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Abstract

Despite the simplicity of their cubic crystal lattice, rare-earth hexaborides display complex
physical properties including a (long debated) onset of metallization via magnetic polaron for-
mation at T,; = 15 K preceding ferromagnetic ordering at T, ~ 12 K. In this work, we used
applied pressure to tune the interplay between electronic structure and magnetism in EuBg. We
probed the magnetism, valence, and structure of EuB¢ under quasi-hydrostatic pressures up to
30 GPa using X-ray techniques. Our findings show evidence for collapse of ferromagnetism
above 20 GPa following a monotonic increase of mean Eu valence. While X-ray diffraction
measurements in the paramagnetic state at room temperature show that the lattice retains cubic
symmetry, a measurable quadrupole interaction seen by time-domain synchrotron Mdssbauer
spectroscopy suggests a lowering of symmetry associated with magnetic ordering, becoming
more prominent across the magnetic transition. The interplay between conduction band electron
count and magnetism observed under applied pressure in EuBg opens possibilities for fine-tuning
metallization and magnetic properties of similar Eu-based semi-metal systems.

1. Introduction

EuBg is the representative ferromagnetic member within the family of rare-earth hexaborides,
which exhibits a plethora of puzzling transport, magnetic and topological properties such as the
proposed topological Kondo insulator behavior [[1} 12} 13} 14} |5 16} [7, 18, 9% 10} [11} 12} [13} 114, [15]].
EuBg¢ has a long history of experimental puzzles, such as the two-step transition at T,; = 15.3 K
and T, = 12.5 K. Initially, it was believed that T, originated from magnetic ordering, while
T,» occurred due to a reorientation of the magnetization direction [16]]. Later, it was argued that
the higher temperature transition is attributed to the material’s metallization through the overlap
of magnetic polarons, resulting in T, = 12.5 K as the actual magnetic ordering temperature
[L7], which is in agreement with T, obtained by neutron diffraction [[18]]. Further evidence for
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magnetic polarons has been reported by scanning tunneling microscopy [19]], magneto optical
imaging [20], Raman scattering [21]], and magnetoresistance [22]. Experiments with Yb doping
further supports the separation between magnetic ordering and metallization [23] suggesting
polaron overlap and subsequent magnetic ordering is the most likely scenario.

Recently it was suggested that non-trivial topological phases may arise in special conditions
of magnetization direction as long as specific mirror symmetries are conserved [24, 25 26]. A
change in magnetization direction may turn EuB¢ from a topological nodal-line semiconductor
to a Weyl semimetal [24]. Compressing the lattice while conserving crystal structure using hy-
drostatic pressure is a convenient route to tune magnetic and electronic properties which might
generate changes in topology.

High pressure electrical resistivity experiments showed an increase of both transition tem-
peratures up to pressures of about 5 GPa. At higher pressures up to 17 GPa, both transition
temperatures remain unchanged [27]]. It is suggested that the Ruderman—Kittel-Kasuya—Yosida
(RKKY) interaction is responsible for the magnetism of the sample, with electronic density at the
X point of the Brillouin zone, which hosts electron and hole pockets [28} 29], playing a main role
for the changes in the interaction. Notably, carbon doping turns EuBg into an antiferromagnet
[30] and band structure calculations of pure EuBg reveal the presence of two effective exchange
couplings between 4f moments and itinerant electrons: a parallel (ferromagnetic) coupling to
conduction electrons and an antiparallel (antiferromagnetic) coupling to valence electrons [31].

Applied hydrostatic pressure is a clean, symmetry-preserving tuning parameter that not only
provides information about the evolution of magnetic phases but also holds the promise to un-
veil new emergent phenomena. The simple cubic structure (Pm3m) seems ideal for hydrostatic
pressure experiments with evidence for structural sturdiness in CeBg, which shares the same
structure and shows no structural transitions up to at least 85 GPa of applied pressure [32]. In
this work, quasi-hydrostatic pressures to 30 GPa were applied to high-quality Al-flux grown
samples of EuBg [33! 34], in which single crystals were mechanically crushed into powdered
form. We utilized a range of synchrotron techniques including X-ray absorption near edge
spectroscopy (XANES), X-ray magnetic circular dichroism (XMCD), X-ray diffraction (XRD)
and time-domain synchrotron Mdssbauer spectroscopy (SMS), to shed light into the electronic
ground state of EuB¢ under high pressures and low temperatures. The experimental data gath-
ered provide insights into the evolution of electronic and magnetic properties such as an observed
increase in mean valence above 10 GPa and collapse of ferromagnetic ordering at 20 GPa, with
likely emergence of antiferromagnetic order at higher pressures. Additionally, the observation of
a non-zero quadrupole interaction in the SMS data at low temperatures is indicative of lowering
of point symmetry at Eu sites which becomes more pronounced above the magnetic transition.

2. Methods

Single-crystal samples were grown from Al flux as described in Ref. [3536]. For the differ-
ent experiments, samples were always selected from the same batch. XANES and XMCD mea-
surements were performed at the 4ID-D beamline [37] of the Advanced Photon Source (APS),
Argonne National Laboratory. EuBg single crystals were crushed into fine powder and placed
inside a miniature diamond anvil cell (DAC) within a laser drilled [38]] rhenium gasket for sam-
ple support together with silicone oil as pressure transmitting medium. A helium-flow cryostat
was used for controlling the sample temperature down to 6 K. Each pressure point was obtained
by removing the sample from the cryostat and applying torque at room temperature to the DAC
screws. Pressure was measured at room temperature before and after each data collection cycle

2



with the Ruby fluorescence technique [39]. For XMCD experiments, a quarter wave plate was
used to generate circularly polarized X-rays of alternating helicity. XMCD data were collected in
helicity-switching mode in fixed magnetic field direction. Data were collected in magnetic field
up to 4 T applied either along or opposite to the X-ray helicity direction. The redundant reversal
of X-ray helicity and magnetic field allows us to rule out artifacts of non-magnetic origin in the
XMCD signals. Both XANES and XMCD data were normalized by the difference between post-
edge and pre-edge absorption to account for any sample thickness change in the pressure cell at
the different applied pressures.

Room temperature X-ray diffraction was performed at the EMA beamline of the Brazilian
Synchrotron Light Laboratory, Sirius. A fine powder sample was obtained from single crystals
and placed inside a rhenium gasket while utilizing neon gas as pressure medium. A ruby sphere
was placed together with sample for pressure measurement and a standard DAC coupled to a
gas-membrane system was utilized for pressure application. The X-ray energy was calibrated to
a 0.4859 A wavelength and the beam focused with a KB mirror pair to a 20x20 um? focus size
at the sample position. The diffraction patterns were then detected with a marCCD mosaic 220.
DIOPTAS [40] software was utilized to integrate 26 intensities from diffraction rings which were
limited to an 120 degrees azimuth due to the experiment geometry and CCD placement. More
details on the XRD measurements and data analysis are included in the Supplemental Material
(SM) [41].

The time-domain synchrotron Mdssbauer spectroscopy measurements were performed at the
3ID-B beamline of the APS at the Argonne National Laboratory, using EuBg¢ crystals inside a
mini-panoramic DAC [42]] with helium gas as pressure transmitting media inside the laser-drilled
rhenium gasket. The helium flow cryostat base temperature for the SMS measurements was 9 K
which is below T, for EuBg. The combination of a helium gas membrane and on-line ruby
fluorescence detection allowed for in-situ control of pressure at low temperature.

3. Results

The pressure dependence of the Eu valence at T = 6 K was determined using the element and
orbital selectivity of X-ray absorption spectroscopy. Results for selected pressure points for the
Eu- L3 absorption edge are shown in Fig. [1| For pressures up to 10 GPa there is only one absorp-
tion peak, which is associated with the Eu’* valence. For higher pressures, a shoulder is observed
about 8 eV above the L3 absorption peak (white line), which suggests that the mean valence of
Eu is shifting towards a 3+ state in a systematic manner as shown in the inset of Fig. [T} To ac-
curately estimate the Eu valence, we utilized the Finite Difference Method Near Edge Structure
(FDMNES) code [43] to perform first principle calculations of the XANES spectra for both Eu
valence configurations (2+ and 3+) using the lattice parameters determined by XRD. Then, the
theoretical Eu** and Eu** XANES spectra were linearly combined to reconstruct the experimen-
tal data [44] 145]]. This method takes into account the different shape of XANES spectra for each
of the valence states (further details of this method are included in the SM [41]]). Accounting for
the different ratio of white line to edge jump for the two valence states it was possible to estimate
that the Eu** contribution at 15 GPa is 2% and reaches 9% at 28.5 GPa. This corresponds to
an average valence increase from 2+ at ambient pressure to 2.09+ at 28.5 GPa. This indicates
that magnetic Eu>* and non-magnetic Eu®* states coexist in the material. A data point collected
after pressure release from 28.5 GPa to 15.3 GPa indicates that the valence change appears to be
reversible because the observed satellite peak from Eu** diminishes in intensity.
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Figure 1: Eu-L3 XANES spectra for selected pressure points at 6 K. We observe only one peak at the Eu L3 edge up to
10.3 GPa associated with a pure 2+ valence state. At higher pressures, a kink around 8 eV above the main peak appears
and grows with pressure. Inset shows the valence evolution as a function of pressure obtained by adjusting simulated
spectra with experimental data. Simulated data is available in the Supplemental Material [41]. Data point at 15.3 GPa
was taken after releasing the pressure from 28.5 GPa.
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Although XANES results strongly suggest that the Eu mean valence increases under applied
pressure, a change in structural symmetry and related changes in X-ray absorption fine structure
could also cause the appearance of the second absorption peak [46]. To verify the stability
of the structure over this pressure range we performed in-situ high pressure synchrotron X-ray
powder diffraction up to 30 GPa at ambient temperature. The X-ray difractograms, presented in
the SM [41], do not reveal the presence of extra peaks over the entire pressure range studied,
indicating that no structural phase transition takes place up to the highest pressure at ambient
temperature. It is worth noting that subtle structural changes may take place at low temperature
below the magnetic ordering temperature, as pointed out by magnetostriction measurements [22]
and Raman measurements [47]]. The lack of structural transitions at ambient temperature and the
systematic, gradual increase in mean valence over a 20 GPa range, indicate that the changes seen
in XANES are associated with a valence evolution and not with a change in atomic arrangement
around the Eu absorbing ions. The GSAS-II [48] software was used to perform Le-Bail analysis
of our powder diffraction data to obtain the unit cell volume for each of the pressures, which
are shown in Fig. It was then possible to fit the derived volumes to a third order Birch-
Murnaghan equation of state [32] where the initial volume V;, was set as a fit parameter because
our first pressure point was 1.5 GPa. The best fit of our data provided By = 139 + 2 GPa,
B;) =4.1+0.2and V, = 73.80 = 0.04 A3, which is consistent with the recently reported value
of By = 141.0 = 0.9 GPa [49]. These experimental values differ by about 16% from theoretical
values of By = 161 GPa [31]], and By = 152.4 GPa and B;) = 3.59 [26].

Because of the valence instability, one might expect changes in the magnetic behavior of the
material. Here we used the spin-dependent sensitivity and atomic selectivity of XMCD to probe
the magnetic properties of Eu. XMCD spectra probe the empty spin-dependent density of states
(DOS) near the Fermi level, as opposed to the spin-averaged empty DOS probed by XANES.
Fig. [3| presents the XMCD spectra at the Eu Ls-edge as a function of applied pressure. XMCD
data were obtained with an applied magnetic field H = 4 T for all spectra except 2.5 GPa and
10 GPa where H = 1 T was applied. It is worth noting that, as shown by XMCD as function
of applied field in Fig. S5 available in the SM [41], magnetization is nearly saturated at 1 T.
It is clear that for pressures up to 18.4 GPa there is a dichroic signal. However, at 19.8 GPa a
significant drop of XMCD signal is observed and the signal vanishes at 28.5 GPa. The vanishing
of XMCD signal indicates loss of net spin polarization in the 5d states, namely, vanishing of net
magnetization. However, as XMCD only probes the net magnetization, the collapse of XMCD
can indicate that the material becomes either antiferromagnetic or paramagnetic. We note that,
similarly to what happens for the valence in XANES experiments, when the pressure is released
to 10 GPa the XMCD is restored, demonstrating that the transition is reversible.

In order to investigate further the changes in valence and magnetic order time-domain syn-
chrotron Mdsssbauer Spectroscopy was used to better understand magnetic and electronic char-
acteristics of our sample at high pressures. Mosssbauer spectroscopy relies on the absorption
and (delayed) emission of radiation by nuclei of certain isotopes, Eu-151 being one of them.
Eu-151 has a 21.54 keV transition between a I = % excited state and I = % ground state, where
I is nuclear spin [50]. Here, we analyze the delayed (half-life T = 9.7 ns) X-ray emission of Eu
nuclei decaying into the ground state. Because nuclear levels split and display hyperfine struc-
ture under the influence of magnetic field, and because the emission from transitions between
excited and ground split levels is coherent, interference leads to quantum beats in the delayed
X-ray emission. Because one can probe Zeeman split nuclear levels, it is possible to determine
whether the sample is under the influence of an internal magnetic field. As shown in Fig. f]
a well-defined interference pattern due to quantum beats coming from magnetically split nu-
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Figure 2: Applied pressure as a function of unit cell volume for EuBg. Uncertainties for cell volume are smaller than the
points. Red line indicates the fitted curve for a third-order Birch-Murnaghan equation of state.
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Figure 3: X-Ray magnetic circular dichroism spectra for Eu L3 absorption edge for selected pressure points at T = 6 K.
‘While a prominent XMCD signal is observed up to 18.3 GPa, the XMCD is suddenly suppressed above that pressure and
no XMCD is detected at 28.5 GPa.
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Figure 4: SMS experimental data (black points) and fits (red lines) using models described in the main text. Fitted
hyperfine interaction parameters for the low temperature data are shown in Fig. 5

clear Zeeman levels is observed between 5 GPa and 18 GPa. Notably, a dramatic change in
quantum beat behavior emerges at higher pressures. At 21 GPa, a major difference in the time
domain spectra is observed, where the beating due to magnetic splitting appears to be severely
suppressed. This results indicate a change in the hyperfine field , in agreement with XMCD data.
We note that this hyperfine field arises from three main contributions: the core electron polariza-
tion, the polarization of conduction electrons by Europium’s electrons, and the polarization of
conduction electrons by neighboring atoms [51]]. The strong suppression of the hyperfine field
at the magnetic transition may be a result of frustration from competing FM and AFM exchange
interactions at the critical pressure, resulting in a magnetically disordered phase. For pressures
of 24 GPa and 30 GPa quantum beats reappear in the SMS spectra. The possible origin of these
quantum beats is discussed below.

Analysis of the time domain spectra was performed utilizing the CONUSS [52] software. SMS
8



fits are also shown in Fig. ] For data up to 14.5 GPa the fits describe quantum beats reasonably
well for almost the entire range of time delays, with exceptions at higher delayed emission times.
This is in agreement with the previously reported ferromagnetic behavior of EuBg up to these
pressures at 9 K [27] and also with our XMCD measurements.

For data at higher pressures, two main models were tested: Model 1 in which EuBg becomes
antiferromagnetic for pressures higher than 21 GPa, and Model 2, where EuB¢ would become
paramagnetic above 21 GPa, with the internal magnetic field strength severely diminished. The
fits for Model 1 are depicted in Fig. [ fits for Model 2 and simulated energy domain spectra
equivalent to the time domain SMS spectra for Model 1 are presented in the SM Fig. S12 and
S15 respectively [41]. Our model also provides the hyperfine field and quadrupole interaction
(QD eQV,, (where e is the proton charge, Q the nuclear quadrupole moment in the ground state
and V, principal component of the electric field gradient) as function of applied pressure, as
shown in Fig. 5] The hyperfine field increases linearly from about 29.1 T at 5 GPa to 33 T at
20 GPa. The low pressure value of the hyperfine field is in reasonable agreement with the re-
ported ambient pressure value of Byp=26.2 T (T=4.2 K) in an EuBg¢ single crystal [53]]. There
is then a decrease in hyperfine field in the 18-21 GPa range, of about 30%, followed by a slight
increase to 25.6 T at 29.5 GPa. The sudden change in hyperfine field appears to correlate with
the disappearance of ferromagnetic order seen in the XMCD data. The QI follows a different
trend, starting with a value of 2.7 mm/s at 5 GPa and exhibiting an increase up to 21 GPa. The
change in QI appears to correlate more closely with the change in mean valence. It is worth
noting that above 21 GPa, the experimental data shows suppressed features and faint beats. From
the analysis, we argue that EuBg may undergo a magnetic transition from ferromagnetic to anti-
ferromagnetic ordering with lattice contraction, as expected for a metal with RKKY interactions
where the exchange coupling between Eu ions depends on interatomic distance and Fermi sur-
face dimensions. Although Model 2 also presents reasonable agreement with experimental data,
it would require a rather unphysical strong QI ranging from 43 mmy/s up to 45 mmy/s. Such a giant
QI was reported previously in some Eu compounds such as EuRh3 B, [54}155], but it is unlikely to
occur in EuBg because it has a room temperature cubic structure in the Pm3m space group with
Eu 3m point symmetry which is unlikely to generate strongly non-spherical distribution for the
electric charge around the Eu nuclei. We also note that the Eu-Eu spacing in EuBg is much larger
(approximately 4 10\) compared to EuRh3;B, (2 A). More details about Model 2 are provided in
the SM[41]. As mentioned earlier, subtle structural distortions and lowering of Eu point sym-
metry associated with magnetic ordering are likely to occur in EuBg at low temperatures, giving
rise to finite QI values also in Model 1. SMS at 1.2 GPa and 297 K in the high temperature,
paramagnetic phase (Fig. [) shows a linear decay without quantum beats indicating negligible
QI as a result of cubic point symmetry.

4. Discussion

The combination of XAS and XRD enables the assignment of the changes in XAS under
pressure to changes in Eu valence. Specifically, EuBg enters a phase where Eu?>* and Eu**
coexist above about 10 GPa. The time scale of the XAS measurement is dictated by the 2p3,»
core-hole lifetime, of about 107'¢ sec. The typical time scale of fluctuating valence between 4f’
and 4f6 states is about 10~!! sec [56] 44]. XAS time scale being faster than valence fluctuation
rates, it cannot distinguish between a static distribution of inequivalent 2+ and 3+ Eu sites, and a
single Eu site with fluctuating valence (XAS measures the two components separately as they are
separate in absorption energy). Since Eu?* ions are much smaller than Eu®* ions, the scenario
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with two inequivalent sites would typically require a crystal structure modification or lattice
anomalies. In our XRD data, no structural transition or lattice anomaly is observed which makes
this possibility highly unlikely. On the other hand, in most divalent Eu compounds, pressure
drives Eu to a spatially homogenous, fluctuating valence state [44} 57} 58]. We note that the time
scale of Mossbauer spectroscopy, dictated by the half-life of the Eu-151 excited nuclear state of
1073 s, is much slower than fluctuating valence rates. Therefore Mossbauer spectroscopy sees a
weighted average Eu valence, while XANES will see the individual fluctuating components with
their respective weights [59]. Therefore, in the analysis of time-domain SMS data, only one Eu
site was used. We note that, unlike conventional Mdssbauer spectroscopy, the isomer shift is not
accessible in time-domain SMS experiments unless a reference sample with known valence is
measured concomitantly with the EuB¢ sample, which was not done here.

To elucidate the behavior of the electron occupancy in EuBg we performed ab-initio DFT sim-
ulations utilizing WIEN2k package [60] following the same procedure described in ref [61]. Ap-
plied pressure was simulated by decreasing the lattice parameter following the Birch-Murnaghan
equation of state, Fig. Our simulations indicate that Eu 5d orbital occupation steadily in-
creases while Eu 4f decreases as pressure is applied as shown in Table (I While the trend is
consistent with experiment, the change in 4f occupation is an order of magnitude smaller than
the charge/valence increase seen in XANES. This difference may occur because in our DFT
model the 4f electrons are treated as well localized core electrons, hence 4f-5d hybridization is
likely to be underestimated. This charge transfer from innermost Eu 4f shell and B atoms to 5d
states and interstitial space is in agreement with previous EuB¢ high pressure studies [27]]. More
details from our DFT analysis can be found in the SM [41]].

Regarding the magnetic ordering, both XMCD and SMS results undoubtedly show that EuBg
remains a ferromagnet up to 18 GPa, while for higher pressures there is a collapse of the ferro-
magnetic ordering. Our modeling of the SMS data indicates that the high pressure phase above 20
GPa hosts antiferromagnetic (AFM) ordering. Our modeling indicates that a finite QI is present
at low temperature in the magnetically ordered phases, despite cubic symmetry being present at
ambient temperature, likely a result of subtle lowering of lattice symmetry driven by magnetic or-
dering, supported by results from magnetostriction measurements [22]]. Another possible source
of electric field gradient is a region of valence instability coming from delocalization of charges
of Eu and B atoms as suggested by RIXS measurements [[62]]. While our modeling cannot un-
ambiguously rule out the presence of a paramagnetic phase above 20 GPa, the requirement for a
very large, unphysical QI of about 43-45 mm/sec makes this scenario highly unlikely.

Additional evidence in support of an AFM high pressure phase comes from XMCD measure-
ments at ambient pressure collected above the magnetic ordering temperature, i.e., in the PM
state. In the PM state the applied field at low temperature induces magnetization. As shown in
Fig. S5 of SM [41]] , the induced magnetization at 4 T and low temperature in the uncorrelated
PM state is a significant fraction of the magnetization of the ordered state, a result of the small
anisotropy of the spherically symmetric 4f” Eu>* ions. Were the high pressure phase also be PM,
we would expect a sizable induced magnetization at 4 T and low T. However, this is not observed
and the magnetic susceptibility remains quite small or negligible in the high pressure phase in-
dicative of a correlated state such as AFM. Another argument in favor of an AFM state comes
from the fact that usually Eu systems present much higher valence than 2.1+ in the paramagnetic
state, as observed in [63]].

In addition, as also observed by Cooley et al. [27], despite a T, value increase for pressures
up to 5 GPa, the Curie temperature of the material remains nearly constant in the 5-20 GPa
range. The consistent value of ordering temperature at higher pressures may be a result of an
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Table 1: Pressure dependence of orbital occupancies from DFT calculations.

Charge site 0 GPa (e7) 30 GPa(e”)
Eu 5d 0.2255 0.3071
Eu 4f 6.8327 6.7962

Eu total 60.620 60.699
B total 3.455 3.377
Interstitial 11.652 12.037

interplay between changes in RKKY interaction and valence. Mixed valency under applied pres-
sure increases mixing of 4f and conduction electrons, leading to an increase of indirect exchange
coupling J, raising the magnetic ordering temperature, while a shift to non-magnetic Eu** (mag-
netic dilution) may act to decrease J. A similar behavior was also observed in the Eug5Ybg 5Gay
compound [61]. Further SMS measurements (shown in Fig. S13 of SM [41]]) performed at T =
20 K,show the same internal field of the data at T=9 K at 29.5 GPa. This results indicate that
there are no magnetic phase transitions between 9 K and 20 K, which in turn implies that EuB¢
remains in the same magnetic state in this temperature range.

While our interpretation leads us to conclude that AFM order best describes the high pressure
phase, we note that this contrasts with the behavior under pressure of other magnetically ordered
Eu containing compounds [[64] such as EuRh,Si, [65]], EuNi,Si, [66] and EuCo,Ge; [67] which
present valence shifting towards 3+ but go from a AFM ambient pressure state to a high pres-
sure paramagnetic phase. Meanwhile, ambient pressure FM EuRu,P, becomes paramagnetic at
1.5 GPa but also presents a structural transition [68], which is absent in EuBg. While a coexis-
tence of AFM and FM phases was previously reported in carbon doping experiments [30], such
coexistence is incompatible with negligible XMCD signal in the high pressure phase. In order
to provide additional evidence in favor of magnetic order in the high pressure phase, additional
experimentation using high pressure resonant inelastic X-ray scattering (RIXS) and transport
measurements up to 30 GPa and beyond, are highly desired.

5. Summary

In conclusion, by combining XAS, XRD and SMS experiments at pressures up to 30 GPa
we demonstrate that both the magnetic ordering and the valence of the EuBg compound can be
tuned by external pressure without an observable change in structure at room temperature. Fur-
ther, by extending the pressure range over previous studies, we show an increase in the valence
of Eu above about 10 GPa together with the collapse of ferromagnetism near 20 GPa. Open
questions that remain include the nature of magnetic ordering in the high pressure phase, which
we postulate to be AFM-type based on modeling of SMS data. Additionally, the need to include
a quadrupole interaction in the modeling of SMS data indicates that the point symmetry at Eu
lattice sites is lower than cubic at low temperature. Since the room temperature crystal structure
is cubic at all pressures, this observation is likely a result of lowering of symmetry by magnetic
order, as previously noted in magnetostriction and Raman experiments [22] 47]. That the QI
not only remains but strengthens in the high pressure phase is another indication that the high
pressure low temperature phase hosts magnetic ordering and point symmetry lower than cubic.

Finally, the mechanical control of magnetism and valence for EuB¢ provides a pathway for
exploring the connection between magnetic order and topology in this material since the col-
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lapse in magnetic order could lead to suppression of topological states [69]. Signatures of such
interdependece may appear in transport and mechanism of exchange interactions both in the rare
earth hexaboride family as well as in their related compounds.
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Supplementary materials

I. X-RAY DIFFRACTION

In order to obtain the powder diffraction patterns for EuBg the DAC was placed at 287.8 mm distance from the
marCCD mosaic 220. The X-ray at EMA beamline was set to 0.4859 A wavelength. Using the DIOPTAS software
a mask was applied to spots where diffracted beams saturated the CCD as shown in Figure S1 (b). Then, with
appropriate calibration obtained with a LaBg pattern previously measured, the pattern was integrated utilizing an
azimuth angle in an interval such that all diffraction lines were fully visible inside the CCD. This procedure was
repeated for every pressure point in order to obtain the integrated diffraction patterns shown in Figure S2. We notice
that at 11.86 and 13.48 degrees we observe peaks that are coming from a portion of the X-ray diffracting in the
Rhenium gasket utilized for the experiment. In Figure S1 it is possible to observe that at these 20 angles there is a
constant weak haze which clearly differs from the several other peaks coming from the sample. Another indication
that these peaks are coming from the gasket is the fact that they do not follow any trend with increasing pressure as
any other peaks coming from EuBg.

Fig. S1: a) Powder diffraction pattern obtained at 10.8 GPa pressure. b) The same diffraction pattern masked (red spots) in
order to avoid integrating saturated pixels

With GSAS-II software® the integrated patterns were then refined utilizing Le-bail refinement together with a initial
crystallographic (.cif)? file to identify the peaks for the EuBg cubic phase. The instrumental parameter was set as
a Debye-Sccherrer type with distance between sample and CCD used as goniometer radius. Background radiation
was fit using a third order Chebyschev-1 function. The refinement regions range were set to be for a 26 starting at
5.3 degrees up to 18 degrees. For each pressure step the lattice parameter was set to be fitted in order to obtain the
unit cell volume. The starting volume for each pressure was set to be the one found in the preceding pressure point,
except for 1.5 GPa were the standard ambient pressure volume was used as a starting parameter.

The result for unit cell volume in function of applied pressure was summarized in the graph shown in the main text,
Figure 2, where we also utilized the Birch-Murnagham equation of state to fit the observed compression behavior.

II. XANES MEAN VALENCE ESTIMATE

In order to estimate the mean valence shift for Eu in the compound, simulations utilizing the FDMNES software
package for XANES spectra were performed. To fit the experimental data, trial and error simulations were performed
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Fig. S2: Integrated diffraction patterns for all measured pressure points at ambient temperature. Peaks are marked to each
corresponding crystallographic direction, broadened peaks marked with stars are arising from the rhenium gasket.

where Eu3t absorption spectra was dislocated 8 eV above Eu?* to match experimental data. Several parameters were
tweaked such as Gamma hole lifetime and Gaussian width in order to fit the absorption peaks Lorentzian profiles.
Then, the ab-initio absorption peaks were obtained for each relevant pressure by adjusting the lattice parameter
following the Birch-Murnaghan EOS. This approach helps to account for any absorption peak change due to lattice
contraction, although it is still possible that the 3+ population is being overestimated. Finally, a weighted addition
of both Eu?* and Eu?t was performed in order to obtain curves and estimate the mean Eu valence, uncertainty was
estimated by inspection of peaks with of peaks with £2% ion population. Figure S3 shows XANES experimental
data for 2.5 GPa and 28.5 GPa to highlight the difference between absorption spectra. The inset shows the FDMNES
simulated absorption peaks for 28.5 GPa. Figure S4 show all the experimental simulated curves utilized to obtain the
mean valence and its uncertainty of Eu in the compound.
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Fig. S3: Normalized Eu L3 x-ray absorption data at two selected pressures. The inset shows theoretical absorption spectra for
Eu?" and Eu®t at 28.5 GPa.

III. XMCD SUPPLEMENTARY DATA

The XMCD signal of the sample at ambient pressure was measured in several different temperatures. The results
for selected temperatures can be seen in Figure S5. It is possible to observe the evolution of the XMCD signal as
temperature increases. Most interestingly is that at 25 K, which is above both T, and T,.s, there is still a XMCD
signal present. The origins of such magnetic signal can be related to the presence of magnetic polarons in the sample
which were previously shown to start forming around 40 K of temperature via STM experiments®. In Figure S6 we
present data for XMCD performed in a membrane with EuBg powder obtained by crushing single crystals from the
same batch as the high pressure experiments. We see a very well defined signal typical for ferromagnetic materials
at 6 K while at 25 K we see a linear increase for the XMCD signal in function of field since the sample is at a
paramagnetic state at this temperature at ambient pressure. In Figure S7 we see SQUID measurements for EuBg that
shows a similar behavior observed with XMCD signal. High pressure measurements for magnetic field dependence of
the XMCD signal were also performed ranging from -20 kOe up to 20 kOe for several pressures at 6 K in order to
better determine the magnetic behavior of the sample in such conditions. The results for selected pressures can be
seen in Figure S8 where at ambient pressure, 2.5 GPa and 10 GPa we clearly see a pattern associated to a ferromagnet
under magnetic fields resembling a hysteresis loop with low coercivity as is the case for EuBg. For 20 GPa and 28 GPa
the signal remains at noise level for all applied magnetic field. We observed a significant difference in the ratio of
paramagnetic and ordered state magnetization signals between the low-pressure ordered state and the high-pressure
state, which supports the idea that the XMCD signal observed above 20 GPa is a result of an AFM ordered state.

IV. DFT CALCULATIONS

Density Function Theory (DFT) were made utilizing the Wien2K*° package via muffin-tin method for Kohn-Sham
solutions in which wave-functions are written as a combination of spherical harmonics and radial functions in a spacial
region at a distance from the nuclei inferior to a RMT radius and plane waves for regions further than RMT?. The
DFT+U method® with generalized gradient approximation” was employed for our simulations.

In the cubic Pm-3m EuBg structure the Eu atoms are at the unit cell vertices while the boron atoms are arranged



in a octahedral pattern at unit cell’s center. It is important to notice that the boron octahedra may vary in size
while conserving crystalline symmetry. Therefore there is a free parameter du which is the distance between a boron
atom and its closest Eu defined cubic face. This coordinate is given as a fraction of the lattice parameter and may
vary as the cell is compressed or expanded. For these simulations theoretical values for the unit cell following the
Birch-Murnagham equation of state were utilized in order to simulate pressure being applied in the compound.

Our simulations accounted for spin polarization, the separation between core and valence orbitals were made utilizing
an energy of -6 Ry. For Eu, this energy resulted in core levels: 1s 2s 2p 3s 3p 3d 4s 4p 4d with energies <-9.5 Ry,
and valence states 5s 5p 4f 5d 6s with energies > -3.0 Ry. For the boron atom the 1s orbital was considered as a
core level with energy <-13.2 Ry (= —13.27 for spin up and a~ —13.25 for spin down) the 2s and 2p orbitals were
considered as valence levels with energies > -0.8 Ry. The first Brillouin zone sampling was performed in a 20x20x20
K-points lattice and the plane waves number utilized was defined by the internal parameter Ry;7K,nq = 7 for the
wave-functions and G4, = 12 for electronic density. The DFT+U method was applied for Eu-f orbitals utilizing U
=T7eVS.

The unit cell was simulated with different levels of compression in order to obtain its electronic and magnetic
structures in several different applied pressures. The unit cell volume was varied between 80 % and 110 % with
respect to the ambient pressure value Vo = (4.1853 A3 )? while maintaining crystalline symmetry. As for to refine
boron atoms position (Ju) an optimization for atomic coordinates was performed concomitant to the self-consistent
cycle for Kohn-Sham equations DFT calculus®. The initial utilized value was of Jug = 0.203 and after atomic position
optimization the total forces over boron atoms were less than 2x10~* mRy/Bohr. Figure S9 a) shows the optimized
du value as function of unit cell compression (V/Vy). This procedure guarantees that the utilized structure for each
pressure point is at its local minimum energy level.

In order to certify that calculated structure matched experimental observations the first analysis was to determine
a theoretical equation of state adjusting energy levels for unit cell compression as shown in S9 b) into the Birch-
Murnaghan EOS. This fit gave us B, = 153(1) GPa and B, = 3.3(1) which only varies slightly from previous
theoretical values found by Duan et al'® (B, = 152.4 GPa and B, = 3.59) and is close to our reported parameters
found fitting experimental data. A plot for the theoretical obtained EOS can be found in Figure S9 c) and it was
utilized to associate values of unit cell compression to applied pressures.

Figure S10 shows obtained results for occupation (in e~ units) and magnetic moments (in pp) for Eu and B atoms,
interstitial space and for each Eu orbital as well. Figure S10 a) shows the total charge inside the muffin-tin spheres
for Eu and B atoms as well as for interstitial region. The most significant variation was observed in the interstice
(4+4.04 %), accompanied by lesser variations in boron (-2.99 %) and Europium (0.252 %). The charge balance results
in a liquid charge transfer in which the boron atoms (muffin-tin spheres, » < Rp;r) lose electrons in favor of Eu and
interstitial space. Even though Eu present a lesser percentage change in comparison to boron the analysis for partial
charges evolution in function of pressure, shown in Figure S10 b), reveals a considerable increase of 74.3 % in 5d
orbital occupation. This increase was accompanied by variations of less than 1% in the remaining orbitals (0.868 %
for 5s+6s, 0.761 % for 5p and -0.909 % for 4f), in such way that the variation in the 5d orbital is the main responsible
for the charge increase in the Eu atom.

As discussed in the main text, our DFT simulations show a shift in Eu 4f electronic occupations towards 5d
occupation, this may be related to a shift of Eu?* towards Eu®* which would be in quantitative agreement with
the observed mean valence increase estimated with XANES measurements. Another relevant result observed in our
simulations is the increase of interstitial net charge which may point towards a scenario where this charge transfer
contributes to the increase of a quadrupolar interaction which would explain a paramagnetic state as proposed in one
of our interpretations for the Synchrotron Md&sssbauer Spectroscopy data.

V. SMS SUPPLEMENTARY DATA

As discussed in the main text, paramagnetic behavior above 20 GPa cannot be completely ruled out. Therefore we
here present in Figures S11 and S12 experimental curves and fits for a model where paramagnetic behavior occurs at
21 GPa and above at T = 20 K and T = 9 K respectively. It is clear that the model provides satisfactory fits for both
temperatures, in the pressure range where the new magnetic state is observed.

In order to explain the quantum beats appearing above 21 GPa in the SMS data for the model with a paramagnetic
state we propose the appearing of a giant quadrupole splitting signal. Such QI was previously reported fo Eu based
compounds before'"'2 and one of the hypotheses raised to explain such great QI signal was that Eu is in the verge
of valence instability. The caveat for such scenario is that EuBg presents a cubic symmetry with Eu with a 3m point
symmetry. In Table I we show the x? obtained via CONUSS software for our fits for 24 GPa and 29.5 GPa. Although
the PM state present a better fit with lesser value of x? it is still challenging to physically justify such a great QI
in EuBg that arises in this model. Regardless of that, our DFT calculation shows a decrease in charge in Eu inner



TABLE I: Table showing the values of x? for 24 GPa and 29.5 GPa for AFM and PM CONUSS software fits.
AFM P (GPa) 9K x> 20K x?

24 27 6.87
29.5 26 12.75

PM P (GPa) 9K x? 20K 7
24 17.04 5.11
29.5 20.03 5.94

shells and B atoms and a increase in Eu outer shells and interstitial state. As discussed above this could indicate an
increase in band overlap and a greater hybridization of states for the Eu atom. This is in agreement with our XANES
data which shows a shift in Eu mean valence from 24 towards 3+. In addition, there is no temperature dependence
in between SMS signals collected at 9 K and 20 K. This is clearly shown in Figure S13 where both SMS data for
29.5 GPa at these temperature overlap almost in the entire measured range. Therefore it is possible to interpret such
data as showing no magnetic transition between this two temperatures, which can indicate that the sample is either
antiferromagnetic or paramagnetic in this entire temperature range (between 9 K and 20 K). In Figure S15 we present
the equivalent of conventional Mdsssbauer of the SMS models for a broader comparison purpose.
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Fig. S4: XANES Eu L3 edge experimental data (black points) and simulated data (solid lines) for several pressures indicated
in the graphs. There is no linear combination for 2.5 GPa and 10 GPa since there is no discernible Eu®* peak. The mixed
valence curve (magenta) are the result from the weighted sum of 2+ and 3+ (blue and red, respectively) Eu ions absorption.
Uncertainty was determined by tracking maximum and minimum value curves (orange and green), corresponding to a range
of plus or minus 0.02 in the reported values (equivalent to +2% in ion population). The total sum of the weighted additions
always equals to 1.
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Fig. S5: Ambient pressure measurements for XANES (left vertical axis) and XMCD signal (right vertical axis) for 6 K, 13 K,
25 K and 100 K. It is possible to see a XMCD signal up to 25 K, but signal nearly vanishes at 100 K.
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Fig. S6: Ambient pressure measurements XMCD signal for 6 K, 13 K and 25 K as a function of applied magnetic field.
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Fig. S7: Ambient pressure measurements for magnetization as a function of applied field.
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Fig. S8: XMCD signal for selected pressures at 6 K as a function of magnetic field. It is possible to see that at 1 atm (ambient
pressure), 2.5 GPa and 10 GPa we see an hysteresis-like loop shape as expected for ferromagnetic materials. At 20 GPa and
28 GPa the signal is at noise level demonstrating that the ferromagnetism was fully suppressed.
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Fig. S9: Structural and energetic analysis for EuBg unit cell compression values (V/Vp) between 0.80 and 1.05. a) Internal
parameter du in lattice parameter units. b) Unit cell energy for different compression with adjusted fits using Birch-Murnagham
equation of state. ¢) Adjusted Birch-Murnaghan equation of state.
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Fig. S11: Fits of SMS data at T=20 K assuming paramagnetic interactions above 20 GPa, and ferromagnetic behavior below

18 GPa.
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Fig. S13: Experimental SMS data at 29.5 GPa, for 9 K and 20 K. There is little to no temperature dependence on the signal,

which indicates no magnetic transition between these temperatures.
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Fig. S15: Simulated energy domain spectra equivalent to the time domain SMS spectra for Model 1.The isomer shift is set to
zero in the simulated spectra.
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