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Dilute magnetic semiconductors (DMSs) have attracted much attention because of their huge potential
applications in spintronics. The simple band-coupling model suggests that isovalent doping of semi-
conductors (e.g., Mn-doped /I-V semiconductors) should be antiferromagnetic due to the dominant
superexchange interaction, which is consistent with experimental observations on most Mn-doped /I-V1
and Fe-doped /7I-V semiconductors (FDMSs). However, recently, it has been reported experimentally that
some FDMSs are ferromagnetic with a very high Curie temperature (7¢) of over 300 K, but the underlying
mechanism is not clear. Here, we reveal that the unusual ferromagnetism in FDMSs originates from a
unique p-d coupling—induced band crossing and the resulting charge transfer from anion p to unoccupied
Fe 3d orbitals. This result suggests that the ferromagnetism can be more easily realized by Fe doping in
111V semiconductors with high anion p orbital energies, such as GaSb, instead of those with small band
gaps, such as InAs. Moreover, we illustrate that the isovalent character guarantees low self-compensation
in FDMSs, which sets a major advantage to the realization of high 7¢ in FDMSs. Our finding can well
explain the recent experimental observations and suggests a new avenue for the future design of high-T¢

DMSs.
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I. INTRODUCTION

Achieving high-Curie-temperature (7¢) ferromagnetism
in conventional semiconductors has been a long-term
dream for materials scientists, because of its potential
application in spintronics [1]. At first glance, one may
expect that this would be achieved naturally by doping the
conventional semiconductors with magnetic impurities,
such as transition metals. Dilute magnetic semiconductors
(DMSs), born from this intuition, have attracted enormous
attention over the past few decades [2—5]. The isovalent-
doped DMSs (e.g., Mn-doped 7I-VI systems) were first
considered, because the isovalent magnetic ions can be
easily doped into the host semiconductors. Unfortunately,
almost all the isovalent-doped DMSs were found to show
antiferromagnetic (AFM) ground states. It was later real-
ized that, when no carrier is introduced into the system,
the superexchange interaction between the magnetic impu-
rities dominates, which leads to antiferromagnetism [6].
On the other hand, with nonisovalent doping it is diffi-
cult to achieve a high solubility, which is required for high
Tc. The pioneering work on high-concentration nonisova-
lent doping of Mn in InAs and GaAs through epitaxial
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growth by Ohno ef al. [7-9] raised some hope to realize
the dream again. However, after extensive studies of Mn-
doped I11-V semiconductors (MDMSs), it was realized that
nonisovalent doping encounters doping limit issues, i.e.,
the formation of compensating defects, even though the
low solubility could be overcome through nonequilibrium
growth techniques [10]. These issues seriously limit the
T¢ of MDMSs, which, based on the Zener model [11,12],
depends on both the magnetic impurity concentration (x)
and the hole concentration (p), as T¢ o xp 3. Therefore, it
would be of great interest if one could find a system that
could be doped as easily as isovalent-doped systems, but
that could also introduce significant amounts of carriers
into the system.

More recently, a new class of DMSs based on iso-
valent Fe-doped /II-V semiconductors (FDMSs), such as
In,_,Fe,As and Ga;_,Fe,Sb, has been proposed [13—16].
It is interesting to see that an appreciable hole con-
centration (10'*-10' cm™3) can be injected into these
FDMSs, which leads to robust ferromagnetic (FM) ground
states. Moreover, the detrimental mechanism that limits
Tc in MDMSs is not found in FDMSs. For example,
in Ga;_,Fe,Sb, it has been demonstrated experimentally
that the carrier density increases monotonically with the
defect concentration x [14], which provides a promising
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way to realize high T¢ in this system. Indeed, it has been
reported that a relatively high 7¢ of over 300 K can
be achieved in Ga;_,Fe,Sb at a defect concentration of
x=25%[15].

Despite these emerging merits, however, the funda-
mental mechanism that underlies the ferromagnetism in
FDMS:s is still not understood. Unlike MDMSs, where the
ferromagnetism is hole-induced through nonisovalent dop-
ing, isovalent-doped FDMSs are usually expected to be
AFM [6,17], apparently contradictory to experiments [13—
15]. Moreover, the ferromagnetism in FDMSs is found
to increase, as their hosts change from the wide-gap to
narrow-gap semiconductors, e.g., from Ga;_,Fe,As to
Ga;_,Fe,Sb [14,18], in sharp contrast to what has been
found in MDMSs, where the ferromagnetism decreases
from Ga;_,Mn,As to Ga;_,Mn,Sb [6,17,19]. Further-
more, it has been shown experimentally that In;_,Fe,As
behaves like n-type electron-induced DMSs, whereas
Ga;_,Fe,Sb shows p-type hole-induced DMSs [13—16].
This bipolar-doping behavior is often speculated to be
ascribed to the formation of different native defects in these
materials. However, this speculation does not explain why
the hole concentration in Ga;_,Fe,Sb is found to increase
with x [14], provided that holes are generated by the
native defects. Although the electron-induced ferromag-
netism has been demonstrated in In; _,Fe, As by co-doping
with nonmagnetic donors [13,16], it is still an open ques-
tion whether the ferromagnetism in intrinsic FDMSs is
electron- or hole-induced.

To clarify these ambiguities and to unravel the ori-
gin of the ferromagnetism in isovalent-doped FDMSs,
in this article we systematically study the electronic
structures and magnetic properties of several prototype
FDMSs, including Ga;_,Fe,As, Ga;_,Fe,Sb, In;_,Fe,As,
and In;_,Fe,Sb, by using first-principles calculations and
orbital analysis. Our results indicate that the ferromag-
netism can be stabilized in Ga;_,Fe,Sb and In;_,Fe,Sb,
which has high valence-band (VB) energies, but not in
Ga;_,Fe,As and In,_,Fe,As, where AFM states are more
stable, even though InAs has a much smaller band gap than
GaSb. Based on the band-coupling model, we find that
the ferromagnetism in Sb compounds originates from a
unique p-d coupling—induced band crossing and the result-
ing charge transfer from Sb 5p to Fe 3d orbitals, which
is thus hole-mediated. This result indicates that it is the
VB energies, rather than the band gaps, of the host semi-
conductors that determine the magnetic ground states in
FDMSs. Moreover, our calculations also reveal that, unlike
Mn interstitials (Mn;) in Ga;_,Mn,As, the Fe interstitials
(Fe;) cannot be easily formed in Ga;_,Fe,Sb, because of
their higher valence state, which leads to a higher forma-
tion energy than that of substitutional isovalent Fe impu-
rities (Feg,). This explains the experimentally observed
monotonic relationship between the carrier density and
defect concentration in FMDSs.

II. COMPUTATIONAL METHODS

Our calculations are carried out by using the projec-
tor augmented wave (PAW) method [20] and the Heyd-
Scuseria-Ernzerhof (HSE06) hybrid functional [21] within
the density-functional theory (DFT) as implemented in
VASP [22]. A cutoff energy of 400 eV is used for
the plane-wave basis set, and a I'-centered 4 x4 x 4
Monkhorst—Pack k-mesh is used for the Brillouin-zone
integration. For all the calculations, the atomic positions
are relaxed until the Hellman-Feynman force on each atom
is less than 0.01 eV/A.

For defect calculations, we use a 2 x 2 x 2 supercell
of the zincblende structure that contains a single defect.
For a defect o in the charge state ¢, its formation energy
(AHy (@,q)) is calculated by [23,24]

AHp(@,q) = AE(@,q) + Y mu + qEr, (1)

where AE(wa,q) = E(a,q) — E(host) + > nE; + qevem
(host). Here, E(host) is the total energy of the supercell
containing 64 atoms and E(«, q) is the total energy of the
same supercell but with a defect «. The Fermi level (Ef)
is referenced to the VBM of the host, u; is the chemical
potential of constituent element i referenced to elemental
solid with energy E;, n; is the number of elements, and ¢
is the number of electrons transferred from the supercell to
reservoirs in forming the defect cell. Here w; is restricted
by several thermodynamic conditions. Firstly, precipitation
of the elemental dopant and host elements is avoided. For
example, for Ga;_,Fe,Sb, u; is limited by

MGa < u(Ga bulk) =0, 2
msp < ((Sb bulk) =0, 3)
pre < p(Fe bulk) = 0. “4)

Here, the v (Ga bulk) is calculated by the orthorhombic
structure (space group Cmca) of bulk Ga, u (Sb bulk)
is calculated by the trigonal structure (space group R3m)
of bulk Sb, and u (Fe bulk) is calculated by the cubic
structure (space group Fm3m) of bulk Fe.

Secondly, ng, and usp, are limited to the values for
maintaining stable GaSb. Therefore,

KUGa + tsp = AHy (GaSb), (5)

where AHy(GaSb) is the formation energy of bulk GaSb

(zincblende structure, space group F43m). Third, to avoid
the formation of the possible secondary phases, e.g.,
FeSby,, 1. is also limited by

Wre + 2usy < AH(FeSb,), (6)

where AH(FeSb,) is the formation energy of bulk FeSb;.
With all these restrictions considered, the stable chemical
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potential range of Ga,_,Fe,Sb can then be obtained (more
details and stable chemical potential ranges of Ga;_,Fe,Sb
and Ga;_,Mn,As are given in the Supplemental Mate-
rial [25]).

III. RESULTS AND DISCUSSIONS

1I1I-V semiconductors have a typical zincblende structure
with 7; symmetry. The valence-band maximum (VBM)
of these semiconductors is composed mainly of anion p
orbitals, as well as some cation p and d orbitals, forming
the triply degenerate 1,, states, while the conduction-band
minimum (CBM) consists mainly of cation s orbitals,
mixed with some anion s orbitals, forming the a;, state
(see Fig. S1 in the Supplemental Material [25]). The cal-
culated band gaps of the four studied host semiconductors
are given in Table I, along with the experimental data. To
overcome the well-known local density approximation or
generalized gradient approximation error, the hybrid func-
tional (HSEO06) is employed. The calculated band gaps
are in good agreement with experiments, with the largest
deviation of approximately 0.22eV for GaAs, which is
consistent with previous calculations [27]. This result indi-
cates that our calculations can well capture the electronic
structures of the host semiconductors and give us confi-
dence for further investigating the electronic and magnetic
properties of the corresponding FDMSs.

To estimate the stability of ferromagnetism in FDMSs,
we next calculate the FM stabilization energy (AEpm.arm),
which is defined by the energy difference between the FM
and AFM phases. Here, we adopt the nearest-neighbor
(NN) configuration, where the two host cations (Ga or In)
as the first face-centered-cubic (fcc) neighbors are replaced
by a pair of Fe atoms in a 2 x 2 x 2 supercell of the
zincblende structure that contains 64 atoms (see Fig. S2 in
the Supplemental Material [25]). The FM or AFM phases
are then established by aligning the spin orientations of the
two Fe atoms parallel or antiparallel to each other. The cal-
culated AEppm.apm and magnetic ground states for FDMSs
are given in Table I. From these calculations, two main
conclusions are obtained:

TABLE 1. Calculated host band gaps and energy difference
(AEgpm.arm) between the FM and AFM phases for Fe-doped
semiconductors. The experimental band gaps are also given in
parentheses for comparison.

AEFM-AFM Ground
System Host band gap (e V) (meV) state
Ga;_,Fe,As 1.30 (1.52%) 346 AFM
Ga;_,Fe,Sb 0.91 (0.82%) —108 FM
In;_,Fe,As 0.30 (0.42%) 104 AFM
In;_,Fe,Sb 0.22 (0.24%) —80 FM
aRef. [26].

(i) It is clear to see that the ferromagnetism can be
stabilized in some FDMSs, despite the substitutional Fe
atoms being isovalent to the host cations. We find that,
among the four studied FDMSs, Ga;_,Fe,As favors the
AFM ground state, while Ga;_,Fe,Sb and In;_,Fe,Sb
favor the FM ground states, which is consistent with exper-
iments [14,18]. For In;_,Fe,As, it should be noted that
although the electron-induced ferromagnetism has been
realized by co-doping with nonmagnetic donors [13,16],
our calculations show that the intrinsic In;_,Fe,As pos-
sesses the AFM ground state with a positive AEpyarm =
104 meV.

(i) The magnetic ground states of FDMSs do not
depend on the band gaps, but on the valence-band (VB)
energies of their host semiconductors, which mainly
depend on the anion p orbital energies. We see that the
calculated band gaps decrease from GaAs to GaSb to InAs
and to InSb. However, the change of AFEg\v.apm for the
corresponding FDMSs deviates obviously from this trend.
It is found that the As compounds generally possess the
AFM ground states, while the Sb compounds possess the
FM ground states, implying a close relationship between
the magnetic properties of these materials and their host
anions. This is quite different from what has been observed
in MDMSs, where the FM stability typically increases with
the host band gaps [6,17,19,28].

To further understand these results, we calculate the total
density of states (DOS) and Fe 3d projected density of
states (PDOS) of FDMSs in both the AFM and FM phases,
as shown in Fig. 1. For all these systems, we find that
their VBMs are constructed mainly by the anion 7,, states,
similar to their host semiconductors. The 3d orbitals of
the substitutional Fe atoms show a large exchange split-
ting between the majority and minority states. Under the
tetrahedral crystal filed, these Fe 3d orbitals split into the
triply degenerate #,; and doubly degenerate e, states. The
Fe 1,4 states can then couple with the anion #,, states in
the same spin configuration. As a result, for the FM phases
of FDMSs, an energy splitting between the majority and
minority channels can be generally observed, especially
for the states near the Fermi level (FL), as shown in Figs.
1(a}-1(d). For Ga;_.Fe,As and In;_,Fe,As, we find that
both the AFM and FM phases are semiconductors, which is
consistent with the usual expectation for isovalent doping.
However, for Ga,_,Fe,Sb and In;_,Fe,Sb, it is surprising
to see that, although the AFM phases are also semicon-
ductors, the FM phases become metallic with the FL
crossing the VB within the majority channel. According
to the band-coupling model [6,17], the holes introduced
into the VB are essential to stabilize the FM phase of the
system. For example, it has been demonstrated that the
metallic Ga;_,Mn,As favors the FM ground state, while
the semiconducting Cd;_,Mn, Te favors the AFM ground
state [6]. The metallicity may explain why Ga;_,Fe,Sb
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Calculated total (DOS) and Fe 3d projected density of states (PDOS) for (a) Ga,_,Fe,As, (b) Ga;_,Fe,Sb, (¢) In;_,Fe,As,

and (d) In;_,Fe,Sb. The Fe t,; and e; PDOSs are within the energy range between —3 and 1 eV. The corresponding local charge
density for (¢) Ga;—cFe,Sb and (f) In;_Fe,Sb. The majority and minority spin channels are labeled by the upward and downward
arrows, respectively. The isosurface of charge density is selected to be 0.04 e/A3.

and In;_,Fe,Sb have the FM ground states. However,
one important question is where do the holes in the VB
come from, because different from MDMSs, one may
expect that the isovalent substitution of host cations by Fe
atoms is unlikely to introduce holes, similar to the case of
Mn-doped /I-VI semiconductors.

To answer this question and get more insight into the
ferromagnetism in FDMSs, we employ the band-coupling
model to further analyze the band structures of these mate-
rials, as shown in Fig. 2(a). Here, we only discuss the
energy levels near the FL, which play the major role (the
detailed band-coupling model is given in Fig. S3 in the
Supplemental Material [25]). As shown in Fig. 2(a), when
two cations in the host semiconductors are substituted
by a pair of Fe atoms, the interaction between anion 7,
(also with some Fe #,; component) dominated states and
that between Fe e¢; states at the substituted sites could
occur, generating the bonding (t’z’pT or eg 1) and antibonding

(tglle or eﬁ) states. For FDMSs, depending on the relative

energy of Fe e; versus host #,, states, two different cases
could occur:

(i) If the 1, states lie well below the Fe e, states and
the p-p (d-d) coupling between 1, (e;) states is weak,
the tng states would have a lower energy than the eg !
states, as shown in the left panel of Fig. 2(a). In this case,
the #4°. states are fully occupied while the €/, | states are
fully empty, making the materials semiconductors. This is
similar to what has been found in Mn-doped /I-VI semi-
conductors [6]. It is clear to see that no energy gain can be
obtained by the FM coupling between the #,, (or the ey)
states and thus the system prefers the AFM ground state.

(i) If the anion f,, states lie close to the Fe e, states
and the p-p (d-d) coupling between the #,, (eq) states is
strong, the e’ , states would be pushed down to below

the t‘Z‘b 1 states, leading to a p-d band crossing, as illus-
tratedp in the right panel of Fig. 2(a). In this case, electrons
originally occupying the thT states will fall into the ez !
states, leaving the fZliT states partially occupied. As can be
seen from Fig. 2(b), the charge transfer from t‘z’lfT to eé’, '
states would gain energy. Consequently, when the FM cou-
pling overwhelms the AFM coupling, FM will become the
ground state of the system. This is the usual case because,
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band gaps are used to align the conduction-band edges.

due to the perturbation theory of quantum mechanics, the
coupling strength is inversely dependent on the energy sep-
aration. For the FM configuration, the coupling states are
nearly degenerate, whereas in the AFM configuration, the
coupling states are separated by the exchange splitting, so
that the FM coupling is usually much larger than the AFM
coupling.

For Ga;_,Fe,As and In;_,Fe,As, the VBM is composed
mainly of As 4p orbitals that have much lower energy
than the Fe e, states. Thus, the p-d coupling—induced band
crossing cannot occur and the compounds are semiconduc-
tors with the AFM ground states, as shown in Figs. 1(a)
and 1(c). However, for Ga;_,Fe,Sb and In;_,Fe,Sb, the
VBM is derived from the Sb 5p orbitals that have much
higher energy than As 4p orbitals. Consequently, the p-d
band crossing and thus the charge transfer from thT to eZ .
states occurs, which renders these compounds to be metal-
lic and possess the FM ground states, as shown in Figs.
1(b) and 1(d). These results imply that the ferromagnetism
in FDMSs is closely related to the VB energies of their host
semiconductors, not simply the band gaps as previously
suggested [11]. Fig. 2(b) plots the calculated band align-
ments for the four studied host semiconductors. The VB
edge energies are consistent with our previous calculations
[26] and show a good agreement with experiments. For
example, the GaAs/InAs offset is calculated to be 0.50 eV,
in good agreement with deep-level transient spectroscopy
measurements of 0.46 eV [29]. The experimental band
gaps [30] are then used to position the conduction-band
(CB) edges. It can be seen that the VBMs of Sb compounds
are roughly 0.75 eV higher than the corresponding As com-
pounds, suggesting that the p-d band crossing can occur
more easily in Sb compounds than in As compounds. To
identify the character of the occupied Fe 3d states, we plot
the local charge density for the PDOS of Ga,_,Fe,Sb and
In;_,Fe,Sb from —3 to 0 eV below the FL, as show in

Figs. 1(e) and 1(f). It is clear to see that the occupied Fe 3d
orbitals within the minority channel have a predominate
ey character, which is consistent with our band-coupling
model.

In the above discussion, we assume the fcc NN con-
figuration for the substitutional Fe pairs. In reality, the
Fe-Fe separation could be larger. To check the validity
of our band-coupling model in DMSs, we have consid-
ered another configuration with the largest Fe-Fe distance
(LD) in a 64-atom supercell of Ga;_,Fe,Sb (see Fig. S2 in
the Supplemental Material [25]). Table II gives the calcu-
lated total energies for the FM and AFM phases, as well
as their energy differences, of Ga;_,Fe,Sb with both the
NN and LD configurations. It is interesting to see that the
stabilization energy of the FM phase in the LD configura-
tion changes slowly with Fe-Fe distance and could even be
enhanced, compared to the NN configuration. This can be
ascribed to the fact that, as the Fe-Fe distance increases,
both the FM and AFM couplings decrease, but the latter
changes more rapidly than the former, due to the more
localized orbitals. These results, therefore, suggest that the
availability of the band-coupling model can be general in
DMSs.

It is well known that the defect property of DMSs
has a significant impact on their electronic and magnetic
performances. For example, in MDMSs, one major chal-
lenge to realize high T¢ is the spontaneous formation of
compensating defects, such as Mn;, when the materials are

TABLE II. Calculated total energies for the FM and AFM
states, as well as their differences, of Ga;-,Fe,Sb with both the
NN and LD configurations.

AEFM-AFM
Configuration Epy (eV) Earm (€V) (meV)
NN —302.004 —301.896 —108
LD —301.959 —301.789 —170
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FIG. 3. Calculated formation energies for interstitial and sub-

stitutional Mn impurities in Ga;_,Mn,As and interstitial and
substitutional Fe impurities in Ga;_,Fe,Sb under the Mn-rich
and Fe-rich conditions (point 7 in Fig. S1 in the Supplemental
Material [25]).

heavily doped, which limits the achievable carrier den-
sity [31-34]. However, in FDMSs, the carrier density is
found to increase monotonically with the defect concen-
tration, which is a promising feature that can be used to
realize high T¢ [14,15]. To understand these experimental
observations, we calculate the defect formation energies
for Feg, and Fe; in Ga,_,Fe,Sb, and compare them with
that for Mng, and Mn; in Ga,_.Mn,As, as illustrated in
Fig. 3. It is clear to see that the calculated formation
energy of Feg, in Ga;_,Fe,Sb is similar to that of Mng,
in Ga;_,Mn,As, which indicates that Feg, in Ga;_,Fe,Sb
should have a similar solubility to Mng, in Ga;_,Mn,As.
Thus, to achieve a high doping concentration, a nonequi-
librium growth method, such as molecular beam epitaxy
(MBE), must be used for both of these systems [10,14].
Moreover, we find that for Ga;_,Mn,As, Mn; tends to be
energetically more favorable than Mng,, when x increases
and the FL approaches the VBM. The formation of Mn;,
as a donor, would compensate for the holes induced by
Mng, and thus significantly reduce the carrier density and
Tc of the system. This is consistent with the experimen-
tal observations that 7- of Ga;_,Mn,As cannot exceed
room temperature, even for a large defect concentration
of x =20% [10]. For Ga;_,Fe,Sb, on the other hand, the
formation energy of Fe; remains larger than that of Feg,
across the whole Fermi energy range between VBM and
CBM, because Fe has more valence charges, which indi-
cates that the Fe; cannot form easily even at high Feg,
concentrations. This characteristic resistance of the for-
mation of hole killers explains why the hole density can
increase monotonically with x in Ga,;_,Fe,Sb [14,15],

which implies that there is a great potential to realize high
T¢ in isovalent-doped FDMSs.

IV. CONCLUSION

Based on first-principles calculations, we systematically
study the electronic and magnetic properties of several
prototype isovalent FDMSs. We find that Ga;_,Fe,As
and In;_,Fe,As favor the AFM ground states, while
Ga;_.Fe,Sb and In;-,Fe,Sb favor the FM ground states.
More importantly, our calculations show that the ferro-
magnetism in Sb compounds originates from a unique p-d
band crossing and the resulting charge transfer from Sb
5p to Fe 3d orbitals, and thus is hole-mediated. Accord-
ingly, we show that it is the VB energies, rather than
the band gaps of the host semiconductors, that essen-
tially influence the magnetic ground state in FDMSs. This
mechanism is quite different from the previous understand-
ing obtained in MDMSs. Moreover, we identify a major
advantage of isovalent-doped FDMSs over nonisovalent-
doped MDMDs, i.e., the resistance of the formation of
compensating defects, such as Fe;, which may result in a
relatively high carrier concentration and thus high 7. Our
findings, therefore, significantly broaden the recent under-
standing of the magnetic behaviors in DMSs and suggest
an alternative strategy for the future design of high-T¢
DMSs for spintronics.
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