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Role of pressure-induced stacking faults on the magnetic properties of gadolinium
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Experimental data show that under pressure, Gd goes through a series of structural transitions hcp — Sm-type
(close-packed rhombohedral) — dhcp that is accompanied by a gradual decrease of the Curie temperature and
magnetization till the collapse of a finite magnetization close to the dhcp structure. We explore theoretically the

pressure-induced changes of the magnetic properties, by describing these structural transitions as the formation
of fce stacking faults. Using this approach, we are able to describe correctly the variation of the Curie temperature
with pressure, in contrast to a static structural model using the hcp structure.
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I. INTRODUCTION

Being the elemental metal with the highest known atomic
spin moment at low temperature, Gd seized early the atten-
tion of the magnetism community, and its properties are very
well documented [1,2]. Several studies of its magnetic, struc-
tural, and spectroscopic properties have been reported, from
experiments and theory. Within the existing literature on first-
principles calculations for Gd, it is possible to find different
treatments of the f states and their respective impact on the
electronic band structure [3,4]. In conjunction with other stud-
ies on magnetic properties such as magnetic moment [5,6],
the exchange parameters [3,4], magnetic anisotropy [7], and
magnetic entropy [8], they have proven to be critical for the
description of the fundamental magnetic phenomena and es-
tablish a solid background on the capabilities and limitations
of ab initio methods in studying Gd.

Recently, there has been a discussion of the magnetic
properties of Gd under pressure [9—-12]. Experiments report
a gradual decrease in the magnetization and the Curie tem-
perature till around 6 GPa, where the magnetization collapses
[10,11,13-17], attributing generally such collapse to a shift in
the magnetic ordering from ferromagnetic (FM) to antiferro-
magnetic (AFM).

Accompanying the changes in the magnetic properties in
Gd under pressure, there are also changes in the crystal struc-
ture. At around 2 GPa the structure is reported to go from
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hexagonal close packed (hcp) to a Sm-type structure (9R) and
then at 6.5 GPa, close to where the magnetization collapses,
there is a structural transformation to a double-hexagonal-
close-packed structure (dhcp). The coupling between the mag-
netic and structural properties has not been investigated in de-
tail, which is the motivation behind the present investigation.

In this work, we show that pure volumetric effects alone do
not explain the pressure-induced variations of the magnetic
properties. This is in agreement with a previous theoretical
study [9], which found a strong coupling between the stability
of the high-pressure structures and the magnetic properties.
This work implied that structural changes along the transfor-
mation path hcp — Sm-type (9R) — dhcp strongly impact
the magnetic properties. In this work, we elucidate this finding
by means of ab initio electronic structure theory, coupled with
atomistic spin simulations.

The dhep, hep, and 9R structures are hexagonal stacked
structures that result from a repeating pattern of A, B, and C
stacked hexagonal layers with slightly different arrangements
of atoms. Depending on the arrangement of these layers, either
fcc or hep environments are formed. For example, the hcp
structure (ABAB stacking) contains only sites with hcp en-
vironments, while the 9R structure (ABABCBCAC stacking)
comprises six sites with a hcp environment and three sites with
a fcc environment [see Fig. 1(a)]. In the dhcp structure (ABAC
stacking), there exist two sites with a hcp environment and two
others with a fcc environment.

Since these structures differ primarily in the ratio of
hcp-fcc  environments, one can describe the observed,
pressure-induced transformation from hcp to Sm-type to
the dhcp structure as the formation/accumulation of fcc
stacking fault structures [18]. This picture is compatible with
experiment [19]; e.g., the equation of state does not exhibit
any drastic variation of the volume or elastic properties at
the transition pressures, indicating their second-order nature.
Moreover, this perspective can be considered a valuable

Published by the American Physical Society
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FIG. 1. (a) Schematic picture of hcp (blue) and fcc (red) en-
vironments in the Gd structures considered. Structures generated
with VESTA [36]. (b) Diagram of different magnetic configurations
considered in the Sm-type (top) and dhcp structures. In the Sm-type,
the frustrated configuration refers to the experimental magnetic order
[10], which we analyze using the CPA-DLM method.

addition to the existing explanation of coexisting phases
expanding or contracting under pressure, as it offers insight
into the interface between these phases. The formation and
accumulation of periodic stacking fault structures with an
fcc arrangement possess a subtle signature structure, making
it challenging to differentiate them from systems exhibiting
coexisting phases, as detailed in Appendix A.

The appeal of this description of formation/accumulation
of stacking faults lies in its ability to allow for a simplified
model of the structural changes and reformulates the problem

in terms of a relationship between the magnetic properties of
Gd and the presence of fcc stacking faults. In the following,
we explore this possibility to explain the observed pressure
dependence of the magnetization and Curie temperature.

II. MATERIALS AND METHODS

A. Computational details

Density functional theory (DFT) calculations of the mag-
netic and electronic structure were made using the RSPt
code [20], a full-potential linear muffin-tin orbital (FP-
LMTO) method. Calculations are performed within the local
spin density approximation (LSDA) [21] and the f elec-
trons are treated as spin-polarized core states (open-core
approximation). This setup has been shown to avoid artificial
hybridization of f states with d electrons seen in simple DFT
calculations of hcp Gd [3]. Moreover, in Ref. [9], it was
observed that the treatment of f electrons does not play a
role in structural stability, so we found it reasonable to use
the same setup for the Sm-type and the dhcp structures. In
Appendix B we briefly discuss results from DFT combined
with dynamical mean field theory (DMFT) calculations within
the Hubbard-I approximation, which support this choice. The
package CIF2Cell was used in the preparation of the DFT
input files [22].

To compare the energies of various magnetic config-
urations, including those with magnetic disorder in fcc
sites, additional calculations were performed using the KKR
method [23,24] as implemented in the SPR-KKR method
[25]. The magnetic disorder was modeled using the disordered
local moment (DLM) approach and treated using the coherent
potential approximation (CPA) [26,27]. For this set of calcu-
lations, f states were treated within the LSDA+U correction
in the rotationally invariant formulation [28] with U = 6.7 eV
and J = 0.7 eV [4].

Using the RSPt software we calculated the Heisenberg
exchange couplings, J;;, within the LKAG formalism [29,30]
including spd orbitals, which we used as input for Monte
Carlo (MC) simulations performed within the UppASD code
[31,32] in order to capture the temperature effects of the
magnetic properties. In the MC simulations, we made use of
the conventional atomistic Heisenberg Hamiltonian:

H:—%ZJijei-ej—ZH.mi, (1)
i#j i

which describes the pair exchange interactions between mag-
netic moments (m) pointing along unit vectors (e), and the
interaction of the magnetic moments with an external mag-
netic field (H). We considered the total site magnetic moment,
including spdf orbitals. The MC simulations were performed
for the hep as described in Ref. [8], while for the dhcp and Sm-
type phases, we considered a simulation box with a minimum
of approximately =~ 83 000 sites and 75 000 MC steps with
the Metropolis algorithm.

B. Model structures

Whereas the hcp phase of Gd is known to have a ferro-
magnetic (FM) ordering, the Sm-type and dhcp phases have
been suggested to be antiferromagnetically (AFM) ordered
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TABLE I. Summary of the structural and magnetic properties
from the DFT (FP-LMTO) calculations at ambient conditions. In hcp
two different AFM patterns were considered: the 1-layer 1] 1| and
the 2-layer 11 | patterns. A similar pattern was considered for the
Sm-type and dhcp structures, as shown in Fig. 1.

a (msite) AE‘O
Phase A c/a (up) (mRy/atom)
hep
FM 3.642 [8] 1.60 7.59 0
AFM (1-layer) 7.44 3.57
AFM (2-layer) 7.53 2.31
Sm-type
AFM (1-layer) 3.618 [34] 14.43 7.41 1.38
AFM (2-layer) 7.49 0
FiM 7.49 0.01
FM 7.53 0.31
dhcp
FM 3402 [35] 3.25 7.41 0.25
AFM (1-layer) 7.37 0.65
AFM (2-layer) 7.41 0
AFM (frustrated I) 7.37 0.65
AFM (frustrated II) 7.41 0.11

between pairs of the hexagonal planes (A-type AFM) [9,10].
Hence, we compared the ground-state energies and magnetic
properties of the FM/AFM configurations for the structures
under pressure.

The AFM configuration is incommensurate with the Sm-
type structure, becoming nontrivial in how the moments in
fcc-environment sites are aligned. They either become mag-
netically frustrated [9,10] or one has to consider a magnetic
unit cell that is twice the structural unit cell, to achieve a lattice
that has a proper periodicity of the structure and magnetic
properties.

Neutron diffraction data suggest that in the Sm-type struc-
ture, the hep layers form an AFM pattern with two parallel
aligned layers (AFM 2-layer), 11 o ||, intercalated by the
fcc layers (o) with frustrated magnetism [10]. With this
configuration in mind, we explored the stability of possible
AFM arrangements [see Fig. 1(b)] in the DFT calculations.
Additionally, we included a ferrimagnetic-like (FiM) config-
uration, where magnetic moments at the fcc sites have all the
same orientation and can be seen as an AFM state with a mag-
netic defect (caused by the magnetic frustration). While not
entirely conclusive, the neutron diffraction data in Ref. [10]
hint at a peak of magnetic origin that can be associated with
the (0, 0, 15/2) plane. Within the dhcp structure, the magnetic
propagation vector associated with this peak fits the patterns
[33] presented in Fig. 1(b). In the DFT calculations for the
dhep structure, we modeled these configurations, resolving
the magnetic ordering in the frustrated sites antiparallel be-
tween them. In this way, we fit the total magnetic moment to
zero, in agreement with the experimental observations.

The lattice parameters of the structures considered and
magnetic moments resulting from the FP-LMTO calculations
at ambient conditions are summarized in Table I. As in other

calculations [9], we observe only a tiny variation in the local
magnetic moments when different magnetic and structural
arrangements are considered. In the case of the Sm-type
structure, we observe in Table I that the AFM (2-layer) state
with a doubled structural unit cell has the lowest energy of
all arrangements considered in FP-LMTO calculations. This
AFM pattern on the hcp layers is consistent with previous
findings [10]. However, the very similar energy of the FiM
state shows that low-lying, possibly noncollective magnetic
excitations are possible for this polymorph. In the KKR-CPA
calculation, the ground state is found to be FM instead, but
we observe similar energies for the AFM 2-layer (AE, =
1.53 mRy/atom) and FiM states (AEp = 1.59 mRy/atom).
We associate the disagreement in the ground state between
codes as a result of different approximations and technicalities
involved in both methods and accept the FP-LMTO results
as a reference due to the general better description obtained
in full-potential methods. More importantly, we observe that
magnetic frustration in the fcc sites (with DLM moments)
is not energetically favorable for either FM or AFM con-
figurations. We focus on this last result, as the similarity
between the configurations allows for a better comparison of
the energies calculated in the KKR-CPA method. This result,
combined with the exchange parameters presented ahead, sug-
gests that the magnetic frustration predicted experimentally
[10] does not manifest with the frustrated layers adopting a
paramagnetic configuration. Instead, our results suggest that a
frustrated layer retains its magnetic order within the layer, but
does not align in a periodic pattern along the stacks.

In the case of the dhcp structure, we observe the double-
layer AFM configuration to be the ground state, similar to
the Sm-type structure. The small energy differences between
various magnetic configurations hint at a complex magnetic
arrangement, with local magnetic excitations.

III. RESULTS AND DISCUSSION

A. Exchange parameters

The exchange parameters (J;;) of the three investigated
structures (hcp, Sm-type, dhcp) obtained for the respective
magnetic DFT ground-state configuration are given in Fig. 2.
These values serve as input for the subsequent Monte Carlo
simulations. The J;; values show similarities between phases,
with the most significant disparity being the presence of strong
long-range AFM couplings in the region 1.7 < d/a < 2.0 for
the Sm-type and dhcp phases. Such couplings are likely re-
sponsible for de-stabilizing a pure FM order in these structures
under pressure. A similar increase in the strength of AFM
exchange is observed for elemental Nd when comparing the
dhcp phase against the hep structure [37], which was argued
to be responsible for the self-induced spin-glass state of this
system. In general, for the dhcp and Sm-type structure, we
observe that coupling between first neighbors that appears
between an fcc site and an hcp site is weaker than cou-
plings between atoms that both are at hcp sites. Furthermore,
we observe in all phases the oscillatory behavior of the J;;
that characterizes RKKY interactions. The frequency of these
oscillations is smaller in the dhcp phase compared to the
Sm-type and hcp phases [see Fig. 2(b)].
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FIG. 2. (a) Exchange parameters for Gd in the hcp (top), Sm-type
(middle), and dhcp (bottom) structures obtained from the respective
ground states according to DFT calculations (double-layer AFM for
both Sm-type and dhcp). (b) Equivalent to (a) with a prefactor (d/a)?
on the exchange parameters, to highlight the RKKY interaction. The
interaction between different types of sites in the stacking sequence
is given as hcp-hep, hep-fee, and fee-fee.

In Ref. [15] it is pointed out that the reduction of the
lattice parameter by pressure will lower the bottom of the
conduction band leading to a decrease in the density of states
at the Fermi level [D(er)]. Since the strength of RKKY
interactions is proportional to D(er) [15], this would lead
to the decrease of exchange interactions and hence to a
lower T¢. In our first-principles calculations for compressed
volumes of the hcp structure (see Table II), we do indeed
observe a reduction of the D(ep) that is accompanied by
a decrease of the 7¢ (e.g., as calculated from mean-field

TABLE II. Density of states at the Fermi level vs pressure
(volumetric variations only) in the hcp structure of Gd. The rela-
tion between pressure and lattice parameter was determined using
the Murnaghan equation of state in the calculations described in
Appendix C.

Pressure (GPa) D(er) (mRy/state/atom)

12.25
11.96
11.44
11.86
12.73

o N B~ O

theory; see blue circles in Fig. 3). However, as this fig-
ure shows, the pressure dependence of the theoretical values
is significantly less pronounced than in the experiment. Ad-
ditionally, for higher pressures, between 4 GPa and 6 GPa,
D(er) increases with the volume reductions, due to intricate
details of the electronic structure, while the respective cal-
culation for T¢ decreases. This implies that the variation of
the RKKY interactions solely by volumetric effects, within
the hcp phase, does not explain the observed experimental
trend for T¢.

An interesting aspect is that we observe a significant in-
crease in the strength of the first and second nearest neighbors’
exchange interactions (FM) between atoms in hcp-like en-
vironments for the Sm-type structure in comparison to the
hcp structure. This result seems counterintuitive since the
experimental trend for T with pressure (d7¢/dP < 0) would
suggest that the decrease of Ty is a consequence of the

e hcp (MFA) A
e  Sm-type (MFA)
—— MFA stacking fault model

hcp (MC)
Sm-type (MC)
M. Tokita et al. (2004)

>

o

hcp Sm-type

400

Teriticar (K)

0 2 4 6
Pressure (GPa)

FIG. 3. Critical temperature variation with pressure. Open circles
refer to experimental data extracted from Ref. [15], while filled cir-
cles are mean-field approximations of Tr- from the ab initio exchange
parameters. The triangles correspond to the critical temperature cal-
culated from the Monte Carlo simulations. A solid line is used for the
mixing model for hep and fec stacks to estimate 7¢ (for more details
we refer to the text).
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weakening of the ferromagnetic couplings. We observe that
instead, an increase in AFM couplings is responsible for the
decrease in the ordering temperature; see Fig. 2. Nevertheless,
this set of exchange parameters allows us to determine an
order-disorder transition temperature close to experimental
observations.

B. Monte Carlo simulations

Materials with comparable FM and AFM couplings tend to
develop more complex magnetic configurations, such as spin
spirals or spin glasses, in order to balance these competing
alignments [37]. For simplicity, we assume collinear config-
urations in the DFT calculation. However, the J;; parameters
calculated for these configurations should capture this com-
petition between FM-AFM couplings and can therefore be
used in MC simulations to get a more realistic picture of the
magnetic configuration. This analysis is particularly interest-
ing for the Sm-type and dhcp structures due to the significant
AFM couplings which resulted from these calculations; see
Fig. 2. To examine the relaxed magnetic configuration in
the MC simulations, we also determined the distribution of
magnetic moment components across the various sites within
the simulation box, as illustrated in the histograms presented
in Fig. 4.

Experimentally, a large magnetization is measured for
the Sm-type phase, comparable to the hcp phase [10,15,38]
(&~7.5up), which is not in agreement with the AFM ground
state given by the collinear DFT calculations, as reported in
Table I. A few scenarios can be proposed to explain these con-
trasting results. In systems with noncollinear ordering (e.g.,
magnetic canting), a finite magnetization can arise even in
the AFM configuration. However, in such cases, it is unlikely
that the magnetization would be as high as the one observed
experimentally.

A more likely scenario is that a FM configuration is sta-
bilized by the influence of an external magnetic field or
finite-temperature effects. Moreover, if the hcp and Sm-type
phases coexist, the hcp phase can stabilize a FM configuration
in the composite. In a simplified model, the magnetization of
the hcp phase can be seen as acting like an external magnetic
field on the Sm-type phase. For this reason, we considered
two possible setups in the Monte Carlo simulations. First,
we simulated a field-free relaxation, guided only by the ex-
change parameters corresponding to the pure Sm-type phase.
Afterward, we proceeded with a MC relaxation under a mag-
netic field of 2.75 T, which is the magnitude of the magnetic
field generated by the ordered moments in the hcp phase, to
describe the case of coexistence of hcp and Sm-type phases,
with the latter embedded in the former. Thus the interaction
between phases is modeled only by the magnetostatic field
induced by the hcp magnetization. Applying an external field
is also more realistic for comparison of the calculated magne-
tization to measurements later.

In the field-free simulation, no finite magnetization is ob-
tained in the Sm-type phase in the temperature range of 1 to
300 K; see Fig. 5. The spin distribution shown in Fig. 4(a)
appears to be roughly an AFM configuration with some degree
of disorder but with a clear general orientation of spins. In
contrast to that, the setup with applied external magnetic field

90°

Sm-type

Sm-type
(B=2.75T)
45° 315° 450
90°
135° 225° 135°
¢ 6
dhcp

0.0 1.26 251 3.77 503 6.28 7.54
plane-projected |m| (ug)

FIG. 4. Statistical distribution of spin directions (spherical coor-
dinates with azimuthal angle ¢ in the x-y plane and polar angle 9) for
different Gd systems simulated in classical Monte Carlo simulations
at T =1 K with UppASD. The bars are colored according to the
average magnetic moment (projected in the respective x-y or z plane)
of the spins aligned in the respective direction.

results in a configuration with a magnetization of roughly 1
wp per atom [Figs. 4(b) and 5]. The magnetic field breaks the
symmetry, giving rise to a finite induced magnetic moment,
while simultaneously increasing the spin disorder in the per-
pendicular plane; see Fig. 4(b). The calculated heat capacity
(see Appendix E) in the simulation range of 1 to 300 K reveals
that both sets of calculations have critical temperatures of
around 245 K. Both setups also share a smaller peak on the
heat capacity of around 100 K. This smaller peak suggests
that there is a new magnetic regime likely to be caused by
temperature fluctuations overcoming one (or a set of) signifi-
cant exchange couplings.

A further increase of the pressure leads to the collapse of a
magnetically ordered state with finite magnetization and then
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FIG. 5. Temperature-dependent magnetization curves simulated
with Monte Carlo in UppASD for different sets of J;; calculated for
different magnetic configurations of Gd in the Sm-type structure.

a transition to the dhcp phase. In this phase, we observed
that although the DFT energies for the dhcp phase predict
an AFM configuration, the MC simulations converge in a
FM configuration with the magnetic moment aligned in the
x-y plane, in disagreement with experiments. In some cases,
discrepancies between magnetic configurations obtained di-
rectly from DFT calculations and configurations obtained
from corresponding MC simulations for DFT-derived J;; cou-
pling constants suggest that DFT calculations may not have
converged to the ground state. Instead, the magnetic con-
figuration from the MC simulations should be considered
for the DFT computations, as it can minimize the energy.
However, in this case, we confirm that this is not the case,
as the energy of the FM configuration is higher than that of
the AFM (2-layer) configuration. Additionally, we observe a
similar disagreement using the J;; set calculated for the FM
configuration, which relaxes into AFM during MC simula-
tions (more details in Appendix D). Due to the small energy
difference between magnetic configurations (see Table I), we
infer that the system is magnetically frustrated, potentially due
to constraints imposed by the collinear description in DFT or
intrinsic properties, similar to what occurs in the case of Nd
(dhcp) [37].

C. Stacking fault effects

In the mean-field approximation (MFA), one can estimate
the ordering temperature as
2Jo
Tcnuoal - 3 kB s (2)
where Jo = > ;jJoj corresponds to the sum of the exchange
interaction energies [39]. For structures with stacking faults
(such as the Sm-type structure), one may identify at least
two sets of J;; associated with either hcp or fcc sites. Thus,
we can split Jy in Eq. (2) into two terms, one containing the
sum of all exchange interactions located in fcc sites (includ-
ing then Jyee—sec and Jyee—pep couplings), J({ . and the sum
of all exchange interactions located in hcp sites (including
then Jycp—nep and Juep—rec couplings), Jé”p . The two terms
are summed, taking into account the fraction of the respec-

tive stacking environment; e.g., in the case of the Sm-type
structure, which is composed of 2/3 hcp sites and 1/3 fcc
sites, we use Jy = 0.65]5”” + 0.351({ ““_ which is then used in
Eq. (2) to estimate the ordering temperature. Note that Eq. (2)
is suitable for systems with one magnetic sublattice, but since
we distinguish the fcc and hep sites having distinct J;; sets
we have in practice two sublattices. In such cases, the correct
procedure for estimation of 7 within the mean-field approx-
imation requires the computation of the highest eigenvalue
of the Heisenberg Hamiltonian [see Eq. (1)] [40]. Yet, due
to their similar properties (magnetic moment and coordina-
tion), Eq. (2) yields reasonable results for the Sm-type phase
with only minor discrepancies when compared to the exact
approach.

Extending this idea to other stacking structures, we propose
to evaluate Jy as an average of both fcc and hep environments:

Jo = xJ}P 4+ (1 —x)] 3)

with x being the ratio of the number of hcp layers in the
structure. This linear interpolation approach aligns with the
accumulation model of fcc stacking faults, serving as the
transition mechanism between the hcp to Sm-type and dhcp
structures. While the exact relationship remains to be deter-
mined, we have chosen a linear relationship as the simplest
assumption. Moreover, the linear relation is also justified by
the physical characteristics of the structures considered. Our
Jij calculations show that the interaction between layers weak-
ens rapidly with distance (see Fig. 2). Also, we notice that,
in general, interactions involving fcc layers are not as strong
as pure hep-hep interactions. Given that there are no adjacent
fcc layers in hcp, Sm-type, and dhep structures, it becomes
clear that fcc layers interact weakly with each other. Thus, the
impact of fcc stacking faults on magnetic properties can be
approximated to minor perturbations. By combining Egs. (3)
and (2), we obtain a MFA model for Tiica dependence on
stacking faults:

2 C cc C, cc
Tritical = g[xl(’} P (1= )] = a7+ (1 - 0T
B

“

with the magnetic ordering temperature given by a weighted
average of the T¢ for hep and fcc layers. We highlight that
our approach is analogous to the application of the virtual
crystal approximation (VCA) [41] to describe alloy behavior.
However, instead of considering chemical mixing, there is
mixing of fcc and hcp layers.

To be able to study the pressure dependence of the transi-
tion temperature based on Eq. (4), we need a model that relates
the fraction of hcp layers, x, and fcc layers, (1 — x), to the
applied pressure. As an approximate description, we consider
a linear decrease of x with pressure, with a different decrease
ratio between the transition ranges (validity shown in Ap-
pendix C). Specifically, when transitioning from the hcp phase
(where x = 1 and is stable at P = 0 GPa) to the Sm-type phase
(where x = 2/3 and is stable at P = 2 GPa), the decrease ratio
has one value, 0.16 stacks/GPa. When transitioning from the
Sm-type phase to the dhcp phase (where x = 1/2 and is stable
above P = 6.5 GPa), a different decrease ratio is applicable,
0.037 stacks/GPa.
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We used this relationship between pressure and the forma-
tion of stacking faults, combined with Eq. (4) and the J(l)w”

and Jof “ calculated for the Sm-type structure, to evaluate the
variation of T¢yiict With pressure. Employing the J;; obtained
for the Sm-type is motivated by the coexistence of both hcp
and fcc sets in the phase and for being roughly the expected
structure throughout the majority of the pressure range that
was explored (0-6 GPa).

The calculated 7o values are in good agreement with
experimental findings reported in Ref. [15], as shown in Fig. 3.

Here, the agreement in the pressure range of the Sm-type
structure (2—6.5 GPa) supports the hypothesis of the formation
of fcc stacking faults under pressure as the primary mech-
anism for the Ti.ca variation observed experimentally. The
pressure change of the ordering temperature from a model
that only considers a volume variation of a stacking-fault-
free hcp phase is seen from Fig. 3 to fail in reproducing the
experimental trend, since the so-obtained T¢ barely changes
with the pressure (blue circles).

In the region between 0-2 GPa, our model has a less ac-
curate agreement with the experimental data, since it predicts
a sharper decrease of Tiica compared to the observed value.
While the estimated trend aligns with the two experimental
data points closest to P = 2 GPa, the remaining data appear
to be in better agreement with the results based solely on vol-
umetric effects (depicted as blue circles in Fig. 4). Intuitively,
it sounds reasonable that the hcp structure would withstand
some volume contraction before entering the regime of for-
mation of fcc environments, which would imply a slower
variation of Tiicqt When P — 0 in comparison to the linear
approach employed in our model. We also attribute the fast
Teritical decline predicted at low pressures to the simplification
made of not including pressure effects on the exchange pa-
rameters. In an ideal case, we expect that Jé’”p and JOf “ vary
in the intermediate structures. This effect has been neglected
since we considered the values from the Sm-type structure
which explains the difference between Tiyitical from the model
and the hcp phase at zero pressure. This difference makes it
also evident how Jél “? is more susceptible to the formation of
stacking faults than to volume effects (by comparison with
hep in different volumes).

Another consequence of taking fixed ng and Jof “ values
is the inability to predict the collapse of magnetic order-
ing near the transition to the dhcp phase. Theoretically, one
could improve the model by calculating the J;; parameters
of intermediate structures between the hcp, the Sm-type, and
the dhcp phases. However, the unit cell needed would in-
crease significantly in the number of atoms, rapidly raising
the computational effort for the calculation of the exchange
parameters.

In experimental reports, dTe/dP was determined by lin-
ear regression of data points in the whole 0-6 GPa interval,
obtaining a range 10.6-17.2 K/GPa of values for dT¢/dP
[10,11,14-16]; i.e., the change in slope beyond 2 GPa was
ignored. If the regression is done separately for the 0-2 GPa
and 2-6 GPa regions, we obtain distinct slopes for the respec-
tive regions (see Appendix F). This behavior is in line with
our hypothesis of the magnetism being critically coupled to

the number of stacking faults, which should have different
formation rates in these intervals.

Regardless of the mechanism of hcp — Sm-type — dhcp
transition description, it implies the presence of at least two
phases, either due to spontaneous formation under pressure,
growth, or stacking fault accumulation. Since the hcp and
the Sm-type phase have very distinct magnetization, we tried
to find the fraction (p) of hcp phase at each pressure by
fitting

Mexpt(P) = thcp(T) + (1 - p)MSm(T) (5)

to the magnetization-pressure data from Ref. [15]. As the
temperature associated with the experimental data is un-
clear, we tried different temperatures in the range between
1-300 K using the magnetization from our Monte Carlo re-
sults. However, the results obtained are not comparable with
the estimation from volumetric analysis in Ref. [10], which
predicts a fraction of Sm-type of about 65% at 2 GPa. In
comparison, our closest value was 23%. Notably, the coex-
istence of distinct magnetic configurations in the phases (hcp,
Sm-type, and dhcp) suggests that their interaction gives rise
to an intricate magnetic arrangement. It becomes apparent
that the experimental drop in magnetization cannot simply
be explained by changes in local moments in the individual
phases or simple changes in magnetic ordering. A more so-
phisticated approach which describes the interaction between
the magnetic phases is necessary to accurately describe this
phenomenon. In order to do so, measurements of the magnetic
order of bulk Gd at different pressures would offer impor-
tant clues for the theoretical modeling. Additionally, due to
the strong competition between FM and AFM couplings, it
might be beneficial in future studies to include correlation
effects modified by pressure on the 4f states, to improve
the accuracy of the J;; and analyze eventual effects on the
magnetic ordering.

IV. CONCLUSIONS

In this work, we investigate the causes for the observed
pressure dependence of the magnetic properties of bulk Gd
from first-principles calculations. As reported for Nd, another
rare-earth element, we observe that the exchange parame-
ters depend on the stacking structure, with the appearance
of additional AFM couplings for the Sm-type structure (9R)
and dhcp. With this in mind, we describe with success the
variation of the magnetic order-disorder temperature along the
0-6 GPa pressure range as linearly dependent on the forma-
tion of fcc stackings. By doing so, we identify two different
Teitical /P rates, as a consequence of the different stacking
fault formation rates with the pressure associated with the
hcp — Sm-type transition and Sm-type — dhcp transitions.
Although this behavior change is not considered in previous
reports, the experimental data show a similar shift in pressure
dependence. We conclude, based on these results, that the
structural changes occurring prior to and during the phase
transitions of Gd play a major role in the description of the
pressure-dependent magnetic properties.

Despite the strong coupling between structure and mag-
netic properties observed, it was possible to describe the
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pressure dependence of the Curie temperature reasonably
well, considering only the difference of fcc and hcp en-
vironments, without including explicitly changes of the J;;
parameters induced by variations in the volume.

Moreover, we explored the case of phase coexistence, in
which the interaction between phases is simply viewed as
an external magnetic field created by the respective mag-
netization. However, this approximation fails to explain the
magnetization dependence on pressure and its collapse close
to the transition to the dhcp structure. We link this failure
to a more complex magnetic configuration resulting from the
coexistence of phases with different magnetic ordering which
leads to a competition between AFM and FM alignment of the
spins. Our calculations indicate that the dhcp structure may
exhibit a complex and frustrated magnetic configuration, re-
quiring further studies. In particular, it might be interesting to
search for the magnetic ground state in noncollinear electronic
structure calculations. Future research, combining theoretical
and experimental approaches, could yield valuable insights
into the magnetic behavior of the dhcp phase, potentially
uncovering a spin-glass-like state as found in elemental Nd.
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APPENDIX A: THEORETICAL XRPD PATTERNS

To investigate the effect of the accumulation of fcc stack-
ing faults in x-ray powder diffraction (XRPD) patterns,
we formulated three theoretical structures with varying ra-
tios of fcc layers between the hcp (0) and Sm-type (1/3)
structures. The structures we considered are as in the fol-
lowing patterns (fcc layers in bold): ABABCBCB (1/4 fcc
and 3/4 hcp), ABABCBCBCB (1/5 fcc and 4/5 hep), and
ABABCBCBCBCB (1/6 fcc and 5/6 hep).

We maintained the lattice parameter a for the hcp phase and
adjusted ¢ to match the layer spacing of the hep structure. Note
that the stacking faults are deliberately organized in a periodic
manner, making them more detectable in an XRPD pattern.
The XRPD pattern of the structures was calculated on VESTA
[36] with incident x rays having a wavelength of 0.68825 A,
as in Ref. [11], to ease comparison with experimental data.

The patterns from the different structures can be compared
in Fig. 6, and in Fig. 7 we compare the intermediate structure

B Inter 1 (fcc=1/4) Inter 2 (fcc=1/5) Bl Inter 3 (fcc=1/6)

Intensity (arb. units)

il 1 1 M 1
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
26

FIG. 6. Predicted x-ray powder diffraction pattern for theoretical
structures with ratios of fcc layers between hep and Sm-type.

with a fcc ratio of 1/6 with the patterns from the hcp and
Sm-type structures.

Comparing the patterns of the three intermediate phases
in Fig. 6, we observe only slight differences in the major
peaks. Mostly, we observe the appearance and splitting of
small peaks from the major peaks at 26 around 12.6 and 13.8.
The extent of these splittings increases with the ratio of fcc
layers, and is consistent with the splitting of the (100) and
(002) reflections of the hcp structure in the XRPD pattern
of the Sm-type structure. However, these differences should
be too subtle to be observed experimentally since the peak

mm hep B Intermediate Sm-type

from left to right:
—— hcp: (100), (002) and (101)

. Sm-type: (101), (009),
(104) and (105)

Intensity (arb. units)

S N SR I —
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
20

FIG. 7. Comparison between predicted x-ray powder diffraction
patterns for hcp, Sm-type, and a theoretical intermediate structure of
gadolinium. The intermediate structure is designed to have a ratio
of hep (5/6) and fce (1/6) layers in the middle of hcp and Sm-type
(2/3 fcc) structures. Main low-angle reflections of the hep (Sm-type)
structure are represented by vertical solid (dotted) planes.
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broadening would conceal the differences. As a result, we
only need to compare one of the proposed structures with the
hcp and Sm-type structures without loss of generality.

In Fig. 7 it becomes evident that the major peaks of the
intermediate phase share features to the patterns of both hcp
and Sm-type, with no major peak that could exclusively be
attributed to the intermediate phase. The broadening of the
peaks measured in experiments would make the task even
more difficult, since the relative intensities become less clear,
as is evidenced in the patterns obtained in Ref. [11]. Moreover,
peak width increases in experiments when more than two
phases are present. Therefore, distinguishing any combina-
tion of hcp and Sm-type phases with the intermediate phase
becomes virtually impossible.

In light of these observations, we conclude that previously
reported XRPD patterns are not conclusive on the formation
and accumulation of fcc stacking faults in structural transfor-
mations under pressure.

APPENDIX B: HUBBARD-I APPROXIMATION

The treatment of correlation effects on f states is a per-
sistent topic in the literature concerning rare-earth-based
compounds, owing to their significance in structural, elec-
tronic, and magnetic properties. One of the central challenges
in DFT calculations of these compounds lies in accurately
capturing the (de)localization of f states, a task that standard
DFT often struggles with. For instance, in metallic Gd, this
deficiency manifests as a small occupation of 4 states at the
Fermi energy, favoring an AFM phase over a FM phase [4] as
the ground state.

Various strategies have been devised to address this issue,
ranging from treating f as core states to employing methods
like DFT+U and DMFT, each increasing in complexity [3,4].
While the former approaches excel in predicting the system’s
properties under no applied pressure, they fall short in cap-
turing strong correlation effects enhanced by pressure. The
literature suggests that pressure promotes the delocalization
of f states, enhancing correlation effects and leading to the
observed volume collapse in rare-earth metals under high
pressures [17,42]. In such scenarios, combining DMFT with
more conventional DFT methods such as L(S)DA emerges
as a more robust choice for an accurate electronic structure
description [43].

The Hubbard-I approximation (HIA) [44] is a variant of
DFT+DMFT tailored to describe correlated d and f states,
proving particularly effective in modeling rare-earth ele-
mental systems, where 4f states exhibit localized behavior
[3,43,45]. In this approach, an explicit Coulomb interaction
interaction term U is introduced, augmenting the Coulomb
repulsion between orbitals. This interaction is tackled within
DMFT as an Anderson impurity problem [3].

To explore the potential delocalization of 4f states within
the pressure range of 0—6 GPa, we computed the hybridization
function A(FE) for these states using the HIA method as im-
plemented in RSPt [3,46]. The interorbital (spd) contribution
to the exchange energy of the 4f states was approximated
with a Stoner-like model (more details in Ref. [46]). We
took the exchange splitting calculated within the open-core
approximation (for the P = 0 GPa case) as a reference for the

TABLE III. Projected spin magnetic moments for 4f and 3d
calculated with Hubbard I approximation.

S (ug) P =0GPa P =2GPa P =6GPa
4f 6.85 6.84 6.84
3d 0.49 0.47 0.41

parametrization of this model. In the HIA method, A(E') char-
acterizes the perturbation caused in the system by introducing
an impurity (in this case, the 4f electrons) within a medium
comprising the remaining electrons, serving as a proxy mea-
sure of the impurity localization, as detailed in Ref. [45]. The
calculations were conducted for the hexagonal-close-packed
(hep) structure of Gd under three different pressures (0, 3, and
6 GPa), assuming exclusively volumetric effects on the struc-
ture. Hubbard parameters U = 6.7 eV and J = 0.7 eV [4]
were chosen for consistency with the performed L(S)DA+U
calculations.

Within the considered pressure range, our calculations re-
veal a negligible impact of pressure on the f-projected spin
magnetic moment, as demonstrated in Table III. While not
definitive, these findings suggest that the 4f states remain
localized, as one would anticipate a transfer of spin moment
from the 4 f orbitals to the remaining orbitals (s, p, and d) if
delocalization were occurring.

Examining the hybridization functions in Fig. 8, we note
a modest increase in the hybridization of the f states with
the surrounding medium, indicating a slight tendency toward
delocalization [45]. However, despite this observed increase,
the maximum value of the hybridization function below the
Fermi energy (Am.x) remains small compared to Ce-based
reference systems exhibiting either weak («-Ce) or stronger
itinerant behavior (CePt;). When compared with Gd-based
monopnictides, we find that A« falls within the same or-
der of magnitude as that of GdBi and GdSb, which show

0.0 —

—0.2

—0.4 CeColnsg

—0.6

Pressure:
I 6 GPa
I 2 GPa

0 GPa

—-0.8

3 A(E-EF) (eV)

—1.0

—-1.24

—1.4

-1.6 T T T T

E-EF (eV)

FIG. 8. Imaginary component of the hybridization function, cal-
culated for the 4f orbitals of hcp Gd under different pressures.
Reference values from Ref. [45] for the maximum of A below the
Fermi energy for other rare-earth-based compounds are represented
in horizontal lines.
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TABLE IV. Pressure-dependent mean-field 7- calculated using
the HIA and open-core approximation to describe the 4f states of
hep Gd. The HIA+CPA refers to an fx‘ﬁ £l ff/z mixture in the
occupation of the 4 f states (more details in the text).

Mean-field T¢ (K) P=0GPa P=2GPa P =06GPa
Open-core approximation 350 336 321
HIA 343 336 294
HIA+CPA (x = 0.01) 335 299
HIA+CPA (x = 0.04) 327 287
HIA+CPA (x = 0.10) 311 260

hints of being localized states [45]. In Ref. [45] a consistent
Anmax across the monopnictides series was reported, despite
variations in the unit cell volume, a behavior attributed to
state localization. Moreover, we highlight that A calculated
under pressure remains in the same order of magnitude for
the pressure-free system, which is well established in the
literature to have very localized f states [3,47].

Due to their small order of magnitude, J;; parameters can
be sensible to minor variations in the localization of f states.
Thus we proceeded with the calculation of the J;; within the
HIA and open-core approximation (here in the fully rela-
tivistic description and using the muffin-tin heads projection
[29] to assure equal footing with HIA, in contrast with the
calculation in the main text) and to compute the respective
mean-field 7c. Comparing these results, in Table IV, we ob-
serve that the introduction of correlation by HIA has a small
effect in the pressure dependence of T¢ inducing a slightly
faster drop of the critical temperature. However, such effect
is not comparable with the variation induced by the structural
transformation (see Fig. 3).

By construction, the HIA does not include hybridization
effects between the impurity (in this case, the 4f states)
and the rest of the system [43,44]. In particular, HIA results
neglect the increase in the hopping of electrons in/out of
f states, a phenomenon associated with delocalization. The
hopping of electrons from and to the bath, mostly formed
by the spd states, changes the occupancy of f states from
4f7 to 4f% (one electron hops in) and 4f° (one electron
hops out), respectively. According to Hund’s rule, the spin
moment arising from the 4 f states is maximum for f7, imply-
ing that changes in the f occupancy via hopping can screen
the spin moment of these orbitals. Since the intra-atomic
exchange between 4f and spd states is considered on the
mean-field level, the main effects on the J;; parameters are due
to the alterations on the local 4f moment. Thus, a potential
screening of the 4 moment can induce a weakening of the
exchange parameters and, therefore, lower the order-disorder
temperature.

To estimate the impact of such effects in the J;; parame-
ters, we performed additional HIA calculations with f states
described within the coherent potential approximation (CPA)
as a mixture of f states with different occupations: f%, f7,
and f®. These calculations were carried out by taking ad-
vantage of the Green’s function machinery implemented in
RSPt [43,46], which is also used to map the effective impu-
rity model in HIA. Analogously to CPA, the local Green’s
function for the 4f states is set to a weighted average (by

the respective concentrations) of the virtual Green’s func-
tions for each f occupation considered. For simplification, we
considered only the case where these excited configurations
are equiprobable, with the 4 f states being then given by the
mixture £,/ f¥,.

Note that in this description, we do not treat the hopping
electrons between states as a dynamical effect since concen-
trations of 4% and 43 are kept fixed. Instead, we focus on
the change in the f states’ occupancy as a static phenomenon,
thus likely overestimating the screening of the magnetic
moment induced by hybridization of the f orbitals with
the spd bath.

To get close to a realistic physical picture, the x value
(concentration of f© plus f® states) was chosen to be small, to
which we consider initially x = 0.01 and x = 0.04. As shown
in Table 1V, this treatment has a small impact on the mean-
field Curie temperature computed from the respective J;; cal-
culations. The increase of 4 f° and 4 f® concentrations leads,
as expected, to a slight decrease of the spin moment and over-
all, the same trend is observed for the Curie temperature but is
not comparable to the experimental observations (see Fig. 3)
[15]. An unrealistic high concentration of these configurations
(x = 0.1) is necessary to approach the 7¢ variation measured,
taking as reference earlier theoretical studies and experimental
observations for lighter rare-earth metals [42,48].

Our HIA calculations support the notion that within the
pressure range of 0—6 GPa, there are no significant alterations
in the localization of the f states in the hcp structure. These
conclusions align with prior DMFT calculations conducted
for lighter rare-earth metals [42,48]. While previous works
[42,48] have highlighted pressure-induced delocalization of f
states for high pressures, at lower pressures (<10 GPa) as in
our findings, it was found that f states remain largely unaf-
fected. Hence, in line with other studies [9,13], we conclude
that for the pressure range of 0—6 GPa, adopting a corelike
treatment of f states in the electronic structure calculations
conducted in this study does not compromise accuracy.

APPENDIX C: ENTHALPY

The assumption of a linear formation of stacking faults
along pressure was tested with the enthalpy curves calculated
for the hcp and Sm-type structures. To accomplish this, we
computed energy-volume curves for both structures using the
PBE [49] exchange-correlation potential (motivated by a bet-
ter performance in describing the structural properties [3]).
Afterward, we fitted the Murnaghan equation of state [50] to
obtain the enthalpy values. Analyzing the calculated enthalpy,
we identified the pressure at which the Sm-type structure
becomes stable to be approximately 3.34 GPa, close to the
experimental values.

Under the hypothesis that the structural transition is driven
by the accumulation of fcc stacking faults, we associated
the enthalpy at this pressure point with the energy required
to form three stacking faults. Assuming a constant energy
cost for creating a single stacking fault (leading to the linear
relation), we pinpointed the enthalpy values on the hcp curve,
which correspond to the formation of the first and second fcc
layers. We then performed a linear regression on the identified
points, as depicted in Fig. 9. Based on the results of this
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FIG. 9. Verification of linear assumption on the formation of
stacking faults between hcp — Sm-like phases from respective en-
thalpy curves.

regression and the corresponding coefficient of determination,
we can reasonably conclude that the assumption of a linear
progression of stacking faults with increasing pressure is a
reasonable approximation.

APPENDIX D: MAGNETIC CONFIGURATION
OF THE DHCP STRUCTURE

The exchange parameters for the dhcp calculated for a
sample of magnetic configurations are presented in Fig. 10.
The different sets present a similar behavior with slight
variations in the magnitude of the couplings, with AFM
(1-layer, 1] 1) configurations deviating more from the re-
maining. Due to the strong competition between AFM and
FM couplings, the small deviations result in very different
magnetic configurations in the Monte Carlo simulations as
seen in Fig. 11.

APPENDIX E: HEAT CAPACITY

Figure 12 shows the temperature-dependent magnetic heat
capacity (C) calculated in Monte Carlo simulations with

0214
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FIG. 10. Exchange parameters for Gd in the dhcp structure ob-
tained under different magnetic configurations.
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FIG. 11. Statistical distribution of spin directions (spherical co-
ordinates with azimuthal angle ¢ in the x-y plane and polar angle 6)
for different Gd systems simulated 7 = 1 K with UppASD. The bars
are colored according to the average magnetic moment (projected in
the respective x-y or z plane) of the spins aligned in the respective
direction.

UppASD. To calculate the heat capacity, we used the ther-
modynamic relation

_AE)

= El
C=—7 (ED)

where E is the energy evaluated from the Heisenberg Hamil-
tonian [see Eq. (1)]. The peaks in the calculated heat
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FIG. 12. Magnetic heat capacity and computed from Monte
Carlo simulations for Gd in the Sm-type structure.
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FIG. 13. Comparison of linear fits for different pressure in-
tervals. The resultant d7c-/dP varies significantly if a different
fit is made for the hcp and Sm-type phases. Experimental data
from [15].

capacity are used as a reference for the magnetic ordering
temperature.

APPENDIX F: LINEAR FIT

In Fig. 13, we compare the d7¢/dP ratio obtained for
different linear fits of recent experimental data [15]. Two cases
are considered: when all data points in the 0—6 GPa data range
are included, and the separate fits for the 0-2 GPa and 2—
6 GPa ranges. We observe that the d7¢-/d P obtained by fitting
solely to the 2—6 GPa is considerably smaller (in magnitude)
than the analogous calculations in the 0-2 GPa. Consequently,
by fitting all the data points simultaneously, the change in the
trend is missed, and the resulting d7¢-/d P follows the trend of
the 0-2GPa, where this ratio is sharper.

The different d7¢/dP imply that the magnetic properties
vary differently according to the implied structures, high-
lighting that the magnetism of Gd has structure-intrinsic
properties.
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