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We investigate doping- and pressure-induced changes in the electronic state of Mn 3d and As 4p orbitals
in II-1I-V-based diluted magnetic semiconductor (Ba,.,K,)(Zn;.,Mn,),As, to shed light into the mechanism of
indirect exchange interactions leading to high ferromagnetic ordering temperature (7c = 230K in optimally
doped samples). A suite of x-ray spectroscopy experiments (emission, absorption, and dichroism) show that the
emergence and further enhancement of ferromagnetic interactions with increased hole doping into the As 4p
band is accompanied by a decrease in local 3d spin density at Mn sites. This is a result of increasing Mn 3d—As
4 p hybridization with hole doping, which enhances indirect exchange interactions between Mn dopants and
gives rise to induced magnetic polarization in As 4 p states. On the contrary, application of pressure suppresses
exchange interactions. While Mn K 8 emission spectra show a weak response of 3d states to pressure, clear As 4p
band broadening (hole delocalization) is observed under pressure, ultimately leading to loss of ferromagnetism
concomitant with a semiconductor to metal transition. The pressure response of As 4p and Mn 3d states is
intimately connected with the evolution of the As-As interlayer distance and the geometry of the MnAs, tetrahedral
units, which we probed with x-ray diffraction. Our results indicate that hole doping increases the degree of
covalency between the anion (As) p states and cation (Mn) d states in the MnAs, tetrahedron, a crucial ingredient
to promote indirect exchange interactions between Mn dopants and high T'c ferromagnetism. The instability of
ferromagnetism and semiconducting states against pressure is mainly dictated by delocalization of anion p states.

DOI: 10.1103/PhysRevB.95.094412

I. INTRODUCTION

Since the discovery of carrier-mediated ferromagnetism
in Mn-doped InAs and GaAs compounds, diluted magnetic
semiconductors (DMS) have received extensive attention due
to their potential for manipulation of electron spin as a
foundation of semiconductor spintronics [ 1-5]. Much progress
has been made in the control of the exchange interactions,
in which the magnetic phase can be turned on and off by
applying an electric field, light irradiation, or external pressure
[6]. However, a microscopic understanding of the physical
properties of DMS is still limited (e.g., the mechanism leading
to magnetic ordering of dopants remains strongly debated
[5,7]). Similarly, applications of high ferromagnetic ordering
temperature (7'c) DMS in devices are yet to be realized. In the
Mn-doped III-V semiconductors, substitution of the trivalent
cation Ga for Mn simultaneously introduces an acceptor
and a source of magnetic moments. This dual role of Mn
complicates theoretical understanding. Recently, Mn-doped
II-I1-V-based semiconductor Ba(Zn,Mn),As, was shown to
become a high Tc ferromagnet upon hole doping. Holes
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doped into the ZnAs layer through substitution of K ions
into the Ba®* sites mediate the interaction between magnetic
ions and induce ferromagnetism with 7c as high as 180
K in (Bal_xKx)(zno_gMno_l)zASQ with x = 0.3 [8] Improved
synthesis techniques have since enhanced the ferromagnetic
ordering temperature to 230 K [9], approaching the long sought
DMS at room temperature [10].

This new bulk DMS material is isostructural to the fer-
ropnictide “122” RFe;As; (R = Ba,Sr,Ca) class of supercon-
ductors [11], where [(Zn/Mn)As] layers alternate with [Ba/K]
layers. The strategy of transforming the nonmagnetic phase of
Ba(Zn,Mn);,As; into a ferromagnetic phase is analogous to the
recipe used to induce superconductivity in iron-based super-
conductors (i.e., through doping of the [Ba/K] charge reservoir
layers). In a previous paper [12], studies using the x-ray
magnetic circular dichroism (XMCD) technique showed that
the long-range magnetic order in (Ba;..K,)(Zn;.,Mn,),As,
is mediated by the p states of As through As 4p-Mn
3d hybridization and that the As K-edge XMCD intensity
(polarization of doped hole carriers) is strongly connected
with the magnetic ordering of the bulk sample. These results
support recent theoretical calculations [13] on Mn-doped
[I-II-V semiconductors which predict that the mediating states
are primarily derived from As 4p valence band states and
that p-d hybridization between Mn 3d and As 4p orbitals
plays an important role in the exchange coupling between
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localized spins and itinerant holes. However, the evolution
of Mn 3d and As 4p states (and their hybridization) with
hole doping and its impact on exchange interactions leading
to high T'c ferromagnetic ordering temperatures are still not
fully understood and await further experimental and theoretical
investigations. Probing the electronic states of localized spins
(Mn 3d) and mediating hole carriers (As 4p) is necessary
to test theoretical band structure models which have recently
been employed to interpret experimental findings [4].

In this paper, we have performed element- and
orbital-resolved Xx-ray spectroscopy measurements on
Ba(Zn,Mn);As, DMS at ambient and high pressures. These
include x-ray emission spectroscopy (XES) and x-ray ab-
sorption spectroscopy (XAS) measurements at the Mn K
edge, and XMCD measurements at the As K edge. XAS
probes the unoccupied electronic states, and can also yield
valence information from the chemical shift of the absorption
edge [14]. Complementary to XAS techniques, K-shell XES
provides access to the occupied density of states and can
provide information on the magnitude of local moments in 3d
metals [15,16]. XMCD, on the other hand, which measures the
difference in absorption of a magnetized sample for opposite
helicity of circularly polarized x rays, is a probe of ferromag-
netic order [17] and allows studying the spin polarization of
As 4p charge carriers. This information, key to understanding
the indirect exchange interactions in DMS systems, is hardly
accessible with macroscopic probes, such as superconducting
quantum interference device (SQUID) magnetometry, which
is dominated by the response of Mn spins. The combination
of XAS, XES, and XMCD probes allows us to investigate
the electronic properties of Ba(Zn,Mn),As, DMS at ambient-
and high-pressure conditions with exquisite selectivity. Since
electronic structure is intimately connected to crystal structure,
we also probed the evolution of crystal structure under pressure
with x-ray diffraction (XRD) measurements, providing further
insight into the microscopic origin of the pressure-driven semi-
conducting/ferromagnetic to metallic/paramagnetic transition.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of (Ba;.,K,)(Zn;.,Mn,),As, were
synthesized using the arc-melting solid-state reaction method
[8,18]. The series of studied samples was labeled Gm (m =
0,1,2,3,4). Compounds with different K (hole) doping level x
(x = 0,0.15,0.25) at fixed Mn (spin) concentration y = 0.15
were used to study the hole-doping effect. These samples are
labeled as GO (x =0,y =0.15), G1 (x =0.15,y =0.15),
and G2 (x = 0.25,y = 0.15). For unraveling the effect of
pressure, hole underdoped Gl (x =0.15,y =0.15) and
optimally hole-doped G3 (x = 0.25,y = 0.05) compounds
were used. Since samples are isostructural for all x, y values
studied here, the G4 (x = 0.20,y = 0.05) sample was used
in XRD measurements as representative to understand the
structural response to pressure.

The nonresonant Mn K 8 XES experiments were performed
at beamline 16 ID-D of the Advanced Photon Source (APS) at
Argonne National Laboratory. The ambient- and high-pressure
XES data were obtained in separate experiments using incident
energies of 16.1 and 11.3 KeV, respectively. The energy of
emitted photons was analyzed using a 4-inch spherically bent
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Si (422) crystal which was arranged with the sample and de-
tector in a vertical Rowland geometry (R ~ 1 m). The energy
resolution, determined from the average of the full width at half
maximum (FWHM) of the elastically scattered photons, was
about 1 eV. The high-pressure XES data were collected using a
Mao-Bell symmetric diamond anvil cell (DAC) with 300-pum
culet anvils. A beryllium gasket, preindented and further
drilled into a sample chamber with a diameter of 120 um, was
used to allow efficient detection of the low-energy K g x-ray
emission. A ruby ball was placed near the sample chamber
edge and used as a pressure marker. For the temperature-
dependent measurements at ambient pressure, a pelletized
sample was mounted on a copper holder with grease and
loaded into a He-flow cryostat with an automatic temperature
control system. The Mn K-edge XAS experiments at ambient
pressure/temperature conditions were carried out at beamline
20 BM-B of the APS using a Si (111) monochromator.
Finely ground powder samples were mixed with Boron nitride
powder and pelletized, with sample thickness optimized for
transmission measurements. Energy calibration was monitored
for each spectrum using simultaneous measurements on a
reference manganese metal foil.

The As K-edge XMCD experiments were performed at
beamline 4 ID-D of the APS. Polycrystalline samples were
ground into fine powder before the experiment. Pressure ex-
periments used a membrane-driven, CuBe DAC placed inside
the bore of a cryogenic superconducting magnet and cooled
with He vapor. To avoid a sizable pressure increase on cooling,
a large culet size of 1 mm was used for the measurements on
the G1 sample below 5 GPa. Data above 5 GPa were obtained
with 300-um culets. The powder sample was mixed with
silicon oil as a pressure-transmitting medium before loading
into the DAC:s. Stainless steel was chosen as the gasket and a
ruby ball was placed near the edge of the sample chamber
for in situ pressure calibration. The high-pressure XMCD
data on the G3 compound is taken from our previous paper
in Ref. [12]. For ambient-pressure XMCD measurements at
low temperature, samples were mounted on tapes and stacked
layer by layer to obtain the desired sample thickness. XMCD
measurements were carried out in helicity-switching mode
(13.1 Hz) using phase-retarding optics, and the modulation
in the x-ray absorption was detected with a lock-in amplifier.
Measurements were carried out for magnetic fields along and
opposite x-ray propagation direction to remove artifacts of
nonmagnetic origin. The high-pressure powder XRD measure-
ments were done at room temperature at beamline 16 BM-D
of the APS using a Mao-Bell symmetric cell with 300-um
culets. The rhenium gasket was preindented to 40 um, and a
170-pm diameter sample chamber was drilled in the center of
the indentation. Neon gas was used as the pressure medium,
resulting in a reduction of sample chamber diameter to
130 um. Ruby balls were placed around the sample to monitor
the pressure. The x-ray wavelength was 0.4246 A, and XRD
patterns were collected with a mar3450 image plate detector.

III. RESULTS AND DISCUSSION

The evolution of lattice parameters and resistivity as a
function of hole doping level x in polycrystalline (Ba;_K;)
(Zng gsMny 15)2As, samples [GO (x = 0), G1 (x = 0.15), and
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FIG. 1. (a) Lattice parameters of polycrystalline samples GO,
G1, and G2 [(Ba;..K,)(ZnggsMng 15),As, with x =0, 0.15, 0.25,
respectively)] at ambient pressure and room temperature. (b) Low-
temperature resistivity (7 = 20K, black circles) for GO, G1, and
G2 samples and Tc (blue squares) for G1 and G2 samples. (c)
The dc magnetization data for GO, G1, and G2 samples measured
in H =5000e on warming after field cooling (solid lines) and
zero-field cooling (dotted lines).

G2 (x = 0.25)], together with the magnetic ordering tempera-
ture 7'c of G1 and G2 samples, are shown in Figs. 1(a) and 1(b).
Figure 1(c) displays the dc magnetization data measured in GO,
Gl1, and G2 samples. A clear upturn is observed around 90 K
and 230 K for the G1 and G2 samples, respectively, indicating
the development of ferromagnetic order in these compounds.
In contrast, the sample GO with no potassium content shows
no such ferromagnetic upturn. Muon spin relaxation (uSR)
measurements on polycrystalline samples demonstrate that the
long-range ferromagnetic ordering is an intrinsic bulk property
[8]. Figure 2(a) shows the Mn K 8 XES spectra measured
at room temperature for GO, G1, and G2 samples. The K 8
XES is mainly composed of the strong K f; 3 line and a less
intense K B’ satellite line at a lower emission energy. The
3p 3d exchange interaction model [19,20] has satisfactorily
explained this split structure. The K g; 3 line peak is slightly
asymmetric, with a weaker shoulder on the low-energy side.
This structure is known as the K 8, line and arises from a final
state where an electron in the 3d valence band flips its spin [19].
The energy difference between the K 8’ satellite and the main
K Bi.3 line AE’ has been shown to be a reliable parameter for
spectral analysis [15,21]. XES spectra are normalized by their
area and then aligned with the main peak of the GO spectrum
[22,23]. The splitting AE" decreases with increasing carrier
doping level x, as shown in the inset of Fig. 2(a), all the while
the K B peak intensity decreases. This implies that the Mn
local spin moment has decreased with carrier doping, which
could arise as a result of a change in electron density (degree of
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FIG. 2. (a) X-ray emission Mn K B spectra of polycrystalline
samples (Ba,.K,)(Zng ;5sMnggs),As, at ambient pressure and room
temperature. Compounds of different K (hole) doping level x at fixed
Mn (spin) concentration y = 0.15 are defined as GO (x =0,y =
0.15), Gl (x = 0.15,y = 0.15), G2 (x = 0.25,y = 0.15). XES spec-
tra have been normalized to unit-integrated area and then aligned
around the K ;3 main peak of the GO spectrum. Inset: the energy
difference AE’ between the K g’ satellite and the K 8, ; main line
as a functin of x. The dashed arrow in pink is a guide to the eye.
(b) Normalized XAS spectra at the Mn K edge for GO, G1, G2, and
pure Mn at 7 = 300K, P = 1bar. The spectra were offset in the
vertical direction for clarity. Inset: the first derivative of the XAS
data in the 6537-6550 eV range. (c) As K-edge XMCD spectra for
GO0, G1, and G2 samples at T = 2K, P = 1bar. Inset: the orbital
magnetic moment per As as a function of x. Tc values are included
in the insets next to each compound label.

localization), a change in the number of unpaired 3d electrons
localized on the metal ion [15,24], or both. In the present case,
where Mn is always in a high-spin configuration, the change
in the Mn spin state simultaneously correlates with the change
in the net charge and the effective spin on the Mn [19,25]. In
order to examine if the change of local spin state is due to a
valence state change of Mn, we conducted XAS measurements

094412-3



F. SUN et al.

at the Mn K edge in (Ba;_ K, )(Zng gsMng 15)2As,. The XAS
data analysis followed standard methods using the ATHENA
software package [26]. Figure 2(b) shows XAS spectra at
the Mn K edge for the metallic manganese and GO, G1, G2
compounds at room temperature and ambient pressure. Clearly
the local environment of the Mn dopants is not the same as
that in Mn metal, ruling out precipitation of Mn into small
clusters. The valence state of Mn atoms does not change with
varying x (hole doping). The degree of covalency induced by
ligand field, more specifically the hole-doping-tuned degree of
p-d orbital hybridization within MnAs, units, accounts for the
variation of AE’ (effective spin). The dependence of AE’ on
hole doping is displayed in the inset of Fig. 2(a). It decreases
when T c increases (7 ¢ values shown next to compound labels)
and indicates that p-d hybridization and related reduction in
local spin density at Mn sites promotes magnetic coupling
between Mn dopants in the measured samples.

The As K-edge XMCD spectra for GO, G1, and G2
compounds, measured at a base temperature of 2 K and
external magnetic field of 4 T, are shown in Fig. 2(c). GI and
G2 compounds show a robust XMCD signal. The dichroic
signal consists of a single peak which is located at the
low-energy side of the As K absorption edge. By applying the
s (I = 0) core-level orbital magnetization sum rule [27-29],
we obtained the orbital magnetic moment per As ion for
different hole-doping levels, as shown in the inset of Fig. 2(c).
Its magnitude is strongly sample dependent: samples with
higher ferromagnetic 7'c exhibit larger XMCD signals, which
is consistent with our previous observation that As K-edge
XMCD is representative of the bulk magnetization [12]. The
larger XMCD signal for the x = 0.25 compound is related
to a stronger 4 p-3d hybridization, resulting in larger induced
magnetic polarization at As sites. The absence of an XMCD
signal in the undoped x = 0 compound supports the conclusion
that the As 4 p band does not become magnetically polarized
unless holes are doped into this band and order of Mn moments
emerges.

The XES, XAS, and XMCD measurements taken together
indicate that, upon hole doping, the effective local Mn 3d
moments are gradually reduced and As 4 p states become mag-
netically polarized in the opposite direction [12], consistent
with p-d hybridization. This implies that hole doping drives
an electron redistribution within MnAs, tetrahedra without
changing the valence state of Mn atoms. This, in turn, enhances
the indirect exchange interaction between diluted magnetic
atoms through p-d hybridization.

It is known that a high-spin to low-spin transition can be
triggered by a redistribution of the 3d electrons within the 7,
and e, orbitals with variation in temperature [23]. In order
to explore how the diluted local spin state evolves when a
sample is driven into the ferromagnetic ordering phase with
temperature, we have conducted temperature-dependent Mn K
B XES measurements on (Ba;_.K,)(Zn;.,Mn,),As; (Fig. 3).
Spectra are almost identical as temperature varies across 7°c,
indicating that the electronic structure of Mn atoms maintains
its high-spin state through the paramagnetic to ferromagnetic
phase transition.

Typically, compression causes a tendency toward a closer
packing of atoms, ions, and molecules, which in turn is inti-
mately linked to changes in electron hybridization. Therefore,
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FIG. 3. XES spectra of polycrystalline (BaK,)

(Zn;yMn,),As, (x =0.15,y =0.15,Tc =90K) at different
temperatures and ambient pressure. The intensities of the plots were
normalized to the K 8, 3 maximum.

application of pressure can induce major modifications in ma-
terials originally possessing substantial band gaps [30,31]. By
undertaking As K-edge XMCD measurements [Figs. 4(a) and
4(b)], we studied the pressure-induced magnetic instabilities
of a hole underdoped sample (G1: x = 0.15,y = 0.15) and
compared it with a previously studied optimally hole-doped
sample (G3: x = 0.25,y = 0.05) [12]. While pressure was
expected to mimic the effect of doping in bringing about
increased p-d hybridization and enhanced ferromagnetic
interactions with reduction of interatomic distances, this is
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FIG. 4. Pressure-dependent As K-edge XMCD peak intensity
for polycrystalline (Ba;..K,)(Zn;.,Mn,),As, at 2 K: (a) G3 (x =
0.25,y =0.05), (b) G1 (x =0.15,y =0.15). The XMCD peak
intensities of both samples were normalized to unity at P = 1bar.
Temperature-dependent resistance plots at selected pressures for the
same samples. The As K-edge XMCD and transport data of the G3
sample was taken from Ref. [12].

094412-4



HOLE DOPING AND PRESSURE EFFECTS ON THEII- ...

w1l 1]

— 2 138
2) 2 13
‘é & o435 G3 ~
s |- T=300K /% 2

. 132l — 1 z

04
S 016 { 3 02
> <z P
2 T o014} <00
2 her aes  11se
b5 o1 2tL— 1t 1 . 1] Energy (keV)
= 0o 10 20
o= Pressure (GPa)
=l 30.0 GPa
[}
N
N
£
)
Z
. ! . I . | . 1 . I . 1

6450 6460 6470 6480 6490 6500 6510
Energy (eV)

FIG. 5. X-ray emission spectra of polycrystalline G3 (x =
0.25,y = 0.05) at high pressures and room temperature. The spectra
were shifted in the vertical for clarity. Red solid lines are fits using
three Gaussian functions, as described in the text. Left corner inset:
energy difference AE’ and line intensity I-K S as a function of
pressure. Right corner inset: background-subtracted “white line”
peaks in As K-edge XAS spectra under different pressures for the
G3 sample, taken from Ref. [12].

not observed. The monotonic reduction in XMCD intensity
with pressure on both samples indicates weakening of fer-
romagnetic interactions. Both compounds show a gradual
suppression of magnetic order with pressure. The response
of transport properties to pressure in the G1 sample is similar
to that of the previously studied G3 sample [12], with the
observation of a clear semiconductor-to-metal transition that
is accompanied with the loss of magnetic order [Figs. 4(c)
and 4(d)]. This is in contrast with the prototypical III-V DMS
materials (In,Mn)Sb [32,33] and (Ga,Mn)As [33], where Tc
increases with increasing hydrostatic pressure for samples with
a high concentration of band holes. Understanding the origin
of the disparate response of magnetism to pressure in III-V and
[I-1I-V DMS materials requires not only probing As p and Mn
d electronic states, but also the evolution of crystal structure
under pressure, as discussed below.

In order to probe the electronic properties of the Mn
ions under pressure, we have conducted Mn K B XES
measurements on the optimally hole-doped sample (G3: x =
0.25,y = 0.05) (Fig. 5). The K B spectra for Mn were fitted
using three Gaussian functions representing the K 8’, K 8.,
and K ;3 peaks, and a linear background was subtracted [25].
Derived parameters of AE" and I-K 8’ (K 8’ peak intensity
relative to the total intensity of the main K B region) are
displayed in the insets of Fig. 5. We observe no changes
outside the experimental error in electronic state under low
pressure (<10 GPa), and only a small reduction in AE’ and
I-K B’ is detected at higher pressure (30 GPa). However,
pressure suppresses ferromagnetism in the Ba(Zn,Mn),As;
system, even at very low pressure (~0.5 GPa), as revealed
by the As K-edge XMCD measurements [Fig. 4(b)]. The
exchange energy for a system of interacting atomic moments is
given by the effective classical Heisenberg Hamiltonian H =

— iz dij Si x Sj, where J;; is the exchange interaction

between i- and j-site local spins. Since Mn atoms maintain a
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robust local spin state even at 30 GPa, our XES data rule out the
possibility that the suppression of magnetic order arises from
the collapse or suppression of Mn local spin moments. Upon
hole doping, changes in p-d hybridization could be clearly
detected in the Mn K B XES spectra at ambient pressure
[Fig. 2(a)], indicating that chemical doping enhances p-d
hybridization. Under applied pressure, no obvious changes are
seen in the XES spectra. These results imply that pressure-
induced variations in the p-d hybridization are too small
compared with the changes induced by chemical doping and
therefore hardly detected by XES measurements. Chemical
doping is a more efficient driver in enhancing the exchange
interactions compared with external pressure and, hence, is
more effective in inducing robust ferromagnetic order.

We now look at the transport behavior of
(Ba; K,)ZnpoMng |),As,. At ambient pressure the
electrical resistivity exhibits a small decrease with increasing
carrier doping level x, but the semiconducting behavior
remains [8]. However, a semiconductor-to-metal transition
was observed upon compression, both on an optimally
hole-doped G3 sample and hole underdoped G1 sample
[Figs. 4(c) and 4(d)]. This contrasts with the response of
III-V-based GaAs/(Ga,Mn)As semiconductors, which possess
a direct bandgap at ambient conditions. Under pressure,
pure GaAs undergoes a direct-to-indirect bandgap transition
at ~4 GPa [34]. Theoretical studies [35] show that the
pressure behavior of the bandgap of (Ga,Mn)As DMS is very
similar to that of pure GaAs with a direct-to-indirect bandgap
transition at ~6 GPa. The bandgaps for GaAs and (Ga,Mn)As
are, respectively, 1.7 eV at 16 GPa and 1.3 eV at 15 GPa,
showing robust semiconducting behavior even at these high
pressures. The response of transport properties to pressure
in (Ba;.«K,)(Zn;.,Mn,),As; is drastically different, with the
observation of a clear semiconductor-to-metal transition that
is accompanied by loss of magnetic order [Figs. 4(c) and 4(d)].
We note that typical bandgaps in the II-II-V materials studied
here are significantly smaller than those of the GaAs-based
materials, with an indirect gap of order ~0.2eV [13].

High-pressure powder XRD data were analyzed with
Rietveld refinements using the GSAS program package [36].
Figure 6(a) shows the XRD patterns together with refinements
at selected pressures. The averaged, unweighted and weighted
profile residuals R, and Ry, are 1.14% and 1.58%, respec-
tively. Figure 6(b) illustrates the pressure dependence of the
unit cell parameters based on the Rietveld refinements. Up to a
pressure of 25 GPa, the basal lattice parameter a contracts by
6.9%, whereas the lattice parameter ¢ drops by 11.0%, exhibit-
ing obvious anisotropic compression. When applying pressure,
the interlayer spacing between ferromagnetic [(Zn/Mn)As]
layers (c axis) decreases at a much larger rate than the intralayer
MnAs, ligands (a axis) [crystal structure shown in left corner
inset of Fig. 6(b)]. A pressure-induced semiconductor-to-metal
transition in the II-II-V-based Ba(Zn,Mn),As; is connected
to As-As hybridization [12], which is related to the inter-
layer As-As distance d. In the compound B-BaZn,As; [37],
strong As-As hybridization as a result of a relatively shortd =
3.7 A between adjacent [Zn,As] layers leads to a secondary
splitting of the bonding and antibonding states of As 4p
levels. The latter, formed by As 4p, states are found near
the valence band maximum (VBM). It is shown [37] that the
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FIG. 6. (a) XRD patterns of polycrystalline

(Ba;.K,)(Zn; Mn,),As, G4 (x =0.20, y =0.05) at selected
pressures and room temperature. The XRD patterns are refined using
the Rietveld method. (b) Lattice parameters as a function of pressure.
Data were normalized to unity at P = 1 bar. Left corner inset: crystal
structure of (Ba,K)(Zn,Mn),As, belonging to tetragonal ThCr,Si,
structure, and the pressure dependence of interlayer As-As distance
d. Upper right corner inset: MnAs, tetrahedron geometry, and the
pressure dependence of As-Mn-As bond angle « (bisected by ¢ axis)
in the MnAs, tetrahedron.

size of the bandgap is controlled by the proximity of these
states to the Fermi level, which strongly depends on the As-As
spacing. With a slight decrease in d, the hybridization of As
atoms becomes larger, and widens the VB. As a result, the
energy states at the VBM are raised and bandgap is reduced.
Inset of Fig. 6(b) (besides the crystal structure) shows the
changes in interlayer As-As distance d in the representative
G4 (x = 0.2,y = 0.05) compound as a function of pressure.
Upon compression, d gradually decreases which enhances
the interlayer As hybridization (raising the energy of As 4p,
antibonding states), leading to a strong response of As 4p
states to pressure. A gradual decrease in d in turn results in a
decrease of bandgap and a semiconductor to metal transition
[Figs. 4(c) and 4(d)]. The As 4 p state is delocalized because of
pressure-induced enhanced hybridization between interlayer
As atoms and related increase in bandwidths, as shown by
XAS white-line broadening in As K -edge XAS measurements
[see the right corner inset of Fig. 5, taken from Ref.12]. The
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interlayer As-As hybridization competes with the effective p-d
hybridization within MnAsy tetrahedra, a necessary condition
for enhanced exchange interactions. It is noteworthy that, hole
carriers mediating the long-range magnetic ordering through
p-d hybridization are resident on the p states of As, and
the polarization strength of hole carries (As 4p states) scales
with the sample magnetization [12]. Therefore, delocalization
of hole carriers is enhanced under pressure, suppressing the
exchange interactions between magnetic dopants.

The effectiveness of As 4p and Mn 3d hybridization in
promoting stronger exchange interactions (7'c) is also con-
nected to changes in the local geometry of MnAs, tetrahedral
units. The As-Mn-As bond angle (¢ angle bisected by the
c axis) of the MnAs, tetrahedra as a function of pressure is
presented in the upper right corner inset of Fig. 6(b). Structural
analysis shows that the behavior of the bond angle « with
pressure is attributed to the anisotropic compression of the
MnAs, tetrahedron. With increasing pressure, compression
in the basal plane of MnAsy units is greater than that along
the ¢ axis, resulting in a decrease in the As-Mn-As bond
angle «. This in turn reduces the overlap of As and Mn
planar orbitals, decreasing effective p-d hybridization. Note
that reduction of Mn-As bond distance with applied pressure
can enhance the As 4p and Mn 3d orbital overlap as a
result of band broadening [38,39]. This will enhance p-d
hybridization within the MnAs, tetrahedron. However, the
decrease in interlayer As-As distance d and As-Mn-As bond
angle o [insets of Fig. 6(b)] with pressure act to reduce p-d
hybridization. These competing effects lead to the absence
of sizable increases in p-d hybridization, which may account
for the fact that no obvious changes have been detected in
the high-pressure Mn K g XES spectra. On the other hand,
a smaller d value broadens As 4p band states and results
in increased carrier mobility (delocalization of mediating
carriers), another essential ingredient for tuning exchange
interactions and bandgap in (Ba;_,K,)(Zn;.yMn,),As, [12],
leading to gap closure and concomitant destruction of fer-
romagnetic order. Taken together, these results provide much
needed microscopic insight into the origin of pressure-induced
monotonic suppression of magnetism and gap closure in
(Ba;_«K,)(Zn;_yMn,),As, and imply that the changes in
crystal structure (interlayer As-As distance and distortion of
MnAs, units) play a key role in the vanishing of magnetic
order and gap closure at high pressure.

IV. CONCLUSION

We have studied the effects of hole doping and pressure
on the ferromagnetism and electronic properties of the II-1I-
V-based Ba(Zn,Mn),;As, DMS system by employing Mn K
B XES and As K-edge XMCD measurements. We find that
hole doping increases the p-d hybridization strength (electron
redistribution within MnAs, ligands) at the cost of reduction
in Mn local spin density, resulting in enhanced exchange
interactions between Mn dopants. Unlike doping, pressure
does not appear to affect the local Mn 3d states much and
suppresses ferromagnetism gradually in both optimally hole-
doped and underdoped compounds. Upon compression, the
bandgap is reduced, and hole carriers mediating the long-range
magnetic order become delocalized, suppressing the magnetic
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order. Both effects are caused by the strong response of As p
states (band broadening) at applied pressures. We revealed that
changes in the geometry of MnAs, tetrahedra and interlayer
As-As distance with applied pressure are intimately connected
to the evolution of electronic structure in anion p and cation
d states. The strength of p-d hybridization can be readily
controlled by hole doping level, and its role is as important as
the carrier polarization in inducing high 7 c ferromagnetism in
these and related DMS materials.
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