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A Near Room Temperature Curie Temperature in a New
Type of Diluted Magnetic Semiconductor (Ba,K)(Zn,Mn),As,

Yi Peng, Xiang Li, Luchuan Shi, Guogiang Zhao, Jun Zhang, Jianfa Zhao,
Xiancheng Wang, Bo Gu,* Zheng Deng,* Yasutomo J. Uemura, and Changgqing Jin*

Achieving room-temperature ferromagnetism is one of the major challenges
for diluted magnetic semiconductors (DMS). (Ba,K)(Zn,Mn),As, (BZA)
belongs to a new type of DMS materials that feature independent spin and
carrier doping. In previous studies, BZA shows a reliable Curie temperature
(T¢) of 230 K, a record among these types of materials. In this work, progress
in further experimentally enhancing T, of BZA to 260 K is reported by
increasing Mn concentration with parallel K doping, as supported by
complementary first-principles calculations. A sufficient carrier concentration
can suppress the short-range antiferromagnetic interaction of the nearest
Mn—Mn pair, which suppresses ferromagnetism in DMS materials.
Consequently, a higher T has been obtained in BZA with improved Mn- and
K-doping levels by using high-pressure synthesis that effectively eliminates

1. Introduction

Combining the features of carrier control
in semiconductors and spin control in
ferromagnets, diluted magnetic semicon-
ductors (DMS) have significant advan-
tages in spintronics and have thus been
extensively studied in recent decades.!'3]
For example, spin-orbit torque, which
was first discovered in DMS, is now
an important mechanism for the new
generation of magnetic memories and
sensors.[*l In the 1990s, the typical DMS,
(Ga,Mn)As, was successfully conducted
spin and carrier doping via the sub-

structural distortion and overcomes the limitation of chemical solution in
BZA. The work demonstrates an effective strategy to enhance T in DMS

systems.
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stitution of Mn?** into Ga’* sites.>’]
However, a single-element substitution
such as this can lead to a lack of indepen-
dent tuning for conducting or magnetic
properties.l’l  Furthermore, the dual
roles of Mn complicate the underlying
theoretical understanding, including whether double exchange
is a relevant mechanism in these systems.[®! To overcome the
aforementioned difficulties, a series of new type DMS materials
with independent spin and carrier doping have been discovered,
that is, Li(Zn,Mn)As and (Ba,K)(Zn,Mn),As, (BZA).3] Among
these new DMS materials, the reliable Curie temperature (T =
230 K) of BZA was the highest.[3141]

Owing to the application potential of high-T. BZA, it has
been proposed to develop isostructural heterojunctions between
BZA, superconducting (Ba,K)Fe,As,, and high Néel temperature
semiconductor BaMn,As, to explore their emerging phenomena
and functionalities.[>!*1¢] Particularly, their matching ThCr,Si,-
type crystal structure and the small mismatch (less than 5%)
within the a-b plane between them represent the unique fea-
tures of BZA and analogs and could lead to unprecedented
fabrications of potential heterojunctions for DMS materials,
as shown in Figure 1. Taking the Andreev reflection junction
as a typical example, the first theoretical consideration of the
spin-flip Andreev reflection was studied with DMS, and re-
cently it led to spin-triplet superconductivity at the interface of
ferromagnet/superconductor.'”18] Furthermore, the versatile de-
sign of materials properties, for example, superconductivity with
ferromagnetism, topological magnetism, and enhanced spin—
orbit couplings, could be accomplished via proximity effects.!*°]
These prospects have inspired further trials to improve T, of
BZA.?*-3] The intuitive way of improving T, is to increase
the doping level of magnetic cations in DMS materials.[1®! For
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Figure 1. a) Crystal structures of BZA, BaMn,As,, and (Ba,K)Fe,As,. b) Proposed heterojunctions between the materials in Figure Ta.

example, T. of (Ga,Mn)As has been enhanced to 200 K via
heavy Mn doping.[**?] It is worth noting that further Mn doping
is a long-term challenge for (Ga,Mn)As, due to heterovalent
(Ga**, Mn?*) substitution. The latter results in not only limited
chemical solubility but also interstitial Mn defects, which act
as electron donors to balance hole carriers from substitutional
Mn.[>?%l Such a disadvantage is overcome by isovalent (Zn?*,
Mn?*) substitution in BZA. The Mn concentration over 15%
is theoretically tolerable owing to the existence of isostructural
BaMn, As, with fully occupied Mn.[?”]

It is well known that the magnetic exchange interaction be-
tween nearest Mn ions is antiferromagnetic superexchange, and
it tends to dominate the interactions among all Mn ions and re-
sults in antiferromagnetism in DMS materials with increasing
Mn-doping. Taking the advantage of independent spin and car-
rier doping, it is possible to study the individual doping effect on
ferromagnetism. Our calculations indicate that carrier-doping,
namely K-doping, can suppress the antiferromagnetic superex-
change in BZA. Moreover, the sufficient carrier-doping can over-
come the dominating antiferromagnetic interaction and further
enhance T, in heavy Mn-doped BZA. However, extra Mn dop-
ing has not been successful with conventional synthesis condi-
tions. Generally, the doping levels in most of the DMS materi-
als are limited due to either structural distortion or valence dise-
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quilibrium which can be induced by the impurity doping. High-
pressure synthesis or annealing has shown the capability to re-
cover structural distortions and maintain unstable valences in
many materials.[?®l With high-pressure and high-temperature an-
nealing, the Mn concentration of BZA was increased to 28%,
~2 times that of conventional synthesized samples. The high-
pressure stabilized high doping levels in polycrystalline BZA fi-
nally led to the highest T, of 260 K.

2. Results and Discussion

2.1. Crystal Structure

K and/or Mn-doped BZA samples crystalize into ThCr, Si,-type
structure as shown in Figure 1a. In previous reports, Mn-related
impurities formed when Mn doping level was over 15%.1%] Taking
advantage of the high-pressure technique, higher concentrations
of Mn can be stabilized in bulk BZA. The purity of all the
samples ((Ba,,K,;)(Zn, Mn,),As, with x = 0.18, 0.2, 0.22, 0.24,
0.26, 0.28) was confirmed with powder X-ray diffraction (XRD)
measurements. Figure 2a shows the XRD patterns and corre-
sponding Rietveld refinement of (Ba,,K,;)(Zny;sMn,,,),As,
as a typical example. All the Bragg peaks are indexed under
the space group of [4/mmm, indicating the high purity of the
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Figure 2. a) Powder X-ray diffraction pattern and refinement of (Bag 7Kj 3) (Zn;.,Mn,),As,. b) Lattice parameters of (Bag ;Kj 3) (Znq.,Mn,),As,.
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Figure 3. a) Temperature-dependent magnetization of (Bag 7Kj 3) (Zny.,Mn,),As, with x = 0.22, 0.24, and 0.26, in the vicinity of Curie temperatures. b)
Curie temperatures and coercive forces versus Mn doping levels, x. c) Field-dependent magnetization of (Bag ;Ko 3) (Zny.,Mn,),As, with x = 0.22, 0.24,
and 0.26 at 5 K. d) Field-dependent magnetization of (Bag ;Kq 3) (Zn;.,Mn,),As, with x = 0.22, 0.24, and 0.26 at 257 K.

samples. Rietveld refinements were used to calculate the lattice
parameters of samples. The dopant dependences of the lattice
parameters, a and ¢, are shown in Figure 2b. We can see that
the lattice parameters change monotonically with increasing Mn
concentrations, suggesting successful chemical substitution.

2.2. Magnetic Properties
Temperature-dependent magnetization (M(T)) measurements

were performed to determine T, of the aforementioned sam-
ples. For the sake of simplification, M(T) under the field cooling
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(FC) process for three selected samples are shown in Figure 3a.
Similar to the previous report of BZA with lower doping levels,
the upturns on the M(T) curves, which indicate the forming of
ferromagnetic ordering, are defined as T..[**! Figure 3b shows
a clearly dome-shaped x dependence on T and coercive force
(H¢). T¢ increases with increasing Mn concentrations in the first
place, and the highest T = 260 K is obtained in the sample with
(Bag; Ky 3)(Zng,Mn, ,,),As,. The overdoped Mn damages ferro-
magnetism due to the increased antiferromagnetic interaction
between the nearest neighboring Mn?*.

Field-dependent magnetizations (M(H)) at 5 K and in the
vicinity of T. are shown in Figure 3c,d, respectively. At low
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Figure 4. a) Field-dependent magnetoresistance of (Ba, ;K; 3) (Zn;.,Mn,),As, with x = 0.2, 0.24, and 0.28 at 5 K. b) Field-dependent magnetoresistance
of (Bag 7Ko.3) (Zng 76Mng 24)2As, at 240, 250 and 260 K. c) Hall effect results of (Bag 7Kg 3) (Zng.76Mng24),As, at 5 K.

temperatures, one can find robust magnetic loops with H.
of 0.5 T. The doping-level dependence of H. also shows a
dome-shaped relationship similar to the x dependence of T.
The sample (Ba,,;K,;)(Zny,Mn,,,),As, with the highest T,
exhibits the largest H. of 0.8 T. The saturate magnetizations (M)
are ~1 py/Mn consistent with lower Mn-doped samples.(>??! In
the vicinity of T, magnetic loops are measured to confirm the
ferromagnetic ordering. At 257 K, (Ba,,K,5)(Zn,,sMn,,,),As,
still shows an open loop indicating the forming of ferromagnetic
ordering, while the rest of the samples exhibit nearly linear loops
indicating paramagnetic states.

2.3. Magnetoresistance and Hall Effect

Negative magnetoresistance (MR) is also strong evidence of fer-
romagnetism in DMS materials, due to the reduction in spin scat-
tering with increasing external magnetic fields.>?*-3! The tem-
perature dependence of resistivity shows semiconducting behav-
ior within the measuring temperature range (5 to 300 K). Below
T, MR can be found for all the samples. At 5 K, butterfly-like
MR(H) curves are observed, as shown in Figure 4a. The peaks at
around 0.5 T are consistent with H from M(H) curves. Itis worth
noting that the MR is far from reaching saturation at 7 T, where
the magnetic moment is nearly saturated. In such conditions, the
MR is presumably from the weak localization effects.[3*3%] At high
temperatures, negative MR is also clearly present in the vicinity
of T, as shown in Figure 4b, evidencing the forming of ferro-
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magnetic ordering. For the sample (Ba,,K)(Zn,,,Mn,,,),As,
with T. of 260 K, the maximum MR are —7.5% and —1.7% at 5
and 300 K, respectively. The MR with similar magnitudes have
been reported in BZA with lower doping levels.[?’]

To determine the carrier concentrations, Hall effect measure-
ments were conducted. Figure 4c shows the anomalous Hall ef-
fect of (Ba,;K,;)(Zny,6Mny,,),As, at 5 K. For a ferromagnetic
DMS material, the carrier scattering by the magnetic ions causes
the carriers to accumulate asymmetrically in the transverse direc-
tion of the current. This scattering results in an additional con-
tribution to the normal Hall effect, namely, the anomalous Hall
effect. This is an important feature of long-range ferromagnetic
ordering in a DMS material. The Hall resistance (Ryy,;) can be
phenomenologically described by Equation (1)

Ry = RyH + RM 1)

where R, is the ordinary Hall coefficient, R, for the anomalous
one, and M for the magnetization moment.**! At high mag-
netic fields, the magnetization saturates and then the anoma-
lous Hall component R.M becomes independent of the magnetic
field. Thus, one can deduce the ordinary Hall coefficient R, from
the high-field slope of Ryy,;. The calculated carrier concentration
n, = +3.9 x 10° cm™ at 5 K, and the positive sign indicates
p-type carriers. The value of carrier concentration is compara-
ble to previous studies on lower Mn-doped BZA and classical
(Ga,Mn)As.[>223]
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Table 1. First-principles magnetic exchange couplings of Mn—Mn pairs in Ba(Zngs5Mng45);,As,, Ba(Zng 7sMng 2s),As,,  (Bag grsKo.12s)
(Zng 75Mng 25),As,, (Bag 75Kg 25) (ZNng.75Mng 25),As, and (Gag g1Mnggg)As. |4, Jo, J3, and |, are intralayer couplings of the nearest, the next-nearest,
the third-nearest neighbors and interlayer couplings respectively. Two Mn impurities are coupled ferromagnetically for conditions with | > 0 and antiferr-

omagnetically for conditions with ] < 0.

First-principles calculations

J1 [meV]
Ba(Zng 75Mng 55)2As, (Bag 875 Ko 125) (ZNg.7s Mg 25) 2 AS, —8.76-5.46
(Bag 75Ko.25) (Zng.7sMng 5) ,As; —1.49
(Bag sKo 5) (Zng.75 Mng 25)3As, (Gag 91 Mng g9) As 0.318.31

Ja[meV] Js[meV] J1[meV]
—2.47-0.71 0.170.58 —1.471.15
1.73 1.11 2.62
2.95-0.63 2.950.81 2.32

2.4. First-Principles Simulations

To study the magnetic interactions between Mn impurities in
BZA, a Heisenberg Hamiltonian with the nearest coupling J;, the
next-nearest coupling J, the third-nearest neighbor couplings J;,
and the interlayer couplings J, of the Mn—Mn pairs is employed,
as described by Equation (2),

H= Z]lsi S5+ ZJZSi -5+ Z J3Si- S5+ Z]Lsi S (2)

(i) (i) i) (i)

Using the density functional theory calculations, the ex-
change couplings J,, J,, J; and J, for the different super-
cells of Ba(Zn;sMny ,5),As,, (BaggsKgps)(Z0g75Mny 55),As,,
(Bag 75Ky 55) (210 7sMny 55),As, and (Bag 5Ky 5)(Zng;5Mn, 5),As,
are calculated. Further details can be found in the Supporting In-
formation. The results are listed in Table 1, with ferromagnetic
for ] > 0, and antiferromagnetic for J < 0.

To estimate the Néel temperature (Ty) for the antiferromag-
netic cases and the T for the ferromagnetic cases, the following
mean-field formula is used, as described by Equation (3),

2 .
Tujc = 3 SIS +1) 2 Y ZiP; (3)

where J; (i = 1, 2, 3, 1) represents the above exchange cou-
plings, Z,* is the coordination number of Mn impurities in one
inequivalent doping configuration « for a given doping concen-
tration, and P, is the probability of this doping configuration.
Further details can be found in the Supplemental Materials. S
= 5/2 is used for the spin of the Mn impurities with five local
d orbits. A rescaled method is adopted to counteract the over-
estimation of the mean-field result, where the calculated mean-
field T. of (Bay ;5K ,5)(Zn, 5sMny ¢5),As, is approximated to cor-
respond to T, of 230 K of (Ba,,K,;)(Zn,gMn;s),As, in the
experiment. All mean-field T. and Ty for Ba(Zn,,sMn, ,;),As,
and (Ba, K )(Zn, ,Mn,),As, are divided by the mean-field T¢ of
(Bag 75Ky 25)(Zny 7sMny ;5),As, to obtain the ratios, which are used
to multiply 230 K and estimate more reliable T, or T, as depicted
in Figure 5.

For comparison, the magnetic exchange couplings J;, J, and
J; and T of (Ga; ,Mn,)As are also calculated in a similar way.
The rescaled method is also adopted to counteract the overes-
timation of the mean-field result, where the calculated mean-
field Tc of (GagggussMny6)As is approximated to correspond
to the T of 200 K of (Ga,g,Mn,4)As in experiments.[?*3¢] As
shown in Figure 5a, the T, increases with increased Mn concen-
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tration for (Ga, ,Mn,)As and (Ba, 5K, ,5)(Zn; .Mn,),As, with x
in the range of 5% to 30%. This behavior is consistent with the
experimental result of (Ba,;K,;)(Zn, ,Mn,),As,. As shown in
Figure 5b, (Ba, K,)(Zn,;sMn,;s),As, shows antiferromagnetic
behavior without hole doping (namely, K doping). With the in-
creased carrier concentration y, the antiferromagnetic coupling
is suppressed and becomes ferromagnetic for y reaching 25%.
For K-underdoped samples (Ba, 475K, 155)(Zn, ,Mn,),As,, itis an-
tiferromagnetic coupling, and the Ty increases with increased x
as depicted in Figure 5c.

3. Conclusion

The new type of diluted magnetic semiconductors
(Bay;Ky3)(Zn, Mn,),As, with a record high T, are synthe-
sized via the proper high-pressure annealing. With Mn content
of 24%, we obtain the highest reliable T, of 260 K among
diluted magnetic semiconductors with independent spin and
carrier doping, showing promising application potential. More-
over, first-principles calculations of magnetic interactions
between nearest-neighbor Mn ions show that the antiferro-
magnetism can be suppressed by increasing K doping in the
DMS (Ba,K)(Zn,Mn),As,. Thus our results suggest a promising
method to achieve room temperature or even higher Tc ferro-
magnetism for (Ba,K)(Zn,Mn),As, and analogs. It is noted that
further K doping over 30% could not be accomplished at current
synthesis conditions. Although Ba** and K* have similar ionic
sizes, Ba(Zn,Mn),As, and K(Zn,Mn)As crystalize into a tetrag-
onal and a hexagonal structure, respectively.’’] Much higher
synthesis pressures would be required to break the limitation of
the (Ba,K) solution in (Ba,K)(Zn,Mn),As,.

On the other hand, the DMS (Ba,K)(Zn,Mn),As,, antiferro-
magnetic BaMn,As,, and superconducting (Ba,K)Fe,As, have
the identical crystal structure. In addition, there is quite good lat-
tice matching within the a-b plane (mismatch <5%). This unique
feature provides distinct advantages in fabricating new functional
devices based on the heterojunctions of various combinations of
aforementioned diluted magnetic semiconductors, superconduc-
tors, and magnetic states.[>71] The near room-temperature fer-
romagnetism means that (Ba,K)(Zn,Mn),As, shows promise for
the development of new spintronic devices.

4. Experimental Section

Synthesis:  High-purity raw materials, including Ba, K, Zn, Mn, and As,
were mixed and ground in a glove box according to the nominal molar
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Figure 5. a) Rescaled mean-field T of (Bags5Kq25)(Zny.,Mn,),As, and (Ga;,Mn,)As versus Mn concentration. Experimental results of T, are
labeled with solid markers.[®1618] b) Rescaled mean-field Ty (<0) or T (>0) for Ba(Zngs5sMngos)Asy, (Bag7sKoas) (Zng 75Mngos),As, and
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ratio. The mixture loaded in a crucible was sealed in a Nb tube and then
a quartz tube, and calcined at 950 K for 12 h. The products were then re-
ground, and annealed under 800 Kand 5.5 GPa for T h with a high-pressure
press. Such high-pressure annealing treatment can increase the chemical
solution of Zn-Mn and retain volatile elements simultaneously. It is noted
that the high-pressure annealing in this work is different from the high-
pressure used in the previous report.l’3] For the former, the samples are
fabricated via high-pressure annealing at 800 K to overcome the limitation
of chemical solution in the lattice of BZA. For the latter, the samples were
synthesized under ambient pressure, and then loaded into high-pressure
generators, diamond anvil cells, to study the pressure effect on ferromag-
netic interaction and T of BZA within temperature range of 2-300 K.
General Properties Characterization: Powder X-ray diffraction (XRD)
was carried out for the component analysis of resulting products, using
Cu-K, radiation with a Philips X'pert diffractometer at room temperature.
Energy dispersive X-ray analysis (EDX) of a commercial scanning electron
microscope (SEM) was used for the confirmation of chemical composi-
tions of polycrystal specimens. The real doping ratio is consistent with
nominal composition. For the sake of simplification, the nominal formulas
are used in the following text. Characterization of dc magnetic susceptibil-
ity for all the samples was accomplished by superconducting quantum in-
terference device (SQUID). Electricity transport measurements were con-
ducted via a physical property measurement system (PPMS).
First-Principles Calculations:  First-principles simulations were per-
formed with the projector augmented wave (PAW) method using the Vi-
enna ab Initio simulation package (VASP).383°] The choice of the elec-
tron exchange-correlation functional was generalized gradient approxima-
tion (GGA) with the form of Perdew-Burke-Ernzerhof (PBE) realization.[0]
The GGA plus on-site Coulomb repulsion U (GGA + U) approach by Du-
darev et al. was used to describe strongly localized Mn 3d orbitals.l*'! The
effective on-site Coulomb interaction parameter (U = 4 eV) was applied
to Mn 3d orbitals. Lattice constants and atomic positions were fully re-
laxed until the maximum force acting on all atoms was less than 1x 1073
eV and the total energy was converged to 1x 1077 eV with the Gaussian
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smearing method. The kinetic energy cutoff of 450 eV was employed. The
Brillouin zone was sampled with a 4 x 4 x 8 Monkhorst—Pack grid for
calculations of magnetic exchange couplings with 2 x 2 X 1 supercells of
(Bay.,K,) (Zny.,Mn,),As, [*2 All doping configurations with correspond-
ing doping probabilities are generated by disorder code.[*344]
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