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Abstract
The crystal, magnetic structure and vibrationat#jeof multiferroic GaFe®have been studied
by means of neutron, X-ray powder diffraction arahfan spectroscopy at pressures up to 6.2
and 42 GPa, respectively. A presence of Fe/Gaitentiésorder leads to a formation of the
ferrimagnetic ground state with the Néel tempermiyy = 292 K at ambient pressure. Upon
compression, the magnetic ground state symmetnairerthe same and the Néel temperature
increases with a pressure coefficigtTy)(dTy/dP) = 0.011(1) GPa Application of high
pressure above 21 GPa leads to a gradual strupheaak transition from the polar orthorhombic
Pc2:n phase to nonpolar orthorhombiRbnm phase. It is accompanied by anomalies in the
pressure behaviour of several Raman modes. Predspendencies of lattice parameters and

Raman modes frequencies in the observed strugthesles were obtained.
PACS: 75.25.4, 61.50.Ks, 78.30.-j

Keywords: multiferroic, crystal and magnetic structure, y-daffraction, neutron diffraction,
high pressure, Raman spectroscopy



1. Introduction

Multiferroic materials, demonstrating several dgcrproperties, primary magnetism and
ferroelectricity in a single phase, attract a giatdrest due to challenging physical phenomena
and wide range of potential applications in nfutictional devices [1-3] (sensors, data storage

devices, transducers).

Most of the multiferroic materials can be clagsifiin two types. The first one,
conventional multiferroics like BiFeOand hexagonal RMnO(R — rare earth elements), is
characterized by magnetic ordering temperaturesifgigntly lower than the ferroelectric
transition ones, resulting in relatively weak mageéectric coupling [1, 2]. The second type,
found more recently is improper multiferroics, wiaéerroelectricity is associated with the lattice
inversion symmetry breaking by modulated magnetiden In such materials, which list
includes orthorhombic RMn§) RMn,Os (R = Th, Ho, Dy, Y and Bi), RbFe(Mao®, the
magnetoelectric coupling is much more pronounced @agnetic ordering and ferroelectric
transition temperatures are close, but typicallcmiower ambient temperature, restricting a

range of potential technological applications [3-5

From practical point of view, one of the most atthze multiferroic materials is gallium
iron oxides GayFeO; (0.7< x < 1.4). These compounds exhibit a ferrimagnetic oed&l the
magnetic ordering temperatuiig can be tuned in wide limits around ambient temipeea
(200 - 340 K) depending on chemical composition aydthesis procedure. Their unique
magnetoelectric [6], magneto-optic [7] and piezoele [8,9] properties are also important for
understanding fundamental nature of multiferroicitt temperatures belowy Ga.xFeO3

shows a relatively strong magnetoelectric couplhdLO].

One of the most studied representatives of&a0; family is gallium ferrite GaFe©
In wide temperature range 4 - 1386 K it exhibitshorhombic structure of polaPc2;n
symmetry [11, 12]. It consists of eight formulatsrper unit-cell with four different cation sites
of G&" and F&": two sites of G& ions (Gal and Ga2), and two sites of'fiens (Fel and Fe2).
Gal is surrounded by oxygen tetrahedron and Ga2 Feid are surrounded by oxygen
octahedrons. According to different experimentssray [13] and neutron scattering [11],
mossbauer spectroscopy [14] site disorder betweeBdpbsitions was observed in GakelD
becomes possible due to nearly close ionic radiFef (0.645 A) and GH (0.62 A) in
octahedral coordination [15]. Antiferromagnetic pbog of magnetic moments of Fel and Fe2
atoms was found [11]. The excess of Fe atoms atdBtthedral sites leads to its ferromagnetic
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coupling towards to magnetic moments of Fe2 atohh& magnetization axis is found to be
along thec axis [11, 16], while the electric polarizationlemag theb axis [11]. First-principles
calculations of the total energy [17] for differespin and structural configurations revealed
antiferromagnetic spin order in its ground statédefl crystal structure in multiferroic GaFgO
which is in agreement with neutron diffraction eppents for stoichiometric GaFgO
(Tn = 200 K) [11]. Whereas Fe substitution at Ga2 $#ads to ferromagnetic arrangement
towards to Fe2 [17] and Néel temperature ariseg iffportant factor, seriously affecting
magnetic and ferroelectric properties, is the FedBa disorder, mediating distortions of GaO
and Fe@ polyhedra [11]. It is controlled by the sample gaeation method. The inelastic
neutron scattering and Raman spectroscopy expeismas well as first-principles calculations
evidence a presence of the strong spin-phonon icouipl GaFeQ@belowTy [18, 19, 14].

Recent high-pressure measurements [20] up to ) rérealed a complex sequence of
structural phase transitions in Gakedd compression, decompression and recompressfon U
compression, the perovskite orthorhombic phase ds@bnnm) was stabilized above 25 GPa
with discontinuous volume decrease of about 5.4-@fther increase of pressure up to 53 GPa
caused a reversible isostructural transition, adiarezed by significant discontinuous drop of the
volume of ~ 3%. Decompression experiments showeapacted first-order structural transition
to LINbOs-type structure (sp. giR3c), which appeared at 24 GPa and remained stabl® up
ambient pressure. With recompression the stalafitye R3c - phase is preserved up to 50 GPa,
above of which it replaced by tibnm- phase.

Magnetic and electric properties investigationslamhigh pressure [20] revealed a
significant changes ofy and resistanc® in GaFeQ. As pressure increases up to 33 GPa, an
increase offy from initial value of 200 K to slightly above root®mperature and resistivity drop
by one order of magnitude were found. Neverthel&sd;eQ remains magnetic insulator up to
56 GPa. In pressure region 62 - 77 GPa a coexistehinsulating clusters of Eemoments and
conducting nonmagnetic clusters was detected? At 77 GPa GaFe{becomes nonmagnetic
metall. A comparison with the end member ot &0 family (x = 2), hematite R©; (sp. gr.

R3c) and also Cak@, (sp. gr.Pbnn) showed that the electronic transition to the urelated
state occurs at the same pressure (~ 50 GPa) [fanvaistigated ferrites, regardless of the
preceding structure, when the relative volume effleQ-polyhedraV,o/Vopol reaches a critical
value ~ 0.85 [20]. The observed relationship betwelectronic and magnetic properties of the
high pressure phase of Gakel® consistent with the Mott transition driven byband-width

broadening mechanism [21].



The most of the previous high pressure studig€SadteQ were focused on investigations
of crystal structure and macroscopic physical prige Further insight into the relationship
between the structural properties and magneticramil&aFeQ can be given by the studies of
the modifications of the magnetic structure uporateon of structural parameters. In the present
paper we report combined x-ray and neutron diffomactand Raman spectroscopy studies on
powder sample GaFg@ver 0 - 41.8 GPa pressure range and 10 - 30Grigdmture range to
investigate structure and magnetic moments evaiwitd the role of phonon excitations across

the structural phase transition.

2. Experimental

GaFeQ powdered sample was obtained from single crygiadgvn by the flux method
[8] using the Gg0s, F&O3 as sample components angDB and ByOs as flux components, taken
in the weight ratio 12.5:12.5:7.7:67.3.

Angle-dispersive x-ray powder diffraction patteatshigh pressures up to 30.5 GPa and
ambient temperature were measured at the Extremdit@ms Beamline P02.2 [22] at the third-
generation synchrotron radiation source PETRA dtalted at the Deutsches Elektronen
Synchrotron (DESY), Hamburg, Germany. The diffractimages were collected with the
wavelength = 0.2904 A on the amorphous silicon flat panel ctetebonded to a Scl scintillator
(XRD 1621) from Perkin EImer and located at a distaof 430.5448 mm from the sample. The
two-dimensional x-ray diffraction (XRD) images warenverted to one-dimensional diffraction

patterns using the FIT2D program [23].

Neutron powder diffraction measurements at highsgures up to 6.2 GPa were
performed at selected temperatures in the rand®-e290 K with the DN-12 spectrometer [24]
at the IBR-2 high-flux pulsed reactor [Frank Laboratof Neutron Physics, Joint Institute for
Nuclear Research (JINR), Dubna, Russia] using dpplsre anvil high-pressure cell [25]. The
pressure was determined by the ruby fluorescendenigue [26]. Diffraction patterns were
collected at scattering angles 45° and 90°, wighrésolutiomd/d = 0.015. Experimental data of
the x-ray and neutron powder diffraction experinsewere analyzed by the Rietveld method
using the FULLPROF [27].

Raman spectra at ambient temperature and presgutes41.8 GPa were collected using
a LabRam spectrometer (NeHe excitation laser) withavelength of 632.8 nm, 1800 grating,
confocal hole of 110@m, and x 50 objective. In the X-ray diffractiondadRaman experiments,
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The BX90 - type diamond anvil cell [28] was usetieTsample was loaded into the hole of the
120um diameter made in the Re gasket intended to b@-pnBthickness. The diamonds with

culets of 250um were used. Neon gas loaded under pressure of5-®Pa was used as a

pressure-transmitting medium. The pressure wagsrdated by the ruby fluorescence technique
[26].

3. Results and discussion
3.1. Crystal structure

X-ray diffraction patterns of GaFg@t selected pressures and ambient temperature are
shown in Fig. 1. In the pressure range 0 - 21.3 @eg correspond to orthorhombic crystal
structure ofPc2;n symmetry (Fig. 2). The analysis by the Rietveldthrod has shown that at
higher pressures a new phase of orthorhombic d¢rgstacture of Pbnm symmetry starts to
evolve (Fig. 2). It consists of four formula unger unit-cell with two different cation sites of
Ga* and F&": one site of G ions and one site of Eeions. Ga ions are eight-fold coordinated
and Fe ions are six-fold coordinated. Volume contion of the new perovskite orthorhombic
Pbnm- phase reaches 11.5% at 30.5 GPa and the greltlar@cter of the structural transition is
consistent with findings by Arielly et al. [20].

Calculated lattice parameters at ambient conditeme in agreement with that one found
in previous studies [13, 14, 18, 26]= 8.754 (3) Ap = 9.396(3) Ac = 5.078 (2) A.

The obtained pressure dependences of the unitaeline and lattice parameters for the
Pc2:n-phase of GaFe{are shown in Fig. 3. The volume compressibilityadaere fitted by the

Birch-Murnaghan equation of state [29]:
3 -7 _3 3, _2
P =5B0(x 3—X 3)[1 +Z(B —4)(x 3 —1)],

werex = V/\, is the relative volume chang¥, is the unit cell volume & = 0 GPa, and,, B
are the bulk modulusBp = -V(dP/dV}] and its pressure derivativ8'[= (dBy/dP);]. Calculated
value ofBy = 202.8(2.5) GPa is comparable with one 207 GHmated from the Kohn-Sham
density functional theory within the local densityproximation (LDA) [18] and somewhat less
than the value oBy = 230(4) GPa, found for stoichiometric Gake® [20]. The value of the

bulk modulus pressure derivative was found t@be 4.0(5).



The lattice compression of GaFgQs anisotropic. The average compressibility
(kai = -(U/aig)(da/dP)fr, & = a, b, ¢) of theb — parametetl, = 0.0024 GP3, is about twice larger
in comparison with those of the andc- parametersi, = 0.0015 and. = 0.0012 GPA The
structural transition to thEbnmphase is accompanied by the unit cell volume cbarig7.0%.
The evaluated bulk modulus value for BenmphaseB, = 295(10) GPa is about the same as
one found in [20]. The calculated lattice paranetrthePbnmphase at the highest pressure
value achieved in the X-ray diffraction experimeRts 30.5 GPaa = 4.900(9),b = 5.070(9),
¢ =7.000(15) A, are comparable with those obtaimesimilar pressures in [20].

3.2 Magnetic structure

Neutron diffraction patterns of GaFgOmeasured for selected pressures and
temperatures are shown in Fig. 4. From the Rietvefthement of ambient pressure data, a
degree of the antisite disorder present in the Eamas evaluated. In the orthorhombic structure
of the Pc2;n symmetry, the gallium Gal,2 and iron Fel,2 atorad@cated at positions 4(a), (

y, 2). The obtained values of the coordinates of thetsens at ambient conditions, Gal —
(0.153(1), 0, 0.171(1)), Ga2 — (0.156(1), 0.317(2833(3)), Fel - (0.162(1), 0.589(3), 0.203(2))
and Fe2 - (0.033(1), 0.813(3), 0.676(3)) are comsiswith previous studies [11]. The
occupation of Ga2 site by Fe atoms was found te B£6, and this is compensated by the same
occupation of Ga atoms on Fe2 sites. The Fe atooasdd at Ga2 site will be further denoted as
Fe3. No antisite disoder in Gal/Fel positions vedeated.

Upon cooling below ambient temperature, rapidease of the intensities of the peaks
(200) atdng ~ 4.65 A and (101) adg ~ 6.34 A was observed, demonstrating appearandeeof t
long range magnetic order. The analysis of the miggeontribution to diffraction data suggests

the anti-parallel arrangement of Fel and Fe2/Fetspriented along the - axis.

For the ideal GeFefcrystal, theoretical calculations predict the famtomagnetic
ground state [17]. The values of the Fe orderednmi@g moments located at Fel and Fe2
positions, determined from the analysis of the neigrcontribution to neutron diffraction data,
are indeed very cloSefe; = lre2 = 3.05 45 (Table 1). However, antisite disorder of Fe and Ga
atoms leads to a presence of the non-zero magnetitents at relevant crystallographic position
Ure3= 2.5 g and weak spontaneous magnetization of about &Qer formula unit (Table 1).
The obtained values of the ordered magnetic momants spontaneous magnetization is
somewhat less in comparison with previous studids 14, 19], likely due to different sample

preparation methods, influencing features of thé-6&aite disorder.
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The Néel temperaturgy of GaFeQ, calculated from the temperature dependencidseof t
ordered Fe magnetic moments, increases from 2&1QoK in the pressure range 0 — 6.2 GPa
(fig. 5). The corresponding pressure coefficiéfiy)(dTy/dP) = 0.011(1) GPAis comparable
with relevant coefficients for the multiferroic aslor PbFgsNby sO03 (0.016 GPa) and ferrites
NdFeQ (0.016 GP3) and LuFe@, (0.014 GPd) [30, 31]. TheTy value at ambient pressure is
close to one found for the high quality single tay$5aFeQ@ [19]. The calculated absolute value
of the spontaneous magnetization at 10 K exhibiendency towards increase by about 50 % in

the pressure range 0 — 6.2 GPa (Fig. 5).

3.3 Raman spectr oscopy

In GaFeQ theoretical calculations predict the existencd 2 vibrational modes for the
Pc2;n space group, 117 of which are Raman active moti#s [n the present study we have
identified 22 distinct Raman peaks in the speataaige 150 - 900 cthat ambient pressure,
located at frequencies 173, 198, 219, 238, 258, 280, 304, 345, 358, 374, 390, 437, 467, 513,
573, 604, 639, 663, 691, 723 and 746'ciRor comparison, Mukherjes al [19] revealed 32
phonon modes in the frequency range 90 - 900 fon high quality single crystal of GaFgO
and positions of 22 of these modes are close &etfaund in our study.

The Raman spectra of GaFkg@ontaining a combination of tetrahedral (Ga,Rex@d
octahedral (Ga,Fe)Cstructural units can be compared with those ofacotagnetite Fg, [32,

33] and rhombohedral hematite ,Bg [34] and ortoferrites [35, 36, 37], which Ramarii\sc
modes in the discussed frequencies range are digressociated with vibrations of either FeO
tetrahedra or FefOoctahedra, respectively. Such a comparison alltwsassign the high
frequency modes in the 650 — 750 trto symmetric stretching vibrations of (Ga,Fg)O
tetrahedra, the modes in the range 600 — 650 twmnsymmetric stretching vibrations of
(Ga,Fe)@ octahedra, the modes in the range 500-590' ¢ asymmetric stretching of
(Ga,Fe)Q tetrahedra and (Ga,Fe)@ctahedra. The modes in the range 400-490 tikely
correspond to bending vibrations and those inainge 150 — 390 cihto rotational vibrations of
(Ga,Fe)Qtetrahedra and (Ga,Fe)Octahedra and translational vibrations.

For the analysis of pressure effects, eleven gp@tely resolved modes were chosen and
labeled as m1 ... m11 (Fig. 6, Table 2). In the pressange below 21 GPa, corresponding to
the orthorhombid>c2;n — phase, the frequencies of these modes increasky finearly (Fig. 7).
The m9, m10 and m11 modes, have similar press@iicents Ky = {1/vmig}:dv/dP) 0.0039-
0.0046 GP4 and Griineisen parameteys; = -6(Inv;)/éinV) 0.79-0.93 (Table 2). These values of
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the Grineisen parameters are comparable with anesl ffor the stretching modes of the FeO
tetrahedra in magnetite ¥, [38] and ferrite spinels Mgk®, and ZnFgO, [39, 40], supporting
the above modes assignment. The pressure coeffamenGrineisen parameter of the m8 mode,
associated with the symmetric stretching of the,Gle@Qy octahedra, are noticeably larger,
0.0062 GP3 and 1.25, respectively. These values are similasnies found for the stretching
mode of Fe@octahedra in R©3 [34]. The frequencies of the stretching modesnaeeiated by
the (Ga,Fe)-O bonds and the above difference inpttessure coefficients implies larger
compressibility of the octahedral (Ga,Fg)its in comparison with the tetrahedral (Ga,Re)O
ones. The comparison of pressure coefficients andghésen parameters of the modes in
bending region (Table 2) allows to associate the mugle with the vibrations of (Ga,Fe)O
octahedra and m7 one with the vibrations of the E&f tetrahedra.

The m1 — m3 modes have the lowest pressure cieeiic0.0019 — 0.0031 GPand
Gruneisen parameters 0.38-0.63, which are abougetainaller in comparison with those found
for the translational modes in §&& [38] and ZnFgO, [40]. The values of the pressure
coefficients and Grineisen parameters for the mlmuogles are comparable with those of
rotational modes in lead ferroniobate PkdNbysO; [30]. Therefore these modes may
correspond to the rotational oxygen vibrationsdtabedral and tetrahedral structural units.

In the vicinity of the structural phase transitionthe orthorhombi®bnmphase, starting
at 21 GPa, noticeable changes in Raman spectra. dcooerging of the mé and m7 modes, and
changes in the intensity of several Raman modeg wWetected (Figs. 6 and 7, Table 2). The
main structural units of thébnm phase are (Ga,FejCoctahedra, so the Raman modes
associated with the (Ga,Fe)@etrahedra in the initiaPc2;n should be gradually suppressed
during the phase transition. The pressure coefisiand Gruneisen parameters of the stretching
and bending modes with frequencies values above#dare reduced significantly at pressures
above 21 GPa (Table 2, Fig. 7), while relevant @slaf lower frequency modes remain nearly
the same over the whole studied pressure range.

Due to the broad pressure range of the phase teesés it was difficult to distinguish
unambiguously particular modes corresponding tdPiwemphase. In the recent structural study
of GaFeQ [20], the purePbnmphase was observed for pressures above 42 GPahiJthest
pressure, achieved in the present study, was 4Rs884dBd it is reasonable to suggest that Raman
spectrum measured for this value (Fig. 6) corredpda the prevailingdPbnmphase. It contains
seven resolved peaks at ~ 247, 326, 344, 369,368,788 crit. The group theory predicts 24
Raman-active phonon modes for tAemasymmetry,['ram = 7Ag + 7B1g + 5Byg + SBag [41].
According to previous studies of isostructural ofétrites [35, 36, 42, 43], the observed modes

can be assigned t0,8(788 cnt) and A, (566 cni') stretching modes, £(369 cn') and By
8



(522 and 344 cif) bending modes, B (326 cni') and A, (247 cm') rotation modes of
(Ga,Fe)Q@ octahedra. Further studies in the extended pressunge are necessary to evaluate
pressure coefficients and Grineisen partametetheofRaman active modes of the pressure

inducedPbnmphase.

4, Conclusions

The present results demonstrate that at elevatesbyres the magnetic ordering in the
polar orthorhombicPc2;n phase of GaFefQoccurs above room temperature and the Néel
temperature raises with the positive pressure iieft of 0.011 GPa The spontaneous
magnetization calculated from the ordered Fe magnements al = 10 K exhibits a tendency
towards increase by about 50 % in the 0 — 6.2 QGRaspre range. Analysis of the pressure
coefficients and Griineisen parameters of the Ramaaes implies the larger compressibility of
the tetrahedral (Ga,Fe)Qtructural units in comparison with the octahedtzd,Fe)Q@ ones in
the Pc2:n phase. At pressures above 21 GPa, a gradual ptasgtion into the non-polar
orthorhombic Pbnm phase occurs. It modifies significantly the Ranspectra, resulting in
suppression of the vibrational modes involving abédral (Ga,Fe)9 structural units and
anomalies in pressure dependences of the highdnegunodes associated with vibrations of the

(Ga,Fe)Q@ oxygen octahedra.
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Table 1.

Calculated ordered magnetic moment®r Fel, Fe2 and Fe3 sites in the orthorhonim2;n
phase of GaFefand net magnetizatiqn,, per formula unit al = 10 K and selected pressures.

P, GP: 0 2.E 6.2
u(Fel),us -3.070(10) -3.0(1) -3.0(1)
w(Fe2),us 3.057(9) 3.0(1) 2.9(1)
u(Fe3), s 2.498(9) 2.3(1) 2.4(1)

Lt 1 /.U, -0.0798(3) -0.09(3) -0.12(3)

13



Table 2.

Pressure coefficient&yn = {1/vmig}-dvm/dP and Grineisen parameteyg; =-0(Inv;)/oInV of
Raman modes in GaFe@t pressure ranges below and above the strudtaraition pressure
P~ 21 GPa.

Raman mode, m Frequency, cm kymi (GP&") Vi
ml 238 0.0019 0.38
m2 304 0.0038 0.77
m3 358 0.0031 0.63
m4 374 0.004¢ 0.9¢
m5 39C 0.005¢ 1.1C
mé 437 0.0069F < 21 GPa) 1.42

0.0017 P > 21 GPa) 0.34
m7 467 0.0039F < 21 GPa) 0.79
0.0017 P > 21 GPa) 0.34
m8 604 0.0062 P< 21 GPa 1.2t
0.0019 P > 21 GPa) 0.39
mS 691 0.0046 P< 21 GPsa 0.9¢
0.0008 P > 21 GPa) 0.16
ml10 722 0.0039R < 21 GPa) 0.79
0.0006 P > 21 GPa) 0.13
mll 746 0.0042R < 21 GPa) 0.85
0.0013 P> 21 GPa) 0.26
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Fig. 1. (Color online) Left panel: X-ray diffractiopatterns of GaFeOmeasured at selected
pressures and ambient temperature and refined bRitteeld method. Experimental points,
calculated profiles and difference curve @+ 0 GPa) are shown. Tick marks at the bottom and
top represent the calculated positions of diff@atipeaks for th€c2,n orthorhombic phase (&

= 0 GPa) and®bnmorthorhombic phase (& = 30.5 GPa), respectively. In the right panel a
more detailed view of the patterns measured aspresP = 14.5 (top) and 30.5 GPa (bottom) is
given, including difference curves. Tick marks eg@nt the calculated positions of diffraction
peaks for thdc2;n orthorhombic phasd’(= 14.5 GPa) and for coexisting orthorhombic phases
Pc2:n (upper row) and®Pbnm(lower row) forP = 30.5 GPa.

Fig. 2. (Color online) Schematic crystal structafeambient pressur®c2;n (left) and high
pressurd’bnm(right) orthorhombic phases of GakF£O

Fig. 3. (Color online) Lattice parameters and weil volume of thé?c2;n orthorhombic phase

of GaFeQ as functions of pressure and their interpolati@seld on the Birch-Murnaghan
equation of state. The pressure dependence of rthiecell volume for the pressure-induced
Pbnmphase is also shown.

Fig. 4. (Color online) Neutron diffraction pattero§ GaFe@, measured at 290 K and 10 K
(inserts) at pressures 0 GPa (top pattern) an@Ra (lower pattern), processed by the Rietveld
method. The experimental points, calculated proéiles differences curves are shown. The ticks
below represent positions of structural and magrdiffraction peaks. Peaks with ferrimagnetic
contribution are marked as Ferrimag (inserts). dttggns measured & = 2.5 GPa external
peaks from the pressure cell are labeled by mark(ti®y were considered in the fitting
process).

Fig. 5. (Color online) (a) Temperature dependerufethe ordered Fe magnetic moments in
Fel,2,3 crystallographic sites of tRe2;n orthorhombic phase of GaFeg@t selected pressures,
normalized to the values obtainedlat 10 K. Solid and dashed lines represent intetjmwia by
functionsu = uo(1-(T/Ty)*)P. (b) Pressure dependence of the Néel temperahdeits linear
interpolation. (c) Pressure dependence of the ateseilue of the spontaneous magnetization
and its linear interpolation.

Fig. 6. (Color online) Left panel: Raman spectraGafFeQ at selected pressures and ambient
temperature. Right panel: Pressure dependent Rapeatra of GaFefat selected pressures in
the Raman shift range 550 - 900 tr$pectra were fitted with a combination of therBea-VI
functions. The most intense modes discussed itettieare marked as m8-m11.

Fig. 7. (Color online) Pressure dependencies ofriitem11 modes frequencies and their linear
interpolation. The error bars are within the symdine. Dashed lines denote the presg§ure21
GPa corresponding to tfRe2,n - Pbnmstructural phase transition.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Fig. 6.

1000 | LA NN FELR L TR R ]
| m3mn516 |
f\ me
800 \ { | " ] 7
X mzf IV \ 6 ]
m4

1, 1 GPa S %0 )15.1 GPa

, arb. units
ty (o))
o
o
I
E_’
‘{;
(D
S
(oN o]

e
4 15 1Grf ® O s :
£z H My \,,M, > 80 2106GPa
2 Jﬂf «W 1 muw, MA,ZIOGPEI 'a 40,
@400 | If Fay Minind0.0 GPof 5 0 "
c ¢ A -— t + t +
—_ | | [
N P
) T
200 ||/ e . : e
[ e 40| 37.7 GPa
T, i
K f/ ] 20 R,
i [P I 0 PR W ) i P
200 400 600 800 1000 1200 550 600 650 700 750 800 850 900

Raman shift, cm” Raman shift, cm™

21



Fig. 7.
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Highlights:

1. Magnetic structure of GaFe@® changed under pressure

2. The Néel temperature of Gakg®close to room temperature
3. The Néel temperature of GaRg@ises under pressure

4. The spontaneous magnetization exhibits a terydemeards increase under pressure in
GaFeQ

5. Application of high pressure leads to changd®aman spectra of GaFgéx structural phase
transition



