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Ferromagnetism in ZnO codoped with transition metals: Zn,_,(FeCo,O and Zn,_,(FeCu),O
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We have investigated electronic structures and magnetic properties of ZnO-based potential diluted magnetic
semiconductors codoped with transition metals; ZfiFeCo) O and Zn _,(FeCu),0. We have found that the
origin of the observed ferromagnetism in Zp(FeCo)O would be different from that in Zn ,(FeCu)O.
Zn,_,(FeCo)O does not have a tendency to form the Fe-O-Co ferromagnetic cluster, and so the double-
exchange mechanism will not be effective. In contrast, Z(FeCu)O has a tendency to form the Fe-O-Cu
ferromagnetic cluster with the charge transfer between Fe and Cu, which would lead to the ferromagnetism via
a type of the double-exchange mechanism. The ferromagnetic and nearly half-metallic ground state is obtained
for Zn, _,(FeCu)O.
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[. INTRODUCTION observed the saturation magnetic moment of Qug5oer Fe,
which increases as the Cu-doping ratio increases up to 1%.
“Spintronics,” namely, electronics utilizing the spin de- In addition, the large magnetoresistance was observed below
gree of freedom of electrons becomes an important emerging00 K.
field. Spintronics is expected to overcome the limits of tra- Motivated by these experimental reports on the FM ZnO
ditional microelectronics.Diluted magnetic semiconductors codoped with transition metals, we have studied electronic
(DMS's) will play an important role in spintronics as semi- structures and magnetic properties(Bg,C9 and (Fe, Cy
conductors do in electronics because of their easy integratiodoped ZnO: Zpg/{FeygMg5) 120 (M=Co or Cy. We
into existing electronic devices. Two types of DMS families have used the linearized muffin-tin orbitdlMTO) band
have been well studied: II-VI type such as Mn-doped CdTemethod in the local spin-density approximatitSDA). To
and ZnSe(Ref. 2, and Ill-V type such as Mn-doped GaAs explore the effects of the Coulomb correlatithand the
(Ref. 3. In particular, the latter attracts great attention, be-spin-orbit (SO) interaction, we have also employed the
cause it becomes a ferromagnéf) DMS having the Cu- LSDA+U+SO method by incorporating and the SO
rie temperaturd .~ 110 K. Recent research effort has beeninteraction'* ZnO has the wurtzite structure in which anions
focused on developing new FM-DMS’s operating at roomand cations form the hexagonal close-packed lattices. The
temperaturé® wurtzite ZnO is composed of tetrahedrons formed by four O
Along this line, attempts have been made to fabricateanions. For Zpg;{FeysM 50120, we have considered an
ZnO-based DMS. ZnO is a wide-gap (£3.44 eV) II-VI  orthorhombic supercell containing sixteen formula units in
semiconductor, and so it can be used for ultraviolet light-the primitive unit cell by replacing two Zn atoms by Fe and
emitting devices. Jiret al1° fabricated @l transition metal M atoms (Zn,Fe,M;0,4). For the lattice constants, we as-
(TM) doped epitaxial ZnO thin films using the combinatorial sumed those of pure ZnO wita=6.4998,b=11.2580,c
laser molecular-beam epitaxy method. They have not de=5.2066 A.
tected any indication of ferromagnetism. In contrast, for
Zn,;_,Co,0 films made by using the pulsed-laser deposition Il. ZnO. Fe- AND Co-DOPED ZnO
technique, Uedat al!* observed the FM behavior withic '
higher than room temperature. The reproducibility, however, First, we have checked the electronic structure of pure
was less than 10%. Hence the realization of the FM longwurtzite ZnO without doping elements. The overall band
range order in Co-doped ZnO films is controversial. structure of the present LMTO result is consistent with ex-
On the other hand, there were also trials to make ZnOisting results®>1’ As usual in the LSDA calculations, the
based DMS by doping double TM elementse,Cq or (Fe, obtained energy gap-0.7 eV is only about 20% of the ex-
Cu). Cho et al'? observed the room-temperature ferromag-perimental value. Also the position of Zrd3and (- 3.0—
netism for Zn _,(Fe, sCq, 5),O films fabricated by using the —5.0 eV with respect to the valence-band)tagpmuch shal-
reactive magnetron co-sputtering technique. The sampldswer than the Zn @ spectrum obtained by photoemission
seem to have the single phase of the same wurtzite structusxperiment ¢ —9.0 eV)® The LSDA+U band method
as pure ZnO up tx=0.15, and the rapid thermal annealing improves the results of the LSDA, but not so satisfactorily.
under vacuum leads to increasesTin, magnetization, and As shown in Fig. 1, the LSDAU calculation yields the
the carrier concentration. Haet al® also observed the fer- increased energy gap-(1.0 eV) and the deeper Zrd®and
romagnetism for Zp ,(Fe ,Cu),O bulk samples with (—6.0—7.0 eV). The LSDA-U result for the Zn 8 po-
Tc~550 K. The bulk sample has the advantage of insensisition is consistent with result obtained by the GW band
tivity to the detailed process conditions, compared to the filmcalculation®®*” Still the energy gap and Znd3position are
sample fabricated under the nonequilibrium conditions. Theysmaller and shallower than experimental values.
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FIG. 1. The LSDA+U band structure of ZnO witlu=3.0 eV (0 Total (Co-doped ZnO)

for Zn 3d electrons. The lowest and intermediate bands correspond
to mainly Zn 3 and O 2 bands, respectively. Znd3bands in the
LSDA are too shallow to become mixed with Gp dands.
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We then have performed the LSDA band calculations for
Fe- and Co-doped ZnO: 4n,FgO and Zn_,Co,0 (x T 'A ' L
=0.0625). Due to heavy computational load in the supercell 0 P A
calculations for doped ZnO systems, we have not considerec @ Co3d
the Coulomb correlatiot) for Zn 3d electrons'® Sato and 20 q
Yoshida& have reported electronic structures of ZnO doped
with TM elements for 25% TM doping concentration by us- 40
ing the Korringa-Kohn-Rostoker band method combined . . . . . .
with the coherent potential approximation. They found that . 5 4 2 0 ) 4 6 8
V-, Cr-, Fe-, Co-, and Ni-doped ZnO would have the FM ENERGY (eV
ground states rather than the spin-glass states. With this ,
background, we thus consider below only the FM states for FIG. 2. The LSDA tofal and TM 8 PLDOS's of
Fe- and Co-doped ZnO with more realistic TM doping con-Z"o.03798.06240 AN 213,957 . 0620-
centration of 6.25%. i _

Figure 2 shows the LSDA total density of stat@0s)  (2.92ug) ions, respectively. These results suggest electron
and TM 2 projected local DOS (PLDOS for  occupancies of® (F&") andd’ (Co*"), respectively. Fig-
ZNo.0378 € 06260 and those for Zglgs6C0p 0s00. For both  ure 3 provides the band structure of o48,4°0p 0620 Near
Fe- and Co-doped ZnO, we have obtained nedryf- Er- The size of C|r(_:le in the figure represents the amount of
metallic electronic structures, that is, the conduction elec-CO 3d component in the wave function. It is seen that the
trons at the Fermi levelEg are almost 100% spin polarized. rather flat majority spin Co @ states are located below the
The minority spin @ states of both Fe and Co nelag are ~ £n 4s conduction band by-1.0 eV. The minority spin Co
seen to be hybridized slightly with the conduction basee  3d states are located near and ab&emanifesting hybrid-

Fig. 3. Both for Fe-doped and Co-doped ZnO, the Fermiization with the Zn 4 conduction-band states. However, we
level cuts the sharp minority spimstates. Note that Fe and do not expect that either Fe- or Co-doped ZnO in nature has
Co ions are located at the centers of tetrahedra formed by @ stable metallic FM ground state, as obtained above. The
ions, and so the states are lower in energy than thestates. high DOS's atEg for both Fe- and Co-doped ZnO would
Since there is near|y one modeelectron in Co_doped ZnO, drive the pOSSibIe structural |nStab|l|ty or become reduced
the Fermi level is located near the Va”ey between theeCo SUbStantia“y by the Coulomb correlation interaction between
andt, minority spin states. The exchange splittings are largefM 3d electrons. Indeed, the LSDAU band calculation
than the crystal-field splittings, reflecting the high-spin stategvith U=5.0 eV for Co 3i electrons yields the insulating

of Fe and Co in ZnO. Especially, the exchange splitting inground state for Co-doped ZnO, distinctly from the LSDA
Fe-doped ZnO is very large to locate both thendt, states band results?

deep in energy, and so the majority spinthestates become

fully hybridized with O 2 states to yield a broad band. In lll. (Fe,Co DOPED ZnO

contrast, thd, states in Co-doped ZnO are shallow and lo-

cated above the O2valence band and so the hybridization ~ Now we have performed the LSDA band calculations for
becomes weak. (Fe,C9 doped ZnO: Zp_,,FeCo,0 (x=0.0625). We have

The total magnetic moments 4.44; and 3.25ug for Fe-  examined magnetic properties by varying the separation be-
and Co-doped ZnO come mostly from Fe (443) and Co tween Fe and Co in the supercell: 3.2499, 5.6055, and 6.4998
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FIG. 3. Band structure of Zy374C0y 0520 near the Fermi level
(the upper panel for the majority and the lower panel for the minor-
ity spin band. The size of circle represents the amount of Gb 3
component in the wave function.

FIG. 4. The LSDA total and TM 8 PLDOS's of
ZNg 579 €0,06245 0 065240 for a Fe-Co separation of 5.6055 A case.

Fe and Co, such as the RKKY-type exchange interaction me-

A. 3.2499 A corresponds to a nearest Fe-Co separation witfliated by Zn 4 carriers or conduction carriers induced by
Fe-O-Co configuration in tha-b plane of the orthorhombic oxygen vacancies. In addition, one cannot rule out the for-
supercell, while 5.6055 and 6.4998 A to farther Fe-Co sepamation of separated Fe or Co metallic clusters in
rations with Fe-O-Zn-O-Co configurations along the diago-zZn, ,,Fe,Co,0 which would exhibit the ferromagnetism.
nal direction and in the-b plane, respectively. Total ener- Also the possible formation of impurity phases such as spinel
gies are nearly the same among three cases: the short€xFe0O, is worthwhile to be checked. These features remain
3.2499 A case has the lowest total energy by only mRy.  to be resolved more carefully in experiments.
This result reflects that there will not be any noticeable TM
clustering effect in th€Fe,Co doped ZnO. Further, for all
three cases, we have found that the FM configuration of Fe
and Co spins is found to be slightly more stable than the Before discussing(Fe, Cy doped ZnO, we have
antiferromagneti¢éAFM) configuration. For a Fe-Co separa- examined electronic  structure of Cu-doped ZnO,
tion of 5.6055 A, the energy difference amountst8 mRy.  Zng ¢37:Clo 0620 Interestingly, as shown in Fig. 5, we have

Figure 4 shows the LSDA DOS of 4746 0524C0 0600  Obtained the stable FM and half-metallic ground state for
for a Fe-Co separation of 5.6055 A. The Fe and @F.- Cu-doped ZnO in the LSDA. The total magnetic moment is
DOS’s in the codoped case look very similar to those of thel ug and the local moment of Cu is 0.8%, corresponding
single TM-doped cases of Fig. 2. There is no indication ofto the Cd* (d°) valence state. The Cud3PLDOS in Fig.
charge transfer between Fe and Co, and so Fend CG™* 5(b) indicates that Cu has the DOS of an intermediate spin
valence configurations are retained in ttfee,Co doped state. In contrast to Fe- or Co-doped case, the emptyCu 3
ZnO. This suggests that ttgouble-exchangenechanisfit  states are located in the gap region without the hybridization
will not be effective in Zp_,,FeCo O, because the kinetic- with the Zn 4 conduction band, and thus Cul 3tates are
energy gain through the hopping of spin-polarized carrierstrongly localized. We presume that this would be the reason
between Fe and Co ions does not seem to occur. Thus twhy the Cu solubility in ZnO is so low;-1% at most.
explain the observed ferromagnetism in;Zp,Fe Co,0,? Since the Cu 8 states neaEg correspond to partially
one needs to invoke another exchange mechanism betweeocupied atomiclike, states, Cu ions would have large or-

IV. Cu-DOPED ZnO
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FIG. 5. The LSDA and LSDA U+SO (U=3.0 eV) total and  ZNo.s74 €.0626".06240 for a Fe-Cu separation of 3.2499 A.

Cu 3d PLDOS's for Zny g374CUg g62:0- V. (Fe, CU) DOPED Zn0

bital magnetic moment. Indeed the LSBAJ + SO calcula- As is done for(Fe,C9 doped ZnO, we have studied mag-
tion yields the substantial orbital magnetic moment of"€tic properties of Zn ,,FeCu0O (x=0.0625) with vary-
1.055 with the insulating electronic structuféThe large N9 the separation between Fe and Cu: 3.2499, 5.6055, and
orbital moment arises from occupied minority spinstates 6.4998 A. For all three cases, the FM configuration of Fe and

split by the Coulomb correlation and - the spin-orbit ggnfisﬂ:]aiiolrs??’?: ?gr tthoe(IE): Crgc()jroe eséac?algetrllr?T:OLTas'tAtFoM
interaction?® The orbital moment is polarized in parallel with 9 ’ ' P X

th X ¢ and so the total " i he (Fe,Co doped case, however, we have found that the
toelsggl rf;gr:en » and so the fotal magnetic moment amoun onfiguration with the shortest Fe-Cu separation becomes
. B .

. . . much more stable with respect to other two cases by
In general, an ion at the tetrahedral center with low-spin__ 30 mRy. This value of the total energy difference is sub-
d® state would be Jahn-Teller active. In fact, there was &tantial as compared te 3 mRy difference for théFe,Co
repor?4 that the account of the dynamical Jahn-Teller effectdoped case. This result indicates that Fe and Cu ioiEén

is necessary to explain the observed paramagnetic suscep@u) doped ZnO have a tendency to form the Fe-O-Cu clus-
bility for Cu-doped ZnO. To examine the Jahn-Teller effectiers. For 1% Cu-doped ZRdFe O bulk sample, Han

in Cu-doped ZnO, we have considered the local distortion okt al!2 observed rather small saturated magnetic moment of
a tetrahedron around Cu by tilting oxygen ions at the corners).75u5 per Fe. This value corresponds to only about 1/5 of
The oxygen ions are tilted by 13° toward thexy plane with  ideal Fé* local moment 4. . Incidentally, the value 1/5 is
retaining Cu-O separationkere xyz coordinates represent matched with Cu/Fe doping ratio, suggesting a possibility
the local principle axis The LSDA band calculation for this that the only Fe’s forming the Fe-O-Cu clusters would give
system yields a more stable insulating ground state with erdse to the FM moment, that is, other Fe ions do not produce
hanced spin magnetic moment of Q89 Cu. That is, due to  the long-range FM order. As shown below, the FM ground
the Jahn-Teller distortion, Cud3electrons become more lo- state in(Fe,Cy doped ZnO can be understood based on the
calized and the system becomes insulating. The orbital meenhanced double-exchange-like interaction through the Fe-
ment in this case would be quenched due to the Jahn-Tell&d-Cu clustering effect.

effect. Figure 6 presents the LSDA DOS of
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Zny 579 € 0624C o 06240 for the shortest Fe-Cu separation of VI. CONCLUSION

3.2499 A. Above all, one can notice thg s'trong hybridizat@on We have investigated electronic structuresfes,Co and
between Fe and Cudistates. Further, it is clearly seen in (Fe cy doped zZnO together with those of Fe-, Co-, and
Fig. 6(c) that some new states emerge in the @ur@nority  Cy-doped ZnO. We have also explored the origins of the
spin PLDOS betweer andt,. The new states hawg,,-like observed ferromagnetism in Zn(FeCo)O and
characters directing toward Fe ioffsCu 3d PLDOS has a Zn,_«(Fe;—,Cu,),O. The single TM-doped systems would
reduced exchange splitting, manifesting the DOS characterot have the stable metallic FM ground states: Fe- and Co-
istic of the low-spin state. This feature is different from otherdoped ZnO due to the structural instability or the large Cou-
two configurations with larger Fe-Cu separation, which havdomb correlation effect, while Cu-doped ZnO due to the
an intermediate spin state as in Cu-doped ZnO. For all thregdahn-Teller effect. For Zgy7d€) 062400 0620, We have
cases, the hybridization between Cd &nd the conduction- found no indication of charge transfer between Fe an Co,
band exists, which is again distinct from Cu-doped ZnO. Duesuggesting that the double-exchange mechanism will not
to this hybridization, the conduction carriers of mostly Zn 4 be effective for the ferromagnetism {fre,Cq doped ZnO.
states become reduced. The experimental result of the rdherefore one needs to invoke another exchange mecha-
duced number of carriers ifffe,Cu doped ZnO with respect Nism between Fe and Co, or to check the possibility

to that in Fe-doped ZnQRef. 13 can be understood in terms Of the formation of impurity phases. In contrast, for
of the hybridization between the Cud3and Zn 4 states. ZMo.s78 €.0624- 06240, there is a tendency to form the Fe-

Noteworthy from PLDOS's of Fig. 6 is that there occurs O-Cu clusters so as to give rise to the charge transfer from Fe
charge transfer from Fe to Cu, and accordingly Fe and Cu ar? CU ions. The charge transfer causes the mixed-valent
likely to have nominal F&" (d5) and Cd* (d%9) configu- states of F_e and .Cu,.and accordlngly a type the double-
rations, respectively. As a result, the electron occupancy &*change interaction is expected to induce the ferromag-

Cu site increases, and so Cu has the reduced spin magnefigtiSm in (Fe, Cu doped ZnO. The FM and nearly half-
moment of 0.5Lg as compared to 0.8d in Cu-doped metallic ground state is obtained f@fe, Cy doped ZnO.

ZnO. The charge transfer from Fe to Cu is expected to dis-
turb the Jahn-Teller distortion at Cu sites and concomitantly
make a system metallic. Further, it will cause the mixed- This work was supported by the KOSEF through the
valent states for Fe (B&-F€") and Cu (Céd*-Cu'*) ions, eSSC at POSTECH and in part by the KRGrant No.
and the consequent double-exchange-like interaction is exRF-2002-070-C00038 Helpful discussions with Y. H.
pected to induce the ferromagnetism(ie,Cy doped ZnO. Jeong, S-J. Han, and J.-S. Kang are greatly appreciated.
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