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In recent experiments, high Curie temperatures 7, above room temperature were reported in ferromagnetic
semiconductors Fe-doped GaSb and InSb, while low 7. between 20 K to 90 K were observed in some other
semiconductors with the same crystal structure, including Fe-doped InAs and Mn-doped GaSb, InSb, and InAs.
Here we study systematically the origin of high temperature ferromagnetism in Fe, Mn, Cr-doped GaSb, InSb,
and InAs magnetic semiconductors by combining the methods of density functional theory and quantum Monte
Carlo. In the diluted impurity limit, the calculations show that the impurities Fe, Mn, and Cr have similar
magnetic correlations in the same semiconductors. Our results suggest that high (low) 7, obtained in these
experiments mainly comes from high (low) impurity concentrations. In addition, our calculations predict the
ferromagnetic semiconductors of Cr-doped InSb, InAs, and GaSb that may have possibly high 7. Our results
show that the origin of high 7 in (Ga,Fe)Sb and (In,Fe)Sb is not due to the carrier induced mechanism because

Fe** does not introduce carriers.

DOLI: 10.1103/PhysRevB.102.094432

I. INTRODUCTION

Magnetic semiconductors, which combine the dual char-
acteristics of ferromagnets and semiconductors, are basic
materials for next-generation semiconductor devices. Prac-
tical applications require that magnetic semiconductors can
work at room temperature, which is a big challenge in science
[1]. Over the past three decades, magnetic semiconductor
studies were focused on the diluted magnetic semiconductors.
The representative material is Mn-doped p-type semiconduc-
tors (Ga,Mn)As [2], in which the highest Curie temperature
T, is currently about 200 K [3]. How to increase 7, in
(Ga,Mn)As has become a hot topic under intensive explo-
ration [4]. In order to avoid various difficulties caused by
valence state mismatch in magnetic doping in (Ga,Mn)As,
great progress has been made in the diluted magnetic semi-
conductors with independently adjustable magnetic moments
and carriers concentrations. In 2007, a theoretical study pre-
dicted the ferromagnetic semiconductor Li(Zn,Mn)As with
decoupled magnetic moments and carriers doping [5]. In
2011, the experiment obtained the Mn-doped p-type fer-
romagnetic semiconductor Li(Zn, Mn)As with 7. of 50 K
[6]. In the same ferromagnetic semiconductor family, ex-
periments realized Mn-doped p-type Li(Zn,Mn)P with T, of
34 K [6] and Li(Cd,Mn)P with 7. of 45 K [7]. In 2013,
the experiment discovered Mn-doped p-type ferromagnetic
semiconductor (Ba, K)(Zn, Mn),;As, with a higher 7, of
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230 K [8,9]. Motivated by the experimental high 7, the
density functional theory calculation [10] and photoemis-
sion spectroscopy experiments [11,12] were conducted to
understand the microscopic mechanism of ferromagnetism in
(Ba, K)(Zn, Mn);,As,. Since 2016, the T, higher than room
temperature has been reported in the experiments of Fe-doped
p-type ferromagnetic semiconductor (Ga,Fe)Sb [13-16].

In addition to the p-type diluted ferromagnetic semi-
conductors, studies on the n-type diluted ferromagnetic
semiconductors have also made great progress. In 2016, a the-
ory proposed a physical picture of the diluted ferromagnetic
semiconductors with narrow band gaps, which can form fer-
romagnetism controlled by n-type and p-type carriers, while
diluted ferromagnetic semiconductors with wide band gaps
can only form ferromagnetism controlled by p-type carriers
[17-19]. In 2017, the experiment reported the 7. higher than
room temperature in Fe-doped n-type ferromagnetic semicon-
ductor (In,Fe)Sb [20], and later the experiment found that a
gate voltage in (In,Fe)Sb can turn its 7; [21,22]. The origin of
high 7; in (In,Fe)Sb and (Ga,Fe)Sb has been discussed based
on the density functional theory calculations [23]. In 2019,
the experiment obtained a T, of 45 K in Co-doped n-type
semiconductor Ba(Zn, Co),As; [24].

In contrast to the high 7. above room temperature ob-
tained in Fe-doped p-type (Ga,Fe)Sb and n-type (In,Fe)Sb,
low Curie temperatures of 25 K and 10 K were obtained
in the experiments of Mn-doped p-type (Ga,Mn)Sb [25]
and p-type (In,Mn)Sb [26], respectively. In addition, T, of
70 K was obtained in Fe-doped n-type (In,Fe)As [27,28],
and 90 K was obtained in the Mn-doped p-type (In,Mn)As
[29].
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Ferromagnetic semiconductors have intriguing applica-
tions both in their own right and in guiding materials advances
in other systems, such as spin-orbit torque and spin-polarized
current-induced creep [30]. In addition, both p and n-doped
high-temperature ferromagnetic semiconductors may offer
opportunities that are not available in high-temperature fer-
romagnetic metals. One could design various bipolar devices,
including transistors for spin-controlled amplification [31].

In order to understand the microscopic mechanism of high
T, in Fe-doped GaSb and InSb, and low 7 in Fe-doped InAs
and Mn-doped GaSb, InSb and InAs, in this paper we carry
out a systematic theoretical study based on the combined
method of density functional theory and quantum Monte
Carlo. In the diluted impurity limit, our calculations show
that the impurities Fe, Mn, and Cr have similar magnetic
correlations in the same semiconductors. Thus, we argue that
high (low) 7, in these experiments mainly comes from high
(low) impurity concentrations. Our calculations predict ferro-
magnetic semiconductors Cr-doped InSb, InAs, and GaSb that
may have high 7. Our results show that the origin of high 7,
in (Ga,Fe)Sb and (In,Fe)Sb is not due to the carrier induced
mechanism because Fe3* does not introduce carriers. Thus, in
order to increase T in diluted ferromagnetic semiconductors,
a primary strategy is to increase the impurity concentrations
while keeping the crystal structures unchanged, for example
by choosing proper impurities and host semiconductors to
avoid valence state mismatch during host doping.

II. DFT+QMC METHOD

We use a combination of the density functional theory
(DFT) [32,33] and the Hirsch-Fye quantum Monte Carlo
(QMC) simulation [34]. Our combined DFT4+QMC method
can be used for an in-depth treatment of band structures of
host materials and strong electron correlations of magnetic
impurities on equal footing. It can be applied for designing
functional semiconductor- [35-37] and metal-based [38—40]
materials. The method involves two calculations steps. First,
with the Anderson impurity model [41], the host band struc-
ture and impurity-host mixing are calculated using the DFT
method. Second, magnetic correlations based on the Anderson
impurity model at finite temperatures are calculated using
Hirsch-Fye QMC technique [34]. Considering the cost of cal-
culation and the accuracy of the results, we set the temperature
at 360 K.

The Anderson impurity model is defined as follows:

H = Z [Ga(k) - ,U/]C]tagckaa + Z (Viékadizgckom

k,a,0 k,a,i,&,0

+Hece) 4+ (g4 — 1) Z di-gadifa +U ZniSTnifi’
i¢,0 i.&

ey

where C]iao’ (ckao ) 1s the creation (annihilation) operator for a
host electron with wave vector k and spin ¢ in the valence
bands (¢ = v) or conduction bands (¢ = ¢), and d;gﬂ (digs ) 1s
the creation (annihilation) operator for a localized electron at
impurity site i in orbital & and spin o with nj;, = diggdigg.
Here, €,(k) is the band structure of host semiconductor, i
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FIG. 1. (a) The crystal structure of InSb and (b) its first Brillouin
zone with high symmetry paths indicated. (c) Energy bands ¢, of host
semiconductor InSb. A direct band gap of 0.17 eV was obtained by
DFT calculations with the modified Becke-Johnsom (mBJ) exchange
potential, which agrees well with the experimental value.

is the chemical potential, Vigx, denotes the mixing parameter
between impurity and host electrons, &4 is the impurity 3d
orbital energy, and U is the onsite Coulomb repulsion of the
impurity. Considering the condition of Hund coupling Jy <«
U, Jy is neglected for simplicity in the QMC calculations,
and the single-orbital approximation is used to describe the
magnetic states of impurities. We calculate magnetic correla-
tions of the impurities using Hirsch-Fye QMC technique with
more than 10° Monte Carlo sweeps and Matsubara time step
T =0.25.

III. RESULTS FOR (In, Fe)Sb, (In, Mn)Sb, AND (In, Cr)Sb

The parameters €, (k) and Vi, are obtained by DFT cal-
culations using the WIEN2k package [42]. To reproduce the
experimental narrow band gap of 0.17 eV in InSb, we use
the modified Becke-Johnsom (mBJ) exchange potential [43],
which has been implemented in the WIEN2k package. The
obtained energy band €,(k) is shown in Fig. 1, where InSb
has space group F43m (No. 216). We obtained a direct gap
band A, =0.17 eV, which is in good agreement with the
experimental value [22,26].

A. Results for (In, Fe)Sb

The mixing parameter between £ orbitals of an Fe impu-
rity and InSb host is defined as Vigxe = (¢ ()|H | W, (k)) =

ﬁeik'ivga (k), which can be expressed as

Vea (k) = Y ™ Vg, (K) (¢ (1) H (). @
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FIG. 2. The mixing function between & orbitals of an Fe impurity
(3d electrons) and InSb host for (a) valence bands and (b) conduction
bands.

where ¢ (i) is the impurity 3d state at site i, and W, (k) is
the host state with wave vector k and band index «, which is
expanded by atomic orbitals ¢,(n) with orbital index o and site
index n. Here, N is the total number of host lattice sites and
a4,(K) is an expansion coefficient. To obtain the mixing inte-
grals of (¢¢(i)|H|¢,(n)), we consider a supercell InysFeSby7,
which is comprised of 3 x 3 x 3 primitive cells, where each
primitive cell consists of an InSb, and an In atom is replaced
by an Fe atom. The results of the mixing function Vg, (k)
are shown in Fig. 2(a) for valence bands and in Fig. 2(b) for
conduction bands. It can be seen that near I point the orbitals
of dxy, dy;, and d,, contribute more predominantly to the
mixing function than the orbitals of d,>_,» and d>, whereas the
contributions of d,2_,» and d_ orbitals to the mixing function
increase along I" to X or L direction.

For 3d orbitals of transition metal impurities, the reason-
able U is estimated as U =4 eV [17,18,35,36]. The QMC
results of the occupation number (ng) of a & orbital of an Fe
impurity in InSb as a function of chemical potential x at 360 K
are shown in Fig. 3. The top of the VB was taken to be zero

and the bottom of the CB to be 0.17 V. n; is defined as n; =
ngy + ngy. For Fe 3d orbital energy parameter 5 = —2 eV,
a dramatic increase in ng is observed around —0.1 eV for
the orbitals & = xy, xz, and yz, while for ¢; = —1 eV, sharp
increases in ng are observed around —0.6, 0.1, and 0.2 eV
for the orbitals £ = z> (or x>-y?), yz and xy (or xz), respec-
tively. The sharp increase of ng implies the existence of an
impurity bound state (IBS) at this energy wigs [35-37,44,45].
Figures 3(b) and 3(d) show the magnetic correlation (M’ f§M§E>
between & orbitals of two Fe impurities with fixed distance
R}, of the nearest neighbor. The operator Mizg of the & orbital
at impurity site i is defined as M, = nigy — nig,. For each §
orbital, a ferromagnetic (FM) coupling is obtained when the
chemical potential p is close to the IBS position, and the FM
correlations become weaker and eventually disappear when 1
moves away from the IBS. This role of the IBS in determining
the strength of FM correlations between impurities is consis-
tent with the Hartree-Fock and QMC results of various diluted
ferromagnetic semiconductors [35-37,44,45].

Recent experiments showed high Curie temperature T,
in n-type semiconductor (In,Fe)Sb [20-22]. In order to
reproduce the FM coupling between Fe impurities in semi-
conductor InSb with n-type carriers, the reasonable 3d orbital
energy parameter is ¢; = —1 eV, as shown in Fig. 3(d). For
n-type carriers, the chemical potential is about u = 0.17 eV,
i.e., near the bottom of the conduction band. The FM cou-
pling between Fe impurities is obtained for ¢, = —1 eV with
u = 0.17 eV as shown in Fig. 3(d), while no stable magnetic
coupling between Fe impurities is obtained for ¢; = —2 eV
with u = 0.17 eV as shown in Fig. 3(b). Thus, as a reasonable
estimation, we take the parameter ¢, = —1 eV for 3d orbitals
in our following QMC calculations.

Figures 4(a) and 4(b) show the distance R;, dependent
magnetic correlation (M7, M;,) between § orbitals of two Fe
impurities for the p-type case with u =0 eV and for the
n-type case with u = 0.2 eV, respectively. Long-range FM
coupling up to approximately 8 A (1.4ag) is obtained for the

T T ‘ VVVVV [
‘(a) FeinInSb éﬁ%‘r SEEEY 1R Aé%$$$%$$$%$%$®
1<§@%=@'ﬁ%@'@'®‘ ’@‘@‘ XX ‘vw @@@'ﬁ? O,9;e'n |nSbA Xz -5 :/ {
r 1 F s z 1@ ]
A, | Ea=—26V ’g Eeey o ] 2081 A 2_yzhéﬁ g =
% ool g e g0 L
09 @@@@ ¥z ] 0.7F ',% @@@% E
L B& ‘ X2—y2 A ] E s Kﬁk’g@{@kg ]
ka@@@ | 1 2o ] 06{5@%5@@@54 | :_1‘ eV 7;
0'8 T T T ‘ T T T ‘ T : T T T T T ‘ T T T ‘ T : T T
(b) B (@)
i R ] i
%0-1 Rqp = 1stn.n o b %0-1 Ryp = 1stn.n.
NQ , L7 “\\\ NO
NE}'? (o)) P I ,,,,,, ’®“‘\\[[] ,,,,,,,,,,,,,,,,, i NE&P [0 S N
% @::::@F==-@'—i@—@ \\" % L_—_7&:::§
o
L L ‘ L j L ‘ L l
-01y5g 0.4 0 04 0los ~0.4 0 0.4
1 (eV) u(ev)

FIG. 3. For Fe-doped InSb, chemical potential  dependent (a) occupation number (n;) of & orbital of an Fe impurity, and (b) magnetic
correlation (M7, Mj,) between the & orbitals of two Fe impurities with fixed distance Ry, of the first-nearest neighbor at temperature of 360 K
with ¢, = —2 eV. (c) and (d) are the same physical quantities as (a) and (b) with ¢, = —1 eV.
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FIG. 4. For Fe-doped InSb, the distance R, dependent magnetic
correlation (Mf, M3, ) between the & orbitals of two Fe impurities for
(a) p-type case with chemical potential © = 0 eV and (b) n-type case
with u© = 0.2 eV, where temperature is 360 K.

orbitals & = yz for the p-type case with © = 0 eV. Long-range
FM coupling up to approximately 13 A (2ap) is obtained for
the orbitals & = xz as shown in Fig. 4(b) as well. A com-
parison of Figs. 4(a) and 4(b) shows that the magnitude of
FM coupling (M].M;,) in the n-type case is slightly larger
than that in the p-type case, which is consistent with the
high 7, observed in the n-type semiconductor (In,Fe)Sb in
experiments [20-22]. In addition, our calculation in Fig. 4(a)
predicts that it is possible to obtain high 7, in semiconductor
(In,Fe)Sb with p-type carriers.

B. Results for (In, Mn)Sb

We made similar calculations for Mn-doped InSb. The
mixing function between the 3d orbitals of Mn impurity and
valence and conduction bands of host semiconductor InSb is
shown in Fig. 5. It is noted that the mixing parameters are
similar to those of Fe-doped InSb as shown in Fig. 2. Fig-
ure 6(a) shows the occupation number (n¢) of & orbital of Mn
impurity in InSb versus chemical potential u at temperature
360 K. Sharp increases in ng, which imply the position of
IBS wips, were observed around —0.5 eV for x*> — y? and 72
orbitals, and around 0 eV for xy, xz, and yz orbitals, respec-
tively. Figure 6(b) shows the magnetic correlation (M%M;s)
between & orbitals of two Mn impurities as a function of p,
with fixed distance R, as the nearest neighbor. The role of the
IBS in determining the strength of FM correlations between
impurities is the same as that discussed for Fe-doped InSb in
Fig. 3. Figure 7 shows the distance R;, dependent magnetic
correlation (M’ fsMi?) between & orbitals of two Mn impurities
for p- and n-type cases. For p-type carriers with © = 0 eV,
the same value used for p-type (In,Fe)Sb, a long-range FM
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FIG. 5. The mixing function between £ orbitals of a Mn impurity
and InSb host for (a) valence bands and (b) conduction bands.

coupling up to approximately 10 A was obtained for & = yz
orbital, which is longer than 8 A obtained for Fe-doped InSb
with p-type carriers, while a relatively short-range FM cou-
pling was obtained for the & = xy and xz orbitals for p-type
case. However, for n-type carriers with u = 0.15 eV, a weak
FM coupling was obtained, as shown in Fig. 7(b). Comparing
with Fig. 4 and Fig. 7, we find that the FM couplings in
(In, Fe)Sb and (In, Mn)Sb are similar. In experiments, high
T, was obtained in n-type (In,Fe)Sb [20-22], but low T was
obtained in (In,Mn)Sb [26]. In Sec. VI, we will discuss our
understandings in a general picture. In addition, our results
predict that a weak FM can exist in semiconductor (In,Mn)Sb
with n-type carriers.
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FIG. 6. For Mn-doped InSb, chemical potential p dependent
(a) occupation number (ng) of & orbital of a Mn impurity, and
(b) magnetic correlation (Mj.M;,) between the § orbitals of two
Mn impurities with fixed distance Rj, of the first-nearest neighbor

at temperature 360 K with ¢, = —1 eV.
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FIG. 7. For Mn-doped InSb, the distance R, dependent mag-
netic correlation (M. M5,) between the & orbitals of two Mn
impurities for (a) p-type case with chemical potential © = 0 eV and
(b) n-type case with i = 0.15 eV, where temperature is 360 K.

C. Result for (In, Cr)Sb

We made similar calculations for Cr-doped InSb that have
not yet been attempted in experiments. The mixing function
between the 3d orbitals of Cr impurity and valence and con-
duction bands of InSb is shown in Fig. 8. Comparing with
Figs. 2, 5, and 8, it is clear that the mixing parameters are very
similar for Fe, Mn, and Cr-doped InSb. The chemical potential
w dependent occupation number (n¢) of & of a Cr impurity and
the magnetic correlation (MfEMéé) between & orbitals of two
Cr impurities of the nearest neighbors are shown in Fig. 9.
Comparing with Figs. 3(c) and 3(d), 6, and 9, the similar
behaviors of IBS and magnetic correlation are obtained for Fe,
Mn, and Cr-doped InSb. The distance R}, dependent magnetic
correlation (M, M3, ) between § orbitals of two Cr impurities
with p- and n-type cases is shown in Fig. 10. Comparing
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FIG. 8. The mixing function between & orbitals of a Cr impurity
and InSb host for (a) valence bands and (b) conduction bands.
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FIG. 9. For Cr-doped InSb, chemical potential p dependent
(a) occupation number (n;) of & orbital of a Cr impurity, and (b) mag-
netic correlation (M, M5, ) between & orbitals of two Cr impurities
with fixed distance Rlz of the first-nearest neighbor at temperature
360 K with e, = —1 eV.

with Figs. 4, 7, and 10, the similar magnetic correlations are
obtained for Fe, Mn, and Cr-doped InSb. Thus, our calcula-
tions predict the p- and n-type ferromagnetic semiconductors
Cr-doped InSb that possibly have high 7.
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FIG. 10. For Cr-doped InSb, the distance R;, dependent mag-
netic correlation (M7, M5, ) between & orbitals of two Cr impurities
for (a) p-type case with chemical potential © = 0 eV and (b) n-type
case with u = 0.15 eV, where temperature is 360 K.
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FIG. 11. Energy bands ¢, of host InAs, which has the same space
group as InSb. A direct band gap of 0.42 eV was obtained by DFT
calculations, which agrees well with the experimental value.

IV. RESULTS FOR Fe, Mn, AND Cr-DOPED InAs

InAs has the same space group of F43m (No. 216) as
InSb but has a smaller lattice constant of 6.05 A. By DFT
method with the mBJ exchange potential, we calculate the
band structure of InAs as shown in Fig. 11. The obtained band
gap of 0.42 eV is in a good agreement with the experimental
value [27,29].

A. Results for (In, Fe)As

For Fe-doped InAs, chemical potential ;« dependent oc-
cupation number (nz) of & orbitals of an Fe impurity and
magnetic correlation <Mf§M§$> between & orbitals of two Fe
impurities of the first-nearest neighbor is shown in Fig. 12.
It is shown that the IBS appears at about 0.1 eV for orbitals
xy, xz, and yz. The FM correlations between orbitals xy, xz,
and yz were obtained when chemical potential p is close to
the position of IBS. The distance Rj, dependent magnetic
correlation (M fEMgé) between & orbitals of two Fe impurities
for the p-type case with chemical potential u = 0.1 eV is
shown in Fig. 13. The long range FM coupling between yz
orbitals of Fe impurities is obtained. Comparing with Figs. 4
and 13, it is shown that the FM couplings in (In, Fe)Sb and
(In, Fe)As are similar. In experiments, high 7. was obtained in
n-type (In,Fe)Sb [20-22], but low T. was obtained in p-type
(In,Fe)As [27,28]. In Sec. VI, we give a general picture for
this observation.

B. Results for (In, Mn)As

For Mn-doped InAs, chemical potential u dependent oc-
cupation number (ng) of & orbitals of a Mn impurity and
magnetic correlation (M &M%) between & orbitals of two Mn
impurities of the first-nearest neighbor is shown in Fig. 14. It
can be observed that the IBS appears at about 0.1 ~ 0.2 eV for
orbitals xy, xz, and yz. The FM correlations between orbitals
xy, xz, and yz were obtained when chemical potential u is
close to the position of IBS. The distance R12 dependent
magnetic correlation (M%Még) between & orbitals of two
Mn impurities for the p-type case with chemical potential
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FIG. 12. For Fe-doped InAs, chemical potential o dependent
(a) occupation number (ng) of & orbital of an Fe impurity, and
(b) magnetic correlation (M7, M5,) between & orbitals of two Fe
impurities with fixed distance R;, of the first-nearest neighbor at
temperature of 360 K with e, = —1 eV.

@ = 0.1eV is shown in Fig. 15. The long range FM coupling
between yz orbitals of Mn impurities is obtained. Comparing
with Figs. 13 and 15, we uncover that the FM couplings in
(In,Fe)As and (In,Mn)As are similar. In experiments, low and
similar 7, were obtained in n-type (In,Fe)As [27,28] and p-
type (In,Mn)As [29]. The detail discussions will be presented
in Sec. VL.

C. Results for (In, Cr)As

For Cr-doped InAs, the chemical potential © dependent
occupation number (ng) of a Cr impurity and the magnetic
correlation (MfEMEE) between & orbitals of two Cr impu-
rities of the first nearest neighbor are shown in Fig. 16.

0.2 - - T ' | T : ' d
Fein InAs U=4eV u=0.1eV
gg=-1eV (p type)
/\w 1st
~4§N0.1— 2 7]
S E:Xy'Q}\ B
b= XZ8 " T~ ong
v yz ‘\\13\_—\—3]'(" 4th
0-—-------------*‘-:-_-_-_-_-_‘9-_‘1.-!-!-—_@--
1 1 1 il I 1 1 1 1
0.5 1
R12 (ag)

FIG. 13. For Fe-doped InAs, the distance R, dependent mag-
netic correlation (M7, M5, ) between & orbitals of two Fe impurities
for the p-type case with chemical potential © = 0.1 eV, where tem-
perature is 360 K.
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FIG. 14. For Mn-doped InAs, chemical potential ; dependent
(a) occupation number (nz) of & orbital of a Mn impurity, and
(b) magnetic correlation (M, M;,) between & orbitals of two Mn
impurities with fixed distance R;, of the first-nearest neighbor at
temperature of 360 K with e, = —1 eV.

Comparing with Figs. 12, 14, and 16, similar behaviors of
IBS and magnetic correlation are obtained for Fe, Mn, Cr-
doped InAs. The distance R, dependent magnetic correlation
(M{ M) between & orbitals of two Cr impurities with p-type
carriers 1s shown in Fig. 17. Comparing with Figs. 13, 15, and
17, similar magnetic correlations are also obtained for Fe, Mn,
Cr-doped InAs. Thus, our calculations predict a ferromagnetic
semiconductor Cr-doped InAs with p-type carriers.

V. RESULTS FOR Fe, Mn, AND Cr DOPED GaSb

GaSb has the same space group of F43m (No. 216) as
InSb but has a smaller lattice constant of 6.09 A. By DFT
method with the mBJ exchange potential, we calculate the

0.2 . w l ' | ' ' : '
Mn in InAs U=4eV u=01eV
gg=-1eV (p type)
NI}dOJ | 1st =
Em E=Xy o~
S xz -2 - -
V -~
vz ~ ~. 2nd 3rd 4th
Oz =id= E—-==--=‘5@;;555%‘===”@"
1 1 1 1 | 1 1 1 1
0.5 1 1.5
Ry2 (ap)

FIG. 15. For Mn-doped InAs, the distance R;, dependent mag-
netic correlation (M, M5, ) between & orbitals of two Mn impurities
for the p-type case with chemical potential u = 0 eV, where temper-
ature is 360 K.
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FIG. 16. For Cr-doped InAs, chemical potential u dependent
(a) occupation number (n;) of & orbital of a Cr impurity, and (b) mag-
netic correlation (M{, M3, ) between & orbitals of two Cr impurities
with fixed distance Rj, of the first-nearest neighbor at temperature

360 K with ey = —1eV.

band structure of GaSb as shown in Fig. 18. The obtained band
gap of 0.75 eV is in a good agreement with the experimental
value [13,25].

A. Results for (Ga, Fe)Sb

For Fe-doped GaSb, chemical potential i dependent oc-
cupation number (ng) of & orbitals of an Fe impurity and
magnetic correlation (MféMéé) between & orbitals of two Fe
impurities of the first-nearest neighbor is shown in Fig. 19. It
is shown that the IBS appears at about 0.1 eV for orbital yz
and about 0.25 eV for xz and xy orbitals. The FM correlations
between orbitals xy, xz, and yz were obtained when chemical

0.2 . T ‘ T T T . r :
Crin InAs U=4eV u=0.1eVv
p gg=-16eV (p type)
N0 1st =
2 [eye 5 3rd
% xz.{.|.@\\ nd 4ath
0= ¥Z'Hj:r: e ; Tresqm s omssl -_-_-,-_-g -
0.5 1 15
R12 (ap)

FIG. 17. For Cr-doped InAs, the distance R, dependent mag-
netic correlation (M, M5, ) between & orbitals of two Cr impurities
for the p-type case with chemical potential © = 0.1 eV, where tem-
perature is 360 K.
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FIG. 18. Energy bands €, of host GaSb, which has the same
space group as InSb. A direct band gap of 0.75 eV was obtained
by DFT calculations, which agrees well with the experimental value.

potential u is close to the position of IBS. The distance R,
dependent magnetic correlation (MféMjé) between & orbitals
of two Fe impurities for the p-type case with chemical po-
tential © = 0 eV is shown in Fig. 20. The long range FM
coupling between yz orbitals of Fe impurities is obtained,
which is consistent with the high 7, observed in the p-type
semiconductor (Ga,Fe)Sb in experiments [13-16].

B. Results for (Ga, Mn)Sb

For Mn-doped GaSb, chemical potential ;= dependent oc-
cupation number (ng) of & orbitals of a Mn impurity and

FIG. 19. For Fe-doped GaSb, chemical potential ;= dependent
(a) occupation number (nz) of & orbital of an Fe impurity, and
(b) magnetic correlation (Mngég) between & orbitals of two Fe
impurities with fixed distance R, of the first-nearest neighbor at
temperature of 360 K with e, = —1 eV.

0'1 T T T T I T T T T ] T T T T
Fe in GaSb
A, | U=d4ev =7 |
N i 1
=
v ru=0eV ]
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FIG. 20. For Fe-doped GaSb, the distance R, dependent mag-
netic correlation (Mf, M3, ) between & orbitals of two Fe impurities
for the p-type case with chemical potential © = 0.1 eV, where tem-
perature is 360 K.

magnetic correlation (M féMég) between & orbitals of two Mn
impurities of the first-nearest neighbor is shown in Fig. 21. It
is shown that the IBS appears at about 0.1 eV for orbitals xy,
xz, and yz. The FM correlations between orbitals xy, xz, and
yz were obtained when chemical potential w is close to the
position of IBS. The distance R;, dependent magnetic corre-
lation (MféMéé) between & orbitals of two Mn impurities for
the p-type case with chemical potential © = 0.1 eV is shown
in Fig. 22. The long range FM coupling between yz orbitals
of Mn impurities is obtained. Comparing with Figs. 19 and
21, one may find that the FM couplings in (Ga, Fe)Sb and
(Ga,Mn)Sb are similar. In experiments, high 7. was obtained
in p-type (Ga,Fe)Sb [13-16], but low 7. was obtained in
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FIG. 21. For Mn-doped GaSb, chemical potential x dependent
(a) occupation number (nz) of & orbital of an Mn impurity, and
(b) magnetic correlation (Mnggg) between & orbitals of two Mn
impurities with fixed distance R, of the first-nearest neighbor at
temperature of 360 K with e, = —1 eV.
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FIG. 22. For Mn-doped GaSb, the distance R}, dependent mag-
netic correlation (Mf,M3,) between & orbitals of two Mn impurities
for the p-type case with chemical potential 1 = 0.1 eV, where tem-
perature is 360 K.

p-type (Ga,Mn)Sb [25]. To resolve this puzzling situation, in
Sec. VI we will discuss this issue in a general picture.

C. Results for (Ga, Cr)Sb

For Cr-doped GaSb, the chemical potential u dependent
occupation number (ng) of a Cr impurity and the magnetic
correlation (M, M3, ) between § orbitals of two Cr impurities
of the first nearest neighbor are shown in Fig. 23. Comparing
with Figs. 19, 21, and 23, similar behaviors of IBS and mag-
netic correlation are obtained for Fe, Mn, and Cr-doped GaSb.
The distance R;, dependent magnetic correlation (M%M;E)
between & orbitals of two Cr impurities with p-type carriers is

e
1 -(a) crin Gasb

09 U=4eV
A, 0.8
C

N : ‘\:L‘
> g, L]y §
N
S Oggeptoa 0l & -
v Gg:@g@'@‘f@h@‘ 34 I
Ryo=1stn.n.
_01 1 I 1 1 1 l 1 1 1 1 1 | 1 1 1 l 1
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u (eV)

FIG. 23. For Cr-doped GaSb, chemical potential x dependent
(a) occupation number (n;) of & orbital of a Cr impurity, and (b) mag-
netic correlation (M7, M;,) between & orbitals of two Cr impurities
with fixed distance R, of the first-nearest neighbor at temperature of
360 K with g; = —1 eV.
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FIG. 24. For Cr-doped GaSb, the distance R;, dependent mag-
netic correlation (M{, M5, ) between & orbitals of two Cr impurities
for the p-type case with chemical potential = 0.2 eV, where tem-

perature is 360 K.

shown in Fig. 24. Comparing with Figs. 20, 22, and 24, sim-
ilar magnetic correlations are obtained for Fe, Mn, Cr-doped
GaSb. Thus, our calculations predict the p-type ferromagnetic
semiconductor Cr-doped GaSb could have high 7.

VI. DISCUSSION

To understand the mechanism of ferromagnetism in these
ferromagnetic semiconductors, we list the results of the
maximum (Mngé ) between two impurities with the first
nearest neighbor (n.n.) in Table 1. The value of the maxi-
mum (M7, M;;) for impurities Fe, Mn, and Cr is, respectively,
about 0.1, 0.13, and 0.12 for p-type semiconductor GaSb,
about 0.14, 0.13, and 0.12 for p-type semiconductor InAs and
about 0.09, 0.07, and 0.08 for n-type semiconductor InSb. It
is noted that different values of the maximum (Mngég) are
obtained for different impurities in p-type InSb. The maxi-
mum (MfSMé ) for impurities Fe, Mn, and Cr is, respectively,
about 0.07, 0.14, and 0.13 for p-type semiconductor InSb.
In general, the results suggest that for the same host semi-
conductors, impurities Fe, Mn, and Cr have quite similar
magnetic correlation (Mj.M;,). The results in Table I are
calculated based on the Anderson impurity model in the di-
luted impurity limit. Based on these results, we argue that
high (low) T in these ferromagnetic semiconductors in exper-
iments may come from high (low) impurity concentrations,

TABLE I. The DFT4+QMC calculation results of the maximum
value of (M| M,) between two impurities with the first nearest neigh-
bor (n.n.) for Fe, Mn, and Cr-doped InSb, InAs, and GaSb.

The maximum Host semiconductors

(M M,) at the InSb InAs GaSb

first n.n. (gap=0.17eV) (gap=0.42eV) (gap=0.75eV)

Fe 0.07 (p-type) 0.14 (p-type) 0.1 (p-type)
0.09 (n-type)

Mn 0.14 (p-type) 0.13 (p-type) 0.13 (p-type)
0.07 (n-type)

Cr 0.13 (p-type) 0.12 (p-type) 0.12 (p-type)

0.08 (n-type)
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TABLE II. The experimental results of Curie temperature, impurity concentration, carrier type, and band gap for some ferromagnetic

semiconductors.

Ferromagnetic Curie temperature, Impurity Carrier types Band gap Reference of
semiconductors T. (K) concentration, N,, €eV) experiments (years)
(Ga,Fe)Sb 340 25% p-type 0.75 Ref. [13] (2016)
(Ga,Mn)Sb 25 2.3% p-type 0.75 Ref. [25] (2000)
(In,Fe)Sb 385 35% n-type 0.17 Ref. [22] (2019)
(In,Mn)Sb 10 4% p-type 0.17 Ref. [26] (2008)
(In,Fe)As 70 8% n-type 0.42 Ref. [27] (2012)
(In,Mn)As 90 10% p-type 0.42 Ref. [29] (2006)
(Ba, K)(Zn, Mn),As, 230 15% p-type 0.2 Ref. [9] (2014)
Ba(Zn, Co),As, 45 4% n-type 0.2 Ref. [24] (2019)
Li(Zn,Mn)As 50 10% p-type 1.6 Ref. [6] (2011)
Li(Zn,Mn)P 34 10% p-type 2.0 Ref. [7] (2013)
Li(Cd,Mn)P 45 10% p-type 1.3 Ref. [46] (2019)
(Ga,Mn)As 200 16% p-type 1.4 Ref. [3] (2011)

rather than from the impurity-impurity magnetic correlations
themselves.

To further check our argument, in Table II we list the
experimental results of Curie temperature 7, and the impurity
concentrations N,, in some ferromagnetic semiconductors.
From Table II, it is observed that for the same host semicon-
ductors with different impurities, 7, is naively proportional
to the impurity concentration N,,. For example, T, = 340 K,
N,» = 25% for Fe-doped GaSb, and T, = 25 K, N,, =2.3%
for Mn-doped GaSb. More examples are available in Table II,
such as T, = 70 K, N,, = 8% for Fe-doped InAs, and 7, =
90 K, N,, = 10% for Mn-doped InAs; T, =230 K, N, =
15% for Mn-doped BaZn;As,, and T, = 45 K, N,,, = 4% for
Co-doped BaZn,As,. Certainly, this relation is not numeri-
cally exact, and the deviation from this relation exists. For
example, T, = 385 K, N,, = 35% for Fe-doped InSb, and
T. =10 K, N,, = 4% for Mn-doped InSb. In order to in-
crease T, in diluted ferromagnetic semiconductors, our results
suggest that a primary strategy is to increase the impurity
concentrations. For this purpose, it is crucial to choose proper
impurities and semiconductor hosts to avoid valence state
mismatch during the magnetic doping.

Our numerical results show that the reason that (Ga,Fe)Sb
and (In,Fe)Sb have high 7. in the experiments [13,22] is
from high impurity concentrations of Fe impurities. The Fe
impurities in GaSb and InSb do not introduce additional carri-
ers [13,22], which means that there is no valence mismatch
between Fe’* and Ga®* and In**, and Fe impurities can

TABLE III. The (M;M3) and the effective exchange J; extracted
from DFT+QMC calculations between two Fe impurities with dif-
ferent nearest neighbor (n.n.) for n-type Fe-doped InSb with spin
§ =5/2. We have only plotted (M M; ) with { = = d,,d,. in
Fig. 4(b), because the orbital-orbital correlation (M 12§M§n> for other
¢ and n orbitals are calculated to be very small and negligible.

The ith n.n. First Second Third Fourth
(M{M3) (1072 u2) 0.467 0.231 0.155 0.124
J:/kg (K) 6.757 3.334 2.235 1.788

be doped to vary high concentrations (25% to 35% in Ta-
ble II). In contrast, Mn impurities in GaSb and InSb is Mn2t
and cannot be doped in a high concentration due to valence
mismatch.

Therefore, the origin of high T, in (Ga,Fe)Sb and (In,Fe)Sb
is not due to the carrier induced mechanism because Fe’*
does not introduce carriers. The calculations show that fer-
romagnetism appears in both p- and n-type semiconductors
with narrow band gaps and in only p-type semiconductors
with wide band gaps, which is consistent with our previous
theory [17-19] and experimental observations in most of fer-
romagnetic semiconductors.

VII. CURIE TEMPERATURE BY MEAN FIELD THEORY

We estimate the Curie temperature 7, from a simple Weiss
mean-field formula:

2

T. =SS+ 1)zl 3)

= 3y

where z; is the coordination number and J; are the exchange
couplings of the ith nearest neighbors. To obtain the exchange
couplings, as an approximation, we map the ferromagnetic
correlation between impurities onto the isotropic Heisenberg
model for two particles with five d orbitals

H=-]Y Si Sy,

¢n=d

“

where S;, represents the spin-1/2 operator of ¢ (= dy, d;,
dy;, d>_y» or dp) orbital. At finite temperature, by defining

B = 1/kgT with kg the Boltzmann constant, we write down

TABLE IV. The Curie temperatures corresponding to three dif-
ferent doping concentrations of 12.5%, 25%, and 37.5% for n-type
Fe-doped InSb.

Doping concentration 12.5% 25% 37.5%

T. (K) 120 245 379
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FIG. 25. (a) 12.5% doping concentration for Fe-doped InSb in a supercell of InSb containing eight In atoms and the views from (b) [100]
and (c) [001] directions, where we have only plotted the magnetic atoms (Fe atoms) and the supercell is indicated.

the orbital-orbital correlation as
(83,,85,) = Tr(S5,,85,ePH) /Tr(e FH), ®)

Im Im

where S? represents the z component of spin S;. Considering
Sic - Say = 3[(S1; +82,)* — ST, — 83, ]
= 38y (Sey + 1) = 2s(s + D], 6)

where s =1/2, S;, =0, 1, and the trace could be taken as
summation:

Sey
Tr(---) = Z Z D)
& | Sen=0587,==S;,
Y 172
= )N I [CFE) )
e | S5=—1/28,=-1/2
Tr(e .BH) — [ Z i ﬁJSlmSZH}
Smn=0 8%, =—Smn
Sy
ST E 3 e @
¢,nF#m,n S;,ifOS _755,,
we have
. 1 1—e#
<S1mS2n> = Z . m (9)

We define the average of impurity-impurity correlation
(M;M3) Zc yed Mf'cMgn)/(2S)2, where spin § = (n)/2 =
> ¢ (ng) /2, and the results of (M7M3) extracted from our QMC
calculation results are listed in Table I11. The unit of (M;Mj5) is
2 = (25)*> = 4(jp)? and pp is Bohr magneton. To be consis-
tent with our QMC calculation results, whose unit of (M{M3)
is /xlzg, the average of impurity-impurity correlation can be
obtained as (MiM3) = 4(S;,S5,). Thus, for a given temper-
ature if we have the average of impurity-impurity correlation

TABLE V. The Curie temperatures corresponding to three dif-
ferent doping concentrations of 12.5%, 25%, and 37.5% for p-type
Cr-doped InSb, InAs, and GaSb.

Doping concentration 12.5% 25% 37.5%
T. (K) (In,Cr)Sb 62 214 406
(In,Cr)As 17 129 264
(Ga,Cr)Sb 242 534 851

(MiM5), we can deduce an effective exchange J between two
impurities.

In the following, we shall take the n-type (In,Fe)Sb as an
example to investigate the impurity concentration dependent
Curie temperature. The total spin for n-type (In,Fe)Sb is § =
(n)/2 =5/2 as shown in Fig. 3(c). The impurity-impurity
correlation (M;M5) between two Fe impurities as a function
of the distance between two Fe impurities and the effective
exchange J; of the ith n.n. are listed in Table III, where we
only consider four kinds of n.n. hoppings with the n.n. R} =
(0.5,0,0.5)a, the nextn.n. R, = (1, 0, 0)a, the third n.n. R3 =
(1, 0.5, 0.5)a, and the fourth n.n. R4, = (1, 1, 0)a.

To simulate different doping concentrations, for simplicity,
we consider three different doping concentrations (Nm) of
12.5%, 25%, and 37.5% in a supercell of InSb containing
eight In atoms [two unit cells of Fig. 1(a)]. In this case the
three different doping concentrations correspond to one, two,
and three Fe atom impurities, respectively. If we consider
larger supercells, these three concentrations will hold more
doping configurations, which are too complicated situations
and we shall not study them here. Let us first investigate the
12.5% doping concentration, i.e., one In atom was replaced
by a Fe impurity in the InSb supercell as shown in Fig. 25(a).
In this case, from Figs. 25(b) and 25(c), one may observe
that the Fe impurities form a two-dimensional square lattice
with the lattice constant a (R,), so the coordination numbers
z; =1{0,4,0,4} withi = {1, 2, 3, 4}. Thus, combining Eq. (3)
and Table III we can estimate the Curie temperature to be
120 K for 12.5% n-type Fe-doped InSb. For 25% doping
concentration, i.e., two Fe impurities in the InSb supercell
containing eight In atoms, there are 28 doping configurations,
among which only three are inequivalent with the probability
of 5/7, 1/7, and 1/7, respectively, giving rise to a Curie tem-
perature by Eq. (3) of 250.5, 241.8, and 223.8 K, respectively.
Thus, the average Curie temperature can be estimated to be
245 K for 25% n-type Fe-doped InSb. For 37.5% doping

TABLE VI. The (M{M3) and the effective exchange J; extracted
from DFT+QMC calculations between two Fe impurities with dif-
ferent nearest neighbor (n.n.) for n-type Fe-doped InSb with spin
S = 5/2 at temperatures of 240 and 480 K.

The ith n.n. First Second Third Fourth

240K (MiM5) (1072 ,uf,) 0.683 0.394 0.239  0.134
Ji/kg (K) 6.602 3.797 2.300 1.288

480K (M{M3) (1072 u2) 0376 0.122 0.136 0.114
J:/kg (K) 7.247 2.345 2.615 2.191
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TABLE VII. The Curie temperatures corresponding to three
different doping concentrations of 12.5%, 25%, and 37.5% for n-
type Fe-doped InSb at temperatures of 240 and 480 K for QMC
calculation.

QMC temperature  Doping concentration 12.5% 25% 37.5%
240K T. (K) 119 242 373
480K 106 246 392

concentration, i.e., three In atoms were replaced by three Fe
impurities in the InSb supercell containing eight In atoms.
There are 56 doping configurations, among which only four
are inequivalent. The probability of the four different doping
methods is2/7,2/7,1/7, and 2/7, respectively. They give rise
to a Curie temperature by Eq. (3) of 399.3, 375.7, 375.7, and
363.7 K, respectively. Thus, the average Curie temperature
can be estimated to be 379 K for 37.5% n-type Fe-doped
InSb. These results are summarized in Table IV. Our estimated
Curie temperature of 379 K for 37.5% n-type Fe-doped InSb
is comparable with the experimental Curie temperature of
385 K for 35% n-type Fe-doped InSb in Table II.

By using the above method and combining the QMC
results in Figs. 10, 17, and 24, we estimate the Curie tempera-
tures corresponding to three different doping concentration of
12.5%, 25%, and 37.5% for p-type Cr-doped InSb, InAs, and
GaSb as listed in Table V. From Table V, we find that p-type
Cr-doped InSb, InAs, and GaSb ferromagnetic semiconduc-
tors may have high 7, with a high doping concentration,
especially for p-type Cr-doped GaSb.

To investigate the temperature dependent magnetic cor-
relation, we have also performed the QMC calculation at
240 K and 480 K. The results are summarized in Table VI
One may observe that the magnetic correlation decreases with
increasing temperature. With the mean-field theory, we also
estimate the Curie temperatures as listed in Table VII at these
two QMC simulation temperatures, respectively, which are
comparable with the results as listed in Table IV. This shows
that our calculations are reasonable and the results are robust.

For the cases with 100% of magnetic impurities, such as
FeSb and CrSb, our calculations show that both are ferro-
magnetic metals. It is noted that the mobility of electrons and
holes in InSb is nine and two times higher than that in GaAs,
respectively [47,48]. The mobility could be another figure of

merit for InSb and related magnetic semiconductors, which is
left for future study.

VIII. SUMMARY

By the combined method of density functional theory and
quantum Monte Carlo, we have systematically studied the
ferromagnetism of Fe, Mn, Cr-doped GaSb, InSb, and InAs
magnetic semiconductors. In the diluted impurity limit, our
calculations show that the impurities Fe, Mn, and Cr have sim-
ilar magnetic correlations in the same host semiconductors.
We predict that ferromagnetic semiconductors of Cr-doped
InSb, InAs, and GaSb may have possibly high 7,.. More
importantly, our results imply that high (low) T, obtained
in these experiments mainly come from high (low) impurity
concentrations rather than the magnetic correlations between
impurities. In addition, our results show that the origin of high
T. in (Ga,Fe)Sb and (In,Fe)Sb is not due to the carrier induced
mechanism because Fe** does not introduce carriers. In order
to increase the Curie temperature in diluted ferromagnetic
semiconductors, our results suggest that an alternative tactics
is to increase the impurity concentrations, such as by choosing
proper impurities and host semiconductors to avoid valence
state mismatch during the magnetic doping.
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