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1. Introduction

The diluted magnetic semiconductors (DMS) have been 
investigated extensively due to potential applications on spin
tronic devices [1–3]. In prototypical III–V based DMS, such 
as (Ga,Mn)As and (In,Mn)As, heterovalent (Ga3+,Mn2+) or 
(In3+,Mn2+) substitution leads to difficulties in individual 
control of carrier and spin doping, and lack of bulk mat
erials. Recently a group of new generation of DMS materials 

with independent carrier and spin have been discovered, 
e.g. the ‘1 1 1’ type Li(Zn,Mn)As and the ‘1 2 2’ type (Ba,K)
(Zn,Mn)2As2 (BZA) [4–18]. Among them, BZA has a max
imum Curie temperature (TC) of 230 K, a reliable record for 
carriermediated ferromagnetic DMS [6, 19, 20]. Moreover, 
physical picture of BZA is believed to be general and thus 
applicable to other DMS [21].

Recently a number of progresses have been made on both 
fundamental studies and potential applications. Large size 

Journal of Physics: Condensed Matter

Effects of high pressure on the 
ferromagnetism and in-plane electrical 
transport of (Ba0.904K0.096)(Zn0.805Mn0.195)2As2 
single crystal

G Q Zhao1,2 , Z Li3 , F Sun1,2, Z Yuan1,2, B J Chen1,2, S Yu1,2, Y Peng1,4, 
Z Deng1 , X C Wang1  and C Q Jin1,2,5

1 Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,  
Chinese Academy of Sciences, Beijing 100190, People’s Republic of China
2 School of Physics, University of Chinese Academy of Sciences, Beijing 100190,  
People’s Republic of China
3 School of Materials Science and Engineering, Hefei University of Technology, Hefei 230009,  
People’s Republic of China
4 Department of Materials Science, Sichuan University, Chengdu 610064, People’s Republic of China
5 Collaborative Innovation Center of Quantum Matter, Beijing 100871, People’s Republic of China

Email: dengzheng@iphy.ac.cn (Z Deng) and Jin@iphy.ac.cn (C Q Jin)

Received 13 February 2018, revised 28 April 2018
Accepted for publication 9 May 2018
Published 29 May 2018

Abstract
Pressure technique is an effective way to modify magnetic properties of diluted magnetic 
semiconductors (DMS). Based on single crystal, inplane electrical transport properties of a 
new generation DMS (Ba0.904K0.096)(Zn0.805Mn0.195)2As2 have been measured with hydrostatic 
pressure up to 1.8 GPa. Magnetic properties of the single crystal sample are effectively tuned 
by pressure. Upon compression, the inplane resistivity initially decreases but then increases 
when pressure is higher than 1.2 GPa. First principle calculations suggest that decrease of 
the resistivity is due to enhancement of density of state at Femi energy while increase of 
the resistivity under higher pressure is caused by distorted MnAs4 tetrahedra. We reveal that 
the configuration of the MnAs4 tetrahedra and strength of interlayer As–As bonding are of 
importance to ferromagnetic coupling of (Ba,K)(Zn,Mn)2As2.

Keywords: diluted magnetic semiconductor, Curie temperature, hydrostatic pressure,  
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single crystals and singlephase, singleoriented thin films of 
BZA have been grown [22, 23]. Based on the single crystal 
samples, angleresolved resonance photoemission spectr
oscopy clearly identifies widely distributed Mn 3d states with 
a main peak around 3.5 eV below Fermi energy (EF) [24]. 
Similar to (Ga,Mn)As, present of Mn impurity band in BZA 
demonstrates strong hybridization between the Mn 3d and As 
4porbitals. Magnetic pair distribution function measurements 
indicate robust nearestneighbor ferromagnetic alignment of 
Mn spins along the c axis even well above TC [25]. Taking 
advantage of single crystalbased Andreev reflection junction, 
spin polarization rate of 66% is obtained for BZA which is 
comparable to prototypical III–V based DMS [22].

However lack of reliable room temperature ferromagnetism 
is still an open question for all DMS [19]. Enhancement of TC 
has been achieved by increasing carrier concentration through 
electrical and optical fields in prototypical III–V based DMS 
[26, 27]. As an external field, pressure can shorten distance 
between atoms and increase overlap of electronic clouds in 
materials. Usually pressure enhances electron hybridization 
and in turn will intimately extend bandwidth and decrease 
band gap. Thus pressure is expected to bring about increase of 
both carrier concentration and Mn–As hybridization which in 
turn can enhance ferromagnetic interactions in DMS materials 
[28]. Pressureinduced changes in ferromagnetic order have 
been studied in several types of DMS both theatrically and 
experimentally [29–35]. Nevertheless, effects of pressure on 
(Zn,Mn)As layer (inplane) electrical transport properties are 
still highly desired, because the ferromagnetic order is medi
ated by inplane carriers in layered BZA. On the other hand, 
a beryllium–copper selfclamping cell is essential to generate 
a pressure condition (i.e. hydrostatic pressure and pressure 
range of 0–2 GPa) similar to what was used for prototypical 
III–V DMS [29–31]. In this article we use BZA single crystal 
to study the pressureeffects on the conducting behavior of 
(Zn,Mn)As layer and its relation with the ferromagnetic order.

2. Method

The polycrystalline of Ba(Zn0.95Mn0.05)As was synthesized 
by using conventional solid reaction under the protection of 
highpurity argon as described in [5]. The single crystal of 
(Ba0.904K0.096)(Zn0.805Mn0.195)2As2 was grown via the flux 
technique as described in [22]. Due to the layered structure, 
the obtained single crystals have the form of platelets with 
the [0 0 1] direction perpendicular to the plane. Single crystal 
xray diffraction (XRD) measurements were performed to 
determine the lattice constants which are a  =  4.1387 Å and 
c  =  13.4630 Å (V  =  230.60 Å3) (see supplementary informa
tion available online at stacks.iop.org/JPhysCM/30/254001/
mmedia). For high pressure electrical transport measure
ments, a standard fourprobe contact was used and the 
inplane resist ance was measured. The single crystal was 
loaded into a beryllium–copper selfclamping cell with kero
sene as pres sure medium to apply hydrostatic pressure. The 
high pres sure powder synchrotron XRD measurements were 
done at room temperature at beamline 16 BMD of the APS 

using a Mao–Bell symmetric DAC. Neon gas was used as 
the pres sure medium and Ruby balls were placed around the 
sample to monitor the pressure. Cell parameters are obtained 
by Rietveld refinements with GSAS software [36]. The first
principles calculations based on density functional theory 
(DFT) implemented in VASP were carried out within a prim
itive cell with 12  ×  12  ×  8 kpoint grid [37]. The projector 
augmented wave pseudopotentials with Perdew, Burke, and 
Ernzerhof (PBE) exchangecorrelation and 450 eV energy 
cutoff was used in our calculations [38, 39].

3. Results and discussion

3.1. The high pressure electrical transport measurements

Figure 1(a) shows evolution of inpane resistivity with pres
sure for single crystal (Ba0.904K0.096)(Zn0.805Mn0.195)2As2 
(TC ~ 50 K). All of the temperaturedependent resistivity 
(ρ(T)) curves present semiconductor characteristic over most 
of the temperature range. Pressure has been applied with 
small spacing to systematically study the electrical transport 
behavior [34, 35]. Upon compression, the resistivity initially 

Figure 1. (a) Temperaturedependent resistivity at varying 
pressures for single crystal (Ba0.904K0.096)(Zn0.805Mn0.195)2As2, 
black arrows show the change in Curie temperature. (b) Resistivity 
at 2 and 250 K obtained from figure (a) as functions of pressure.
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decreases in the entire temperature range, but it turns to 
increase when pressure (P)  >  1.2 GPa as shown in figure 1(b). 
Within the similar pressure range, pressureenhanced resis
tivity has been found in metallic (In,Mn)Sb, both metallic and 
semiconducting (Ga,Mn)As [29–31], while pressurereduced 
resistivity has been observed in metallic (Ge,Mn)Te [32]. In 
(In,Mn)Sb the increase of resistivity is due to enlarged effec
tive mass of carriers. In contrary, the changes in resistivity are 
attributed to alterations of carrier concentrations in (Ga,Mn)
As and (Ge,Mn)Te [31, 32]. To our best knowledge, none of 
the DMS material shows a similar nonmonotonic change 
in resistivity with increasing pressure. To rule out the possi
bility that the nonmonotonic change in ρ(P) originates from 
structural phase transition, high pressure synchrotron XRD 
measurements have been performed. The results implies that 
(Ba0.904K0.096)(Zn0.805Mn0.195)2As2 retains the ambient struc
ture within the pressurerange of transport measurements 
(0–2 GPa). Evolution of crystal structure with pressure is 
described in supplementary information.

Broad peaks appear around TC in ρ(T) curves when 
P  =  0.4, 0.6, 1.2 and 1.5 GPa. However upturn background 
(semiconducting behavior) makes these peaks incredible to be 

determined as TC [30]. Therefore change of the onset of nega
tive magnetoresistance is used as an indication of change of TC 
with increasing pressure. Because the negative MR in DMS, 
such as (Ga,Mn)As and BZA, is caused by reduction of the 
spin disorder scattering under external magnetic field, it will 
significantly decrease at a temperature (Tm) slightly above TC 
[40]. As an example, figure 2(a) shows a sudden reduction of 
the MR at 54.7 K under 1.5 GPa. Based on Tm of each pres
sure, we obtain pressure coefficient dTm/dP  ≈  −3.7 K GPa−1 
as shown in figure 2(b). The value is used to roughly represent 
dTC/dP. Additionally, magnitude of MR is also a reflection 
of the strength of ferromagnetic coupling. Figure 2(a) shows 
that the negative MR is less than 1.5% in a temperature range 
of 10–50 K at 1.5 GPa. At ambient pressure the negative MR 
is about 4%–10% in the same temperature range [22]. The 
reduced MR value confirms the weakened ferromagnetic cou
pling under pressure. Among the classical DMS, i.e. (In,Mn)
Sb (Ga,Mn)As and (Ge,Mn)Te, most of TC increase with 
increasing pressure as predicted by the Zener model [28]. 
Since BZA has the universal physical picture of prototypical 
DMS [21], it is worth gaining an insight into this exception. 
To investigate origin of the weakened ferromagnetic order and 
the complex conducting behavior under pressure, first prin
ciple calculations have been performed.

3.2. The first principle calculations

For the sake of simplification, we optimize the unit cell with 
varying volume. Kdoping is simulated by extracting the 
same amount of electrons below EF. The volumes are con
verted to pressures by using the Birch–Murnaghan equa
tion  (P(V)  =  1.5B0[(V0/V)7/3–(V0/V)5/3]) with V0  =  230.6 Å3  
and B0  =  56.5 GPa. B0, the bulk modulus, is calculated with 
P(V) curve in a larger pressures range (0–10 GPa) (see sup
plementary information). As an example, figure  3(a) illus
trates the calculated band structure at 0.33 GPa. Figure 3(b) 
shows total DOS at different pressures. The calculated DOS 
at the EF monotonically increases with increasing pressure. 
The increased carriers around EF should reduce resistivity as 
observed in figure 1(b) with P  <  1.2 GPa.

On the other hand, figure  3(c) shows sum of deviation 
between calculated As–Mn–As angles in BZA and 109°28′ 
(corresponding angle in a canonical tetrahedron). Δ2 is dig
nified as Δ2  =  [(A  −  109°28′)2  +  (B  −  109°28′)2]/2, where 
the angles A and B are bisected by the caxis and abplane 
respectively, as shown in the inset of figure 3(c). Magnitude 
of the Δ2 dramatically increases above 2 GPa, which is close 
to inflection point (1.2 GPa) in figure 1(b). Although Mn–As 
distance is shortened by compression, the distorted MnAs4 
tetrahedra can reduce overlap of As and Mn orbitals and 
then weaken Mn–As hybridization. Thus the inplane carrier 
mobility will decrease above the threshold pressure. The dis
torted MnAs4 tetrahedron competes with the increase of DOS 
under pressure and results in the nonmonotonic change in in
plane resistivity with increasing pressure.

Furthermore, it is worth noting that strongly anisotropic 
compression on lattice is found in former experiments [35]. 
Seriously reduced caxis (i.e. distance between (Zn,Mn)

Figure 2. (a) Temperaturedependent magnetoresistance at 1.5 GPa 
for single crystal (Ba0.904K0.096)(Zn0.805Mn0.195)2As2. (b) Tm versus 
pressure. The black squares are experimental data and the red line 
is linear fit.
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As planes) decreases interlayer As–As distance (inset of 
figure 3(c)) and thus causes enhancement of interlayer As–As 
bonding under high pressure. The latter in turn leads to charge 
transfer from the 3dorbitals of Mn to the pzorbital of As and 
thus reduces the Mn–As hybridization. Our calculations also 
reveal a larger compression rate along caxis than in abplane 
(not present). Thus the similar charge transfer occurs during 
our high pressure resistivity measurements. Given the impor
tance of the Mn–As hybridization to ferromagnetic coupling 
in DMS, we attribute the weakened ferromagnetic order in 
BZA to the distorted MnAs4 tetrahedra and the decreased 
interlayer As–As distance.

4. Conclusions

Many experimental and theoretical studies reveal that Curie 
temperature of diluted magnetic semiconductor increases 
with increasing hydrostatic pressure because of extra carrier 
concentration introduced by compression. In BZA, the first 
principle calculations suggest enhanced density of states 
at Fermi energy by pressure but it competes with the dis
torted MnAs4 tetrahedra and the increased interlayer As–As 
bonding. The competition leads to the losing ferromagnetic 
order. Furthermore, our results demonstrate importance of the 

structural configuration for carriermediated ferromagnetism 
in BZA. In order to improve Curie temperature in BZA, the 
distance between the (Zn,Mn)As planes should be retained or 
even enlarged and meanwhile the MnAs4 tetrahedra should 
not be distorted. Accordingly, we suggest application of 
anisotropic pressure along the (Zn,Mn)As plane and epi
taxial film growth techniques to tailor strain in the (Zn,Mn)
As plane. Additionally, optimized structural configuration of 
BZA could also be achieved by chemical doping, i.e. substitu
tion of (Ba,Rb) or (Ba,Cs) to extend the interlayer distance as 
well as proper replacement of As by other pnicogen elements 
with limited distortion on the MnAs4 tetrahedra to enhance the 
Mn–As hybridization.
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