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TOPICAL REVIEW — Spin manipulation in solids

Progress of novel diluted ferromagnetic semiconductors with
decoupled spin and charge doping: Counterparts of Fe-based

superconductors∗

Shengli Guo(郭胜利) and Fanlong Ning(宁凡龙)†

Department of Physics, Zhejiang University, Hangzhou 310027, China

(Received 1 May 2018; revised manuscript received 6 June 2018; published online 28 August 2018)

Diluted ferromagnetic semiconductors (DMSs) that combine the properties of semiconductors with ferromagnetism
have potential application in spin-sensitive electronic (spintronic) devices. The search for DMS materials exploded after
the observation of ferromagnetic ordering in III–V (Ga,Mn)As films. Recently, a series of DMS compounds isostructural
to iron-based superconductors have been reported. Among them, the highest Curie temperature TC of 230 K has been
achieved in (Ba,K)(Zn,Mn)2As2. However, most DMSs, including (Ga,Mn)As, are p-type, i.e., the carriers that mediate
the ferromagnetism are holes. For practical applications, DMSs with n-type carriers are also advantageous. Very recently,
a new DMS Ba(Zn,Co)2As2 with n-type carriers has been synthesized. Here we summarize the recent progress on this
research stream. We will show that the homogeneous ferromagnetism in these bulk form DMSs has been confirmed by
microscopic techniques, i.e., nuclear magnetic resonance (NMR) and muon spin rotation (µSR).

Keywords: diluted ferromagnetic semiconductors, homogenous ferromagnetism, muon spin rotation (µSR),
nuclear magnetic resonance (NMR)

PACS: 75.50.Pp, 76.75.+i, 75.50.Lk, 77.80.B– DOI: 10.1088/1674-1056/27/9/097502

1. Introduction
After fast development of nearly a hundred years, the tra-

ditional electronics have met several bottlenecks to improve
the performance.[1] Developing spin electronic (spintronic)
devices that are based on electron spin rather than (or in ad-
dition to) charge is one of the alternative solutions. Ferro-
magnetic semiconductors are types of materials that combine
the properties of semiconductor with ferromagnetism and have
potential applications in spintronics. In the past, one of the
main aims of the ferromagnetic semiconductor research is to
fabricate all-semiconductor spintronics devices.[2] The core is-
sue is to realize spin injection, spin manipulation, and spin
detection as firstly introduced by Datta and Das in a spin
field effect transistor design.[3] Nowadays, the focus of fer-
romagnetic semiconductor research has developed from con-
centrated magnetic semiconductors to diluted magnetic semi-
conductors (DMSs). Concentrated magnetic semiconductors
have the same magnetic atoms in every unit cell. Lanthanide
compounds, EuX (X=O, S, Se, and Te)[4] are one type of rep-
resentative concentrated magnetic semiconductors. The Curie
temperature (TC) of ∼ 170 K has been reported in Gd-doped
EuO films,[5] which is still far below room temperature and is
hard to be improved.[3,6]

DMSs are produced by doping magnetic transition metal
elements into nonmagnetic parent semiconductors. Mn doped
II–VI DMSs are widely investigated decades ago, as rep-

resented by (Cd,Mn)Te, (Zn,Mn)Se, (Zn,Mn)Te, etc.[7] Al-
though the doping level can be as high as 80%, carriers are
difficult to be introduced in these compounds. TC does not ex-
ceed a few Kelvins.[8,9] More details about group II–VI DMSs
can be found in a comprehensive review by Furdyna.[7,10]

In the 1990’s, the successful doping of Mn into III–V semi-
conductor GaAs was achieved by low-temperature molecular-
beam-epitaxy (LT-MBE) method, and the research on the fer-
romagnetism in (Ga,Mn)As has exploded.[11–14] The highest
TC in (Ga,Mn)As, as of today, has been reported to be ∼ 190–
200 K.[15–17] In addition, various functionalities, like the tun-
neling anisotropic magnetoresistance,[18,19] current control of
magnetization by spin orbit torque,[20,21] and gate control of
ferromagnetism,[22,23] based on (Ga,Mn)As DMSs have been
reported. The difficulty encountered in (Ga,Mn)As is that the
covalent Mn substitution for trivalent Ga introduces spins and
holes simultaneously, which makes it hard to separately inves-
tigate the individual influence of holes and spins on the ferro-
magnetism. More progresses about (Ga,Mn)As can be found
in a recent review article by Dietl and Ohno.[24] The research
of DMS has certainly not been satisfactorily concluded. We
list three but not all key issues here. (A) Improving TC to (or
above) room temperature; (B) synthesizing an intrinsic DMS
with n-type carriers; (C) understanding the mechanism respon-
sible for the ferromagnetic long range ordering.

Recently, several series of novel DMSs that are coun-
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terparts of Fe-based superconductors have been synthe-
sized. They include but not limited to “I–II–V” type
Li(Zn,Mn)As,[25] “122” type (Ba,K)(Zn,Mn)2As2,[26] and
“1111” type (La,Ba)(Zn,Mn)AsO.[27] All these materials have
the advantages of iso-valent substitution of Mn for Zn and
share two important characteristics. Firstly, the spins and car-
riers can be separately doped and controlled. Secondly, these
material have the possibility to make hetero-structure with Fe-
based superconductors, since they all share the same crystal
structure and the lattice matching is within 5% with their coun-
terparts. For convenience, we named these DMSs as Zn-based
DMSs in the following.

2. Material synthesis and crystal structure
The bulk form Zn-based DMSs are synthesized by solid

state reaction from high purity elements. Initially, Masek et
al. proposed that Li(Zn,Mn)As is a potential candidate of
ferromagnetic DMSs with n-type carriers.[28] The idea is that
the isovalent substitution of Mn for Zn introduces spins, and
off-stoichiometrical Li can adjust the carrier’s type and con-
centration, for instance, excess Li for n-type and deficient Li
for p-type, respectively. Experimentally, Deng et al. suc-
cessfully synthesized the bulk form DMS Li(Zn,Mn)As with
the highest TC ∼ 50 K,[25] and then Li(Zn,Mn)P with highest
TC ∼ 34 K.[29] However, the excess Li doping results in p-type
carriers rather than n-type carriers as theoretically expected.

A DFT calculation shows that the excess Li prefers to occupy
the Zn sites and therefore introduces holes.[29] In Fig. 1, we
show the crystal structures of “II–VI” DMS (Zn,Mn)Se, “III–
V” DMS (Ga,Mn)As, and “I–II–V” DMS Li(Zn,Mn)As. They
all share the same cubic F-43m crystal structure.

Later on, some other bulk form Zn-based DMSs
isostructural to Fe-based superconductors have been suc-
cessfully synthesized, which can be roughly categorized into
“122”, “1111”, and “32522” type DMSs, according to their
chemical formulas. Here we list some of them. “122”-
type: (Ba,K)(Zn,Mn)2As2,[26] (Sr,Na)(Zn,Mn)2As2,[30]

(Sr,K)(Zn,Mn)2As2,[31] and (Ca,Na)(Zn,Mn)2As2;[32]

“1111”-type: (La,Ba)(Zn,Mn)AsO,[27] (La,Sr)(Zn,Mn)AsO,[33]

(La,Ca)(Zn,Mn)AsO,[34] (La,Ca)(Zn,Mn)SbO,[35] and
(Ba,K)F(Zn,Mn)As;[36] “32522”-type: SrLaO(Zn,Mn)As.[37]

All these compounds have the advantages that spins and car-
riers are doped at different sites. It is worth noting that if the
Zn atoms are fully substituted by Mn, the end products are all
antiferromagnetic insulators.

In these crystal structures, DMSs can also be obtained
by doping carriers and spins at the same ionic sites. Man et
al. firstly synthesized a type of Mn and Cu codoped DMS,
Ba(Zn,Mn,Cu)2As2, with TC ∼ 70 K where the monovalent
Cu1+ is expected to introduce the p-type carriers.[38] Sev-
eral Mn and Cu codoped DMSs including Li(Zn,Mn,Cu)As,
La(Zn,Mn,Cu)AsO, and La(Zn,Mn,Cu)SbO have been re-
ported as well.[39–41] In Table 1, we compare the crystal

Fig. 1. (color online) The crystal structures of (a) ZnSe, (b) GaAs, and (c) LiZnAs.

Table 1. The selected properties of superconductor (SC), DMS, DMS (Cu), and antiferromagnet (AFM).

SC DMS DMS (Cu) AFM
“11” FeSe (Zn,Mn)Te – MnSe

tetragonal cubic – cubic
TC ∼ 8 K[42] TC ∼ 1.45 K[9] – TC ∼ 197 K[43]

“111” LiFeAs Li(Zn,Mn)As Li(Zn,Mn,Cu)As LiMnAs
tetragonal cubic cubic tetragonal

TC ∼ 18 K[44] TC ∼ 50 K[25] TC ∼ 33 K[39] TN ∼ 393 K[45]

“122” (Ba,K)Fe2As2 (Ba,K)(Zn,Mn)2As2 Ba(Zn,Mn,Cu)2As2 BaMn2As2

tetragonal tetragonal tetragonal tetragonal
TC ∼ 38 K[46] TC ∼ 230 K[47] TC ∼ 70 K[38] TN ∼ 625 K[48]

“1111” LaFeAs(O,F) (La,Ba)(Zn,Mn)AsO La(Zn,Mn,Cu)AsO LaMnAsO
tetragonal tetragonal tetragonal tetragonal

TC ∼ 26 K[49] TC ∼ 40 K[27] TC ∼ 8 K[40] TN ∼ 317 K[50]

“32522” Ca3Al2O5−yFe2As2 Sr3La2O5(Zn,Mn)2As2 hypothetical
tetragonal tetragonal –

TC ∼ 30 K[51] TC ∼ 40 K[37] –
(Sr3La2O5Mn2As2)
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structure and the Curie temperature among supercon-
ductors, the derived DMSs, and their antiferromag-
netic counterparts. TN is the Néel temperature. Ad-
ditionally, several DMSs without Zn constituent have
been reported as well. They are Cu-based DMSs
(La,Sr)(Cu,Mn)SO,[52] (Ba,K)(Cu,Mn)2Se2,[53] and Cd-based
DMSs (Ba,K)(Cd,Mn)2As2,[54] (Ba,Na)(Cd,Mn)2As2.[55]

All aforementioned DMSs are p-type. The ferromag-
netic n-type DMSs are rarely reported both in II–VI and III–
V DMSs. However, for practical applications, the n-type
DMSs are also required. Gu et al. theoretically proposed
that an n-type DMS may be realized in a narrow band gap
semiconductor.[56] Since the band gap of BaZn2As2 is only
∼ 0.2 eV,[57] which is therefore regarded as a potential par-
ent semiconductor for n-type DMS. Experimentally, Guo et
al. reported the successful synthesis of n-type Ba(Zn,Co)2As2

DMS with TC of ∼ 45 K.[58] In Ba(Zn,Co)2As2, Co sub-
stitution for Zn introduces spins and electrons simultane-
ously. More interestingly, it shares the same crystal struc-
ture with Fe-based superconductor Ba(Fe,Co)2As2,[59] p-
type DMS (Ba,K)(Zn,Mn)2As2,

[26] antiferromagnetic insula-
tor BaMn2As2,[48] and paramagnetic metal BaCo2As2.[60] It
is conceivable that various junctions and devices can be fabri-
cated among different ordering states.

3. Electrical and magnetic properties
3.1. Electrical properties

The separated doping of spins and carriers provides op-
portunities to investigate the individual effect of spins and car-
riers on the electrical and magnetic properties of DMSs. The
trend found in these bulk form DMSs is that carriers dop-
ing usually reduces the resistivity of DMSs by several orders
of magnitude, while Mn doping usually increases the resis-
tivity instead. As an example, we show the resistivity of
Li(Zn,Mn,Cu)As with doping dependence in Fig. 2 (adopted
from Ref. [39]). We can see that when only doping Cu into the
parent compound LiZnAs, the resistivity of Li(Zn,Mn,Cu)As
decreases drastically and eventually becomes a metal at the
doping level of 15%. This is a common phenomenon for gen-
eral semiconductors. However, Mn doping introduces spins,
and electrons are scattered by spin fluctuations, which in-
creases the electrical resistivity. These two effects jointly af-
fect the resistivity behavior in bulk form DMSs. Wang et al.
elucidated that Li(Zn,Mn)As is half metallic from ab initio
calculation.[61] On the other hand, once a magnetic field is
applied, a negative magneto-resistance is always observed,
which can be understood as the suppression of the magnetic
scattering by the magnetic field. The magneto-resistance of p-
type DMS Ba(Zn,Mn,Cu)2As2 is as large as ∼−53%,[38] and
the n-type DMS Ba(Zn,Co)2As2 is ∼ −17%.[58] In Fig. 2(b),

we show the magneto-resistivity of Li(Zn0.70Mn0.15Cu0.15)As.
The suppression of resistivity by the magnetic field can be
clearly seen.

Fig. 2. (color online) (a) The resistivity of Li(Zn,Mn,Cu)As
with different doping levels. (b) The magneto-resistivity of
Li(Zn0.70Mn0.15Cu0.15)As. Adopted from Ref. [39].

3.2. Magnetic properties

Although the mechanism responsible for the long range
ferromagnetic ordering is still in debate, it is widely accepted
that the carrier-mediated ferromagnetism and the antiferro-
magnetism arising from Mn at nearest-neighbour sites coex-
ist in any Mn doped DMSs. Taking advantage of the decou-
pled charge and spin doping, we are able to see the critical
roles played by carriers in DMSs clearly. For example, dop-
ing Mn alone into the parent compounds BaZn2As2

[38] and
LaZnAsO[27] up to 10% will not induce any type of magnetic
ordering. A paramagnetic state is always observed.[27,38] On
the other hand, with Mn doped, as small as 2% Ba substitution
for La in La(Zn,Mn)AsO immediately induces a clear ferro-
magnetic ordering.[62] In early days, Dietl et al. predicted that
if the carrier and Mn concentrations are high enough, TC of
(Ga,Mn)As will increase above room temperature.[63] As of
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today, the record TC of (Ga,Mn)As is 190–200 K.[15–17] This
value is comparable to that of (Ba,K)(Zn,Mn)2As2, which has
been reported to be ∼ 230 K.[47]

With a fixed spin density, i.e., for a certain amount of Mn
concentration in Li(Zn,Mn)P, it does not mean that the more
carriers are doped, the higher TC would be achieved.[33,64] In
Fig. 3, we show the magnetic properties measured for differ-
ent Li doping levels with a fixed Mn concentration of 0.07
(adopted from Ref. [64]). As shown in Fig. 3(c), the Curie
temperature TC reaches to the maximum of 25 K for Li dop-
ing level of 7%. While with more carriers doped (overdoped
regime), TC, Weiss temperature θ , saturation moment Msat,
and effective moment Meff decrease simultaneously. Appar-
ently, doping more Li modifies the density of states and

Fig. 3. (color online) The Curie temperature (TC), Weiss tempera-
ture (θ ), saturation moment (Msat), and effective moment (Meff) of
Li(Zn,Mn)P with different Li concentrations after fixing the Mn con-
centration. Adopted from Ref. [64].

subsequently the shape of Fermi surface, and therefore the fer-
romagnetic ordering. In a recent work, Dobrowolska et al.
reported that TC in (Ga,Mn)As is controlled by the location
of the Fermi level within the impurity band, not by the car-
rier concentration directly.[65] In Li(Zn,Mn)P, the field cooling
(FC) and zero field cooling (ZFC) curves show clear bifurca-
tion at some temperature Tf below TC. Tf is the spin freezing
temperature that represents the freezing of domain walls. This
phenomenon has also been observed in other bulk form DMSs.

The spin state of Mn in (Ga,Mn)As has been determined
to be S = 5/2.[11] In general, the spin state of Mn in DMSs can
be deduced from Curie–Weiss fitting from temperature depen-
dent magnetization and the saturation moment. Basing on the
Curie–Weiss fitting, the effective moment of Mn substituted
in Zn-based DMSs is estimated to be ∼ 5 µB/Mn.[25–27] How-
ever, it is difficult to accurately determine the value of S by the
same method due to the influence of antiferromagnetism and
the intrinsic inhomogeneous distribution of carriers and Mn
atoms. Suzuki et al. applied x-ray absorption spectroscopy
and confirmed that the spin state of Mn in (Ba,K)(Zn,Mn)2As2

is 5/2, as that in (Ga,Mn)As and (Ga,Mn)N.[66]

4. NMR, neutron scattering, µµµSR, and optical
methods
The availability of bulk form DMSs enables them to be

measured by NMR, neutron scattering, and µSR techniques
which are usually based on bulk form specimens in addition to
the optical methods. In the following, we introduce the micro-
scopic properties obtained by these techniques.

4.1. NMR

Ding et al. firstly performed NMR measurements on
Li(Zn,Mn)P.[67] In addition to Li(0) (here zero means no Mn
at nearest neighbour Zn sites), they observed a broad Li(Mn)
peak arising from Mn doping (here Mn in parentheses means
Mn at nearest neighbor Zn sites). The broadening of Li(0)
site displays the same temperature dependance as the Knight
shifts of Li(Mn) sites all the way down to the base temperature
of 4.2 K. This indicates that Li(0) and Li(Mn) are electroni-
cally coupled, and Mn–Mn interaction extends over many unit
cells.[67] The spin dynamics for Li(0) and Li(Mn) sites could
be measured, respectively. In Fig. 4, we show the spin-lattice
relaxation rate, 1/T1, for Li(0) and Li(Mn) of LiZn0.9Mn0.1P
(adopted from Ref. [67]). 1/T1 at Li(Mn) sites is ∼ 50 times
larger than that of Li(0). That means, the relaxation time at
Li(Mn) sites are ∼ 50 times shorter than that of Li(0) sites.
Moreover, 1/T1 at Li(Mn) sites is constant above TC, while
1/T1 at Li(0) sites is linearly proportional to temperature. Con-
stant 1/T1 indicates that the spin fluctuations are locked be-
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tween TC and 300 K, that is, the averaged Mn–Mn spin in-
teraction energy scale |J| is in the order of ∼ 100 K.[67] On
the other hand, 1/T1 is proportional to T for Li(0) site, which
follows the Korringa relation arising from the Fermi surface
excitations of a small number of conduction carriers. Appar-
ently, these carriers facilitate the interactions between distant
Mn sites. Combining every piece of information, a conclusion
of carrier mediated ferromagnetism is readily arrived.

Fig. 4. (color online) 1/T1 of Li(0) and Li(Mn) of LiZn0.9Mn0.1P. The
dashed line marks TC. Adopted from Ref. [67].

4.2. Neutron scattering

Neutron scattering is a powerful method to map out the
spin structure. In Fig. 5, we show the neutron scattering
pattern of (La0.9Sr0.1)(Zn0.9Mn0.1)AsO at 4 K (adopted from
Ref. [33]). No impurity phase is observed, and no structural
phase transition is observed down to 4.2 K. Unfortunately, be-
cause the Mn spins are diluted and the averaged magnetic mo-
ment size is very small ∼ 0.1 µB/Mn, which is about the reso-
lution limit of neutron scattering, our measurement could not
separate the Bragg peaks between structural and ferromagnetic

Fig. 5. (color online) The neutron scattering pattern of
(La0.9Sr0.1)(Zn0.9Mn0.1)AsO at 4 K. Adopted from Ref. [33].

spins.[26,27] Recently, using neutron pair distribution function
measurements, Frandsen et al. found that robust short-range
ferromagnetic alignment of nearest-neighbour Mn spins along
the c axis persists even well above TC and weaker ferromag-
netic correlation among Mn spins with further distance in-
creases below TC.

[68] Using the inelastic neutron scattering
method, Surmach et al. successfully distinguished the lo-
calized magnetic excitation and observed the destruction of
nearest-neighbour Mn–Mn singlet ground state upon holes
doping in (Ba,K)(Zn,Mn)2As2.[69]

4.3. µµµSR

µSR is the abbreviation for muon spin rota-
tion/relaxation/resonance. A beam of ∼ 100% polarized
muons hit into samples. Muons will precess in the magnetic
field after stopping in the inter-sites of the crystal lattice. By
recording the positrons muons emit, we can infer the internal
field environment around muons. Due to its extreme high field
sensitivity, ∼ 0.1 Oe, µSR method is quite suitable to inves-
tigate DMSs. µSR is a volume-sensitive method, and we can
extract the volume fraction of magnetic ordered state using
zero field (ZF) µSR and weak transverse field (wTF) µSR
methods. In addition, ZF-µSR and longitudinal field (LF)
µSR give us important information about static internal field
and spin dynamics. These methods have been widely applied
in strongly correlated materials, especially in high temperature
superconductors.

Although the low energy µSR has been developed, the
procedure to apply µSR for thin films is still sophisticated.
Dunsiger et al. firstly confirmed the intrinsic ferromagnetism
in (Ga,Mn)As by µSR method.[70] They deduced the tempera-
ture dependent magnetic volume fraction, and established the
linear relation between the muon relaxation rate versus TC. In
Fig. 6, we show the µSR results of Li(Zn,Mn)P (adopted from
Ref. [64]). Below TC, ZF-µSR spectra show fast relaxation
and wTF-µSR spectra show reduction of oscillation ampli-
tude. The deduced magnetic volume fraction reaches nearly
100% at base temperature, indicating that the ferromagnetism
is homogeneous and intrinsic. When we plot the relation of
static local field parameter as and TC for (Ga,Mn)As and other
Zn-base DMSs, we find that all points fall on the same line.
This indicates that the bulk form Zn-based DMSs share the
same ferromagnetic mechanism as that of (Ga,Mn)As films.
Guo et al. also conducted µSR measurements on the n-type
DMS Ba(Zn,Co)2As2.

[58] The point for Ba(Zn,Co)2As2 lies
a very different location from other p-type DMSs, indicating
that either a very strong ferromagnetic interaction exists in
Ba(Zn,Co)2As2, or a completely different ferromagnetism in
this n-type DMS.[58]
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Fig. 6. (color online) (a) The zero field µSR time spectra of Li1.15(Zn0.9Mn0.1)P. (b) The magnetic volume fraction of
Li1.15(Zn0.9Mn0.1)P deduced from zero field and weak transverse field µSR. (c) The weak transverse field µSR time spectra of
Li1.15(Zn0.9Mn0.1)P. (d) The relation of static internal field parameter as obtained form zero field µSR and TC for different DMSs.
Adopted from Ref. [64].

4.4. Optical methods

Many efforts have been made to understand the ferro-
magnetic mechanism in Zn-based DMSs by optical meth-
ods, like x-ray absorption spectroscopy (XAS), x-ray emis-
sion spectroscopy (XES), resonance photoemission spec-
troscopy (RPES), angle-resolved photoemission spectroscopy
(ARPES), and x-ray magnetic circular dichroism (XMCD)
measurements. Taking the example of (Ba,K)(Zn,Mn)2As2,
Mn L2,3-edge XAS and RPES measurements showed that
doped holes go into the top of the As 4p-derived valence band
and weakly bound to the Mn local spins.[71] Resonance soft
x-ray ARPES measurements revealed that the Mn 3d impu-
rity band is below the valence band maximum, in contrast to
the position of impurity band in (Ga,Mn)As that is above the
valence band maximum.[72] XMCD measurements under am-

bient and high pressure confirmed that the As 4p carriers medi-
ate the ferromagnetic interaction between Mn spins.[73] More
recent Mn Kβ XES and As K-edge XMCD measurements fo-
cusing on the effect of holes doping under pressure showed
that holes doping increased the p–d hybridization strength at
the cost of the reduction in Mn local spin density, resulting in
an enhanced exchange interaction between Mn dopants.[74]

5. Summary

In summary, a series of bulk form DMSs that are deriva-
tives of iron-based superconductors have been successfully
synthesized. The features of Zn-based DMSs are summarized
as follows. (1) They have the advantage of decoupled spins
and carriers doping. (2) They share the same ferromagnetic
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mechanism as that of (Ga,Mn)As thin films, as indicated by
the µSR results. (3) Carriers play a critical role to form a long
range ferromagnetic ordering state. (4) The over-doping of
carriers is not always a benefit to improve TC. (5) The avail-
ability of bulk form enables it to be further investigated by mi-
croscopic experimental technique, such as NMR, neutron scat-
tering, and µSR. (6) The highest TC of (Ba,K)(Zn,Mn)2As2

has reached to 230 K, which is comparable to the highest
record TC of (Ga,Mn)As. Its TC has potential to be increased
to room temperature.[75] (7) An n-type DMS Ba(Zn,Co)2As2

with TC ∼ 45 K has been synthesized.[58]

One main object of DMS research is to increase TC

to (or above) room temperature. However, because of the
lattice distortion and solid solubility, it is hard to further
increase the carrier concentrations. Since it has been re-
ported that the ferromagnetism in (Ti,Co)O2 could been in-
duced by electric field,[76] carrier accumulation by electrical
method is a path to try in future. The other research ef-
fort we could expect is the design of functional heterostruc-
ture on the basis of Zn-based DMSs. Zhao et al. have re-
ported the successful fabrication of prototypical Andreev re-
flection junction from single crystal of (Ba,K)(Zn,Mn)2As2

and achieved 66% spin polarization.[77] Since the lattice
matching is within 5%, it is conceivable that various junc-
tions and devices can be fabricated to combine n-type DMS
Ba(Zn,Co)2As2,[58] p-type DMS (Ba,K)(Zn,Mn)2As2,[26] the
antiferromagnetic insulator BaMn2As2 (TN = 625 K),[48] the
paramagnetic metal BaCo2As2,[60] and the superconductor
Ba(Fe,Co)2As2

[59] through the As layers. Recently, su-
perconducting films of Ba(Fe1−xCox)2As2 fabricated with
pulsed laser deposition methods have been reported by many
groups.[78] More recently, Xiao et al. have successfully grown
high-quality epitaxial films of the tetragonal β -BaZn2As2,[57]

and Cao et al. are working on the growth of Ba(Zn,Co)2As2

films.[79] With the progress of thin film growth, we expect a
better understanding of interplay between p–d Zener ferro-
magnetism, antiferromagnetic superexchange, and supercon-
ductivity.
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