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LasNiy is an intermetallic compound that is thought to have itinerant magnetism with small moment
(=0.15 up/Ni) ordering below 65 K. A recent study of single crystal samples by Ribeiro et. al. [Phys. Rev. B
105, 014412 (2022)] determined detailed anisotropic H-1" phase diagrams and revealed three zero-field mag-
netic phase transitions at 771 ~61.0 K, 75~56.5 K, and 73~42 K. In that study only the highest temperature phase
is shown to have a clear ferromagnetic component. Here we present a single crystal neutron diffraction study de-
termining the propagation vector and magnetic moment direction of the three magnetically ordered phases, two
incommensurate and one commensurate, as a function of temperature. The higher temperature phases have sim-
ilar, incommensurate propagation vectors, but with different ordered moment directions. At lower temperatures
the magnetic order becomes commensurate with magnetic moments along the ¢ direction as part of a first-order
magnetic phase transition. We find that the low-temperature commensurate magnetic order is consistent with a

proposal from earlier DFT calculations.

I. INTRODUCTION

One route to study interesting phenomena such as super-
conductivity or non-Fermi liquid behavior has been to focus
on the role of fluctuations associated with a quantum criti-
cal point (QCP) where a continuous phase transition occurs
at zero temperature (7)[1-3]. One way to accomplish this
is to suppress existing magnetic order to 7' = 0 using ex-
ternal control parameters such as pressure and/or chemical
substitution [2-11]. There is a large body of experimen-
tal evidence showing a QCP can be accessed for antiferro-
magnetic (AFM) transitions such as in iron-based supercon-
ductors [12] and in heavy-fermion metals [13]. Weak itin-
erant magnets with their large spin fluctuations are interest-
ing to study since they can often be driven into novel phases
around a QCP[14-16]. For weak itinerant ferromagnets (FM)
there is unfortunately a growing body of evidence that a QCP
is often entirely avoided such as for LaCrGes[17-19], and
LasCoyGes[20]. Of particular interest are weak itinerant
AFM such as TiBes[21-23], TiAu[24-27], 122-type cobalt
arsenides[28-31], MnSi[32, 33], and LuFe>Ges[34, 35] .

LayNiy is an example of a small-moment itinerant magnetic
system which has had its magnetic properties studied for many
years [36—45], but until recently only in its polycrystalline
form. Recently, LasNi; has been successfully synthesised
as large single crystals [45]. Magnetization, specific heat,
and electric transport measurements on these single crystals
were used to assemble anisotropic -7 phase diagrams [see
Fig. 1(a)] for the applied field parallel to the crystallographic
c-axis). For zero applied field, three distinct phase transitions
at 77761.0 K, T5~56.5 K, and 73~42 K can be seen delin-
eating three magnetically ordered regions that we refer to as
A-phase for T" < T3, B-phase for 75 < T' < T5, and C-phase
for Ty <T' < T} [45]. Previous attempts to measure the possi-
ble antiferromagnetic order using neutron powder diffraction
failed to detect magnetic Bragg peaks at low temperature and
set an upper limit of 0.03 up /Ni for the size of the ordered
moments[40].

Here we report the results of a single crystal neutron diffrac-
tion study of the three AFM phases for zero applied field in
LagNi;. The results of this study are summarized in Table I.
We found the A-phase to be commensurate, and the B-phase
and C-phase to be incommensurate below 42.8(5), 57.2(5),
and 62.3(7), respectively. We find that the transition tempera-
tures 17, T, and 7% is consistent with the A -7 phase diagram
determined by Ribeiro et. al. [45]. We demonstrate that the
C-phase and B-phase have the same temperature dependent
propagation vector (7), but with different magnetic moment
directions. The change in magnetic moment direction coin-
cides with the disappearance of the net ferromagnetic compo-
nent in the magnetic ordering of the C-phase upon cooling into
the B-phase observed by Ribeiro et. al. [45]. Upon further
cooling, the magnetic structure changes from incommensu-
rate to commensurate with a first-order transition. In addition,
we find the intensity distribution of several magnetic Bragg
peaks in the A-phase are consistent with a triangular wave
modulated SDW with moments along the ¢ direction shown
in Fig. 2(c), and as theoretically predicted recently [44].

II. EXPERIMENTAL METHODS

Single crystals of LapNiy were grown out of a La-rich (rel-
ative to LasNiy) binary, high-temperature melt. Elemental La
(Ames Laboratory, 99.99+% pure) and Ni (Alpha, 99.9+%)
were weighed out in a Las3Nigy atomic ratio and placed into
a tantalum crucible which was sealed with solid caps on each
end and a fritted cap in the middle to act as a frit or filter for
decanting [3, 45, 47]. The assembled Ta crucible was then
itself sealed into an amorphous silica tube with silica wool
above and below for cushioning. This growth ampoule was
then placed in a resistive box furnace. The furnace was then
heated to 1150 °C for 10 hours, held at 1150 °C for 10 hours,
cooled to 1020 °C over 4 hours, and then very slowly cooled
to 820 °C over 300 hours, at which point the growth ampoule
was removed and decanted in a centrifuge to separate the



80 F T T T T T T ;|
- (a)
H,| H// c
di] 3
60 | & 4
L LT
- & ® M(H)
© L © M)
Q D ' = R(H)
if 401 &ﬁg v R | |
H.f ®
Jjoe 8 & s.ms coq l@?Q
L
20 e 3 & .
A . 'gﬂa C e
I ']’aﬂ'b'%% '%D
0 N, . - ks W
0 10 20 30 40T, 50 T.60T, 70
1.2 T T T T T T T T T
~ | () B(007)
l "N, fans |
Fo.8} : -
— +
5 !
06 \ -
=
204t ) i
g
So.2t . .
A,
0.0} Eithany 4

L L L 1 L 1 L
0 10 20 30 40 50 60 70
T (K)

FIG. 1. (a) H-T phase diagram when H || ¢ reproduced from data
shown in Ribeiro et. al. [45]. (b) Temperature dependence of (00 7),
(117), and (115) AFM Bragg peaks in blue, orange and red, re-
spectively. For (00 7) and (11 7) the intensity used is the integrated
intensity and for (1 15) intensity was measured on top of the Bragg
peak. The highest measured intensity for each peak is normalized to
one with solid lines are a power law fit for (00 7) and (11 7). Inset
shows single crystal of LasNi7 used in neutron diffraction measure-
ment.

LayNiy single crystals from the residual liquid [3]. Crystals
grew as well faceted plates with clear hexagonal morphology
as seen in the inset of Fig. 1(b). The surfaces of the crystal are
orthogonal to the [0 0 1] direction, and the edges of the facets
are along the [1 1 0] direction.

Neutron diffraction measurements were performed on a
696 mg single crystal using the HB-1A FIE-TAX triple-axis
spectrometer at the High Flux Isotope Reactor, Oak Ridge
National Laboratory. FIE-TAX operates at a fixed inci-
dent energy of 14.7 meV using two pyrolytic graphite (PG)
monochromators. Two PG filters are place before and af-
ter the second monochromator to significantly reduce higher
harmonics within the incident beam. The beam collimators
placed before the monochromator, between the monochroma-
tor and sample, between the sample and analyzer, and between
the analyzer and detector were 40" — 40" — sample — 40’ — 80/,
respectively. Samples were sealed in an Al can containing
He exchange gas which was then attached to the cold head
of a closed-cycle He refrigerator. Scattering data are de-

FIG. 2. Chemical and proposed magnetic structure of the A-phase of
LasNi7 generated by VESTA [46]. (a) ab-plane of hexagonal chem-
ical structure. (b) Chemical structure of LasNi7 (c) Magnetic struc-
ture for the A-phase with magnetic space group P65/mm/c.

scribed using reciprocal lattice units of H, K, and L for
the hexagonal unit cell of LagNiy;. The sample we used is
shown in the inset of Fig. 1(b) which was aligned with the
(H H L) reciprocal-lattice plane coincident with the spec-
trometer’s scattering plane.

III. RESULTS AND DISCUSSION

LagNir crystallizes in the hexagonal Ce;Niy structure type
with space group P63/mmc as shown in Fig. 2(a) and (b)
with lattice parameters a = b = 5.06352(11) A and ¢ =
24.6908(8) A at room temperature[45]. Furthermore, the
structure consists of 2 separate La sites at the 4f Wyckoff
position, and 5 sites for Ni located at the 12k, 6h, 4f, 4e,
and 2a Wyckoff positions. Reflection conditions for the nu-
clear Bragg peaks are as follows: (00 L) with L = 2n, and
(H H L) with L = 2n, where n is an integer.

The LasNi; structure can be described as a structure
made up of blocks of LasNiy and LaNis, respectively. For
the LayNiy structure these form block layers of [LasNiy +
2LaNis] which can have an AB or ABC stacking arrangement
resulting in a hexagonal (2H) or rhombohedral (3R) structure,
respectively, and as shown in detail in several studies[44, 48].
LayNi7 used in this study and several others crystallizes with
the 2H structure, but with the presence of both intra-block and
inter-block stacking faults. The stacking faults can break the
general reflection conditions in our system, resulting in inten-
sity at forbidden peaks with L. = odd at all temperatures as
seen in both rocking (6) scans and scans along the L direc-
tion of (00 L) and (11 L) peaks, as shown in Figs. 3, 4, and
5. This is consistent with previous electron diffraction studies
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FIG. 3. Rocking scans (0) of Bragg peaks along (11 L) for LasNir.
Red and blue indicate measurements taken above and below T3
which corresponds to 50 K (B-phase) and 38 K (A-phase), respec-
tively. The data are normalized to 30 mcu which corresponds to 30
seconds of counting time. Fits to the data were made using a Gaus-
sian line-shape.

showing forbidden peaks at (H H L) with L = odd due to the
presence of block stacking faults [48].

Figures 3 and 4 show rocking () scans at temperatures
within the A-phase (38 K) and the B-phase (50 K) for the
(11L) and (00 L) Bragg peaks. Below T3, additional mag-
netic intensity occurs at Bragg peak positions commensu-
rate to the unit cell (111), (115), and (117) as shown
by Fig. 3(b), 3(f), and 3(h), respectively. The magnetic
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FIG. 4. Rocking scans (0) of Bragg peaks along (00 L) for LaaNiy.
Red and blue indicate measurements taken above and below T3
which corresponds to 50 K (B-phase) and 38 K (A-phase), respec-
tively. The data are shown with a logarithmic scale for the count that
are normalized to 30 mcu which corresponds to 30 seconds of count-
ing time. Fits to the data were made using a Gaussian line-shape.

Bragg peak positions correspond to a propagation vector T =
(001). Furthermore, the magnetic Bragg peaks do not corre-
spond to any simple AFM structure, since the magnetic Bragg
peak intensity does not monotonically decrease with increas-
ing scattering vector, ¢, as would be expected for the magnetic
form factor of Ni*". For example, additional (113) mag-
netic Bragg peak intensity is conspicuously absent as shown in
Fig. 3(d), but clearly observed for the (1 15) magnetic Bragg
peak as shown in Fig. 3(f). AFM order within the A-phase is
long-range since the magnetic Bragg peaks have similar full
width at half maximum (FWHM) to their respective nearby
nuclear Bragg peaks. No change in the shape or intensity of
Bragg peaks are observed at positions (11L), L =even as
seen in Fig. 3. In addition, no additional intensity is observed
at any (00 L) position as seen in Fig. 4 which suggests that
the magnetic structure of the commensurate magnetic phase
has ordered moments p || . All observed Bragg peaks were
fit using one Gaussian in order to determine their integrated
intensity and FWHM.

Figure 5 shows scans along L taken at 4, 46, and 80 K,
which are in the A-phase, B-phase, and paramagnetic (PM)
phase, respectively. Additional magnetic intensity is apparent
at 46 K with 7 ~ 0.7, and is absent at 4 K. At selected temper-
atures scans along L of magnetic Bragg peaks (007), (117),
and (002—7) are shown in Fig. 6. The Bragg peak (11 L) at
each temperature was fit with a single Gaussian and a linear
background in order to determine the magnetic peak intensity
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FIG. 5. Scans along the L direction taken within the A-phase,

B-phase, and PM-phase at 4 K (A-phase), 46 K (B-phase) and 80 K
(PM-phase) shown as green squares, blue diamonds, and red circles,
respectively. The data is normalized to 30 mcu which corresponds to
30 s of counting time.

and 7 as a function of temperature as shown for 44, 52, 56, and
60 K in Fig. 6(a). Since the longitudinal scans of (00 7) and
(002—7) are very structured and the peaks are very intense,
the intensity at each temperature was determined by numerical
integration. To determine 7 for the the (0 0 7) Bragg peaks the
longitudinal scan of the (002) Bragg peak at 46 K was first
fit with a two Gaussian function with a constant background
as shown in the inset of Fig. 6(b). The relative position of
each Gaussian was fixed and used to fit longitudinal scans of
(00 7). The position of each Gaussian was then averaged to
obtain 7 for the (00 7) peak. The two Gaussian fit of (007)
does not capture all the details of the structured peak, but does
reproduce the width of each Bragg peak reasonably well as
shown in Fig. 6(b) at 44, 52, and 56 K.

Several observations can be made qualitatively at this point
based on data shown in Fig. 5 and 6. In Fig. 5, magnetic and
nuclear Bragg peaks are structured in a similar manner indi-
cating that the structure is not related to details of the mag-
netic and chemical order, but to extrinsic effects, e.g. from
the combined effect of sample and instrument profile, due
to the high-quality of the sample, it’s large shape, and slab-
like geometry. In Fig. 6 the intensity of the magnetic Bragg
peaks (117), (112—7), and (00 7) increases steadily with
decreasing temperature until they abruptly vanish at ~42 K.
This corresponds to the first-order transition between B-phase
and A-phase which occurs at 75. Furthermore, 7 for each
peak clearly increases with decreasing temperature as shown
in Fig. 7. The intensity of the (117) Bragg peak is much
smaller than the (00 7) and (00 2—7) Bragg peaks within the
B-phase. The (00 7) magnetic Bragg peak indicates a mag-
netic moment component ¢ L c.

Figure 1(b) shows the temperature dependence of the in-
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FIG. 6. Relative scans along L for AFM Bragg peak (a) (117) and
(b) (007) and (002—7). The data for (a) was taken with 60 mcu
which corresponds to 1 minute, and the data for (b) was taken with 10
mcu which corresponds to 10 s of counting time. Inset for (b) shows
arelative scan along L for the nuclear Bragg peak (00 2) normalized
to 10 mcu at 46 K. Fits to the data were made made using a Gaussian
line shape and a two-Gaussian line shape for (a) and (b), respectively.
Data are offset for clarity.

tegrated intensity of the (007) and (117) Bragg peak po-
sitions, and the intensity sitting on top of the (115) Bragg
peak position. The intensity of the (115) Bragg peak was
measured this way since no significant changes in the lat-
tice parameters were detected across 73. The temperature de-
pendence of each second-order transition in 1(b) are shown
with a fit to a power law with the results 75 = 57.2(5) K
and 8 = 0.25(0.09) for (007), and 77 = 62.3(7) K and
B =0.35(0.04) for (11 7). The AFM ordering of Bragg peak
(115) and magnetic Bragg peaks with propagation vector
7 = (001) vanishing is consistent with a first-order tran-
sition. The transition temperature, T3 = 42.8(5) K, was de-
termined by the minimum of the numerical derivative of the
intensity of the (115) Bragg peak. Neutron diffraction is di-
rectly sensitive to the order parameter of magnetic transitions,
because the intensity of magnetic Bragg peaks is proportional



TABLE I. Summary of the properties of AFM phases of LazNi7 determined by single crystal neutron diffraction.

Phase A

Phase B Phase C

Temperature T < 42.8(5)K
(001)

Kle

Propagation vector

Magnetic moment direction

42.8(5) < T < 57.2(5) K
(007), 7~0.78 — 0.69
p || cand g L e components

57.2(5) < T < 62.3(7) K
(007),7~0.69 — 0.67
ple

0.82

01)
0.80 | (117)
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FIG. 7. Temperature dependence of 7 determined by the position of
magnetic Bragg peaks (00 7) and (11 L) in blue and orange, respec-
tively.

to the square of the magnetic moment component ;& L gq.
Upon cooling below 77 = 62.3(7) K the C-phase develops with
acomponentof p || ¢, as shown by the appearance of the mag-
netic Bragg peak (117) and the absence of the Bragg peak
(00 7) in Fig. 1(b). The appearance of the Bragg peak (00 7)
below 75 = 57.2(5) K indicates that the magnetic structure
develops an additional component of ¢t L ¢ in the B-phase.
Below T3 = 42.8(5) K the A-phase has a unit cell identical to
the chemical unit cell, and the magnetic Bragg peak (115)
with no (11L), L =odd magnetic Bragg peak indicates the
magnetic moment is likely p || c.

Figure 7 shows in detail the temperature dependence of
the propagation vector 7 for the Bragg peaks (007) and
(117). Remarkably, 7 has a linear dependence with tempera-
ture which increases with decreasing temperature from a min-
imum value of 0.68 at 62 K as shown in Fig. 7. There is good
agreement of the 7 at each temperature determined from the
magnetic Bragg peaks (00 7) and (11 7). This indicates that
the phase transition at 75 is related to the development of the
magnetic moment component g L ¢ in phase B in addition
to the already present component g || ¢ in phase C, e.g. the
AFM moments p¢ L ¢ in phase C tilt away from the c-axis in
phase B below T5.

A. Discussion

LasNiy has five Ni sites and so determining a unique solu-
tion to the magnetic structure is not possible without access
to a large number of magnetic and nuclear Bragg peaks. As
stated previously the phase transition at 73 is first order, but
since there is no observed structural transition below room
temperature we can use group-subgroup relations to explore
possible magnetic space groups (MSG). Using the Bilbao
Crystallographic Server[49], we found eight maximal isomor-
phic subgroups of P63/mmc with propagation vector (00 1)
and every Ni site as a possible magnetic site. These 8 MSG
are: P63/m'm/c, P6s/mm’cd, P65/m'mc’, P6L/m'm'c,
P65 /mmd, P64 /mm’c, P63/m’mc, and P63/mme. To
agree with our observations we also require a magnetic mo-
ment component of g || ¢, so the possible MSG can be
reduced to 4: P63/m/m’c, P6s/mm’c, P6s/m'm’c, and
P6% /mm/c.

Recent DFT calculations by Crivello and Paul-Boncour
have predicted that for AFM order LasNi; would preferen-
tially order along c as a triangle-wave modulated spin-density
wave as shown in Fig. 2(c) [44]. This magnetic structure is
consistent with the possible MSG P65/mm’c. In addition,
from Fig. 3 we see that the sequence of intensities for Bragg
peaks (111),(113),(115),and (117) do not only decrease
as a function of ¢, but are instead consistent with the struc-
ture shown in Fig. 2(c) with average magnetic moment given
by uni = 0.19(4)up/Ni in the A-phase. To obtain the aver-
age magnetic moment, the measured integrated intensities of
AFM Bragg peaks are compared to intensities calculated us-
ing FULLPROF [50] for a specific spin motif consistent with
a magnetic subgroup. The calculated and experimental values
are compared using a scale factor determined by the intensi-
ties of the nuclear Bragg peaks. This is not yet a conclusive
magnetic structural refinement, since for example the more
conventional sinusoidal modulated SDW with g || ¢ and av-
erage magnetic moment given by ux; = 0.23(5)ug/Ni is also
consistent with our measurements. The sinusoidal modulated
SDW would be part of the same MSG P65 /mm’c and so the
energy difference between these spin motifs should be very
small. In both cases the calculated magnetic moment is of the
same order of the saturated moment of ~0.1up/Ni measured
on single crystals [45]. The neutron diffraction study on pow-
der [39] likely haven’t observed magnetic Bragg peaks due to
the incommensurate AFM order in phases B and C, and the
extremely weak AFM Bragg peaks related to it. In addition,
for the A-phase the very weak magnetic contributions on top
of Bragg peaks already existing in the high-temperature para-
magnetic phase due to stacking faults within LagNir.



According to Landau theory, one expects a second-order
transition to decrease the symmetry of a crystal consistent
with a group-subgroup relation. Since both transitions at 75
and 7' appear to be second-order we use the Bilbao Crystal-
lographic Server [49] for the maximal isomorphic subgroups
of the crystal consistent with 7 = (00 7) and with every Ni
site as a possible magnetic site. From this we find four MSGs:
Pc6c2, Pcbm2, Pc3cl, and Pc3m1. Only the MSG’s Pc6c2
and Pc3cl allow a magnetic moment component g || ¢ which
is likely necessary for the C-phase. It is possible for further
symmetry to be broken for the B-phase below 75, but both
of the possible MSG’s possible for the C-phase already allow
magnetic moment components ¢t L ¢. So we do not speculate
on any lower symmetry MSG’s. Unlike the A-phase, mag-
netic Bragg peak intensity for (00 7) and (11 7) decreases as
a function of ¢ consistent with the magnetic form factor as
seen in Fig. 5.

Our results show that the A-phase, B-phase, and C-phase
are AFM within our experimental sensitivity. We are not sen-
sitive to the relatively small FM component compared to the
fully saturated ~0.1 up in the C-phase suggested by the M (H)
data shown in Ribeiro et. al. [45]. We are less sensitive to
the proposed weak FM compared to AFM, because the addi-
tional magnetic Bragg peak intensity develops only on top of
allowed nuclear Bragg peaks. It may ultimately be necessary
to use magneto-optical measurements or scanning probe spec-
troscopy to further probe the small FM component associated
with the C-phase. Previous powder neutron diffraction mea-
surements may have missed the incommensurate phases since
measurement were only done at 300 K and 10 K [40]. The
upper bound of the magnetic moment of 0.03 up/Ni would
be an underestimation for the (11 L), L = odd position if they
existed at 300 K due to a higher background as observed in
Fig. 3 and the Debye-Waller factor due to the large tempera-
ture difference [40].

Several aspects of the magnetism in LagNiy are still un-
known, but we will briefly speculate on the reason for for
multiple magnetic transitions. First, we will start with a de-
scription of the magnetic structure at base temperature, and
how AFM order can stabilize at relatively high temperatures
with a small magnetic moment. At base temperature the mag-
netic structure is an uniaxial AFM in which all non-zero mag-
netic moments are along ¢ with FM-aligned blocks stacked
anti-parallel as shown in Fig. 2. The structure predominantly
has FM coupling between Ni except across the Ni5 position
located at the position where the magnetic moment is zero.
The magnetic moment is itinerant and likely forms from the
sharp narrow peak in the DOS at the Fermi energy from 3d
Ni contributions [44, 51-53]. In addition, the relatively large
Rhodes-Wohlfarth ratio i/ psae = 5.3 [45] is consistent with
an itinerant system. LasNiy sits close to a QCP in which both
AFM and FM ground states are close in energy as demon-
strated by both DFT results [44] and experimental results that
show with only 3% Cu substitution LagNi; becomes FM.

Phase B and C stabilize above the critical temperature for
the low temperature phase A. The propagation vector of each

of these phases is incommensurate, along ¢, but with a larger
periodicity. This means that the Ni magnetic moments are
no longer ferromagnetic blocks. The incommensurate phases
may be a result of frustration between FM and AFM inter-
actions leading to an unrelated propagation vector which can
result in either AFM or ferrimagnetic order. Hence, the ob-
served in plane magnetic moment in phase B could be a con-
sequence of competing exchange interactions and magnetic
anisotropy of each non-symmetry related Ni site.

In order to have a more grounded understanding of the mag-
netism within LasNi; with its large unit cell much more exper-
imental and theoretical work must be done. Further neutron
scattering work as a function of field, and to fully determine
the zero field structures would be very helpful. It is impor-
tant to understand the electronic band structure of an itinerant
magnet, so information on the propagation vector and the fully
determined magnetic structures should be used to refine mod-
eling for further DFT calculations. These could then be com-
pared to recent ARPES results showing significant differences
in the in-plane dispersion for the A, B, C, and PM phases[54].
In addition, local probes such as NMR would greatly benefit
efforts to understand the magnetic character of LasNiy.

IV. CONCLUSION

We have identified three AFM phases in LasNi7 in LagNiy
at zero magnetic field using single crystal neutron diffraction
with results summarized in Table I. These consisted of two in-
commensurate phases and one commensurate phases labeled
the C-phase, B-phase, and A-phase with phase transitions at
Ty = 62.3(7), To = 57.2(5), and T3 = 42.8(5) K, respec-
tively. These three phase transitions consist of second-order
phase transitions for the incommensurate phases and a first-
order magnetic transition for the commensurate phase. The in-
commensurate phases have a propagation vector that increases
with decreasing temperature, where the magnetic moment de-
velops p || eforTy > T > Ts,and p L cforTo > T > T;.
Below T3 the propagation vector becomes (00 1), and the
sequence of intensities for magnetic Bragg peaks is consis-
tent the triangle-wave modulated spin-density wave shown in
Fig 2(c) predicted by recent DFT calculations [44].
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