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Electron-mediated ferromagnetism in
Fe-doped InP: Theory and experiment*
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‘We report on the electron-mediated ferromagnetism in Fe-doped InP from both first-principles calculations and

experiments. Theoretically, based on spin-polarized density functional theory within Heyd—Scuseria—Ernzerhof (HSE03)

approach, we systematically investigate the magnetic properties of Fe-doped InP and predict the existence of electron-

mediated ferromagnetism. Experimentally, by diffusing Fe into the n-type InP wafer with thermal annealing at 800 °C,

we observe room-temperature ferromagnetism in InP:Fe, which is in agreement with the theoretical prediction.

Keywords: ferromagnetism, Fe-doped InP, first-principles calculations

PACS: 75.50.Pp, 71.55.-, 71.70.-d

1. Introduction

Dilute magnetic semiconductors (DMSs) as a sig-
nificant foundation for potential spintronic applica-
tions are of wide technological interest and impor-

1-3] Generally,

tance in basic scientific researches.!
DMSs obtained by the incorporation of 3d transition-
metal (TM) into conversional semiconductor hosts,
especially III-V and II-VI semiconductors like GaN
and ZnO, show a lot of desirable semiconductor and
magnetic properties.[*~8! In particular, ferromagnetic
(FM) DMSs with Curie temperature (T¢) exceed-
ing room temperature are required in various spin-
dependent devices. Therefore, the fabrication of fer-
romagnetic semiconductor with high T has spawned
a large number of studies on TM-doped semiconduc-
tors. In the previous studies, several microscopical
models have been proposed to depict the spin-coupling
mechanism between TM and hosts,[~ 11 such as p—
d exchange, d—d double-exchange, and superexchange
models. These exchange interactions have been widely
and successfully used to explain the magnetic ordering
observed in TM-doped III-V and II-VI semiconduc-
tors. In light of these models, the FM stability cru-
cially depends on the existence of holes localized in
d state of TM ions,!'2~1% namely, the so-called hole-
mediated ferromagnetism. Recently, Walsh et al.['%]
have achieved the stable FM ground state in Co doped
ZnO through n-type doping based on the band cou-
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pling model. This is considered as another effective
approach to acquiring the high T DMSs.

Fe-doped III-V or II-V semiconductors as the
basis for various high speed electronic and optoelec-
tronic devices have great potential applications.[!7:18]
Zhu et al.['9) have observed room-temperature spin
injection from Fe into GaAs. Feng et al.?”) have ob-
served room-temperature ferromagnetism in ZnFeO
thin film. Twardowski et al.?' have reported on the
values of specific heat and low field susceptibility of
Zn,Fe;_.S (x < 0.26). However, the values of their
Curie temperature T are very low (below 20 K). Up
to date, few theoretical or experimental investigations
of high temperature ferromagnetism in Fe-doped InP
have been reported.

In the present work, first of all, we perform an ex-
tensive analysis of electron-mediated magnetic prop-
erties of Fe-doped InP using first-principles method
based on spin-polarized density functional theory
(DFT).2 We find the generalized-gradient approx-
imation (GGA) within the exchange-correlation func-
tional in the form of Perdew—Burke-Ernzerhof (PBE)
calculations suppresses the contribution of carrier elec-
trons to the stability of FM magnetic ordering due
to the well-known error of underestimating the band
gap.1?324 To reduce this error and predict the cor-
rect electron-mediated magnetic ordering, we also
carry out the DFT calculations within Heyd—Scuseria—

*Project supported by the National Natural Science Foundation of China (Grant No. 60925016).

TCorresponding author. E-mail: dongshan08@semi.ac.cn

(© 2012 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb  http://cpb.iphy.ac.cn

097502-1



Chin. Phys. B Vol. 21, No. 9 (2012) 097502

Ernzerhof (HSEO03) approach for exact prediction of
electronic structure and magnetic properties of Fe-

P.[25-28] The results indicate that the carrier

doped In
electrons can stabilize the FM ordering in terms of the
band coupling model. Finally, in order to verify the
theoretic prediction of electron-mediated FM order-
ing, we prepare the InP:Fe wafer by using n-type bulk
InP grown by vapour diffusion method as substrate.
As expected, this n-type Fe-doped InP wafer shows
ferromagnetism at room temperature.

The rest of the present paper is organized as fol-
lows. In Section 2 we describe the calculation de-
tails and the experimental methods. In Section 3, we
present band coupling models to demonstrate the FM
and anti-ferromegnic (AFM) ordering of Fe-doped InP
bulk materials. The HSE03 calculations predict FM
coupling in InP:Fe system. The experimental results
of room-temperature ferromagnetism in Fe-doped InP
wafers are also presented in Section 3. Finally, some
conclusions are drawn from the present study in Sec-
tion 4.

2. Methods of calculation and ex-

periments

All calculations are performed wusing first-
principles method based on spin-polarized DF'T within
PBE and HSEOQ3 approaches as implemented by Vi-
enna ab initio simulation package (VASP).?l A 64-
atom zinc-blende (ZB) supercell is used in our calcula~
tions. To determine the stability of FM or AFM order-
ing, in the supercell two nearest-neighbours In atoms
are replaced by Fe atoms. Convergence with respect
to the plane-wave cutoff energy has been checked.
The Monkhorst—Pack method is used to sample k-
point mesh in the Brillouin zone.’% A 2x2x2 grid
is used in PBE calculations while the I" point is used
in HSEO3 calculations. All the structures are allowed
to relax until the Hellmann—Feynman force is less
than 0.05 eV/A. For the primitive unit cell, the PBE
and HSEO3 optimized lattice constants are 5.994 and
5.955 A, respectively, in good agreement with those
given in Ref. [13]. The PBE gives an InP band gap of
only 0.84 eV, while the HSE03 gives that of 1.42 eV,
which is in good agreement with the experimental
value of 1.46 eV given in Ref. [31]. This indicates that
the use of HSE(03 is more reasonable for predicting
InP band structures.

The samples used in the experiments are prepared
by Fe-doped InP wafers grown by liquid encapsulated

Czochralski (LEC) method in our laboratory. Fe thin
films each with a thickness of about 800 nm are de-
posited by vacuum evaporation at a vacuum level of
1073 Pa.
we put the InP sample deposited with Fe thin film

The quantity of Fe power is 6 N. Then

into a quartz tube at a base pressure of 2x1073 Pa.
The annealing is carried out in the sealed quartz tube
at 800 °C for 24 h. After annealing, the wafers are
cooled at room temperature for about 45 h. Structural
characterizations of the samples are carried out by X-
ray diffraction (XRD). The compositional properties
are monitored by energy dispersive X-ray (EDX). The
XRD measurements are performed in Bragg—Brentano
geometry. Magnetization measurements are carried
out using a superconducting quantum interface device
(SQUID) magneto-meter under the magnetic field in-
tensity H perpendicular to the film plane.

3. Results and discussion

The ZB InP belongs to space group F43m with
T, symmetry. As a result, the Fe-3d states split into
lower doublet e and upper triplet to states in the tetra-
hedral ligand field. Moreover, The Fe has d%s? va-
lence electron configuration and becomes Fe3* in InP.
Therefore, taking exchange interaction into account,
it leads to the full occupation of all the majority spin
states and empty occupation of minority spin states.
Figure 1 shows the calculated total and local densi-
ties of states (DOSs) for Fe e and to states, respec-
tively. It clearly represents that the spin-up to and e
states are under the Fermi level, while the spin-down
states are above the Fermi level, thereby resulting in
a magnetic moment in Fe-doped bulk InP. In terms
of d band coupling model, FM repulsion between the
spin-up or the spin-down Fe d states results in no net
energy gain because of the filled or unfilled bonding or
antibonding states (Fig. 2(a)). Here, we assume that
the couplings between the two spin-up d levels and
the two spin-down d levels lead to splitting of 2A},
and 2A2; (as shown in Fig. 2), respectively. How-
ever the energy gain of —3A33272AZ}1’2 is induced in
AFM configuration resulting from superexchange re-
pulsion between the filled and unfilled t5 and e states
(Fig. 2(b)). Therefore, the magnetic ground state is
AFM. Indeed, the more directly calculated total en-
ergy differences between FM and AFM configurations
in Fe-doped InP as shown in Fig. 2 are consistent with
these expected analysis when there is no additional
carrier electron in trapped d level of Fe ion. Usually,
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the coupling between t5 states is much stronger than
that between e states due to the strong localization
of e state in ZB phase. Therefore, the to—t, coupling
dominates the magnetic ordering.
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Fig. 1. Calculated total and local densities of states for Fe
e and tg states, respectively. The Fermi level is indicated
by the dashed vertical line. Solid curves are spin-up (ma-
jority) bands and dashed curves are spin-down (minority)
bands.

Fig. 2. Schematic band coupling models of Fe t and e
levels in FM and AFM configurations. The couplings be-
tween the two spin-up d levels and the two spin-down d
levels lead to splittings 2A<1id and 2A3d, respectively.

In terms of band couplings, theoretically partial
filling of the nominally empty minor Fe to state is ex-
pected to stabilize the system into FM from AFM or-
dering. The corresponding schematic coupling models
of FM and AFM are shown in Figs. 2(c) and 2(d). In
the FM configuration and spin-up channel, the system
does not gain energy through the direct d—d coupling

because of full occupation of all spin-up states, while
the tog—t2s repulsion in spin-down channel leads to
a net energy gain of —(3 — me)AYY where m, is the
number of electrons in ty state. In the AFM config-
uration, the coupling situations are the same in the
spin-up and spin-down channels. From consideration
of coupling between the occupied and unoccupied tog
states, the net energy gain is —(3 — me)Atdld’Q. Gen-
erally speaking, the magnitude of Agh is much larger
than Agld’2, leading to the stabilization of FM order-
ing.

Figure 3 depicts the energy difference between
FM and AFM ordering: AEpyn-_arMm = Frv — Earm
within PBE and HSEO3 calculations.
that as expected, when the number of additional car-

We can see

rier electrons is less than two per Fe, the AFM mag-
netic ordering is more stable. This is because the e
state captures the adding electrons, while the occupa-
tion of the predominating to sates does not change.
Thus, the superexchange between to states results in
the AFM ground state. Surprisingly, the PBE still
gives an AFM ordering ground state when the t, be-
comes partially occupied. This results from the in-
ability of PBE in predicating the correct bandgap of
semiconductors. PBE calculations always underesti-
mate the band gap, so that the calculated unoccupied
spin-down to state lies above the conductor band min-
imum (CBM). When the concentration of electron ex-
ceeds two per Fe, these electrons first occupy the In
5s band instead of the Fe spin-down to state. The un-
derestimation of bandgap can be overcome by HSE03
functional. The HSEQ3 is capable of giving the cor-
rect band gap and raising the CBM, so the correct
position of to states can be obtained. This results
in the partial occupation when the number of adding
electrons reach 2.5 per Fe. Therefore, the double ex-
change between minority to states stabilizes the FM
order within HSE03 calculations.
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Fig. 3. Energy difference between FM and AFM order-
ing: AEFM*AFM = EFM_EAFM within PBE and HSE03
calculations.
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To verify the theoretical predication that electron-
mediated FM in Fe doped InP can be achieved
through n-type doping, we have also prepared Fe-
The
temperature-dependent magnetization (M-T') curve

doped InP wafer using a diffusion treatment.

for single-phase Fe-doped InP sample is measured us-
ing a SQUID magnetometer with a magnetic field of
0.1 T, applied in the direction perpendicular to the
film plane. Measurements have also been taken at
0.3 T, and a similar temperature dependence is ob-
tained. The diamagnetic contribution of the InP sub-
strate is subtracted from the results of magnetization.
The dc zero-field-cooled (ZFC) and the field-cooled
(FC) magnetization curves are shown in Fig. 4. Mea-
surements are performed from 100 to 300 K. The FC
is obtained by measuring the magnetic moment of the
sample in a magnetic field of 0.1 T during cooling.
The ZFC measurement is obtained by first cooling the
sample to 5 K in zero fields and then warming it un-
der the same field as that of the FC measurement.
The ZFC magnetization shows stronger temperature
dependence than the FC one below 200 K. ZFC and
FC magnetization curves overlap when the tempera-
ture exceeds 300 K, and both exhibit paramagnetic be-
haviours. Below this temperature, the ZEFC-FC curves
are separated from each other, and the ferromagnetic
behaviour can be seen in Fig. 4. These results indicate
irreversibility between the FC and ZFC measurement.
At the same time, at 300 K, there still exists a small
bifurcation between FC and ZFC, which demonstrates
that a net magnetization is still preserved. The AFM
ordering is not favourable in this case because AFM
has zero net magnetization.
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Fig. 4. FC-ZFC M-T curves of the Fe-doped InP sample.
The FC is obtained by measuring the magnetic moment
while cooling the sample in a magnetic field of 0.1 T and
then heating the sample in the same magnetic field. The
ZFC is also obtained by measuring the magnetic moment
while cooling the sample in the absence of magnetic field
and then heating the sample under the same magnetic field
as that for FC.

Figure 5 show the hysteresis (M versus H) loop
for the n-type doped InP:Fe sample at 150 K. The to-
tal magnetization could be described as an algebraic
sum of various contributions. The substrate diamag-
netic contribution is subtracted from the total mag-
netization signal. The remaining data consist of the
paramagnetic and ferromagnetic contributions from
the Fe-doped InP sample. The well-defined hysteresis
loop shows that the InP:Fe sample is clearly ferromag-
netic at 150 K. At 150 K, the saturation magnetiza-
tion (Mg) is 7.66x 1076 emu (1 emu=10"2 A-m?) with
a remanence magnetization (Mg) of 1.84x107% emu
and a coercive field (H.) of 0.02 T. InP wafer is dia-
magnetic, so the magnetization data indicate that the
ferromagnetization in the present study is caused by
Fe-doping in n-type InP bulk material. These experi-
mental results demonstrate the electron-mediated FM
in Fe doped InP.
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Fig. 5. Curve of M versus H of the sample taken at 150 K
after the necessary background diamagnetic subtraction.
The magnetic field used ranges from 0 to 0.3 T.

4. Conclusions

In the present paper, the electron-mediated fer-
romagnetism in Fe-doped InP is confirmed from both
Based
on spin-polarized density functional theory within

first-principles calculations and experiments.

HSEO03 approach, the magnetic properties of Fe-doped
InP are systematically investigated and the existence
of electron-mediated ferromagnetism is predicated.
The Fe-doped InP showing ferromagnetism is success-
fully prepared by diffusing Fe into n-type InP wafer,
which is consistent with our theoretical predictions.
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