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Using synchrotron x-ray diffraction, we show that the long-accepted monoclinic structure of the “collapsed”
high-pressure phases reported in seven lanthanide elements [Nd, Tb, Gd, Dy, Ho, Er, and (probably) Tm] is
incorrect. In Tb, Gd, Dy, Ho, Er, and Tm we show that the collapsed phases have a 16-atom orthorhombic
structure (oF16) not previously seen in the elements, whereas in Nd we show that it has an eight-atom
orthorhombic structure (oF8) previously reported in several actinide elements. oF16 and oF8 are members of
a new family of layered elemental structures, the discovery of which reveals that the high-pressure structural
systematics of the lanthanides, actinides, and group-III elements (Sc and Y) are much more related than
previously imagined. Electronic structure calculations of Tb, combined with quantum many-body corrections,
confirm the experimental observation, and calculate that the collapsed orthorhombic phase is a ferromagnet,
nearly degenerate with an antiferromagnetic state between 60 and 80 GPa. We find that the magnetic properties of
Tb survive to the highest pressures obtained in our experiments (110 GPa). Further calculations of the collapsed
phases of Gd and Dy, again using the correct crystal structure, show the former to be a type-A antiferromagnet,
whereas the latter is ferromagnetic.

DOI: 10.1103/PhysRevB.100.024107

I. INTRODUCTION

The lanthanide (Ce to Lu) and actinide (Th to Lr) series
of metals are characterized by the monotonic increase in
the number of their 4 f and 5 f electrons, respectively. As
electron interactions can be readily modified by changing
interatomic distances, studies of the lanthanide and actinide
elements under compression have been critical in developing
an understanding of f -electron behavior at high densities
[1–6]. The f electrons in both series of elements are usu-
ally classified as being either localized and characterized by
tightly bound shells or narrow bands of highly correlated
electrons near the Fermi level or itinerant and able to par-
ticipate in the metallic bonding [5]. In the predominantly
trivalent lanthanides (La to Lu, excluding Ce, Eu and Yb),
the 4 f electrons are localized at ambient conditions, and, on
compression, an increase in d-band occupancy resulting from
s-d electron transfer gives rise to a common phase-transition
sequence between structures comprising different stackings of
close-packed layers: hcp- (space-group P63/mmc and hP2 in
Pearson notation) → Sm-type (R3̄m and hR3) → double-hcp
(P63/mmc and hP4) → fcc- (Fm3̄m and cF4) → distorted-
fcc (R3̄m and hR24) (Refs. [5,6], and references therein).
Although there are no measurable volume changes between
any of these different phases, neither do any of them have
group-subgroup relationships. Indeed, Porsch and Holzapfel
studied the symmetry changes at the cF4 → hR24 transition
in detail and showed that it must be first order [7].

When compressed further, the hR24 phases transform to
lower-symmetry “collapsed” phases, often via a sudden de-
crease in atomic volume (Ref. [6], and references therein).
Similar behavior is observed in the trans-Pu “heavy” actinide
elements (Am [8], Cm [9], and Cf [10]) on compression,
each of which transforms via volume discontinuities to com-
plex structural forms seen in the lighter actinides (Th-Pu).
Volume discontinuities and the appearance of low-symmetry
structures are commonly associated with the pressure-induced
delocalization of the 4 f /5 f electrons and their subsequent
participation in bonding. However, recent x-ray spectroscopy
measurements on Tb to extreme pressure reveal that neither a
valence change nor 4 f delocalization occur at the volume col-
lapse pressure of 53 GPa [11]. Rather, the collapsed phases of
both Tb and neighboring Dy exhibit anomalously high mag-
netic ordering temperatures suggestive of an unconventional
magnetic state [12,13]. Understanding the mechanism(s) re-
sponsible for these high-ordering temperatures might enable
their reproduction in a suitable compound at ambient pres-
sure, leading to the synthesis of superior permanent magnet
materials.

The collapsed phases in the regular lanthanides are most
commonly reported to have a four-atom monoclinic structure
with space-group C2/m (mC4 in the Pearson notation) first
observed in Ce 40 years ago [16]. Since then, the collapsed
phases of Nd, Sm, Gd, Tb, Dy, Ho, Er, and Tm have all
been reported to have the same mC4 structure (Ref. [6], and
references therein) such that it is now the key structure in the
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FIG. 1. The different phases reported in the lanthanide elements
up to 210 GPa at ambient temperature. Transition pressures are taken
from Refs. [6,14,15] and references therein. The collapsed mC4 and
hP3 phases are highlighted in full and pale yellow, respectively,
and are labeled. Of the low-symmetry phases, only the oC4 and t I2
phases are also seen in the actinides.

lanthanide elements at high densities (see Fig. 1). In Nd and
Sm, the mC4 phase is obtained via an intermediate rhombohe-
dral hP3 phase (space-group P3121, but see later) seen only
in these two elements [17,18] and Yb [19]. And in Ce, Pr,
and Nd, a collapsed phase with the orthorhombic structure
found in uranium at ambient conditions (space-group Cmcm
and Pearson notation oC4) is also found [20–22]; somewhat
surprisingly, this and the tetragonal t I2 phase seen in Ce and
Th [23,24] are the only noncubic crystal structures that the
lanthanides and actinides have in common on compression.

There is, thus, a consensus, constructed over decades, as to
the structural behavior of the lanthanides on compression as
illustrated in Fig. 1 and the phases which are common to both
lanthanides and actinides. However, although the similarity of
many of the published diffraction patterns from the collapsed
phases of the lanthanides suggests they do share a common
structure, the widely reported mC4 monoclinic structure pro-
vides an inadequate fit to many, if not all of them—as detailed
in the Supplemental Material [25].

Using high-quality synchrotron x-ray-diffraction data, we
have determined the correct structure of the collapsed phase
of Tb as orthorhombic with space-group Fddd and 16 atoms
per unit cell (oF16). Furthermore, we show that the same
oF16 structure better fits the published diffraction data from
the collapsed phases of Dy, Ho, Er, and Tm as well as data
we have collected from the collapsed phase of Gd. The oF16
structure comprises a stacking of eight quasi-close-packed
layers and is isosymmetric with the structures found previ-
ously in Pu, Cf, Am, and Cm—although with a four-layer
stacking sequence in those cases (oF8). We show that the hP3
structures of Nd, Sm, and Yb comprise a similar three-layer
stacking sequence of the same quasi-close-packed layers, and
hence that the hP3, oF8, and oF16 structures form a new
family of layered elemental crystal structures, differing only
in the stacking sequence of their atomic layers.

The correct determination of the structures of the collapsed
phases of Nd, Gd, Tb, Dy, Ho, Er, and Tm greatly strength-

ens the structural systematics within the lanthanide series,
whereas also revealing very much stronger structural links
with the actinide elements. Electronic structure calculations
using the correct structure for the collapsed phases of Tb,
Dy, and Gd provide new insight into the behavior of the
4 f electrons at high density and provide an explanation for
the unusual magnetism seen in the collapsed phases of these
elements.

II. EXPERIMENT

We focused our experimental study on the collapsed phase
of Tb, which is obtained at a lower pressure (∼50 GPa) than
in other lanthanides [26] thereby enabling the highest-quality
diffraction data to be collected and which is reported to have
an unusual magnetic state [12]. We conducted experiments on
two separate Tb samples, reaching a maximum pressure of
110 GPa at 300 K. High-purity distilled samples were loaded
into two diamond-anvil cells in a dry argon atmosphere (<
1 ppm O2 and <1 ppm H2O) to prevent oxidation. The first
sample was loaded without a pressure medium but with a
small piece of Ta foil as a pressure calibrant. The second sam-
ple was loaded in a He pressure medium without any pressure
calibrant. Diffraction data were collected on the high-pressure
ID09 beamline at the European Synchrotron Radiation Facil-
ity (ESRF) in Grenoble, (samples 1 and 2) and on the high-
pressure I15 beamline at the Diamond Light Source (DLS)
in the United Kingdom (sample 1). Monochromatic x-ray
beams of wavelength λ = 0.411 77 Å (ESRF) and 0.424 54 Å
(DLS), focused down to a FWHM of 10 μm (ESRF) and
20 μm (DLS) were used, and the powder-diffraction data
were recorded on MAR345 (DLS) and Mar555 (ESRF) area
detectors, placed ∼350 mm from the sample. The sample
pressure in sample 1 was derived from the published Ta
equation of state [27], whereas the pressure in sample 2 was
determined from the Tb equation of state established using
sample 1. The data used to solve the structure were obtained
from sample 2. The two-dimensional (2D) diffraction images
were integrated using FIT2D [28], and the resulting one-
dimensional profiles were analyzed using Rietveld and Le
Bail fitting techniques [29] as well as least-squares fitting to
the positions of individual diffraction peaks.

III. EXPERIMENTAL RESULTS

On compression, the onset of the transition to the collapsed
phase was seen at 54(1) GPa, and single-phase diffraction pat-
terns from it was seen above 64 GPa. The diffraction pattern
from Tb at 64 GPa is shown in Fig. 2 with inset (a) showing
a Rietveld fit of the reported mC4 structure to the midangle
region of this profile. This structure completely fails to fit the
pattern above 2θ = 16◦ (see Fig. S1 for the mC4 fit to the
full profile in the Supplemental Material [25]). In particular,
there is a clear doublet at 2θ = 18◦, the higher-angle peak of
which cannot be unaccounted for by the mC4 structure. The
same doublet is evident in the published diffraction patterns
from the collapsed phases of Dy, Ho, Er, and probably Tm
(as detailed in the Supplemental Material [25]), whereas the
diffraction data we have collected from the collapsed phase of
Gd also exhibit the same doublet (Fig. S2 of the Supplemental
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FIG. 2. Rietveld refinement of the oF16 structure to the Tb
diffraction data at 64 GPa, showing the observed (crosses) and cal-
culated (line) diffraction patterns, the calculated reflection positions
(vertical lines), principal Miller indices, and difference profile (lower
line). Space-group Fddd , Tb on 16e (x, 0, 0) sites with x = 3/16
(fixed), a = 17.950(2), b = 4.933(1), c = 2.899(1) Å. The insets
show Rietveld fits to the midangle region of the profile using (a) the
oC4 structure and (b) the oF16 structures. The fit in (a) is clearly very
poor, and among other misfits, the mC4 structure cannot account for
the clear doublet at 18◦. The fit provided by the oF16 structure is
much better, and the doublet arises from the (531) and (602) peaks.

Material [25]). The presence of this doublet shows that none
of the collapsed phases of Gd to Tm have the long-reported
mC4 structure.

Ab initio indexing of the Tb data obtained at 64 GPa
showed that all of the peaks could be accounted for by an or-
thorhombic unit cell with a = 17.950(2), b = 4.933(1), c =
2.899(1) Å. The same cell fitted data collected to 110 GPa.
The observed peaks and density uniquely identified the space
group as Fddd with 16 atoms/cell. Placing the atoms on
the 16e site at (x, 0, 0) gave an excellent fit with x refining
freely to 0.1874(4). The resulting structure comprises eight
layers of quasi-close-packed atoms stacked along the a axis.
If x = 3/16 = 0.1875, then these layers are evenly spaced
at x = 1/16, 3/16, etc., and the intensity of the low-angle
(400) peak at ∼5◦ (see Fig. 2) is exactly zero. Lengthy
x-ray exposures revealed no evidence of the (400) peak at
any pressure, and so we have fixed x = 3/16. The final
Rietveld refinement with the oF16 structure is shown in
Fig. 2.

This oF16 unit cell is closely related to that of the previ-
ously reported mC4 cell, which is pseudo-orthorhombic [25]
and fits all observed peaks, including the problematic dou-
blet with high precision [see inset (b) in Fig. 2]. The oF16
structure also fits our own data from the collapsed phase of
Gd [25], and it explains the doublets visible in the reported
diffraction patterns from Gd, Ho, Er, and (probably) Tm [25].
The collapsed phases of Gd-Tm, therefore, all have the oF16
structures.
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FIG. 3. The oF16 structure of Tb at 64 GPa, the oF8 structure
of Pu at ambient pressure, and the hP3 structure of Sm at 47 GPa,
all shown on the same scale. The structures each comprise stackings
of quasi-close-packed hexagonal planes but with different stacking
sequences. In all three structures, the atoms within each layer are
stacked over the saddle point of two atoms in the preceding layer,
resulting in tenfold coordination. This differs from the stacking of
the layers of hcp and fcc, etc., where the atoms are stacked over
the midpoint of three atoms in the previous layer and the resulting
coordination is 12-fold.

The oF16 structure of Tb comprises eight quasi-close-
packed layers (b/c ∼ √

(2.9) ∼ √
3) stacked along the a axis

[see Fig. 3(a)]. Rather than the stacking seen in fcc, hcp,
dhcp, etc., where atoms in the close-packed layers are located
above the midpoint among three atoms in the previous layer,
in the oF16 structure, the atoms are located above the saddle
point between two atoms in the previous layer. This results
in tenfold (6 + 2 + 2) coordination, and the possibility of
each layer to choose among three different positions relative
to the previous layer. As a result, the oF16 structure of Tb has
an eight-layer ABCADCBD repeat. Exactly the same type of
layer stacking is seen in the isosymmetric oF8 structure of
Pu (which is also seen in Am, Cm, and Cf on compression
[8–10]), although this structure has only a four-layer ABCD
repeat [Fig. 3(b)].

It is possible to predict other members of the same struc-
tural family, such as structures having three-layer (ABC) or
six-layer (ABCADC) stacking sequences. Analysis of the
hP3 structure reported in Nd, Sm, and Yb shows that this
is the three-layer ABC structure [Fig. 3(c)] [30]. We note
that the hP3 phase of Nd has recently been reported to exhibit
the same rapid increase in magnetic ordering temperature
seen in the oF16 phases of Tb and Dy [31], whereas the
ordering temperature in hP3-Sm is relatively unchanged with
pressure [32].

Furthermore, the monoclinic phase of Cm-III (space-group
C2/c), which is stabilized by spin polarization of its 5 f elec-
trons, has a very similar structural motif to hP3 [9], whereas
the structure of Sc found above 240 GPa is only slightly
distorted from hP3 [33]. The collapsed phases of the regular
trivalent lanthanides, divalent Yb, Pu at ambient pressure and
high temperature, Am, Cm, and Cf on compression, and Sc at
extreme pressures are, thus, all members of this new family of
elemental structures. The six-layer ABCADC structure, and
other possible members, remain to be identified.

024107-3



M. I. MCMAHON et al. PHYSICAL REVIEW B 100, 024107 (2019)

The oF16 structure has not been reported previously in the
elements, but was predicted to be a high-pressure form of Y,
with the oF16 and hP3 phases being energetically favorable
at pressures over 97 GPa [34]. Although the similarity in the
enthalpies of these two structures is perhaps not surprising
given the structural similarities revealed here, the same calcu-
lations showed that the oF8 form of Y would have a somewhat
higher enthalpy and was unlikely to be observed. We note that
the experimentally determined structure of collapsed Y above
100 GPa is the same mC4 structure of collapsed Tb, etc. [35].
New data are required to determine whether this phase too has
the oF16 structure, which would further strengthen the struc-
tural systematics of Y and Sc with those of the lanthanides
and actinides.

Finally, we address the structures of the collapsed mC4
phases of Nd and Sm which are obtained via a transition from
the lower-pressure hP3 phase (Fig. 1). The diffraction patterns
of mC4-Nd [36] and mC4-Sm [37] are both very different
from each other and from those reported in the higher-Z
lanthanides. The lattice parameters of mC4-Nd and mC4-Sm
are also very different (β = 118.6◦ in Nd at 89 GPa [36], and
β = 112.8◦ in Sm at 109 GPa [37]). However, the published
diffraction pattern from mC4-Nd is strikingly similar to that
reported for oF8-Am [8], and there is a clear relationship
between the mC4 and the oF8 unit cells [25]. As a result, Nd at
89 GPa can be fitted with the oF8 structure of γ -Pu with a =
2.7160(1), b = 4.8473(2), and c = 8.8618(2) Å [25]. The
P6222 and Fddd space groups of hPd-Nd and oF8-Nd are not
group-subgroup related, but the previous determination of the
equation of state of Nd to 155 GPa [22] revealed that there is
no volume discontinuity at the hP3 → oF8 transition, a result
which, due to the close similarities of the lattices of the mC4
and oF8 structures [25], is unaffected by whether the higher-
pressure phase is indexed as orthorhombic or monoclinic.

This first observation of the oF8 structure in a lanthanide
element further strengthens the structural similarities of the
lanthanide and actinide series and reveals that the three-,
four-, and eight-layer structure types are all observed in
the lanthanide elements. Further studies will be required to
determine the true structure of the post-hP3 phase of Sm,
which has recently been shown to exhibit the rapid increase
in magnetic ordering temperature seen in the oF16 phases of
Tb and Dy [32].

IV. ELECTRONIC STRUCTURE CALCULATIONS

The calculations of Chen et al. on Y showed that the shift
of the d-electron energy levels and s-to-d electron transfer
gave rise to the stability of the oF16 and hP3 structures.
As Y has no f electrons, their role in stabilizing the oF16
structure in the lanthanides was undetermined. To address this,
we have performed extensive density-functional theory (DFT)
and dynamical mean-field theory (DMFT) calculations of the
oF16 phases of Tb, Gd, and Dy.

Structural optimization of bulk Tb in the mC4 and oF16
phases was accomplished by using spin-polarized DFT cal-
culations with the help of the VASP [38] package using
the Perdew-Burke-Ernzerhof functional [39]. The many-body
properties of the mC4 and oF16 phases were further inves-
tigated by using a recent implementation of DFT + DMFT

FIG. 4. The enthalpy difference per Tb atom as a function of
pressure as predicted by magnetic DFT. The calculations were per-
formed at 0 K.

in the CASTEP code [40–42]. The k-point sampling was per-
formed using a Monkhorst-Pack mesh of 8 × 8 × 8 for the
oF16 and 10 × 10 × 6 for the mC4 structures, respectively,
and a Gaussian smearing of 0.1 eV. Convergence in DFT
over the k points was achieved within 1 meV per atom, and
the energy cutoff was 800 eV. Scalar relativistic spin-orbit
coupling was taken into account within the Koelling-Harmon
approximation [43].

In the DMFT, we used the Hubbard I solver, valid for f
elements. In this paper, we focused on the DMFT approach
within the framework of fixed Kohn-Sham potentials, the
so-called “one-shot” DFT + DMFT method. This has been
shown to predict the equilibrium volume and bulk modulus for
f materials that are in excellent agreement with experimental
data [40]. We use typical values for the Coulomb repulsion
(U = 6 eV) and Hund’s coupling (J = 1 eV). Throughout
this paper, we performed DFT + DMFT calculations with
fixed charge and used the fully localized limit type of double-
counting corrections.

Zero-temperature DFT calculations for Tb confirmed that
the oF16 phase is stable with respect to mC4 above 60 GPa
(see Fig. 4), and the predicted atomic volume of the oF16
phase is in good agreement with the room-temperature experi-
mental data. Calculations of the phonon spectrum of oF16-Tb
at 80 GPa (see Fig. S6 of the Supplemental Material [25])
structure verified its stability (no soft phonons). We see no
evidence of the mC4 phase at any pressure in our (room-
temperature) diffraction studies. The ground states of both the
mC4 and the oF16 phases are calculated to be ferromagnetic,
but in the oF16 phase between 60 and 80 GPa, the energy
difference between the ferromagnetic and antiferromagnetic
(AF) state is on the order of room temperature, suggesting that
competition between these different magnetic states might
occur in this pressure range. This may account for the highly
nonmonotonic behavior of the magnetic ordering temperature
observed in Tb near 70 GPa by Lim et al. [44]. Remark-
ably, the AF phase in Tb is stabilized via a gain of internal
electronic energy but at the cost of a lattice expansion. This
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rules out the possibility for AF order at higher pressures.
In Gd, however (see the discussion below), the AF order is
concomitant with a reduction of the volume and, hence, is
naturally stabilized at higher pressures.

We emphasize that the remarkable agreement between
theory and experiments can only be achieved within spin-
polarized DFT which accounts for the strong magnetic mo-
ments due to f electrons: The simpler nonmagnetic DFT
approach does not provide a reasonable equation of state,
confirming the importance of magnetism for the structural
properties above 60 GPa. Indeed, the volume obtained at
60 GPa in nonmagnetic calculations is 14% lower than the
experimental value, whereas magnetic calculations calculate
the atomic volume to within 1.5% of the experimental value.

Although the magnetism in Tb is not stable at room tem-
perature, at which our experiments have been carried out, a
local fluctuating magnetic moment due to f states is expected
to persist in the paramagnetic state at 300 K. It is, therefore,
important to properly describe the dynamical fluctuations of
local magnetic moments within the theoretical framework,
which is not achievable within DFT calculations and requires
extensions.

For this, we carried out DFT + DMFT calculations at room
temperature. Figure 5 shows the calculated spectral weight
in the paramagnetic DFT + DMFT solution. Although the
DMFT approximation does not have long-range magnetic or-
der, it describes the fluctuations of the local magnetic moment
of the Tb atoms. Note that, in DMFT, we observe sharp
resonances corresponding to the splitting of the f states into
magnetic multiplets [see Fig. 5(a)] with the majority spin
states at −5 eV and the minority spin states at +7 eV.

Additionally, we also obtain a sharp peak at the Fermi level
[at ω = 0, see Fig. 5(a)]. This narrow feature is absent at
simpler levels of approximations (such as DFT), and, although
it does not impact on averaged quantities, such as forces or
magnetism, it sheds light on possible emerging excitations,
important for thermomechanical constants and specific-heat
coefficients.

The picture of the collapsed phase of Tb that emerges from
our calculations is that of a lattice of unscreened weakly cou-
pled local moments embedded in a delocalized d-conduction
band with a large bandwidth. As discussed in the DFT context,
the unscreened moments are key for the correct description of
the structure at high pressure. On compression (see Fig. S5
in the Supplemental Material [25]), we observe only minor
changes in the overall spectral weight, and the magnetic
moment remains a sextet S = 5

2 at all pressures studied.
Our finding that the collapsed phases of Dy and Gd also

have the oF16 structures prompted us to expand our DFT
calculations to these two elements, which are reported to
exhibit different magnetic behaviors under pressure [44]. At
90 GPa and 0 K, our calculations confirm the oF16 phase is
energetically favorable compared to the mC4 phase in both Dy
and Gd—although, in Gd, the mC4 phase is calculated to be
more stable below 90 GPa. Our room-temperature diffraction
studies of Gd see no evidence of the mC4 phase at any
pressure.

At 90 GPa and 0 K, oF16-Gd is calculated to be a type-
A antiferromagnet, whereas oF16-Dy is calculated to be a
ferromagnet. This contrasts with the results for Tb which

FIG. 5. DMFT spectral weight ρ(ω) obtained at room tempera-
ture and 80 GPa for the oF16 phases (a) Tb, (b) Gd, and (c) Dy. The
sums of the s, p, and d orbitals are shown in red, and the sums of the
f orbitals are shown in blue.

identify it as a Kondo ferromagnet, nearly degenerate with an
antiferromagnetic state between 60 and 80 GPa. Our calcula-
tions show that the magnetic order in Dy is much more robust
than in Tb and Gd, in agreement with the higher magnetic
ordering temperature observed by Lim et al. [44]. Indeed,
the enthalpy difference in Dy between the ferromagnetic and
antiferromagnetic states is 0.14 eV/atom, whereas in Tb and
Gd it is ≈|0.06| eV/atom at 110 GPa.
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For all three elements, the spin magnetic moment of the
f shell persists at room temperature at 80 GPa—S = 3μB in
Gd, S = 2.5μB in Tb, and S = 2μB in Dy, although the long-
range magnetic order is lost. These magnetic moments are
approximately 0.5μB smaller as compared to the respective
free ions due to the transfer of approximately one electron
from the f shell to the d shell as a consequence of applied
pressure. However, the different magnetic behaviors of the
materials can be inferred by their different paramagnetic
properties. In particular, as antiferromagnetism is stablized by
Ruderman-Kittel-Kasuya-Yosida processes [45,46] mediated
by conduction electrons, the hybridization between f and d
states is key to obtaining antiferromagnetic order. Our calcu-
lations reveal that the f and d states are indeed hybridized
in Gd [see Fig. 5(b)], whereas such hybridization is absent in
Dy [see Fig. 5(c)]. Indeed, in Dy, the f states are below the
Fermi level (between −7 and −3 eV) and are very weakly
hybridized to the d states as the weight of these states is weak
in this energy window [see the red curve in Fig. 5(c) between
−7 and −3 eV).

V. CONCLUSIONS

The assignment of the oF16 structure to the collapsed
phases of Tb, Gd, Dy, Ho, Er, and Tm rewrites the long-
established structural systematics of the lanthanide elements,
whereas the oF16 structure’s close similarity to the isosym-
metric oF8 structure seen in Pu, Am, Cf, and Cm reveals
a previously unrecognized relationship between the high-
pressure phases of the lanthanide and actinides series. This
is reinforced further by the discovery that the highest-pressure
phase of Nd also has the same oF8 structure and that the oF16
and oF8 structures and the hP3 structure found in Nd, Sm,
and Yb, are all members of a new family of elemental crystal
structures. Further members of this family are predicted and
remain to be discovered.

State-of-the-art quantum many-body calculations using the
correct structure for the collapsed phase provide new insights
into the physics of f elements at high pressure and, in partic-
ular, highlight that Kondo-type physics, and more generally
magnetism, can be sustained at extreme pressure, a ques-
tion that has long eluded scientists of the field as emergent
quantum phenomena, such as the Kondo effect, are associated
with exponentially low-energy scales. The joint experimental
and theoretical approach confirms that magnetism of the 4 f
electrons is correctly accounted for, and a classification of
typical lanthanides has been obtained in terms of ferromag-
netism, antiferromagnetism, and Kondo behaviour for Dy,
Gd, and Tb, respectively. The interplay between structural
properties and electronic properties accounts for the stability
of antiferromagnetism in Gd, absent in Tb.

Note added in Proof. New diffraction data from the col-
lapsed phases of Sm at 175 GPa and Y at 125 GPa suggest
that they have the oF8 and oF16 structures, respectively [54].
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