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Pressure-induced collapse of ferromagnetism in nickel
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Transition metals Fe, Co, and Ni are the canonical systems for studying the effect of external perturbations
on ferromagnetism. Among these, Ni stands out as it undergoes no structural phase transition under pressure.

Here we have investigated the long-debated issue of the pressure-induced magnetization drop in Ni from first
principles. Our calculations confirm an abrupt quenching of magnetization at high pressures not associated with
any structural phase transition. We find that the pressure substantially enhances the crystal-field splitting of
Ni-3d orbitals, driving the system toward a new metallic phase violating the Stoner Criterion for ferromagnetic
(FM) ordering. Analyzing the charge populations in each spin channel, we show that the next-nearest-neighbor
interactions play a crucial role in quenching FM ordering in Ni and materials alike.
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I. INTRODUCTION

In transition metals such as Fe, Co, and Ni, the strong
exchange interaction between the valence shell 3d electrons
leads to itinerant ferromagnetic (FM) ordering with a sizable
saturated magnetic moment M. External perturbations like
pressure (P), temperature, and magnetic field enable manip-
ulating this ordering and its underlying mechanisms. Among
these stimuli, the application of P is particularly of great
utility as it allows studying the interplay of spin, orbital,
and lattice degrees of freedom of electron under controlled
conditions [1]. Accordingly, extensive experimental and theo-
retical studies have already been performed to understand the
collective behavior of 3d electrons in such cross-correlated
systems.

In general, P tends to decrease the interatomic distances,
thereby enhancing the overlap of the atomic wave functions
[2] which itself results in band broadening and promotion
of electrons to higher energy states, ultimately increasing the
kinetic energy of electrons, causing delocalization [3]. More
specifically speaking, broadening reduces the density of states
(DOS) at the Fermi level (EF), leading to the violation of the
Stoner criterion (SC) for spontaneous magnetism [4,5], i.e.,
UDOS(Er) = IDOS(EF) > 1, where U is the Hubbard pa-
rameter and / corresponds to the so-called Stoner parameter.
In the case of Fe and Co, such a collapse of FM ordering
occurs at ~14 and ~100 GPa, respectively [6,7]. On the other
hand, Ni, which has a close-packed face-centered cubic (FCC)
structure with a relatively small M = 0.6u/Ni, can survive
up to extremely high Ps [3,8]. Previous ab-initio calculations
have suggested a monotonic decrease of M in Ni for Ps up
to 100 GPa [9]. Under high Ps, Ni tends to become non-
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magnetic but remains metallic. High-pressure x-ray magnetic
circular dichroism (XMCD) experiments also have indicated
[10] a weak decrease in K-edge signal in Ni, representing its
magnetization even when the volume (V') compresses by 80%
(i.e., V/Vp = 0.8, with V, being the volume at the ambient
pressure). At higher compressions, the K-edge signal exhibits
a more significant suppression, suggesting a phase transition
to a nonmagnetic state at P = 250 GPa. This observation is,
however, contradicted by a similar experiment [11] showing
the resistance of the FM phase for volume compressions up
to V/Vy = 0.66 (P = 200 GPa). Using density functional the-
ory (DFT) calculations, the authors of the latter work have
claimed that the K-edge signal stems from the 4p orbital
moment rather than the total spin moment and speculated that
the nonmagnetic state could only occur above 400 GPa. This
claim is further supported by a nuclear forward scattering
experiment, demonstrating the survival of the FM phase up
to 260 GPa [3].

Here we revisit this long-standing problem from a physic-
ochemical perspective, taking into account the symmetry
relations between the bonding orbitals and the local mag-
netic moments. Systematically analyzing the spin and orbital
characters of the bonding states in Ni through first-principles
calculations, we confirm the quenching of the FM ordering
at high pressures and propose an interspin charge transfer
mechanism as its driving force. The characteristic feature of
this mechanism is a continuous transfer of charge from the
spin majority channel to the spin minority channel caused by
an enhancement of crystal-field splitting of Ni-3d orbitals.

II. COMPUTATIONAL METHOD

The electronic structure calculations are performed within
DFT using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional [12] and ultrasoft pseudopotential as
implemented in QUANTUM ESPRESSO [13]. The FCC lattice

©2022 American Physical Society
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FIG. 1. Schematic illustration of (a) the crystal structure of Ni
and (b) its corresponding crystal-field Acr, experienced by the e,
and #,, orbitals. Each Ni is cuboctahedrally coordinated via #,, or-
bitals with its NNs indicated with the purple lines in (a). NNN is
indicated by the thick green lines in (a). (c) and (d) The spin-resolved
electronic band structure and DOS of Ni at ambient pressure, respec-
tively. The inset in (c) is the corresponding BZ and high symmetry k&
points.

parameter at ambient pressure is set to a = 3.506 A [14].
The body-centered cubic (BCC) and hexagonal close-pack
(HCP) lattices have also been constructed to examine the
structural stability of Ni in the FCC phase relative to other
possible structures. For all these three phases, the effect of
P is treated by optimizing the volume of Ni lattice without
breaking the crystal symmetry using the Broyden-Fletcher-
Goldfarb-Shanno algorithm [15]. The corresponding Brillouin
zones (BZs) are sampled by a 60 x 60 x 60 k mesh for FCC, a
54 x 54 x 54 k mesh for BCC, and a 30 x 30 x 15 k mesh for
HCP using the Gaussian smearing method with a broadening
energy width of 0.01 Ry. The electron hopping parameters
have been deduced from a low-energy tight-binding model
downfolded from the DFT Hamiltonian of the FCC structure
using maximally localized Wannier functions [16,17], with
Ni-3d orbitals being chosen as the projection centers.

III. RESULTS AND DISCUSSION

A. Structural and electronic properties of nickel

The conventional unit cell of Ni is shown in Fig. 1(a). This
close-packed FCC structure allows each Ni to be coordinated
with 12 neighbors [18,19], thereby giving the whole struc-
ture the highest possible symmetry among all space groups

(Fm-3m). Such cuboctahedral coordination gives rise to a
cubic crystal-field Acp, splitting the Ni-3d orbitals into two
subgroups e, composed of axially oriented {d,>_,» and d}
orbitals and t,, composed of diagonally oriented {d.., dy.
and d,,} orbitals. As each nearest neighbor (NN) of Ni is
diagonally coordinated, the #,, orbitals more effectively con-
tribute to the Ni-Ni bonds [see Fig. 1(b)]. Accordingly, they
tend to lie below the e, states and show a stronger energy
dispersion. As a result, the e, states form a flat band at and in
the vicinity of E, promoting strong e-e Coulomb interaction.
The system lowers this unfavorable energy term by breaking
its time-reversal symmetry, leading to an itinerant FM order.
While this allows pushing the energy bands below Ef in the
spin majority channel (1), in the spin minority channel ()
there is still a significant contribution from e, flat bands,
appearing as a sharp van Hove peak in the DOS at Ep, as
shown in Figs. 1(c) and 1(d). The resulting itinerant FM phase
is found to hold a nominal 3d° state [20] with a net saturated
magnetization of M = 0.6 up/Ni, in good agreement with
experiment [3].

B. Effect of pressure

To understand how P affects the electronic structure, we
have summarized the volumetric, magnetic, and electronic
properties of Ni as functions of P in Fig. 2. We have first
examined the structural stability of nickel by comparing its
free energy (E) in the FCC phase with that of BCC and HCP
phases. As shown in Fig. 2(a), the FCC structure remains
energetically more stable than the other two phases for the
whole range of pressures considered in this work (P up to
1000 GPa). On the other hand, the HCP phase appears to be
the least stable structure. The corresponding energy difference
between the HCP and the FCC phases continuously grows
with increasing P, reassuring that nickel does not prefer to
be in a noncubic structure even at extremely high pressures.
This finding is consistent with the previous calculations by
Jarlborg [21], showing that the FM FCC phase of nickel is
the most stable structure among these three phases for a wide
range of pressures. We have therefore focused our attention on
the FCC phase, hereafter.

As can be seen in Figs. 2(a)-2(c), E, V, and Ep re-
spond monotonously to the increase in P. In contrast, the
magnetization drops discontinuously at the critical pressure
P, = 810 GPa; see Fig 2(d). Particularly, the increase in Ep
can be well described by Sommerfeld’s power-law relation
Er o< P/, as shown in Fig. 2(b). Such a disparity in magnetic
and volumetric properties of Ni under P is a strong indication
of a spontaneous violation of the SC without any structural
symmetry breaking. In other words, the P-induced inflation
of the BZ is so strong that it can alone modify the dispersion
of the energy bands, including the flat e, bands, such that
the net DOS(EF) is no longer sufficient to satisfy the SC
for FM ordering. To assure the magnetization drop is not an
artifact in our DFT calculations (for example, due to trapping
in a local minimum energy configuration), we have calculated
the energy difference between the FM and the nonmagnetic
phases of FCC nickel AEgpynm = Erv — Enm as a function
of P; see Fig. 2(d). This figure clearly supports the previous
finding that nickel, in general, prefers FM FCC configura-

024404-2



PRESSURE-INDUCED COLLAPSE OF FERROMAGNETISM ...

PHYSICAL REVIEW B 105, 024404 (2022)

(a (e)A 3 1
s 2{ g
3 o
o -2 2
(b) 8 B
10.0 - S3+——7——1+0
— ° 16-12 -8 -4 0 4
°:>€ 7.5+ . 073 (M o9
o.... ;-q?
5.0 +—————=¢+05 o 0.6
C 3]
© 36 - =)
S % 03
2 274 Q
18 1 _O F_ 2/5 -8 6 -4 -2 0 2
EezaP A (g) 3
—_ 0'9 —_
@ o6 0 S 3 |>
= 0 \.p. g 006 3
zZ ®, ) 1Z)
< 0.4 %, L < e ~
B %o, s - n
= 0.2 () i x 03 o
= o 60E a Mo
00— =d 4 4y 0.1
0.0 03 06 0.9 8 6 -4 2 0 2

P (x 10° GPa) E-E:(eV)

FIG. 2. (a) Calculated free energy AE(P) = E;(P) — Epcc(0)
for the i = FCC, BCC, and HCP phases of nickel as a function of
pressure P. Epcc(0) corresponds to the total energy of the FCC
phase at the ambient pressure. (b)—(d) Pressure dependence of vol-
ume (V), Fermi energy (Er), and magnetization (M) in the FCC
phase, respectively. The solid line in (b) is the corresponding curve
obtained from fitting the calculated results to Sommerfeld’s free
electron model Ep = aP*° + B, with o = 6.740 meV.Pa~>° and
B =9.698 eV. Panel (d) also includes the pressure dependence of the
energy difference AEpy.nm(P) = Epm(P) — Exm(P), where Epy(P)
and Exm(P) are the free energies of FM and nonmagnetic states of
FCC nickel at pressure P, respectively. (e)—(g) Different representa-
tions of spin-resolved DOS as a function of pressure.

tion [21]. However, it loses its strength as P increases and
eventually turns into a nonmagnetic phase AEpy Ny = 0 as P
reaches P..

The DOS plots shown in Fig. 2(e) further support the
scenario of the magnetization collapse at high Ps. This is more
evident in the heatmap plots shown in Figs. 2(f) and 2(g). As
can be seen, the DOS near and at Er is abruptly perturbed
at P.. The trend of changes is, however, opposite between
the two spin channels. For spin-1 states, this appears as a
sudden shift of DOS above Er, whereas in the spin-|, channel,
DOS shifts downward, suggesting a spontaneous interspin
charge transfer at P,.. Logically this means a redistribution
of charge, partly moving the t;g electrons used to form the

NN Ni-Ni bonds to eg orbitals to enhance the next-nearest-
neighbor (NNN) Ni-Ni bonds as they become increasingly
shorter under P [see Fig. 1(a)].

To examine this, we have calculated the spin- and orbital-
projected DOS for a wide range of Ps; see Fig. 3. These
calculations confirm that the pressure enhances the electronic
dispersions of the bands throughout the whole energy spec-
trum and irrespective of their orbital characters. Interestingly,
for 4s orbitals, this enhancement equally affects bonding and
antibonding branches, causing the former (latter) to extend to
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FIG. 3. Heatmap plots of spin-projected DOS resulting from (a)
4st, (b) 4st, (c) e], (d) e}, () t;g, and () tzlg orbitals.

lower (higher) energies; see Figs. 3(a) and 3(b). As this im-
plies a partial depletion of 4s charges near Er, one may expect
that part of the charge transfer mentioned above comes from
the 4s electrons. However, the charge provided this way is not
enough to fill the unoccupied 3d" states (compare the DOS
scales in Fig. 3). Accordingly, the prime contributor for the
expected band filling and its resulting magnetization collapse
is a charge transfer from t2T o and eg to their corresponding spin-
J counterparts. This can indeed be seen in Figs. 3(c)-3(f). The
most contrasting feature in these plots is a unilateral expansion
of DOS toward lower energies under P. At and near Ep, the
changes are minute but critical. Here one can notice a com-
pensating behavior between the two spin channels, appearing
as an upward (downward) shift of the edge of DOS™ (DOSY).
Together with the overall enhancement of band dispersions,
this leads to a substantial decrease of DOSY(Er). In other
words, by applying P, the previously unoccupied tzig and eg
states increasingly gain charge from their counterparts in the
other spin channel. Remarkably at P,, a sudden charge transfer
takes place, abruptly pushing all the tzig and eé{ states below Ep
and quenching magnetization entirely.

To clarify this further, we have also calculated the spin-
and orbital-projected band structures at three Ps (0, 810,
and 1000 GPa), representing low, critical, and high Ps, re-
spectively; see Fig. 4. As is evident, the pressure enhances
the dispersion of the bands, thereby weakening the overall
Coulomb interaction to the extent that the bands become
nearly spin-degenerate at high Ps. The flatness of e, bands
and localization near Er at low Ps can also be seen in this
figure. Under P, they become increasingly dispersed, confirm-
ing strong electron hopping between the NNN Ni sites, as
discussed earlier. One can also see a drastic enhancement of
the bonding-antibonding gap of 1, states at X point, followed
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FIG. 4. Spin- and orbital-projected band structures of Ni calcu-
lated at the ambient pressure (a)—(c), the critical pressure 810 GPa
(d)—(f), and 1000 GPa (g)-(i).

by a sizable downward shift of the whole #,, bands, main-
taining their band edge at Er. Such profound changes in the
electronic structure clearly show how pressure acts against the
SC through the cubic crystal field of Ni, enabling a complete
collapse of magnetization.

C. Violation of Stoner criterion

To demonstrate how P violates the SC, we show in Fig. 5(a)

the P dependence of AZ for both spin channels o =% and
{. At low Ps, Agg is found to be small and comparable
to the NN magnetic exchange-coupling energy Jex =~ JNn.
This can be justified using a mean-field Ising model AE., ~
—JINN D imnn So - Si = —12JxN, considering an FM ordering
between the 12 NNs of Ni. Within this regime, the obvious
dominance of AFE., does not allow the electrons to be delo-
calized, therefore substantially suppressing Agy. Increasing P
promotes the charge transfer, as explained above, and hence
monotonously enhances AZ against AE,. Eventually it com-
pletely eliminates Jyn and so becomes the dominant source
of band splitting. Considering that U corresponds to the spin
splitting of the energy states at I' point [see Fig. 5(a)], we
can show that the criterion UDOS(Er) > 1 is violated once
P > P,; see Fig. 5(b). This is further supported by a direct cal-
culation of the stoner parameter / using the method proposed
by Bekaert et al. [22]; see the inset in Fig. 5(b). From this
calculation, we deduce I = 1.393 eV, excellently confirming
the validity of the Stoner condition /IDOS(Er) > 1 for P < P.
and its violation for P > P,.

To provide further evidence that the magnetization collapse
in Ni is due to the enhancement of Acp, we have explicitly
calculated the NN (Jyn) and the NNN (Jynn) exchange pa-
rameters using the method proposed by Xiang et al. [23]. For
each parameter, we have performed a set of four calculations
with different collinear magnetic states: (1) S§ = S and S} =
S,(2)S§ =S and §f =-S5, (3) S§=—S and S} = S, and (4)
S§ = —S and 7 = —S. Here i = NN or NNN, and the quan-

tization axis is assumed to be along the z axis. For ionic sites
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FIG. 5. (a) P dependence of the crystal-field-splitting A&ﬁ and the magnetic exchange-splitting Jx between e, and t,, states. (b) The
evolution of SC as a function of P. The inset shows the variation of energy versus magnetization at the ambient pressure. Fitting the calculated
results using a linear curve, we have extracted the Stoner parameter / at the ambient pressure using the method described in Ref. [22].
(c) Evolution of the NN (Jyn) and NNN (Jynn) exchange-coupling parameters under pressure. (d) Normalized partial charges on Ni atom
decomposed to eﬁ and tzTgL orbitals. Qy corresponds to the total charge at the Fermi level at the ambient pressure. (e) Pressure dependence of

NN hopping E,,, and NNN hopping E,, between Ni ions.
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other than 0 and i, we have taken the same spin orientation.
After obtaining the total energy of each spin configuration, we
have extracted the exchange parameter J; using the following
formula [23]

Ei1+Ey—E, — E3

Ji =
482

The corresponding Jyn and Jynn are shown in Fig. 5(c)
as functions of P. These calculations suggest that Jnn is
the dominant exchange-coupling term at low pressures (i.e.,
JNN > Innn)- However, it rapidly decreases by increasing P
and vanishes at and above P,.. On the other hand, JynN shows a
sudden increase above P.. However, it is not so strong to cause
any magnetic ordering.

, withi = NN or NNN. (1)

D. Interspin charge transfer mechanism

To quantify the rate and amount of charge transferred be-
tween the spin channels, we have performed Lowdin charge
population analysis using partial charge densities centered at
Ni sites at various Ps; see Fig. 5(d). Our calculation reveals
that for Ps up to 400 GPa, the charge transfer is predominantly
from eg to eé and tzlg. Within this range, the IZT . charge, except
for a minor drop at low Ps, is nearly constant. This is consis-
tent with our previous finding that the van Hove singularities
near £y are dominated by e, states. Beyond 400 GPa, the tzTg
population drops sharply and rapidly exceeds the eg charge

drop. Consequently, the charge gained by ei and tzig states
boosts dramatically and grows linearly. This implies that such
massive compressive forces have shrunk the Ni lattice so
much that its NNN Ni bonds are now as effectively involved
in charge transfer as NN Ni bonds. Eventually, at P,, the
charge transferred from (to) e} and t;g (e} and tjg) drops
(jumps) abruptly and then remains constant. The system is
now in a new equilibrium state with equal charges in both spin
channels. As such, it becomes nonmagnetic and remains so for
P> P.

Figure 5(e) provides a more quantitative picture of charge
redistribution in Ni under pressure. Here we have shown the
o-type hopping parameters between the NN and the NNN
Ni-3d orbitals using maximally localized Wannier functions.
These parameters directly correspond to the NN hopping
between the Ni-1,, orbitals, denoted as E,, and the NNN hop-
ping between the Ni-¢, orbitals, denoted as E,,. As is evident,
on increasing P, both E,, and E,, show a monotonic increase,
reconfirming that the pressure drastically enhances the inter-
action and charge transfer between the Ni ions through both
the NN and the NNN channels.

E. Electron correlation and relativistic effects

It is worth mentioning that a previous report has suggested
that the competition of electron correlation and spin-orbit
coupling (SOC) may result in magnetic anisotropy in Ni [24],
even though it naturally behaves as an itinerant ferromagnet
[25,26]. Some also have suggested that SOC alone plays a key
role in the observed magnetization drop in Ni under pressure.
In general, the 3d transition metal elements are known to be
capable of exhibiting strong electron correlation effects both
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A |
\ \
1
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P (x 10° GPa)

FIG. 6. P dependence of magnetization obtained using different
methods.

at ambient conditions and under pressure [27-29]. To examine
the contributions of both electron correlation effects and SOC,
we have performed additional calculations incorporating the
onsite Hubbard U and SOC corrections. As can be seen in
Fig. 6, the inclusion of SOC (PBE + SOC) leads to a lower P,.
On the other hand, the incorporation of the onsite Hubbard U
(PBE + U) pushes P, far above 1000 GPa. The latter method
also leads to an overestimation of M at ambient pressure.
Interestingly, when both SOC and U are included (PBE +
U + SOC), we see a behavior that is very much similar to that
of pure PBE calculations. The most striking difference is now
a milder quenching of M at a slightly higher P, compared with
that obtained by the PBE exchange-correlation functional.

IV. CONCLUSIONS

In summary, we systematically investigated the origin of
magnetization quenching in the nickel crystal using first-
principles calculations. The pressure was found to promote
an interspin charge transfer, eventually equalizing the charge
population between 3d" and 34V states. The driving force for
this charge transfer was discussed to be the enhancement of
the crystal-field splitting between the e, and the f,, bands,
enabling the former to form chemical bonds between the NNN
Ni ions at the expense of partial depopulations of the latter.
These findings shed light on the behavior of complex orbital
manifolds subject to strong crystal fields and Coulombic in-
teractions.
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