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The pressure effect on the crystalline structure of the I-I-V semiconductor Li(Zn,Mn)As ferromagnet is studied
using in situ high-pressure x-ray diffraction and diamond anvil cell techniques. A phase transition starting at
~11.6 GPa is found. The space group of the high-pressure new phase is proposed as Pmca. Fitting with the
Birch-Murnaghan equation of state, the bulk modulus By and its pressure derivative B{, of the ambient pressure
structure with space group of F43m are By = 75.4 GPa and B}, = 4.3, respectively.

PACS: 75.50.Pp, 61.05.cp, 64.60.—i

Diluted magnetic semiconductors (DMS) obtained
by doping transition metals (usually Mn) into semi-
conductors have attracted extensive studies due to
their potential for manipulation of electron spin as
a foundation of semiconductor spintronics.l' °1 The
proto-typical systems are the II-V based DMS, such
as (Ga,Mn)As and (In,Mn)As. Substitution of diva-
lent Mn atoms into trivalent Ga or In sites simul-
taneously introduces an acceptor and magnetic mo-
ments, and also leads to severely limited chemical sol-
ubility. This dual role of Mn complicates theoreti-
cal studies. Nowadays, those proto-typical ternary
alloys are available only as thin films with limited
Mn concentration.” 'l To circumvent these difficul-
ties, Masek et al. first theoretically proposed the sys-
tems based on a I-I-V semiconductor LiZnAs, where
the isovalent substitutional Mn impurity and carrier
concentration were controlled independently by ad-
justing the Li-(Zn,Mn) stoichiometry.l''] The inde-
pendent spin and carrier doping is also achieved in
(Ba,K)(Zn,Mn)2Asy, which has the record reliable
ferromagnetic transition temperature (T, = 230K)
among DMSs.!'?"%] Thus it was regarded as a promis-
ing material for spintronics applications.l'”l Robust
nearest-neighbor ferromagnetic correlations that ex-
ist above the ferromagnetic ordering temperature sug-
gested potential to realize even higher T¢ in further
study.l'”) The new generation DMSs Li(Zn,Mn)As
along with (Ba,K)(Zn,Mn)sAss provide a unique op-
portunity to elucidate the intrinsic physics in DMSs
and the physically transparent description of them
may also be general and applicable to other DMS
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materials.['°]

LiZnAs is a direct-gap semiconductor which can be
viewed as the replacement of Ga sites in (Ga,Mn)As
with Li and Zn.l'"-'%] Tt has a cubic crystal structure
with space group of F43m and its band structures ob-
tained by local density approximation are very sim-
ilar to those of GaAs.[''! The measured band gap
of LiZnAs (1.61eV) is very close to that of GaAs
(1.52eV).[1I' Polycrystalline p-Lij 1, (Zn;—,Mn,)As
ferromagnets with dopants up to x = 0.15, y = 0.2
were successfully synthesized by the solid state reac-
tion method,””! in which magnetic moment was in-
duced via (Zn,Mn) substitution and holes originated
from excess Li. Initial values of the T, could reach
up to 50K with (x = 0.15, y = 0.1) and small
coercive field (<100 Oe) promises the application of
spin manipulation.”’] Bulk specimens of Li(Zn,Mn)As
show certain advantage over proto-typical ferromag-
nets based on -V semiconductors.

External pressure is an effective method to draw
out the complicated interplay between structural,
magnetic and electronic degrees of freedom in these
novel DMSs, offering fascinating opportunities to un-
derstand the mechanism of indirect exchange interac-
tions between dilute magnetic moments.l”!! The mag-
netic phase of the II-V based semiconductors, such as
(Ga,Mn)As and (In,Mn)As, can be tuned by applying
external pressure.l”?) In the Mn-doped I-I-V based
ferromagnetic semiconductor (Ba,K)(Zn,Mn);Ass,!”]
by employing the combination of pressure and a
suite of x-ray spectroscopy experiments (emission, ab-
sorption and dichroism), carrier-mediated ferromag-
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netism under high pressure has been successfully
studied.[**?" In this Letter, we focus on the structures
and pressure-induced phase transition of the I-I-V
based ferromagnet Li(Zn,Mn)As mainly using the in-
situ high-pressure synchrotron x-ray powder diffrac-
tion (XRD).

The high-pressure powder XRD measurements
were performed at room temperature at beamline 16
BM-D of the advanced photon source (APS) at Ar-
gonne national laboratory, using a Mao—Bell diamond
anvil cell (DAC) with 300 ym culets. The rhenium
gasket was pre-indented to 40 pm and a sample cham-
ber 120 um in diameter drilled in the center of the in-
dentation. Silicone oil was used as pressure medium.
Ruby balls were used to monitor the pressure. Con-
sidering that the Li(Zn,Mn)As sample is air sensitive,
all the sample loading procedures were conducted in

the glove box. The x-ray wavelength was 0.31 A and
XRD patterns were collected with an MAR 3450 im-
age plate detector.

In-situ high-pressure synchrotron XRD measure-
ments on Lij 1(ZngoMng 1)As were performed using
DAC with pressure up to 18.4 GPa. Figure 1(a) shows
the XRD patterns at pressures up to 9.8 GPa. The in-
tensity versus 2 # patterns were obtained using FIT2D
software. The diffraction peaks shift to higher angles
with increasing pressure, and no hint of anomalies is
observed. This indicates that the structure remains
the ambient pressure structure. Data analysis of the
diffraction profiles was performed with the Rietveld re-
finements using the GSAS program package.””) Two
typical refinement results at pressures of 1.1 GPa and
9.8 GPa are shown in Fig. 1(b), in which the fitted
residuals Rwp are 5.6% and 2.8%, respectively.
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Fig.1. (a) Synchrotron x-ray diffraction patterns of Liy

1(Zno.9Mng.1)As at different pressures up to 9.8 GPa

(A = 0.31 A), showing no hint of anomalies. (b) The observed and Rietveld refined profiles at selected pressures of
1.1 GPa and 9.8 GPa are shown with the space group of F'43m. The solid circles are the experimental data, and
red lines for calculated data. The positions of the Bragg reflections are marked by vertical sticks. The blue line

represents the residual beneath.

()

210

(b) 1

L
V)
(=]
o

Unit cell volume (A®)

Lattice constant a (A)

s sof u V,=210.8 A®

°-e0r . B,=75.4CGPa 195
L n
[ Bj=4.3

5.76 -

L] Birch-Murnaghan EOS ]

AT I  EA  T TR I T

0 2 4 6 8 10 0 2 4 6 8 10
Pressure (GPa) Pressure (GPa)

Fig. 2. (a) Pressure dependence of the lattice parameter
a of Lit.1(Zng.9Mng.1)As. (b) Unit cell volume as a func-
tion of pressure. The red solid line shows the fitting data
with the third-order Birch—Murnaghan equation of states
and the corresponding results are also displayed.

The lattice parameters of the Lij 1(ZngoMng 1)As
06750

samples are obtained from the profile refinement of
the synchrotron x-ray diffraction. Figure 2(a) dis-
plays the pressure dependence of lattice parameters
of Liy 1(ZngoMng 1)As. The lattice parameter a al-
most linearly decreases with increasing pressure. At
the pressure of 9.8 GPa, the lattice parameter a re-
duces by 3.4% compared with the ambient value. Fig-
ure 2(b) presents the unit cell volume as a function of
pressure (below 9.8 GPa). The volume-pressure rela-
tionship is fitted by the third-order Birch-Murnaghan
equation of states,

piera =2m[(9)" - (9] 1
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The fitting results give the value of bulk modulus By =
1-2
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75.4 GPa with its first pressure derivative B} = 4.3,
which is very close to that of the M-V based GaAs
with the experimental result By = 75.6 GPa.[*’] This
implies that Li(Zn,Mn)As is a relatively soft material.

With continuing compression beyond 9.8 GPa, a
structural phase transition is clearly observed at
around 11.6 GPa as shown by the appearance of new
peaks. We propose the pressure-induced phase as
an orthorhombic structure with space group of Pmca
(more will be discussed in the following). Figure 3(a)
shows the XRD patterns at pressures from 9.8 GPa to
18.4 GPa. The relative intensities of the new charac-
teristic peaks do not change much until the pressure
reaches up to 14.0 GPa. Therefore, the XRD profiles
in the pressure range of 11.6-14.0 GPa are attributed
to a mixture of the low-pressure and high-pressure
phases. With continuous compression to 18.4 GPa,
the diffraction patterns remain unchanged except for
a progressive right shift of all the peaks. New peaks
from the high pressure phase are marked with black
arrows above the profile of 14.0 GPa in Fig. 3(a). Fig-
ures 3(b) and 3(c) display the selected new peaks high-
lighted in shadowed areas.
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Fig.3. (a) Synchrotron x-ray diffraction patterns of
Li1.1(Zno.9Mng.1)As at different pressures from 9.8 GPa
to 18.4GPa (A = 0.31A). A structural phase transition
starts to appear at 11.6 GPa and arrows indicate the peaks
from the new structure. (b) and (c¢) The selected new
peaks in shadowed area.

To understand the pressure-driven new phase, the
software Materials Studio was employed to simulate
the high pressure phase giving the optimal and phys-
ically reasonable phase structure with space group of
Pmca. We have carried out the standard Le Bail re-
finement using the GSAS program and found that the
high-pressure patterns indeed can be well described
by the space group of Pmca. A typical refinement re-
sult at the pressure of 15.1 GPa is shown in Fig. 4(a),
in which the fitted residual Rwp is 6.1%. However,
the limited information obtained from powder XRD
does not allow us to determine the reliable atomic po-
sition. The evolution of the lattice parameters with
pressure for the high pressure new phase is displayed
in Fig. 4(b). Figure 4(c) presents the unit cell volume

as a function of pressure for the low-pressure and high-
pressure phases. The volume—pressure relationships
fitted by the third-order Birch—-Murnaghan equation
of states are presented for both phases. The fitting re-
sults for the high-pressure data give the value of bulk
modulus By = 84.8 GPa with its first pressure deriva-
tive By = 2.1. The structural phase transition from
F43m to Pmca leads to a drop of the unit cell volume
of about 8% at the pressure of 11 GPa. At room tem-
perature, similar phenomena have also been noticed
in the GaAs system. When applying pressure, the
structural phase transition from the zincblende struc-
ture (GaAs-I) to the orthorhombic structure GaAs-
I (with proposed space group Pmm2) at transition
pressures of 17 GPa and 11.5-13.5 GPa have been re-
ported, respectively.[?72%]
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Fig.4. (a) The observed and Le Bail refined profiles at
the selected pressure of 15.1 GPa of the new phase are
shown with the space group of Pmca. The solid circles and
red lines are the experimental and calculated data, respec-
tively. The positions of the Bragg reflections are marked
by vertical sticks. The blue line represents the residual be-
neath. (b) Pressure dependence of the lattice parameters
a, b and c for the high pressure new phase. (c) Cell vol-
umes versus pressure. The solid lines show the fitting data
with the third-order Birch-Murnaghan equation of states
of ambient pressure phase (F43m) and pressure induced
high-pressure phase (Pmca). Pressure-induced structural
transition results in a collapse of the cell volume by about
8.0% at 11 GPa.

The application of pressure serves as a unique tool
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for tuning the various essential parameters in semicon-
ductors and Mn-doped DMSs.l*?"] Pressure makes
the changes in volume of solid which could modify the
band structure and influences the local exchange inter-
actions (sensitive to the interatomic distances between
magnetic dopants). Therefore, high-pressure mea-
surements are helpful in elucidating the underlying
mechanisms. A number of experimental studies have
been performed on the Mn-doped -V ferromagnets:
(Ga,Mn)AslO?] and (In,Mn)As.’"%?] These results
generally reveal that the ferromagnetic transition tem-
perature T; increases with pressure for samples with
high concentrations of band holes. In Li(Zn,Mn)As
ferromagnet, the long-range ferromagnetism between
Mn dopants are mediated by carrier holes.['"?°] Note
that Li(Zn,Mn)As could be viewed as a zinc blende
structure, in which Ga sites in (Ga,Mn)As are replaced
with Li and Zn. Meanwhile, both ferromagnetic
systems are showing comparable band structures.!'"!
Considering these results, pressure could be a promis-
ing tool in enhancing the T, in the Li(Zn,Mn)As sys-
tem. Since the atomic position of the high pressure
new phase has not been determined yet, the above
discussion is subjected to the low pressure phase. Fur-
ther studies on the exchange interactions between Mn
d states under pressure would also be interesting to
test theoretical band structure models.!"]

In summary, we have presented an analysis for
structures and the phase transition of ferromagnetic
Li(Zn,Mn)As using in situ high-pressure x-ray pow-
der diffraction and diamond anvil cell techniques. The
lattice parameters, the bulk modulus By and its pres-
sure derivative B{, of ambient-pressure Li(Zn,Mn)As
(space group F'43m) are obtained. A pressure-driven
new phase with space group of Pmca is proposed.
The structural phase transition leads to a contraction
of the unit cell volume of about 8% after the struc-
tural phase transition. Our results on the low-pressure
phase would be valuable and instructive for the future
study on the ferromagnetism in Li(Zn,Mn)As.
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