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First-principles investigation of transition-metal-doped group-1V semiconductors:
RY1x (R=Cr,Mn,Fe; Y=Si,Ge

Hongming Weng and Jinming Dohg
Group of Computational Condensed Matter Physics, National Laboratory of Solid State Microstructures and Department of Physics,
Nanjing University, Nanjing 210093, People's Republic of China
(Received 29 May 2004; revised manuscript received 23 August 2004; published 4 Janugry 2005

A number of transition-metalTM) doped group-1V semiconductor®,Y;_, (R=Cr,Mn,Fe;Y=Si,Ge,
have been studied by the first-principles calculations. The results obtained show that antiferroniAgihé}ic
order is energetically more favored than ferromagn@iM) order in Cr-doped Ge and Si witt=0.03125 and
0.0625. In 6.25% Fe-doped Ge, the FM interaction dominates in all rang&Rofdistances, while for
Fe-doped Ge at 3.125% and Fe-doped Si at both concentrations of 3.125% and 6.25%, only inRaRshort
range can the FM states exist. In the Mn-doped case, the Ruderman-Kittel-Kasuya-Yoshida-like mechanism
seems to be suitable for the Ge host matrix, while for the Mn-doped Si, the short-range AFM interaction
competes with the long-range FM interaction. The different origin of the magnetic orders in these diluted
magnetic semiconductok®MS’s) makes the microscopic mechanism of the ferromagnetism in the DMS'’s
more complex and attractive.

DOI: 10.1103/PhysRevB.71.035201 PACS nunier75.50.Pp, 71.55.Cn

I. INTRODUCTION DMS’s* and carrier-induced ferromagnetism with the ex-
_ _ _ _ change interaction mediated by electrons was considered to
Diluted magnetic semiconductox®MS’s) have stimu-  pe suitable for the Co-doped anatase J&@stenf While the
lated a great deal of interest because of their potential applirst-principles calculation on the Mn-doped Ge made by
cations in the Spintronics, in which the electron Spin becomEQark et al. indicates that the FM order arises from a |ong_
another degree of freedom in addition to the usual chargeange FM interaction competingwith a short-range AFM one.
degree of freedom. Since the discovery of ferromagnetiqore detailed study by Zhaoet al. shows that MgGe,_, is
(FM) order in Mn-doped IlI-V semiconductors such as InAs 3 RKKY-like FM semiconductor. In this paper, a similar
(Ref. 1) and GaAg(Refs. 2—4, the transition-metal magnetic stdy is extended to the C(Fe) doped Ge and Si. Since a
impurities have been used as spin injectors, which are dopegdy (Fe) atom has one electron legsiore) than a Mn atom
into the semiconductor hosts to cause ferromagnetism. Bi§nd Si is in the same column as Ge in the periodic table,
usually, the Curie temperatures of these materials are far b%omparison between these DMS's allows us to investigate
low the room temperature, which, for example, is 35 K foryariations of magnetic properties with a change of dopants
In;MnAs and 110 K for Ga,MnAs. The Mn-doped and host semiconductors. In fact, there have been experi-
[I-VI semiconductors are less attractive because the supereyents to be done on the Cr- and Fe-doped(Refs. 15 and
change interaction of the doped ions favors the antiferromagig) and also Mn-doped SiRef. 17. In Sec. II, we will
netic (AFM) or spin glass configuration. However, in some jntroduce our calculation methods, and our numerical results

DMS's based upon the transition-metal oxide, ferromag-are shown in Sec. Iil, from which some discussions and con-
netism has been observed at or even higher than room tergyysions are made.

perature, such as 280 K for Zn@ef. 5 and 400 K for TiQ

(Ref. 6. On the other hand, in the group-1V semiconductor,

Park et al.” reported that Mn-doped Gévin,Ge,_,) has a Il. CALCULATION METHOD

Curie temperature up to 116 K and then GHal.improved

it to 285 K8 So, if it were possible to make room-  The software packagesp (Ref. 18 has been used in our

temperature FM MgBi;_,, the “spintronic semiconductor” calculations, which is based on a total energy pseudopoten-

industry would increase rapidly based upon now mature Sitial plane-wave method within the local spin density approxi-

based semiconducting technology and associated facilities.mation (LSDA). In the calculation, the interaction between
The room-temperature FM DMS’s discovered continu-ions and electrons is described by the projector-augmented

ously in experiments brings a challenge to the theoreticaivave method in the generalized gradient approximations

work because their origin of ferromagnetism is still an open(GGA).*® The initial crystal structures ofR,Y; (R

question. Though some different mechanisms, such as tieCr,Mn,Fe;Y=Ge,S) are taken as&Xx 2a X 2a supercell

Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction?  for x=0.03125 and @x 2a X 1a for x=0.0625 with twoY

double exchang® double resonancg,the Zener tunneling atoms replaced by tw® atoms, among which the first is at

model!? and the mean-field theoly,have been proposed, the origin, and the other is put on a lattice position farther

none could give a conclusive interpretation. The strpd)y  away from the origin indicated by three digits followihgto

exchange interaction mediated by mobile holes is thought toepresent itx,y,z) coordinate in units of/4.2* And the

be the origin of ferromagnetism in lll-V-compound-basedlattice constant is taken as that of pure Ge and Si, i.e.,
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TABLE |. Total energy of the FM phasiEry,) in different configurations calculated relative to that with
lowest FM energy, and the energy difference between AFM and FM $Ete,—Egy) calculated for
Cr-doped Ge and Si at=0.03125. Also shown are the average magnetic moments on each C¢ratfim-
tin radius=1.32R) calculated from initial FM(Mg,) and AFM (M gy configuration, respectively. Energies
are all in units of meV/Cr and the magnetic moment are in unitggfCr.

Cro.031245€.96875 Cro.03125310.96875
System  Egy Earm—Erm Mem Marm Erm Earm—Erm Mem Marm
N111 397.6 -387.3 2.10 +2.78 237.3 -347.7 1.82 +2.32
N220 34.0 -20.7 2.54 +2.68 14.6 114 2.22 +2.27
N400 0 -18.5 2.54 +2.57 0 -10.8 2.22 +2.22
N224 21.3 -28.4 2.53 +2.61 22.8 -13.4 2.20 +2.23
N440 394 -61.6 2.48 +2.72 17.6 -23.2 2.18 +2.29
N444 28.5 -31.3 251 +2.61 15.6 -11.0 2.20 +2.24

5.658 and 5.431 A, respectively. In the spin optimization, thethat perhaps at lower enoughthe FM state would be lower
initial spin configuration in the AFM state is taken as 5 netthan the AFM state in energy, which still needs more experi-
spins on on&R atom, and -5 on the other one, and in the FMments to be confirmed.

state, 5 net spins are chosen for b&hatoms. The same Tables Il and IV give the results of Mn-doped Ge and Si
ground state is reached while increasing the value to 8 an#ith x=0.031 25 and 0.0625, respectively. It is clear that our
10. An energy of 350 eV is used for the plane-wave cutoff,/eésults of MpGe,_, are the same as those in Ref. 14, indi-
and when the energy cutoff is increase to 550 eV, the totafating that it is a RKKY-like FM semiconductor. However, it
energy difference between the AFM state and the correls totally different for MnSi;_, although both Ge and Si are
sponding FM state changes no more than 0.05 ne\For  in the same column in the periodic table. Independent of the

the Brillouin zone sampling, we take the saknimesh as that doping concentration, the M8i;_, tends to be FM even
in Ref. 14 for all the cases. when the Mn-Mn distance is as long as 9.41 A in 44

case, except that tHg111 shows AFM order. The AFM in-
teraction between Mn ions exists only in a short rage
nearest neighbor, about 2.35,Avhich competes with the
The calculated FM total energies and the energy differdong-rangeall beyond the nearest-neighb&M interaction.
ence between AFM and FM states of the Cr-doped Ge and Sihis mechanism was once thought to be the origin of the FM
are presented in Tables | and Il fa=0.03125 and 0.0625, order in the MpGe,_, system’, which now seems to be re-
respectively. Also shown are the averaged magnetic momengponsible for the FM order in Mn-doped Si. So, it is plau-
on the Cr atom. Obviously, for the Cr-doped Ge at bothsible that the FM order would be easier in the Si host matrix
concentrations, the AFM order is energetically more favoredhan in Ge for Mn doping. Wher=0.031 25, the lowest FM
than the FM order, which is consistent with the experimentaknergy is found in theN440 configuration for Ge and in
measurement and theoretical calculation in Ref. 15. Th&220 for Si, and the corresponding energy differences be-
fewer electrons of Cr than Mn in the Ge host matrix do nottween AFM and FM state$E,gy—Ery) are 103.92 and
enhance the ferromagnetism in this system. And in the Sr4.88 meV/Mn in these two configurations. Increasintp
host matrix, independent of the doping concentration, only0.0625, the lowest FM energy configuration becorN@20
for the N220 configuration is the FM order slighty more for both Ge and Si, and the correspondiBggy—Egy in-
favorable while the others tend take the AFM order. But increases to 122.2 and 84.6 meV/Mn, respectively. So, in the
general the energy differences between AFM and FM desame doping concentration, the Curie temperature of
crease whenx changes from 0.0625 to 0.031 25, indicating Mn,Ge,_, will be higher than that of Mg8i,_,, and in both

Ill. RESULTS AND DISCUSSION

TABLE Il. The same as Table | except x+0.0625.

Cro.06245€.9375 Cro.062550.9375
System Erm Earv—Erm Mgy Marm Erm Earv—Erm Mgy Marm
N111 370.6 -381.3 2.09 +2.78 237.2 -351.0 1.84 +2.33
N220 10.6 -36.5 2.50 +2.69 8.7 5.8 2.21 +2.27
N400 0.0 -69.8 2.45 +2.69 0.0 -32.2 2.17 +2.29
N440 121 -67.7 2.44 +2.72 6.0 -25.0 2.17 +2.29
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TABLE lll. The same as Table |, except for the Mn-doped Ge and Si, in which the muffin-tin radius of

Mn is 1.32 A.
Mng 31245€9.96875 Mng o3128310.96875
System  Egm Earm—Erm Mem Marm Erm Earm—Erm Mem Marm
N111 263.3 -257.4 3.06 +3.20 26.2 -181.1 1.18 +2.69
N220 10.2 76.4 3.17 +3.22 0.0 74.9 2.83 +2.48
N400 60.6 -17.5 3.16 +3.21 137.0 5.4 2.81 +2.81
N224 70.4 -3.9 3.18 +3.23 142.6 23.7 2.82 +2.80
N440 0.0 103.9 3.16 +3.23 22.3 125.1 2.83 +2.59
N444 94.3 -27.0 3.16 +3.25 153.1 15.6 2.81 +2.83
TABLE IV. The same as Table Il except at=0.0625.
Mng 06265€9.9375 Mng 062550.9375
System Erm Earm—Erm Mem Marm Erm Earm—Erm Mem Marm
N111 279.0 -219.9 3.03 +3.18 158.5 -258.5 2.40 +2.69
N220 0.0 122.2 3.15 +3.15 0.0 84.6 2.80 +2.55
N400 4.9 104.9 3.14 +3.19 23.3 109.8 2.76 +2.63
N440 32.7 98.2 3.13 +3.19 42.5 108.4 2.81 +2.65

TABLE V. The same as Table | except for Fe-doped Ge and Si, in which the muffin-tin radius of Fe is

1.30 A
Fey.031265€ 96875 Fey.03128510.96875
System  Egm Earm—Erm Mem Marm Erm Earm—Erm Mem Mapm
N111 0.0 170.5 2.22 +2.17 0.0 95.3 1.96 +1.43
N220 246.6 -81.6 0.001 +2.47 129.3 0.0 -0.001 +0.111
NA00  184.6 435 ~0.005 213  8L7 0.0 0.000  +0.000
N224  204.6 39.6 ~0.011  #211 1046 0.0 0.000  £0.001
N440  198.1 7.9 -0006 262 864 0 00  +0.006
N444 2119 45.7 ~0.004 215 977 0 0.0  +0.000
TABLE VI. The same as Table V except @t 0.0625.
Fep.06265€.0375 Fey.06253i0.9375
System Erm Earvm—Erm Mgy Marm Erm Earv—Erm Mgy Marm
N111 0.0 156.0 2.23 +2.22 0.0 109.0 1.98 +1.51
N220 114.4 38.5 2.45 +2.39 249.4 -95.0 1.57 +0.21
N400 97.8 94.6 2.50 +2.06 101.7 0.0 0.004 +0.02
N440 129.5 70.2 2.55 +2.05 106.9 0.0 0.02 +0.02
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host matrices, the Curie temperature will increase with Mnromagnetism. For example, the FM state in all
doping concentratiof417:20 Fe&) 06256 9375 configurations are more favorable in energy
The results of the 3.125% and 6.25% Fe-doped twahan the AFM. So in the Fe-doping cases, the FM interaction
group-1V semiconductors are listed in Tables V and VI, re-is a very short-range one, and would become longer range by
spectively. For both concentrations of Fe-doped Ge and Sincreasing the doping concentration.
the lowest-energy states are ldll11 configurations with FM It is generally thought that the orbital on theR atom is
order, and all other configurations have much higher energiemuch more hybridized with thp orbital of Si than with that
than theN111. So, there would be ferromagnetism in Fe-of Ge, which would cause a smaller local magnetic moment
doped group-1V semiconductors, and the recent experimentain R in the Si matrix than that in Ge orf€ From our calcu-
result shows that E&e,_, (Ref. 16 is ann-type FM semi- lated magnetic moments oR atoms listed in the above-
conductor with a Curie temperature as high as 233 K whilenentioned tables it can be seen that at the same concentra-
the ferromagnetism in Fe-doped Si still needs further experitions, in general, the magnetic moment Rrin the Ge host
mental observations. It is found from Table V that for the Gematrix is a little larger than that in the Si one. We have also
host matrix, all other configurations, except tN&11 and checked that if the lattice constant of Ge is compressed com-
N220, converge to the nonmagnetic state even from the inipared to that of Si, i.e., increasing the mixing of fherbital
tial FM one, and their energies are lower than that of theof Ge with thed orbital of theR atom, the magnetic moment
AFM state. In contrast, thé&l220 configuration favors the on theR atom would decrease in all cases. Especially in the
AFM state rather than the nonmagnetic. However, for the Scase of 6.25% Fe doping, the decrease of the Ge latticecon-
host matrix, all configurations, except oriN111, favor the stant will cause the Fe atom to be nonmagnetic like that in
nonmagnetic, being independent of the initial magnetic statee,) p5,:5i 9375 listed in the right part of Table VI. And vice
Comparing these results with those at 6.25% in Table VI, weversa, enlarging the Si lattice constant to that of Ge causes
found that the higher Fe concentrations will enhance the ferthe N111 andN220 configurations of the Fe-doped Si to be
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0

Energy (eV)

gap in spin-ug-down) channel in the case of CFe) doping
compared to that of the Mn doping. These changes of total
DOS around thé& in the spin-channels will lead to different

semiconductor, which is consistent with the theoretical calspin polarized conductivity in these systems. As shown ob-
culation on the Mn-doped diamond, another group-1V ele-viously in Figs. 1 and 2, the CrtFe-) doped Ge and Si

ment with the same crystal structure, in which the absence
ferromagnetism had been predictéd.
To further investigate the

afystem is nearly semiconductinigneta) in the total DOS
structure, which is consistent with its tendency to be in the

transition-metals-dopedAFM (FM) ground state because the decreagingreasing

group-IV semiconductors, we have also studied the elecearrier mobility would suppres@nhancgthe FM order in
tronic structures of these systems, and focused our attentidhe system. The @partial DOS of theR atoms are mostly
on the lowest-energy FM states in all the configurations. Thelistributed around in the range from -3 to +2 eV. And in

obtained total density of staté®OS) and 31 partial DOS on

the spin-up channel, the main peaks of Cr in its valence band

R atoms in the systems under study are shown in Figs. 1 anare centered at about —1 eV, while those of Mn and Fe are at

2 for x=0.031 25 and 0.0625, respectively. Since(Eg) has
one electron lesgnore) than the Mn atom, a careful analysis
of the total DOS of CyY ,_, (Fe Y ;_,) in both figures shows
that the Fermi level is a little downshiftgdipshifted com-
pared with that of MY ,_,. Moreover, from the 8 partial
DOS and the magnetic moment Rfatoms listed in Tables |
to VI, we can deduce that one absémtdundantelectron in
Cr (Fe) compared to Mn is in the spin-updown) state,
which can also be seen from the open{narrowing of the

-2.3 eV which are mostly contributed bg} andt},. But

for the spin-down part, the occupied peaks of Cr and Fe are
mainly located at —0.5 eV and that of Mn is at about -1 eV,
all of which are mostly composed %, whereas the unoc-
cupied state around 0.5 eV for Mn and Fe and that at 1.2 eV
for Cr havee! character. So it is known from the above
results that in general the crystal field splittiag . is about

0.5, 1.3, and 1.8 eV and the exchange splitting ajrbital is
about 2.2, 2.8, and 2.8 eV for Cr, Mn, and Fe, respectively.
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Clearly the exchange splitting energy is larger than the cryssystem remains a half-metéthough the magnetic moment
tal field splitting energy in these systems, leading to theiron Mn is increased to 3.7%i%. The reason why the half-metal
quite strong spin ordering and few changes in host's geofeature is kept even includinty is due to the strong-d
metrical structure when doped with TMS7And above all,  mixing in these TM-doped group-IV semiconductors. Fur-
we can see that for Mn in G€5i), the local magnetic mo-  thermore, the LSDAWY calculation of 6.25% Cr-doped Si in

ment is contributed by three electrons in feorbital, and  N220 andN400 configuration shows that the AFM state is
the e/ orbital is occupied by about one electron. With a smallstjjj more stable than the EM one in energy.

crystal field splitting, both of them are hybridized with the

orbital of Ge(Si) strongly, which enhances the carrier mo-
bility and reduces the magnetic moment on the Mn atom. For V. CONCLUSION
Cr, the lack of the oné2/ electron makes this system semi-

conducting and thus it prefers more to stay in the AFM order. In SK/mmary, WS h?v%s\t(udleg_trcl:e t'r\:/:llns,ltlog-lr:ne.\t(a_l-solpped
In the Fe-doped cases, one more electron occupie®'the group-IV semiconductorR,Y; (R=Cr, Mn, and FeY=Si

orbital, near the Fermi level, hybridizing with the elecg- and G@ by the first-principle calculations in LSDA and GGA

trons, which makes the gap in the spin-down channel narf_ormalism. The obtained results show that there exist differ-

rower or disappear, causing the magnetic moment on Fe 8Nt ground states for differei® elements. The one fewer
be smaller than that on Mn. electron of Cr than in Mn seems to disfavor the FM ordering

According to Anderson’s-d mixing model?? the local  in the doping system. In contrast, Fe doping makes the
magnetic moment on the transition-metal atom doped int@roup-1V semiconductors more FM than Mn doping. It is
the host matrix is determined by three factors: the on-sité@lso found that enlarging the lattice constant would decrease
Coulomb interactiorlJ of d electrons, the mixing of thed  the p-d mixing and benefit FM order, which perhaps is an-
orbital with the delocalized orbita$ of the host, and the other way to get a higher-Curie-temperature magnetic
energy difference between tleorbital and the Fermi level ~group-1V semiconductor in experiments. These systems seem
of the system. So, we have also done LSDA ¢alculations  to have different mechanisms of FM order, although tlkeir
within vasp, which show that the on-sitd will enhance the ¢€lements are in the same row and both Si and Ge are in the
local magnetic moment oR, especially for 6.25% Fe-doped same column in the periodic table, which still needs much
Si. U=3.0 eV would cause a magnetic moment as large agiore experimental and theoretical efforts to make clear.
3.02ug on the Fe atom in thé&l400 configuration and the
corresponding FM state is energetically lower than the AFM
one by about 31.67 meV/Fe compared with the nonmagnetic
state withoutJ. And the total DOS of its FM state is nearly =~ The authors acknowledge support for this work from the
half-metal, which is consistent with the nearly integer mag-National Science Foundation under Grant No. 90103038.
netic moment on Fe. The same calculation ofCalculations in this work have been done on the SGI origin
MnNg 062456 9375 IN the N220 configuration shows that the 2000 and 3800 computers.
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