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Pressure-induced collapse of ferromagnetism in cobalt up to 120 GPa
as seen via x-ray magnetic circular dichroism
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The magnetism and structure of compressed Co has been studied up to 120 GPa using K-edge x-ray magnetic
circular dichroism (XMCD) and x-ray absorption near edge spectroscopy (XANES). The XMCD signal decreases
linearly with pressure and is totally suppressed around 120 GPa at ambient temperature. We detect local fcc-like
atomic configurations starting from 80 GPa and at 120 GPa these represent at least 40% of the total. Supporting
theoretical calculations indicate that the mixed hcp/fcc phase above 120 GPa is nonmagnetic. Comparison
between the pressure evolution of magnetism and structure highlights major differences between the Fe and Co

cases.
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The physical properties of the elemental 3d transition
metals iron, cobalt, and nickel have attracted great interest, in
particular for the understanding of magnetism and its influence
on the functional properties of metal alloys. The structure and
the magnetic properties of these metals are largely determined
by the progressive filling of the almost-localized 3d orbitals,
which also stabilizes the elemental ambient pressure phases:
bec iron, hep cobalt, and fcc nickel.!:> With increasing pressure
the hcp and the fcc structures are favored, while the magnetic
moment is progressively suppressed.’”’

The iron phase diagram has been widely investigated.
Being one of the most abundant elements of the Earth’s
mantle and core, its properties are thought to be intrinsic to
various geophysical processes. Upon compression, its ferro-
magnetic order vanishes around 16 GPa>” in correspondence
to the bee to hep structural transition and the observation of
superconductivity.®?

Similar investigations in the case of cobalt are more
challenging due to the higher pressures involved. The ferro-
magnetic hcp phase is stable over a wide range of pressures,
extending from ambient up to around 100 GPa.'® At high
temperature (695 K at ambient pressure), a structural hcp-fcc
transition occurs, but the magnetic order is retained up to
1400 K.? Under pressure at room temperature, a martensitic
hep-fce structural phase transition occurs over an extended
pressure range, from around 100 GPa to around 150 GPa.'”
The high-pressure fcc phase of cobalt is generally thought
to be nonmagnetic, according to the filling factor of the
3d electronic band' and favored with respect to the hcp-
ferromagnetic phase starting from 80-100 GPa.*"'%-12 The
fcc phase is also the stable structure of nonmagnetic Rh and
Ir, the 4d and 5d isoelectronic elements of Co. Interestingly,
an inversion in the pressure evolution of the axial c/a ratio
of the hcp phase is reported around 75 GPa,'® at the same
pressure at which anomalies in the elastic and vibrational
properties occur.'*!> Ab initio calculations®'?>!>1® propose a
magnetoelastic coupling to be responsible for the observed
anomalies. Calculations suggest that hcp-Co compression
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induces a slow linear reduction of magnetic moment up to
60-80 GPa, above which magnetism is lost more
rapidly*!"131718 and the ¢/a ratio of ferromagnetic Co
changes pressure derivative, coming to match the c/a ratio
of nonferromagnetic hcp-cobalt.!? Very similar arguments are
invoked to explain the softening of the shear moduli and
the transverse optical phonon mode, ultimately causing the
departure from a linear density dependence of the aggregate
elastic moduli and velocities.”!>!® The existence of a quantum
critical point at 0 K between 100 and 150 GPa and possibly
the appearance of a superconducting phase in this vicinity
have also been suggested.*'® However, despite these numerous
experimental and theoretical investigations, which all call to
some extent for anomalies in the pressure evolution of the
magnetic moment, magnetism of Co at very high pressure is
still largely unprobed. K-edge x-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD) exper-
iments have been performed up to 39 GPa'® and 100 GPa,’
without observing complete suppression of the magnetic order.
Based on the measured reduction of the XMCD signal,
the total disappearance of the magnetic moment in hcp
Co was estimated to occur around 150 GPa.” Outstanding
questions that remain to be answered are, at what pressure
is ferromagnetism destroyed in hcp Co, and is its complete
suppression necessary to prompt the structural transition to
fcc Co, or does the collapse of ferromagnetism spread over the
entire pressure range of the structural transition? Thus, our aim
was to extend the pressure range for simultaneous structural
and magnetic measurements to the complete suppression of
ferromagnetism.

We have performed two high-pressure room-temperature
XANES and XMCD experiments at the Co K edge
(Ey = 7709 eV) on the beamlines ODE (Soleil) and 1D24
(ESRF).22! Beam focus sizes were 25 x 35 and 5 x 5 um?
FWHM, respectively, at the sample position. The pressure
range covered was up to 94 GPa on ODE and up to 120 GPa
on ID24. Nonmagnetic Be-Cu membrane diamond anvil cells
(DAC) of the Chervin design®> were used with single bevel
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FIG. 1. (Color online) Normalized K-edge XANES (left) and
XMCD (right) spectra of cobalt as a function of pressure (ID24).
Inset: XANES integral evolution under pressure.

diamond anvils with 100 xm culets. Fields of 1.3 and 0.7 T
were applied at ODE and ID24, respectively; in both cases
they were enough to saturate the sample at RT. A rhenium
gasket (preindented from 200 pm to around 15 pm thickness)
was loaded with the Co sample (4 pum thick high-purity
foil 99.9998% from Goodfellow, Ltd.) and a ruby chip.
Argon and silicone oil were used as pressure-transmitting
media for the ODE and ID24 experiments, respectively.
Consistent XANES and XMCD results have been obtained
with the two different high-pressure setups, suggesting that
different degrees of hydrostaticity did not significantly affect
our measurements. The pressure was measured by the ruby
fluorescence technique,”® but as the ruby signal was lost
above 80 GPa on ID24 the pressure was also determined
using the change in interatomic distances measured by EXAFS
(extended x-ray absorption fine structure).>* Pressure values
obtained using both methods (EXAFS and ruby) were found
to be consistent.

Figure 1 shows the combined XANES and XMCD data
recorded on ID24. The absorption energy range is limited to
the XANES and first oscillation of EXAFS. Three features
(labeled A, B B’, and C) can be identified. Upon compression,
we observe a continuous increase in the intensity of feature A
at E = 4 eV from the edge (energy of the “dipole forbidden”
1s-3d quadrupole transition). This phenomenon has been
reported”!%?> for all the 3d metals at high pressure and has
been ascribed to the increase in the p character of the d bands
(which adds “dipole allowed” intensity to this transition).
Pressure indeed favors 3d-4p overlap (hybridization), as the 3d
bands widen and the 3d electrons become more delocalized.
The double-peak feature B B’ (19 and 24 eV from the edge)
changes shape under compression and the relative height of
B and B’ is inverted above 80 GPa. Finally the intense peak
C, at E =50 eV after the edge, becomes sharper and more
pronounced with pressure, while shifting to higher energies as
a consequence of compression. In order to better highlight the
very subtle modifications induced by pressure in the XANES
we integrated the spectra up to half of peak C (inset in left
panel of Fig. 1). The integrals show a constant value within
the error up to 40 GPa followed by a jump of 4% at 80 GPa,
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FIG. 2. (Color online) Simulations of XANES spectra using the
FEFF code (Ref. 26). The atomic clusters for Co are built using the
crystallographic parameters of the structurally distorted hep and fec
phases found in Refs. 10 and 13. The solid lines are models of our
XANES data while the dashed lines show the spectra expected for

pure hcp or fcc phases. Above 80 GPa some combined hep and fcc
character is observed in our data.

suggesting the onset of a local structural transition. After
80 GPa, the XANES integrals keep increasing continuously,
a hint that the transition is not complete at 120 GPa. In order
to interpret the evolution of the data with pressure, XANES
simulations using the FEFF8 package’® were performed and are
shown in Fig. 2. The atomic Co clusters were built using the
crystallographic parameters of compressed hcp and fcc phases
found in Refs.!®!3. Simulations show that main differences
in the XANES corresponding to the two phases are visible
close to the edge (peaks B and B’) and arise mainly from
the changes in the atomic arrangement within the first 5 A
from the absorber (i.e., within the first four shells in the fcc
phase). The trend in the experimental XANES data (Fig. 1)
can be well reproduced using a pure hcp phase up to about
60 GPa. Starting from 80 GPa the XANES data are better
reproduced if the presence of a small fraction of fcc-like atomic
configurations is assumed. We estimate that at 120 GPa the fcc
phase fraction is at least 40%.%” This in agreement with the
hcp-fee coexistence pressure range found in x-ray diffraction
(XRD) measurements.'? As illustrated by the top spectrum in
Fig. 2, attempts to reproduce the 120 GPa spectrum with a
pure hep structure are definitively unsatisfactory. Nonetheless,
a precise evaluation of the fcc/hcp phase fraction cannot be
deduced as the intensities of the simulated XANES features
also depend on the simulation parameters. The pressure onset
for the detection of this phase transition is slightly lower
compared to the XRD investigation of Ref. 10, where the onset
of the transition was found to occur near 90 GPa (inset of Fig. 2
of Ref. 10). This difference is not a contradiction, since the
presence of randomly distributed small (<10 A) clusters of
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newly formed fcc-like Co would be invisible to XRD. Our
analysis of the XANES argues for a progressive reduction of
the splitting in the first few atomic shells characteristic of the
hcp phase of Co, toward the highly symmetric fcc-like phase.
These local transformations can be at least qualitatively related
to the change in the pressure derivative of the c/a axial ratio'
and to the anomalies in the elastic moduli'>'® reported in the
literature around 80 GPa. Indeed a reduction of the splitting of
the first and third shells of the “nonideal” hcp phase of Co could
be detected, from a long-range order perspective, as a small
increase in the c/a ratio. Furthermore, ab initio calculations'®
indicate a significant softening of the elastic shear modulus
c44, Which controls the shear strain in the basal plane, starting
above &75 GPa. As a consequence of this softening, slipping
of the basal plane becomes easier, allowing local hcp-to-fcc
distortion [in Co the temperature-driven martensitic hcp-to-fcc
transition is triggered by 27% softening of c44 (Ref. 28)].

The right panel of Fig. 1 presents the XMCD spectra
obtained on ID24, normalized to the absorption edge step.
The XMCD spectrum consists of a main negative peak (7 eV)
followed by a large positive structure (17-24 eV). According
to multiple scattering calculations the main negative structure
in the Co XMCD spectrum results from the photoelectron
scattering by the spin-orbit potential in d and p shells of the
neighboring Co atoms.?

In Fig. 3, we represent the integral of the absolute value
of the XMCD signal, calculated in the energy interval
corresponding to the main negative peak, versus pressure
(rescaled to the ambient moment value) and comparison with
a fit of data and extrapolation from Ref. 7. The data are in
very good agreement with Ref. 7 within the error bars up to
100 GPa and complete suppression of the signal is observed at
120 £ 10 GPa. Indeed the collapse of ferromagnetism does
not seem to coincide with the complete hcp-fee structural
transformation at 150 GPa,'? as previously suggested by Ref. 7,
but to occur at an earlier stage. On the basis of the present
measurements, we point out that the pressure evolution of
magnetism and structure in Co reveals major differences with
respect to the Fe case. In the latter, ferromagnetism is almost
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FIG. 3. (Color online) Integral of the K-edge XMCD signal of
Co (rescaled to the value of the ambient magnetic moment) in scatter
from this work. Solid and dashed lines are fit of data and extrapolation
from Ref. 7. The inset shows theoretical calculations of the evolution
of the magnetic moment of hcp and fcc cobalt with pressure.
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not affected by compression until its abrupt suppression at the
bee-hep phase transition.>”»!? In the former, compression has
an immediate effect on ferromagnetism, causing a continuous
strong linear decay until total suppression at 120 GPa.
Structural modifications starting around 80 GPa do not seem,
within our error bars, to affect its evolution.

We have performed density functional calculations (DFTs)
to model the pressure dependence of the magnetic moment
of hcp and fcc structures of Co. Self-consistent local spin-
density approximation calculations were performed using the
linear muffin-tin orbital method.?*-3? The 4s and 3d electrons
were treated as valence electrons and all others included in
the core. The fcc and hep calculations were performed on a
mesh of 897 and 819 k points, respectively, in the irreducible
wedge of the Brillouin zone. The calculations give the spin
magnetic moment at the corresponding Wigner-Seitz radius
of the atoms.'® Their pressure dependence has been modeled
using a semiempirical method utilizing the Birch equation’?
and the experimental data for both the hcp and fcc phases from
Ref. 10. The resulting pressure dependence of the magnetic
moment is shown in the inset of Fig. 3. The ambient pressure
spin magnetic moment from these calculations of 1.59 u,
compares favorably with the experimental value of 1.58 ;.3

The calculated magnetic moment of both the hcp and
fcc phases decreases with increasing pressure. The initial
slow and linear decay in both phases is followed by a
more rapid decrease until total suppression at 140 and
90 GPa for the hcp and fcc phase, respectively. Previous
calculations™!!+1216:17 of the pressure dependence show a qual-
itative similar trend although there is some variation (~20%)
between these calculations in the values of the critical pressure
at which magnetism is suppressed in both the hcp and fcc
states.

The main difference between the calculations and the
XMCD measurements is that for both hcp and fcc states
the calculations show an initial small pressure dependence of
the moment followed by a more rapid decrease, whereas our
XMCD data show a linear decrease over the whole pressure
range within the error bars until complete suppression. It is
important to note that the DFT calculations relate to 0 K
conditions whereas our XMCD experiments are performed
at ambient temperature and probe ferromagnetism. To the best
of our knowledge no estimations of the Curie temperature
pressure dependence are available in the present range of
study; therefore, Curie temperature effects, disrupting the
ferromagnetic order, cannot in principle be excluded. Also,
the calculations are for either pure hcp or pure fcc phases,
while our data show that above ~80 GPa we enter a mixed
hep/fee state which has not been modeled by DFT and may be
complex in nature.*® Again, we highlight important differences
with respect to Fe. In the latter, the hcp phase into which
Fe transforms is predicted to be nonmagnetic long before
the phase transition; in Co, the fcc phase into which Co
transforms loses its magnetic moment close to the phase
transition pressure.*710-12

In conclusion, these XMCD and XANES measurements
coupled to FEFF and DFT calculations give a complete
description of the structural and magnetic Co phase transition
which had not been done before, highlighting major differ-
ences with the Fe case. A continuous reduction of the XMCD
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intensity is observed until complete suppression at 120 &
10 GPa, providing experimental evidence of pressure-induced
extinction of ferromagnetism in Co. In parallel we document
a progressive change in the arrangement of the first atomic
shells from an hcp- to an fcc-like local structure starting from
P = 80 GPa, providing a coherent scenario which correlates
well with elastic'>!® and structural'® anomalies reported in the
same pressure range. Thus the magnetic response in Co seems
to be uniquely affected by compression and not by structural
modifications. Our combined experimental and theoretical
results support the total disappearance of spin magnetization
(local magnetic moment) in the mixed hcp/fcc phase above
120 £ 10 GPa. Nevertheless the different behaviors in the
pressure evolution of the theoretical magnetization and XMCD
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signal decay observed prior to the structural phase transition
stimulate further work. The present results thus represent a
benchmark for theoretical models addressing the description
of extreme-condition physics in the 3d metals.

Recently a work by Ishimatsu et al’’ was published
describing analogous K-edge XMCD measurements on pure
cobalt. In that paper a nonzero signal is reported up to 170 GPa
and the authors suggest the existence of an fcc paramagnetic
state after 130 GPa. This result is in contradiction to ours and
stimulates further experimental work.
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