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Abstract: We have successfully synthesized a novel  diluted magnetic semiconductor (Ca1−2xK2x)(Zn1−xMnx)2As2 with decoupled
charge and spin doping. The substitutions of (Ca2+,  K+) and (Zn2+,  Mn2+) in the parent compound CaZn2As2 (space group P m1
(No.  164))  introduce carriers  and magnetic  moments,  respectively.  Doping only Mn into CaZn2As2 does not induce any type of
long range magnetic ordering. The ferromagnetic ordering arise can only when K+ and Mn2+ are simultaneously doped. The res-
ulted maximum Curie temperature reaches ~7 K,  and the corresponding coercive field is  ~60 Oe.  The transport measurements
confirm that samples with K and Mn co-doping still behave like a semiconductor.
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1.  Introduction

Diluted magnetic semiconductors (DMSs) have become a
focus  of  research  due  to  their  potential  application  as  spin-
tronic  devices[1–8].  Scientists  started  to  study  the  optical  and
electrical  properties  of  Mn  doped  GaAs  in  the  1960s.  To  ob-
serve  magnetic  interactions  in  diluted  magnetic  systems,  the
atomic  concentrations  of  magnetic  elements  must  be  at
least  a  few  percentage[9].  However,  the  chemical  solubility  of
magnetic  elements  in  bulk  III–V  semiconductors  is  extremely
low  (~0.01%),  and  no  ferromagnetic  orders  have  been
formed.  With  the  development  of  low  temperature  molecu-
lar  beam  epitaxy  (LT-MBE)  technology,  (Ga,Mn)As  epitaxial
films  with  Mn  concentrations  up  to  several  percentage  have
been successfully fabricated on GaAs substrates[3, 4, 10–13].  This
breakthrough became a milestone in the research line of mag-
netic  semiconductors.  Through  years  of  unremitting  efforts,
the  Curie  temperature TC of  (Ga,Mn)As  film  reached  ~200  K
when  the  doping  concentration  of  Mn  is  ~12%[14].  However,
this  temperature  is  still  lower  than  the  room  temperature
that  is  required  by  practical  applications.  Dielt et  al.  calcu-
lated  that  the  Curie  temperature  of  some  semiconductors
could  be  raised  to  above  room  temperature  when  Mn dop-
ing  contents  and  hole  concentrations  reached  a  certain
level[15].  Therefore,  mainstream  research  is  still  searching  for
DMS materials that can achieve higher TC.

In  the  past  decade,  a  series  of  bulk  form  DMSs  have
emerged  that  have  similar  crystal  structure  as  that  of  iron-

based superconductors[16].  We therefore classify them as 111-
type,  122-type,  1111-type  DMSs,  etc.[17–22].  Among  these
newly  discovered  bulk  form  DMSs,  the  122-type  DMS  system
is  one  of  the  most  important  families[23].  In  general,  the  122-
type  compounds  can  crystallize  into  two  different  structures.
The  first  is  the  tetragonal  ThCr2Si2 structure,  such  as  the  p-
type  (Ba,K)(Zn,Mn)2As2

[17, 24] and  the  n-type  Ba(Zn,Co)2As2
[25].

(Ba,K)(Zn,Mn)2As2 exhibits high Curie temperature (TC ~180 K).
By  further  optimizing  the  preparation  conditions  of  the
polycrystalline  samples,  researchers  finally  succeeded  in  in-
creasing  the  Curie  temperature TC to  ~230  K,  which  exceeds
the TC record  of  (Ga,Mn)As.  For  the  purpose  of  making p–n
junctions,  an  n-type  DMS  Ba(Zn,Co)2As2 with  the  highest
TC ~  45  K  has  also  been  successfully  synthesized.  Both
(Ba,K)(Zn,Mn)2As2 and  Ba(Zn,Co)2As2 provide  valuable  refer-
ences for studying the origin of ferromagneticsim in DMS sys-
tems. The second is the hexagonal CaAl2Si2 structure,  such as
(Ca,Na)(Zn,Mn)2Sb2

[26],  which  has  been  reported  as TC ~  10  K
and HC ~  245  Oe  recently.  In  these  DMSs,  spins  and  carriers
are introduced by the substitutions of Mn2+ for Zn2+ and substi-
tutions  of  atoms  with  lower  valences  for  atoms  with  higher
valences,  respectively.  This  doping  pattern  makes  it  possible
to control  carriers and spins densities separately,  and explore
their  individual  effects  on  the  formation  of  long-range  ferro-
magnetic ordering.

In  this  paper,  we  report  the  successful  synthesis  of  a
new  122-type  DMS  (Ca1−2xK2x)(Zn1−xMnx)2As2 with  hexagonal
structure,  which  are  further  characterized  by  structural,  mag-
netic  and  transport  measurements.  Hole  carriers  and  local
spins  are  introduced  by  (Ca2+,K+)  and  (Zn2+,Mn2+)  substitu-
tions  in  parent  semiconductor  CaZn2As2,  respectively.  After
the optimization of  carriers  and spins  densities,  ferromagnet-
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ic  ordering  with  maximum TC ~  7  K  has  been  achieved.  A
clear  hysteresis  loop can be  observed when the  doping level
is above ~2.5 % and the maximum coercive force Hc is ~ 60 Oe.
When K and Mn are co-doped, the resistivity exhibits semicon-
ducting behavior. 

2.  Experiments

The  polycrystalline  samples  of  (Ca1−2xK2x)(Zn1−xMnx)2As2

were  synthesized  via  the  solid-state  reaction  of  Ca,  K,  Zn,
Mn,  and  As  elements.  All  of  the  original  elements  (99.9  %  or
higher purity) are stored and handled in an argon filled glove
box  (the  percentage  of  O2 <  0.1  ppm  and  the  percentage  of
H2O  <  0.1  ppm).  According  to  the  nominal  composition  of
(Ca1−2xK2x)(Zn1−xMnx)2As2,  the  ingredients  were  mixed  and
heated  at  200  °C  for  10  h  in  evacuated  silica  tubes,  followed
by  1000  min  at  700  °C.  After  natural  cooling,  we  grounded,
pelletized,  and  sealed  the  products  in  evacuated  silica  tubes
and  heated  them  again  at  700  °C  for  another  30  h.  Excess
amounts  of  Ca  (1%)  and  K  (10%)  were  added  to  compensate
the  thermal  volatilization.  In  the  powder  X-ray  diffraction
(XRD)  measurement,  we  use  X-ray  diffractometer  (Model
EMPRYREAN) with monochromatic Cu Kα1 radiation to charac-
terize the crystal structure at room temperature. The DC mag-
netization  measurements  were  performed  on  a  Quantum
Design  Magnetic  Property  Measurement  System  (MPMS-3).
We used the typical  four-probe method to measure the elec-
trical resistivity of all of the pellet samples. 

3.  Results and discussion



In Fig.  1(a),  we  show  the  X-ray  diffraction  patterns  for
(Ca1−2xK2x)(Zn1−xMnx)2As2 (0 ≤ x ≤ 0.2).  All  of  the  detected
peaks  can  be  indexed  by  a  hexagonal  CaAl2Si2 structure,
which  infers  that  the  specimens  are  isostructural  to  the  par-
ent  semiconductor  CaZn2As2 with  the  space  group P m1
(No. 164), whose crystal structure is shown in Fig. 1(b). Few im-
purities,  KZn4As3

[27],  can  be  observed  and  are  marked  by
stars.  These impurities  are non-magnetic,  and would have no
influence on the discussion of  the  ferromagnetism in  the  fol-
lowing. We show the lattice parameters obtained from the Ri-
etveld refinement in Fig. 1(c). We can see that the lattice para-
meters  and  the  volume  of  the  (Ca1−2xK2x)(Zn1−xMnx)2As2 unit
cell  (0 ≤ x ≤ 0.2) monotonically increase. Since the ionic radi-
us  of  both  K  ion  and  Mn  ion  are  larger  than  that  of  Ca  ion
and Zn ion,  this  clearly  demonstrates the successful  chemical
doping of K and Mn. In Fig. 1(d), we plot the temperature de-
pendent  magnetization  of  Ca(Zn0.9Mn0.1)2As2 at  100  Oe.  The
paramagnetic  behavior  demonstrates  that  the  ferromagnetic
ordering  does  not  appear  when  only  Mn  atoms  are  doped.
This characteristic is  consistent with other DMSs reported be-
fore,  such  as  1111-type  and  122-type  DMSs[17, 21].  Moreover,
the  1/(M − M0)  versus  temperature  curve  is  a  straight  line
that intersects the −x axis. The Weiss temperature is negative,
which  suggests  that  antiferromagnetic  interaction  domin-
ates for Ca(Zn0.9Mn0.1)2As2.

 

 

Fig. 1. (Color online) (a) The X-ray diffraction patterns for (Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0, 0.025, 0.05, 0.1, 0.15, 0.2). Star marks the impurities of
KZn4As3. (b) The crystal structure of CaZn2As2. (c) The lattice parameters a and c of (Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0, 0.025, 0.05, 0.1, 0.15, 0.2). In-
set is the volume of (Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0, 0.025, 0.05, 0.1, 0.15, 0.2). (The standard data are used for x = 0.) (d) The relation of temperat-
ure dependent magnetization of Ca(Zn0.9Mn0.1)2As2 measured in the field cooling under 100 Oe. Inset is the plot of 1/(M − M0) versus temperat-
ure. The data are marked by hollow dots and the fitting result is plotted by a straight line.
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In Fig. 2(a), we show the temperature dependent DC mag-
netization  for  (Ca1−2xK2x)(Zn1−xMnx)2As2 (x =  0.025, 0.05, 0.1,
0.15, 0.2)  measured in  zero  field  cooling (ZFC)  and field  cool-
ing  (FC)  condition  under  a  100  Oe  external  field.  As  we  can
see,  the  curve  still  exhibits  the  paramagnetic  behaviour  for
x =  0.025,  which  indicates  that  ferromagnetic  ordering  does
not  exist  for x =  0.025.  The  magnetization  increases  abruptly
below T ~ 20 K when the concentration x is larger than 2.5 %.
This  implies  that  the  ferromagnetic  ordering  has  formed.
Moreover,  the  higher  concentrations x we  dope,  the  higher
TC samples behave,  reaching the maximum when x equals  to
0.15. According to the first derivative of magnetization versus
temperature  plotted  in Fig.  2(b),  we  define  the  minimum
value  of  a  curve  as TC (numerically,  this  minimum  value  is
close  to  the  true  ferromagnetic  transition  temperature).
The  resulted  maximum TC (  ~  7  K)  is  lower  than  that  of
(Ca,Na)(Zn,Mn)2As2

[28] (maximum TC ~  33  K),  but  comparable
to  the  value  of  ~  10  K  in  (Ca,Na)(Zn,Mn)2Sb2

[26].  That  is  prob-
ably  because  the  lattice  constants  of  (Ca,K)(Zn,Mn)2As2 is  lar-
ger  than  those  of  (Ca,Na)(Zn,Mn)2As2 but  close  to  the  para-
meters  in  (Ca,Na)(Zn,Mn)2Sb2.  Furthermore,  the  same  be-
havior can also been observed in (Sr,Na)(Zn,Mn)2As2

[18] whose
lattice  constants  are  smaller  but  larger  than  those  of
(Ca,K)(Zn,Mn)2As2 and  (Ca,Na)(Zn,Mn)2As2,  respectively.  Con-
sequently,  the  maximum TC of  (Sr,Na)(Zn,Mn)2As2 (  ~24  K)
is  between  that  of  (Ca,K)(Zn,Mn)2As2 (  ~7  K)  and

(Ca,Na)(Zn,Mn)2As2 (  ~33  K).  However,  we  should  mention
that  the  relation  phenomenal  between  the  lattice  constant
and the Curie temperature is not strictly justified between dif-
ferent series of compounds. More experimental and theoretic-
al work need to be done to clarify this.  The formula of Curie -
Weiss χ = C/(T − θ)  + χ0 can be used to fit  the magnetization
curves above TC, where θ is the Weiss temperature, C is a con-
stant  used  to  calculate  the  effective  magnetic  moment,  and
χ0 is  a temperature independent term. The reverse of M − M0

versus temperature is shown in Fig. 2(c). Based on the data at
the  high  temperature  range,  the  linear  fitting  lines  intersect-
ing the x axis give us the Weiss temperature θ. Similarly, θ val-
ues also reach maximum at x = 0.15.

We  perform  the  iso-thermal  magnetization  measure-
ment  at  2  K,  and show them in Fig.  2(d).  Associated with  the
DC  magnetization  results,  there  are  clear  hysteresis  loops

 

 

Fig. 2. (Color online) (a) The dependence between temperature and DC magnetization for (Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0.025, 0.05, 0.1, 0.15, 0.2)
measured in zero field cooling (ZFC) and field cooling (FC) condition under 100 Oe external field. (b) The first derivative of magnetization versus
temperature for (Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0.025, 0.05, 0.1, 0.15, 0.2). The arrow marks the Curie temperature (TC) of x = 0.05. (c) The reverse of
M − M0 versus temperature for (Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0.025, 0.05, 0.1, 0.15, 0.2). The straight lines are the fitting lines and the hollow sym-
bols  are  the  data  dots.  The  arrow  marks  the  Weiss  temperature  (θ)  of x =  0.05.  (d)  The  iso-thermal  magnetic  hysteresis  measurement  for
(Ca1−2xK2x)(Zn1−xMnx)2As2 (x = 0.025, 0.05, 0.1, 0.15, 0.2) under 2 K.

Table 1.   The Curie temperature TC, the Weiss temperature θ, the effect-
ive moment Meff ,  the saturation moment Msat and the coercive field
Hc for (Ca1−2xK2x)(Zn1−xMnx)2As2.

x TC (K) θ (K) Meff (μB/Mn) Msat (μB/Mn) Hc (Oe)

0.05 3 4 3.91 0.47 9
0.1 5 7 2.92 0.28 10
0.15 6 9 2.28 0.15 40
0.2 7 8 1.89 0.06 60
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when doping content x exceeds 2.5%. This implies the forma-
tion  of  the  ferromagnetic  ordering.  In  addition,  the  coercive
force Hc has  minimum  of  ~10  Oe  for x =  0.05  and  increases
monotonically  with  increasing x,  rising  to  the  magnitude  of
~60  Oe  for x =  0.2.  Zener’s  model  is  effective  to  study  the
mechanism  of  ferromagnetism,  and  can  explain  such  a
change  in TC and Hc

[15].  In  this  model,  RKKY-like  interactions
of  Mn  spins  can  be  effectively  mediated  via  hole  carriers  in
the valence band, leading to the ferromagnetism. Using nucle-
ar  magnetic  resonance  and  muon  spin  rotation  experiments,
researchers  have  investigated  and  reported  similar  trends
in  some  DMS  systems[29, 30].  The  saturation  magnetic  mo-
ment Msat (the  value  read  from M(H)  curves)  decreases  from
0.47 μB/Mn  for  (Ca0.9K0.1)(Zn0.95Mn0.05)2As2 to  0.06 μB/Mn  for
(Ca0.6K0.4)(Zn0.8Mn0.2)2As2.  In  general,  the Msat of  many  ferro-
magnets  is  ~  1 μB per  magnetic  atom or  larger.  Whereas,  the
value  of Msat is  only  on  the  order  of  0.01 μB per  magnetic
atom or less for typical dilute alloy spin glasses[31–33]. In this sys-
tem,  the  minimum  of Msat (0.06 μB/Mn  for x =  0.2)  is  still  lar-
ger  than  that  of  typical  dilute  alloy  spin  glasses.  Thus,  we  re-
cognize  the  current  system  as  ferromagnets.  Simultaneously,
we  can  also  get  the  effective  magnetic  moment Meff values
by fitting to the Curie-Weiss formula, which declines with grow-
ing x. The obtained data are tabulated in Table 1. The diminish-
ing  behavior  of  both Meff and Msat probably  happens  be-
cause there is a competition between two interactions in this

CN

system:  the  first  is  the  RKKY  interaction  mentioned  above,
and the second is the direct exchange antiferromagnetic coup-
ling  caused  by  Mn  atoms  at  the  nearest-neighbor  (NN)  sites.
Similar to our previous work[21], the probability of finding two
Mn atoms at NN Zn sites is P(N; x) = xN(1 − x)N, where N = 1
and x is  the  doping  content.  Theoretically,  this  probability
will increase drastically with increasing x, which enhances the
direct  antiferromagnetic  coupling  interaction  between  Mn-
Mn  pairs.  We  notice  that  with  this  interaction,  100%  Mn
doped Ca(Zn1−xMnx)2As2, CaMn2As2, becomes an antiferromag-
net with Neel temperature ~ 62 K[34].

To verify the impact of carriers on the ferromagnetic order-
ing,  we  change  the  contents  of  K  while  fixing  the  concentra-
tion  of  Mn.  In Fig.  3(a),  we  show  the  magnetic  susceptibility
of  (Ca1−2yK2y)(Zn0.95Mn0.05)2As2 (0.05 ≤ y ≤ 0.2)  measured  un-
der Bext ~ 100 Oe. In the same way, we depict the first derivat-

 

 

Fig.  3.  (Color online)  (a)  The dependence between temperature and DC magnetization for  (Ca1−2yK2y)(Zn0.95Mn0.05)2As2 (y = 0.05, 0.1, 0.15, 0.2)
measured in zero field cooling (ZFC) and field cooling (FC) condition under 100 Oe external field. (b) The first derivative of magnetization versus
temperature for (Ca1−2yK2y)(Zn0.95Mn0.05)2As2 (y = 0.05, 0.1, 0.15, 0.2).  The arrow marks the Curie temperature (TC) of y = 0.15. (c) The reverse of
M − M0 versus temperature for (Ca1−2yK2y)(Zn0.95Mn0.05)2As2 (y = 0.05, 0.1, 0.15, 0.2). The straight lines are the fitting lines and the hollow symbols
are  the  data  dots.  The  arrow  marks  the  Weiss  temperature  (θ)  of y =  0.15.  (d)  The  iso-thermal  magnetic  hysteresis  measurement  for
(Ca1−2yK2y)(Zn0.95Mn0.05)2As2 (y = 0.05, 0.1, 0.15, 0.2) under 2 K.

Table 2.   The Curie temperature TC, the Weiss temperature θ, the effect-
ive moment Meff ,  the saturation moment Msat and the coercive field
Hc for (Ca1−2yK2y)(Zn0.95Mn0.05)2As2.

y TC (K) θ (K) Meff (μB/Mn) Msat (μB/Mn) Hc (Oe)

0.05 3 4 3.91 0.47 10
0.1 4 5 3.83 0.64 10
0.15 6 7 3.81 0.82 10
0.2 3 2 3.94 0.48 10
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ive  of  magnetization  versus  temperature  in Fig.  3(b)  and  the
1/(M − M0)  versus temperature in Fig.  3(c).  Resembling to the
(Ca1−2xK2x)(Zn1−xMnx)2As2 mentioned above, TC and θ monoton-
ically  increase with y.  Both TC and θ reach maximum value at
y = 15%, indicating the enhancement of ferromagnetism. Fur-
thermore,  clear  hysteresis  loops  can  be  observed  at  2  K  (in
Fig.  3(d)),  which  presents  a  soft  ferromagnetic  behavior  with
Hc ~10  Oe.  Our  results  indicate  that  carriers  do  play  a  vital
role in the formation of ferromagnetic ordering. Nevertheless,
for  a  fixed Mn concentration,  the carrier  density  has  to be an
ideal level, no more and no less, to optimize the ferromagnet-
ic  exchange  interaction  and  the  Curie  temperature TC.  The
data are tabulated in Table 2.

In Fig.  4(a),  we  show  the  resistivity  measurement  results
of  CaZn2As2,  Ca(Zn0.9Mn0.1)2As2 and  (Ca0.8K0.2)Zn2As2,  respect-
ively.  The  results  indicate  that  in  terms  of  transport  proper-
ties, both CaZn2As2 and Ca(Zn0.9Mn0.1)2As2 behave as semicon-
ductors,  while  (Ca0.8K0.2)Zn2As2 behaves  like  a  metal.  As  we
have observed, when a small number of Mn atoms are doped
at the Zn sites in Ca(Zn0.9Mn0.1)2As2 ,  the value of the resistiv-
ity ρ will  increase  by  an  order  of  magnitude  (from  ~103 to
~104 Ω·mm).  Nevertheless,  if  an  equal  amount  of  small  num-
ber  of  K  atoms  are  doped  at  the  Ca  sites,  such  as  in
(Ca0.8K0.2)Zn2As2, ρ is drastically reduced by five orders of mag-
nitude  (from  ~103 to  ~10−2 Ω·mm).  The  enormous  reduction
in  resistivity  demonstrates  that  doping  K  atoms  will  intro-
duce  carriers.  In Fig.  4(b),  the  resistivity  of  (Ca1−2xK2x)(Zn1−x-
Mnx)2As2 (0.025 ≤ x ≤ 0.2)  are  plotted.  At  first,  the  mag-
nitude  of  resistivity  decreases  as  the  concentrations x in-
creases,  achieving  the  minimum  value  ~0.003  Ω·mm  at  the
doping  level  of  ~5%  at  4  K.  Above  5%  doping,  the  resistivity
starts  to  increase  with x up  to  20%.  This  is  presumedly  be-
cause  when more  Mn atoms are  doped into  the  Zn sites,  the
carriers  are  more  likely  to  be  scattered  by  magnetic  fluctu-
ations. Therefore, even though the carrier densities are increas-
ing, the resistivity caused by more Mn atoms is growing. Never-
theless, the resistivity of these co-doped samples is still  much
lower  than that  of  the  parent  compound CaZn2As2.  This  kind
of  behavior  has  also  been  observed  in  many  DMSs  such  as
(Sr,K)(Zn,Mn)2As2

[35], (Ca,Na)(Zn,Mn)2Sb2
[26], and so on. 

4.  Summary

In summary, we have successfully synthesized and charac-
terized  a  novel  DMS  (Ca1−2xK2x)(Zn1−xMnx)2As2 via  the  struc-

ture,  magnetic  and  electronic  transport  measurements.  Dop-
ing Mn atoms provides the magnetic moments, and no ferro-
magnetic  long  range  ordering  formed  in  Ca(Zn0.9Mn0.1)2As2.
Ferromagnetism occurs only when K and Mn are co-doped to
a  certain  amount.  The  resultant  maximum TC and  the  coer-
cive  field Hc is  ~  7  K  and  ~  60  Oe,  respectively.  Meanwhile,
the samples with K and Mn co-doping demonstrate the semi-
conductor  characteristic  as  seen  from  the  electrical  transport
measurements. This work provides a new option in further re-
search on DMS materials. 
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