreement with
recent measurement of high carrier spin polarization
~GaMn!As.26

FIG. 1. ~Color online! The spin-resolved total DOS o
~GaMn!As and~GaMn!N for Mn concentration of 6.25%. Calcula
tions are performed within LDA and LDA1U approaches. For
~GaMn!N, both zinc-blende~ZB! and wurzite~WU! structures are
presented. The spin-up/spin-down DOS is shown above/below
abscissa axis. The total DOS is given per chemical unit cell of
semiconductor.
3-2
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Despite this similarity, important differences betwe
~GaMn!As and ~GaMn!N are obtained in both LDA and
LDA1U calculations. In LDA, the spin-up impurity band o
~GaMn!As merges with the valence band. On the other ha
in ~GaMn!N the impurity band lies in the semiconductin
gap. This is valid for both wurzite and zinc-blende crys
structures of~GaMn!N. These features are in agreement w
the results of previous calculations.10–12,16–20In all LDA cal-
culations the impurity bands have large Mn 3d contribution
~Fig. 2!.

In the LDA1U calculations, the impurity band o
~GaMn!As disappears from the energy region at the top
the valence band. Almost all spin-up Mn 3d states lie at
about20.4 Ry below the Fermi level. In contrast,~GaMn!N
still possesses impurity band which lies now closer to
valence band. The Mn 3d contribution to the impurity band
decreases compared with the LDA-DOS but is still lar
~Fig. 1!.

B. Properties of the holes

Now we turn to the discussion of the properties of t
holes. We again present the results for one Mn concentra
~Fig. 3! and begin the discussion with the spatial distributi

FIG. 2. ~Color online! The same as in Fig. 1 but for partial M
3d DOS.
19520
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of the hole in the LDA calculations. In~GaMn!As 29% of
the hole is located on the Mn atom. The first and seco
coordination spheres of As include four atoms each and c
tain 35% and 14% of the hole, respectively. The rest is d
tributed between Ga and empty spheres.

In ~GaMn!N the holes are much stronger localized abo
the Mn atom. For the ZB structure we find 50% of the ho
in the Mn sphere. First and second coordination spheres o
contain, respectively, 33% and 5% of the hole. Although
part of the hole located at the distant atoms decreases c
pared with~GaMn!As it is still sizable. This property allows
the mediation of the exchange interaction between the
atoms. Similar result we obtain for the wurzite~GaMn!N
~not shown!.

In the LDA1U calculations, the holes become more d
localized ~Fig. 3!. In ~GaMn!As, the Mn contribution de-
creases to 9%. On the other hand, the contribution on
first and second coordination spheres of As increased to 4
and 23%. The contribution of the Ga atoms changes m
less. For~GaMn!N in ZB structure the corresponding num
bers are 25%, 48%, and 12%. Again similar behavior
obtained for~GaMn!N in the wurzite structure.

The increased delocalization of the holes is a factor fav
able for the mediation of the exchange interaction betw
the Mn atoms and therefore for a higher Curie temperatu
There is, however, another factor that is equally import
for establishing the long-range ferromagnetic order. This f
tor is the strength of thep-d exchange interaction which i
the physical origin of the interaction mediated by the hol
This second factor is less easy to characterize quantitativ
A convenient quantity for such a characterization is thep-d
exchange parameter usually denoted asNb. In the mean-
field approximationNb describes the spin-splitting of th
semiconductor valence-band states which appears as a
sequence of the interaction of these states with Mn 3d elec-

FIG. 3. ~Color online! Distribution of the hole in LDA and
LDA1U calculations. Numbers in parentheses give the numbe
atoms in the coordination sphere. The hole part is given for
atom. The distance from Mn is given in units of the lattice para
eter. The narrow rectangulars to the left and right of the ordin
axis present the Mn 3d contribution into the hole for LDA and
LDA1U calculations.
3-3
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FIG. 4. ~Color! TC as a func-
tion of the Mn concentration. The
superexchange contributionTS

and hole contribution TH are
shown~see the text for definitions
of these contributions!. The calcu-
lations are performed for ZB
structure. For~GaMn!N, the re-
sults for WU structure for x
512.5% are presented for com
parison. The lower part of the fig
ure shows the Curie temperatur
calculated within CPA. L1U is
abbreviation for LDA1U.
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trons. However, our calculations~Fig. 3! show that the spa
tial form of the hole states can differ strongly from th
unperturbed semiconductor states making the mean-
definition of thep-d interaction poorly founded.

The experimental estimations ofNb made for~GaMn!As
on the basis of different experimental techniques v
strongly from large values ofuNbu53.3 eV ~Ref. 27! and
Nb52.5 eV ~Ref. 28! to much smaller valuesNb
521.2 eV ~Ref. 23! and uNbu50.6 eV.29 ~We use the tra-
ditional sign convention: negativeNb corresponds to anti
parallel directions of the spins of thed andp states.! A pos-
sible reason for this variation is strongp-d hybridization in
III-V DMS. Note that for many II-VI systemsNb is well
defined experimentally30 and allows good DFT descriptio
within the LDA1U approach.22 In the present paper we d
not consider the problem of the estimation of theNb param-
eter in systems with strongp-d hybridization. For character
ization of the strength of thep-d interaction we use the valu
of the Mn 3d contribution to the hole~Fig. 3!.

For both systems the LDA1U calculations give a strong
decrease of the Mn 3d contribution to the hole~Fig. 3!. For
~GaMn!As, the Mn 3d contribution drops from 16% to a
small value of 4%. For~GaMn!N in ZB structure we get
43% and 19% and for~GaMn!N in WU structure 41% and
16% ~the results for WU structure are not shown in Fig.!.
19520
ld

y

Important that in~GaMn!N the LDA1U the hole still con-
tains large Mn 3d contribution.

The presence of two competing trends in the propertie
holes—increasing delocalization, on the one hand, and
creasingp-d interaction, on the other hand—makes dire
calculation ofTC necessary to predict the influence of th
HubbardU on the Curie temperature.

C. Curie temperature

In Fig. 4, we show the Curie temperature for a number
concentrations of Mn impurities.31

The calculated Curie temperatures~Fig. 4! show again a
strong difference between~GaMn!As and ~GaMn!N.32 In
~GaMn!N, the Curie temperature increases with account
on-site Coulomb interaction for all Mn concentrations co
sidered. On the other hand, in~GaMn!As the value ofTC
decreases for concentration 3.125%, 6.25%, and 12.5%

For comparison we present~Fig. 4! the Curie temperature
calculated within the coherent-potential approximation. T
supercell approach employed in the present paper and
CPA provide two opposite limits in the treatment of th
atomic disorder: The supercell calculation deals with an
dered atomic pattern. On the other hand, the CPA assu
complete atomic disorder with the effects of the short-ran
3-4
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ON-SITE COULOMB INTERACTION AND THE . . . PHYSICAL REVIEW B 69, 195203 ~2004!
order neglected. Important that the influence of HubbardU
on the Curie temperature obtained within CPA is quali
tively similar to that obtained within the supercell calcul
tions: In ~GaMn!As, U gives a lowerTC for small x and a
higherTC for largerx. In ~GaMn!N, account for HubbardU
leads to an increase ofTC for the whole Mn concentration
range studied.

To get a deeper insight into the formation of the Cu
temperature we study the dependence ofTC on the band
occupation. In Fig. 5 we present the results for two Mn co
centrations of 3.125% and 12.5%. Here,n50 corresponds
to the nominal number of carriers~one hole per Mn atom!.
The kink atn51 marks the point where the valence band
full and the conduction band is empty. In Fig. 6, we show
dependence of the leading interatomic exchange parame12

as a function of the band occupation. Indeed, the behavio
the Curie temperature~Fig. 5! repeats in gross features th
behavior of the exchange parameter~Fig. 6!. In particular,
the decrease of the number of holes below the nominal v
of one hole per Mn atom leads to the decrease and chang
the sign of the exchange parameter. Thus our calculat
show the crucial role of the valence-band holes for media
ferromagnetism in both~GaMn!As and~GaMn!N. This result
is obtained in both LDA and LDA1U approaches and
agrees with the commonly accepted picture of the ferrom
netism in DMS used in the model-Hamiltonian studies~see,
e.g., Refs. 33 and 34, and references therein!.

It is useful to present the Curie temperature in the fo
TC5TS1TH . HereTS is the Curie temperature atn51 and
specifies the exchange interaction mediated by the c
pletely filled valence band. This contribution can be rela
to the Anderson’s superexchange.35 TH is the difference be-

FIG. 5. ~Color online! The Curie temperature as a function
the band occupation for Mn concentration of 3.125% and 12.5
The Curie temperature is calculated according to mean-field
mula @Eq. ~6!# and negative values ofTC reflect prevailing antifer-
romagnetic exchange interactions.
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tween the Curie temperatures atn51 andn50 and specifies
the contribution of the hole states.

The value ofTS is negative for all concentrations in bot
LDA and LDA1U approaches reflecting the property th
the exchange interaction through completely filled bands
antiferromagnetic. The hole contributionTH is always posi-
tive and is responsible for the ferromagnetism of the syst

The analysis of Fig. 4 shows that the contribution of t
antiferromagnetic superexchange is in general not small
must be taken into account in the estimation of the Cu
temperature. The absolute value of the antiferromagnetic
perexchange is always larger in the LDA case. The decre
of the superexchange for nonzeroU can be explained by an
increased energy distance between the occupied and e
Mn 3d states.

The influence of HubbardU on the hole contributionTH
differs strongly for two systems. In~GaMn!N, LDA, and
LDA1U give very similar results up tox512.5%. For
largerx the LDA value ofTC is higher. This shows that fo
low Mn concentrations the increased delocalization of
holes is compensated by the decreasedp-d interaction. For
larger x the increase of thep-d interaction becomes mor
important since the distance between the Mn atoms
creases. For~GaMn!As, the strong decrease of thep-d inter-
action under the influence of HubbardU is not compensated
by the increased hole delocalization and the value ofTH
drops strongly for smallx.

Comparison of the results of the calculations with expe
ment shows that in the case of~GaMn!As the account for
HubbardU does not make the agreement with experim
better. Indeed, the calculated Curie temperature becomes
low. A possible reason for this can be an underestimation
the Mn 3d contribution into the hole states within the LDA

.
r-

FIG. 6. ~Color online! The exchange parameter between M
atoms separated by the vectorsa(1,1,0) anda(2,2,0) for, respec-
tively, x53.125% andx512.5% as a function of the band occup
tion. a is the lattice parameter of the zinc-blende structure.
3-5
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1U calculation: these states disappear from the Fermi-le
region almost completely~Fig. 1!. The dynamical mean-field
theory ~DMFT! which treats the on-site correlations beyo
the LDA1U can improve the agreement with experime
since the DMFT provides an account for the quasipart
states36 that are neglected within the LDA1U. Before the
LDA1DMFT study is performed the decision about mo
appropriate method for the study of the ferromagnetism
~GaMn!As should be made in favor of the LDA schem
which gives good correlation with experiment.12

In ~GaMn!N, the Mn 3d states are present at the Fer
level because of the strong hybridization with theN2p
states. We obtained an increase ofTC which is in correlation
with the prediction by Dietlet al.3 and with some of the
experimental results. Our LDA1U results for~GaMn!N cor-
relate in many respects with the picture proposed recently
Dietl et al.37 in the discussion of the Zhang-Rice limit fo
this system. They conclude that the highTC can appear in
~GaMn!N as a result of strongp-d interaction within the
Zhang-Rice polaron which is efficiently transferred due
the relatively large extent of thep-wave functions.38

Figure 7 illustrates the dependence of the Curie temp
ture on the value ofU for ~GaMn!As with 3.125% of Mn.
We obtain a systematic trend of decreasing scale of the va
tion of TC with variation of the band occupation. The ins
showsTC(U) for nominal electron numbern50. The depen-
dence is monotonous though nonlinear.

Within our LDA1U calculation we did not obtain the
orbital ordering found in the SIC calculation.20 We, however,
do not exclude that such a state can be stabilized within
LDA1U approach. Our numerical experiment with the im
purity band split ‘‘by hand’’ to simulate the effect reported
Ref. 20 indeed resulted in a nonferromagnetic ground st

FIG. 7. ~Color online! The Curie temperature of~GaMn!As with
3.125% of Mn as a function of the band occupation for a numbe
U values. In the inset, theTC value as a function ofU for nominal
electron numbern50.
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IV. CONCLUSIONS

We use the local-density approximation~LDA ! and
LDA1U schemes to study the magnetism of~GaMn!As and
~GaMn!N. We show that for both systems and both calcu
tional schemes the presence of holes is crucial for estab
ing ferromagnetism. The introduction ofU increases delocal
ization of the holes and, simultaneously, decreases thep-d
interaction. Since these two trends exert opposite influen
on the Mn-Mn exchange interaction the character of
variation of the Curie temperature (TC) cannot be predicted
without direct calculation. We show that the variation ofTC

is very different for two systems. For low Mn concentratio
we obtain the tendency to increasingTC in the case of
~GaMn!N whereas an opposite tendency to decreasingTC is
obtained for~GaMn!As. We reveal the origin of this differ-
ence by inspecting the properties of the densities of st
and holes for both systems. The main body of calculation
performed within a supercell approach. The Curie tempe
tures calculated within the coherent-potential approximat
to atomic disorder are reported for comparison. Both
proaches give similar qualitative behavior. We make a c
tact between calculational results and the strong scatterin
the experimental data onTC of the systems.

Note that the present experimental and theoretical si
tion does not allow to give a unique answer on the ques
which of two schemes, LDA or LDA1U, provides better
description of the diluted magnetic semiconductors. This
swer can be different for different systems and even samp
Our previous calculations for the II-VI DMS~ZnMn!Se~Ref.
22! gave strong arguments for the superiority of the LD
1U approach in this case. In the present study of~GaMn!As,
the LDA1U method with a moderateU underestimates the
strength of thep-d interaction and leads to too low Curi
temperature for low Mn concentrations. For~GaMn!N, the
experimental situation is too unclear to allow for a we
founded decision concerning the superiority of the theor
cal scheme. The comparative study reported here aim
contribute to both the increase of the understanding of
systems studied and the formulation of the theoretical
proaches most suitable for the investigation of concr
DMS’s. The efforts must, however, be continued and
hope that the results of this paper will be stimulating f
further studies.
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