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The structural stability of fcc Ni over a very large pressure range offers a unique opportunity to
experimentally investigate how magnetism is modified by simple compression. K-edge x-ray magnetic
circular dichroism (XMCD) shows that fcc Ni is ferromagnetic up to 200 GPa, contradicting recent
predictions of an abrupt transition to a paramagnetic state at 160 GPa. Density functional theory
calculations point out that the pressure evolution of the K-edge XMCD closely follows that of the p
projected orbital moment rather than that of the total spin moment. The disappearance of magnetism in Ni

is predicted to occur above 400 GPa.
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The appearance of ferromagnetism in Fe (bcc), Co (hep),
and Ni (fcc) metals is one of the most fundamental ques-
tions in solid-state physics. A qualitative understanding of
the magnetic structure of metals relies on the Stoner theory,
which points out the density of states at the Fermi level
DOS(E f) and the exchange interactions as the crucial
factors at zero temperature. In the transition metals, the
magnetic properties mainly arise from the partially filled
spin-polarized 3d band which in turn is strongly related to
the crystal structure and external factors such as tempera-
ture, magnetic field, and pressure. Therefore, exploring the
stability limits of ferromagnetism as a function of these
thermodynamical variables is fundamental to getting a
deeper insight on its appearance. In particular, application
of pressure is an effective way to study the complex inter-
play between magnetic, structural, and electronic degrees
of freedom. The compression of interatomic distances
leads to the broadening of the electronic bands (diminish-
ing the importance of Coulomb correlations) and a de-
creased DOS(Ey). In the framework of the Stoner model,
this means that, at sufficiently high compression, the con-
dition for ferromagnetism stability is no longer satisfied
and ferromagnetism is lost.

In iron, the collapse of ferromagnetism under pressure
has been experimentally observed (see, for example, [1]) in
correspondence to the bce-hep structural phase transition.
In cobalt, the suppression of ferromagnetism occurs at the
hcp-fee transition in the 100-150 GPa range [2-6]. The
pressure limit of ferromagnetism in Ni is still not estab-
lished. No structural transitions have been reported in fcc
Ni up to 150 GPa [7], and first-principles calculations
predict fcc Ni to be stable up to 34 TPa [8]; being struc-
turally stable over such a large pressure range, the case of
Ni offers a unique opportunity to investigate how the
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simple compression of interatomic distance influences
the magnetic properties.

Previous works [2,9] indicate a weak decrease of the
K-edge x-ray magnetic circular dichroism (XMCD) signal
under compression reaching 80% of the initial value at
70 GPa. Based on these measurements, nonmagnetic Ni
was predicted above 250 GPa. All the available calculations
agree in predicting a stable ferromagnetic fcc phase in
nickel up to the Mbar range [10-12], with the spin magnetic
moment slowly decreasing from the ambient value
0.6 up/atom to 0.48 wp/atom around 300 GPa [11]. The
Curie temperature (7,.) of Niis 631 K at ambient pressure. A
very recent work based on first-principles calculations and
the partition function approach [13] predicts T, to start
decreasing sharply around 120 GPa and reaching ambient
temperature around 160 GPa, when a paramagnetic state is
thus expected. Two questions have motivated the present
study: is the disappearance of magnetism in Ni within
experimental reach and in the stability domain of the fcc
structure? Are density functional theory (DFT) calculations
reliable enough to predict the change of magnetization
under pressure? We have tried to answer these questions
by extending as much as possible the pressure range probed
by magnetic measurements on Ni: up to 200 GPa, corre-
sponding to a volume compression of 0.66. We have thus
combined XMCD, x-ray absorption near edge structure
(XANES), and x-ray diffraction measurements. Also,
ab initio calculations have been performed to compare the
pressure evolution of XMCD experimental output to that of
the Ni p projected orbital and spin magnetic moments. Our
results indicate that the pressure-induced decay of the
K-edge XMCD signal is closely related to that of the
p-state orbital moments rather than to that of the total
magnetization as previously assumed in the literature [2,9].
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High-purity polycrystalline Ni powder was charged in
an amagnetic diamond anvil cell (DAC) equipped with
beveled 75 X 300 culets diamonds [14]. No pressure-
transmitting medium was used. For each pressure, the
volume compression was measured on beam line ID27 at
the European Synchrotron Radiation Facility (ESRF) [15].
As shown in the lower panel of Fig. 1, the x-ray diffraction
measurements revealed a stable fcc structure in the whole
pressure range of study. The pressure value was then
calculated using the compression curve found in Dewaele
et al. [7]. XANES and XMCD signals were recorded at the
energy dispersive x-ray absorption spectroscopy beam line
ID24 (ESRF) [16,17] at the Ni K edge (E, = 8323 eV).
The highly focused beam (5 wm full width at half maxi-
mum) allowed to reach a pressure range so-far unexplored
by x-ray absorption spectroscopy. Such a high pressure
actually represents a record for magnetic measurements
comparable to Mossbauer techniques [18] whose applica-
tion is anyway limited to few elements (mainly Fe com-
pounds). Figure 1 reports the normalized XANES (left)
and XMCD (right) signals between ambient pressure and
200 GPa. The XMCD signal is obtained by taking the
difference between x-ray absorption spectra measured us-
ing parallel (u*) and antiparallel (u ™) orientations of the
sample magnetization relative to the incident photon
helicity.

The investigation of magnetism in the 3d metals using
XMCD is generally carried out at the L edges, which
directly probe d-symmetry final states. However, these
edges are not accessible at high pressure in a DAC due to
the opacity of the diamond anvil at such low energies.
It is necessary instead to probe the K edges, making the
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FIG. 1 (color online). Upper panel: Combined XANES (left)
and XMCD (right) spectra in pure Ni up to 200 GPa
(Ey = 8323 eV). Lower panel: selected angle-dispersive XRD
patterns up to 200 GPa.

experiment complex both from an experimental and inter-
pretational point of view. K-edge XMCD measures the
imbalance in the density of empty p valence states with
quantum numbers +m; and —m;. In the 3d metals, the
K-XMCD signal is generally small (~ 10~3 or weaker).
In addition, in a DAC, the x-ray beam is strongly attenuated
by the anvils and the sample size must be of the order of a
few microns so as to exceed 100 GPa pressure.

As seen in Fig. 1, compression modifies both the
XANES and XMCD features. For the XANES spectra
(upper-left panel), the main changes are (i) an increase of
the prepeak feature A, (ii) the appearance of a shoulder in
the preedge region (A,), and (iii) an inversion of the
relative height of peaks B and C. The intensity enhance-
ment of the A, feature, which originates from the quad-
rupolar 1s — 3d transitions [19], has already been
observed under pressure [2,9,20] in all the 3d metals and
interpreted as an increase of 3d — 4p band overlap under
compression. Features B, C, and D shift towards higher
energies due to compression of the local structure [20]. For
the XMCD spectra (upper-right panel), the main valley (2)
gradually looses intensity (— 34%) and the post edge peaks
(3, 4, 5, and 6) become sharper. No sharp signal decay is
observed between 120 and 160 GPa. Our results are thus in
disagreement with the prediction of an abrupt pressure-
induced paramagnetism at these pressures [13]. Finally, it
is interesting to note that, whereas the energy position of
features 1 and 2 does not evolve significantly with pres-
sure, features 3—6 shift towards higher energies following
the evolution of the XANES features, i.e., stemming from
the compression of the local structure. This distinct pres-
sure behavior allows us to roughly identify two energy
regions in the XMCD spectra: the first region corresponds
to a few eV around the absorption onset, mainly sensitive to
the electronic density of empty states close to the Fermi
level; the second energy region corresponds to beyond a
few eV and is more directly linked to the local structure
through single and multiple scattering of the photoelectron.

The XMCD signal at the K edge of 3d metals mainly
arises from the spin-orbit coupling of the photoelectron
in the final state. Theoretical approaches for the interpreta-
tion of K-edge XMCD signals based on multiple scattering
[21-23] and band structure calculations using a
tight-binding approximation [24] claim that the main con-
tribution to the signal comes from the spin polarization of
the d states and arises from the scattering of the photo-
electron from the spin-orbit (SO) potential of the neighbors
and of the absorber [25]. Such a view has led to the con-
clusion that the K-edge XMCD signal should be somehow
proportional to the 3d magnetic moment, and its pressure
evolution has been often compared to that of the total spin
magnetization [2,9]. The orbital sum rule [24,26,27] di-
rectly relates the integrated K-edge XMCD to the expecta-
tion value of the p projected orbital moment. Based on
an atomic approach and the dipolar approximation, its
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application to the K edge of the 3d metals is limited by
the assumption of energy-independent radial matrix
elements R = (1s|r|4p), which does not apply to the broad
and delocalized p final states [21,26]. Because of the
abovementioned reasons, it is quite difficult to extract ab-
solute quantitative information on the magnetic moment
from K-edge XMCD spectra. Nevertheless, as the E
dependence of the matrix elements is smooth, XMCD re-
flects the p orbital polarization in differential form
d(L.),/dE [28,29]. We have checked this for the Ni
case by comparing the orbital magnetization density
of p states dmy(E) = 3 (WI¥|L|WIK)S(E — E,) to the
differential XMCD dXMCD(E) = an[K\Pnk |H + |\I}1S>|2 -
(W [T W )?18(E — E, ), where I1+ is the dipole in-
teraction operator of an electron with a photon of right (left)
helicity [29,30], using the PY-LMTO code [31,32]
(see Fig. 2). Hence, the relative behavior of an integrated
XMCD signal under pressure can be expected to be ap-
proximately proportional to that of the p orbital moment.

In order to shed light on the role of the different con-
tributions and interpret the measured compression evolu-
tion of the K-edge XMCD signal, we performed a series of
DFT + SO calculations over a wide range of compression
(between VP = 10.95 A and 5.04 A, corresponding to
V/V, ranging from 1 to 0.46), using WIEN2K [33] and
PY-LMTO codes, assuming a stable fcc structure up to the
TPa range, as suggested in [8]. Different treatments of
correlation effects have been probed using local density
approximation (LDA + PW92 [34,35]) and generalized
gradient approximation (GGA + PBE [36]) for the ex-
change correlation functionals in WIEN2K. The Brillouin
zone integration was performed on the 283 (22%) k-point
grid.

Our calculations confirm that the spin polarization of the
p states mainly originates from the hybridization of p and
d bands. On the other hand, unlike in Ref. [24], where it
was found that the p orbital moment (and K-edge dichro-
ism) is mostly due to the 3d SO coupling, we find that the
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FIG. 2 (color online). Calculated orbital magnetization density
of 4p states (right axis) and K-edge differential XMCD for bulk
Ni (left axis). The calculations are performed for a zero-pressure
unit cell using the PY-LMTO code. The curves are broadened with
a Lorentzian function of 0.8 eV width.

4p SO coupling contributes to 35% of the p orbital mo-
ment at ambient pressure and 50% at 0.66 relative com-
pression [37]. In order to check the role of the quadrupolar
contribution, Ni K-edge simulations were performed using
the FDMNES code [38]. The results indicate that the inclu-
sion of quadrupolar terms gives rise to a deviation of 3—-5%
in the whole pressure range of study; simulations using the
tight-binding approach [24] had previously led to similar
conclusions.

The ambient values obtained for the spin and orbital d
moments and for the pressure evolution of the total spin
moment are in good agreement with previous calculations
and experiments [10-12,39]. The difference found in the
ambient moments using different methods results to be
quite small for the d spin and orbital moments (1-6%)
but quite significant for the p spin and orbital moments
(= 20%). However, the slope of the linear compression-
induced decay—the physical quantity we are interested
in—is similar for each moment component using different
methods. Interestingly, the p and d orbital moments behave
very similarly with compression, whereas this is not the
case for the p and d spin moments [40].

Our results indicate that orbital and spin magnetization
terms keep decreasing continuously up to a compression of
V/Vy = 0.6, where a sharper decay leads to total and
simultaneous extinction. The different methods applied
are in qualitative good agreement but indicate different
critical zero-moment volumes, ranging from 0.48V, to
0.54V,. A similar variation in the calculated pressure of
moment extinction is found in the case of cobalt [5]. In
fact, the quantitative reliability of these methods at such
high compression is limited, as the computed quantities are
very small and vary very quickly; this fact underlines the
importance of high-pressure experiments.

To compare the computed quantities to the experimental
outputs, the XMCD signal has been integrated and nor-
malized to the integral of the unpolarized absorption
(XANES) po = (u" + u7)/2:

I + - E, 0
Axmep = . dE(u™ — p7)/ . dEp”.
1 1

The integral’s interval has been chosen from the signal
onset (E; = —7 eV) to four different upper limits E,
between 4 and 15.5 eV, so as to take into account the broad
character of the final p states (i.e., the absence of a white
line). This energy range for the upper limit fully spans the
transition zone between the energy region mainly sensitive
to the electronic structure and the region mainly sensitive
to the local structure. Then, the pressure evolutions of the
Axmcp, obtained in the 4 cases, were rescaled to their
ambient values and compared. We found that the error
due to the upper limit choice amounts to 4-12%, indicating
that the pressure-induced decrease of Axycp does not
change significantly with the energy interval. In Fig. 3(c),
we plot the average between the pressure evolutions
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FIG. 3 (color online). Volume evolution of (a) the calculated
total spin moment, (b) the p orbital moment, and (c) the normal-
ized XMCD integral (Axymcp)- The nonlinear pressure scale in the
top axis is calculated with the equation of state given in [7].

obtained using the four intervals; the error is chosen at each
point as the maximum value between the error due to the
integral upper limit choice and the error due to the signal
noise (= 5%).

Comparison with theoretical calculations for the total
spin moment [Fig. 3(a)] and p orbital moment [Fig. 3(b)]
reveals that the integral of the measured XMCD signal
reduces by = 60% in the 0-200 GPa range, just like the
p orbital moment, while the total spin moment shows a
different behavior, decreasing by 20%.

In summary, we have extended up to 200 GPa the
pressure range for combined magnetic and structural mea-
surements, by measuring K-edge XMCD-XANES and
x-ray diffraction (XRD) on pure Ni. The K-XMCD signal
decreases continuously under compression and remains
nonzero at 200 GPa, indicating the persistence of ferro-
magnetic order. This Letter demonstrates that today pres-
sures of a few Mbar can be coupled to simultaneous
magnetic and structural studies. DFT calculations were
performed to compute spin and orbital moment compo-
nents in compressed Ni, so far missing in the literature,
allowing us to get a deep insight into their different behav-
ior vs density. This study can lead to the following con-
clusions: (i) the pressure evolution of the nickel K-edge
XMCD closely follows that of the p projected orbital
moment and not that of the total spin magnetization; and
(i1) the disappearance of magnetism in Ni is predicted to
occur at pressures higher than 400 GPa. However, one
cannot rule out a possible crystallographic phase transition
or a transition to a paramagnetic state at ambient tempera-
ture and at lower pressure. Hence, further experimental
investigations of the magnetic response of Ni under more

extreme compressions appear necessary. The present ap-
proach is currently under upgrade, and the extension of
magnetic measurements in the 300—400 GPa range and at
low temperature—which would allow us to disentangle the
moment suppression from 7. effects—Ilooks promising.
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