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We present density functional theory calculations for the low-7, metallic ferromagnet LasCo,Ge; at ambient
and applied pressures. Our investigations reveal that the system is a quasi-one-dimensional ferromagnet with a
peculiar coexistence of two different orbital-selective magnetic moments at two crystallographically inequivalent
cobalt atoms, Col and Co2. Namely, due to different crystal-field splitting, the magnetic moment of Col atoms
predominantly derives from d,. orbital whereas of Co2 atoms from d,, orbital. Consequently, Col and Co2
atoms develop unequal net magnetic moments, a feature that gives rise to a periodic, spatial modulation of
magnetization along the crystallographic c-direction. The amplitude of the spatial modulation, small at ambient
pressure, drastically increases with applied pressure, until Co2 atoms become nonmagnetic. With a help of a toy
model mimicking found orbital-selective ferromagnetic order, we demonstrate that the increasing amplitude of
spatial modulation provides a consistent interpretation to the recently observed resistivity anomaly emerging at
applied pressure identified as the appearance of the new state. Although the proposed here the structural origin of
the spatial modulation of magnetic moments in La;Co,Ge; is an alternative one to the advocated for this material
ferromagnetic quantum criticality avoidance, the effects of quantum fluctuations can still play an important role

at pressure larger than up-to-date measured 5 GPa.

DOLI: 10.1103/PhysRevB.104.024428

I. INTRODUCTION

Low-T; metallic ferromagnets are systems in which quan-
tum fluctuations can play a key role in understanding of their
macroscopic properties when tuned with clean, i.e., not in-
troducing disorder, means such as pressure or magnetic field
[1]. Namely, it has been theoretically predicted that ferro-
magnetic quantum critical point (QCP) in these systems is
generically avoided and at low temperature a first-order tran-
sition [2] or other, likely spatially modulated phases [3-5]
should appear instead. Moreover, quantum-fluctuation driven
pressure-magnetic-field-temperature phase diagrams of low-
T. itinerant ferromagnets can have a so-called tricritical wing
structure [6].

Multiple experiments on metallic ferromagnets have shown
consistency between measured properties and theoretical ex-
pectations relying on avoided QCP scenario. Namely, at low
temperatures, there have been observed: (i) change from a sec-
ond to first-order ferromagnet (FM) to paramagnet transition
[7-10], (i1) emergence of spatially modulated phase [11-16]
and (iii) appearance of tricritical wings [8—10,14,17-19]. Very
recently itinerant ferromagnet Las;Co,Ges, which is the focus
of the current work, has joined the above list as an example of
emerging new, potentially spatially modulated, phase out of
FM under pressure [20].

For the proper description of metallic ferromagnets there
has been also proposed a Stoner type of approach based on
common among them electronic structure property that is
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mixing of correlated and uncorrelated orbitals in the vicinity
of the Fermi level. This approach, just as QCP avoidance
approach, is able to rationalize observations of first-order
transition [21,22], tricritical wings [22,23], and spatially mod-
ulated phase [24] under pressure. Although more restricted
by the material-specific input parameters, this microscopic
approach has an advantage as it captures the appearance of
the two distinct FM phases ubiquitous among metallic ferro-
magnets [7,8,14,17,25]. Moreover, the approach inspired the
proposal of a consistent theory of the superconductivity in
UGe; [26].

Possible ambiguity in the microscopic foundations of
generic features among metallic ferromagnets calls for crit-
ical and thorough theoretical investigations of each of the
compounds separately in order to provide a conclusive
interpretation of particular observations. In this light, re-
cently reported measurements for low-7; metallic ferromagnet
LasCo,Gejs indicating the appearance of a partially gapped,
presumably due to an emergent antiferromagnetic (AFM)
component, high-pressure magnetic new state [20], raised a
question about the underlying mechanism responsible for this
novel phase. Therefore, in the current work, by means of
the density functional theory (DFT) calculations we analyze
electronic and magnetic properties of LasCo,Ges in order
to shed a light on the origin of this enigmatic high pressure
magnetic phase.

Our results confirm that the high pressure phase in
LasCo,Ges as suggested in Ref. [20] is indeed character-
ized with a spatial modulation of the magnetic moments.
However, the origin of a spatial modulation according to
our calculations is structural and attributed to the d-orbital
selectivity stemming from a presence of crystallographically
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FIG. 1. Crystal structure of LasCo,Ges. Green and blue spheres
denote Col and Co2 atoms, while red and black spheres La and Ge
atoms. Col and Co2 atoms form chains along b direction.

inequivalent cobalt atoms, Col and Co2 (see Fig. 1), rather
than to purely electronic-like mechanism as in QCP avoidance
[3-5] or correlated-uncorrelated orbitals mixing [24] scenar-
ios. We have found that ferromagnetism in LasCo,Ges, due to
different crystal fields on cobalt sites, predominantly derives
from d,; orbital of Col atoms whereas from d,, orbital of Co2
atoms. In consequence, these two types of atoms develop a
difference between net magnetic moments, what gives rise
to the spatial modulation of the magnetization along c-axis;
situation, which is formally equivalent to a presence of an
antiferromagnetic component. The modulation amplitude, at
ambient pressure rather small, substantially grows with a unit
cell contraction, until Co2 atoms becomes nonmagnetic. We
demonstrate, with a help of a toy-model capturing found or-
bital selective ferromagnetic order, that large amplitude of a
spatial modulation is consistent with the recent observation of
the resistivity anomaly in LasCo,Ge; indicating presence of
a high-pressure new state [20]. Although, our results indicate
that quantum fluctuations do not play a leading role in the
interpretation of recent observations in LasCo,Ges, we note
that the ferromagnetic quantum criticality avoidance can take
place at pressure larger than up-to-date measured SGPa.

II. COMPUTATIONAL DETAILS

We have performed DFT calculations by using the VASP
package [27-29]. The core and the valence electrons were
treated within the projector augmented wave [30] method with
a cutoff of 400 eV for the plane wave basis. Calculations
are done for the system at ambient and applied pressure.
Because the experimental atoms positions in LasCo,Ges are
known only for ambient pressure [31], we have performed
structural relaxation. For this purpose we have used a revised
Perdew-Burke-Ernzerhof functional for solids (PBEsol) that
improves the equilibrium properties of bulk systems [32-36].
Due to the lack of available experimental positions of the

atoms in LasCo,Ges under pressure, in the studied range of
applied pressures we assumed proportional contraction of the
total volume, i.e. we keep unchanged ratios between lattice
constants. Choice of PBEsol functional in the studied case of
LasCo,Ges is supported by its good performance for a struc-
tural relaxation at ambient pressure as compared to known
atomic positions, a feature that is later demonstrated in Fig. 6
as well as in Appendix A.

After relaxation, the Local Density Approximation (LDA)
with the Perdew-Zunger [37] parametrization of the Ceperly-
Alder [38] data have been considered. These calculations
have been performed using a 2 x 12 x 4 k-point grid, in
such a way to have 96 k points in the first Brillouin zone.
For the Brillouin zone integration, we have used the tetra-
hedron method [39] in order to get the partial density of
states (PDOS) and the magnetic properties of the system.
Here, the choice of the different functional for the electronic
properties determination is dictated by the DFT community
experience with other metallic ferromagnets. Namely, in gen-
eral LDA returns smaller magnetic moments as compared to
other exchange functionals as shown, for instance, for elemen-
tal Fe, Co or Ni[40,41]. For metallic magnetic transition-metal
compounds without high-spin configuration, including low
moment ferromagnets, PBEsol tends to strongly overestimate
the experimental magnetic moment while LDA usually gives
a better agreement[34,42—45]. Recently, the LDA was also
used for other Ge-based transition-metal compounds [46]. For
the sake of completeness, in Appendix A, we demonstrate
a performance of PBEsol for the determination of magnetic
moments in LasCo,Ge;. We show that the mismatch between
experimental magnetic moments and these obtained by LDA
(cf. Fig. 6) is smaller than the one provided by PBEsol.

III. STRUCTURAL AND ELECTRONIC PROPERTIES AT
AMBIENT PRESSURE

The crystal structure of LasCo,Ges (shown in Fig. 1) be-
longs to the RsCo,Gej; family with the symbol mS40 [31,47].
The y coordinates for all atoms in this structure equal to zero,
namely, the atoms in this structure are located either on planes
aty = Qor 1/2 arising from the C center in space group C2/m.
The lattice constants are a = 18.3540 ;\, b = 4.3479 A, and
c=13.2790 A [31]. Important information for the future
discussion is that in LasCo,Ges there are two crystallograph-
ically inequivalent cobalt atoms Col and Co2 forming chains
along the b-axis, as shown in the bottom panel of Fig. 1.

Regarding the electronic properties of LasCo,Ges; we start
our analysis by showing in Fig. 2(a) the partial densities of
states for the dominant orbitals in the vicinity of the Fermi
level: d orbitals of Col and Co2 and combined s, p and d
orbitals of La and Ge. It is clear that d orbitals of Col and Co2
atoms by far dominate electronic properties in the vicinity of
the Fermi level. Moreover, the calculation shows no charge
transfer (no oxidation state), and therefore, due to the crystal
field the 4s%3d” electronic configuration of the elemental Co
moves to 3d°. These properties indicate that the low energy
states can be reduced to the d states of the d° Co atoms, and
in result possible magnetic moment in the system can be equal
1 ;tp/Co (Bohr magneton per Co atom) at maximum.
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FIG. 2. (a) Nonmagnetic partial densities of states (PDOS) of d
orbitals of Col and Co2 atoms and combined PDOS of s, p, and d
orbitals of La and Ge atoms. The Fermi level is set at the zero energy.
[(b) and (c)] Contributions of the d orbitals of (a) Col and (b) Co2
to the nonmagnetic density of states.

Cobalt d-orbital PDOS in Fig. 2(a) as expected for a metal-
lic Stoner ferromagnet provides a large peak at the Fermi
level. However, different PDOS at the Fermi level for Col
and Co2 suggest spatially nonuniform magnetic properties
of the system, i.e., more fragile magnetism of Co2 than of
Col atoms. In order to have more insight into this feature in
Figs. 2(b) and 2(c), we plot PDOS contributions from crystal
field split d orbitals at Col and Co2 atoms. Although all
orbitals are mixed, clearly only d,; of Col and the d,, of
Co2 present a sufficiently large peak at the Fermi level to
satisfy the Stoner criterion. Therefore, in Fig. 3, we show
the nonmagnetic band structure in the vicinity of the Fermi
level with marked in color contributions from d,, orbital of
Col and the d,, orbital of Co2. Because d.; orbital lies in the
plane perpendicular to the b direction, bonding between these
orbitals in the Col chains is reduced. This is the reason for a
clear difference seen in Fig. 3 in the width of bands with large
contribution from d,; orbital of Col and from dy, of Co2 that,
in consequence, leads to distinct peaks at the Fermi level.

Additionally, band structure reflects some of the structural
properties of the system. The interchain bonding (along b
axis) between d orbitals, where distances between neighbor-
ing cobalt sites is the smallest (cf. Fig. 1), is significantly
stronger than the intrachain bonding in the a-c plane. In this
context, A-I" path (corresponding to the ¢ direction) is the
only one in the whole presented high symmetry path that has
no contribution from strongest bonding along the b direction.
Consequently, Fig. 3 shows a sizable dispersion of bands with
leading d orbitals contributions along all the paths but A-T".
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FIG. 3. Nonmagnetic band structure of LasCo,Ge; in the vicin-
ity of the Fermi level with marked contributions from selected d
orbitals: d.. of Col (green circles) and the d,, of Co2 (blue squares).
The size of the symbol correspond to the level of contribution to
the particular band. With yellow rectangular we mark exemplary gap
(zoomed in the inset) appearing due to hybridization between leading
d orbitals along A-I" direction (corresponding to ¢ direction in real
space).

In the inset of Fig. 3, we show the exemplary gap formed
when d,. orbital of Col and d,, of Co2 are mixing. Such
gaps, being a measure of hybridization between these orbitals,
are of similar order along all paths. However, due to reduced
dispersion along A-I" path, bonding between d,, of Col and
dy, of Co2 should play more important role for the ¢ direction
than for the other ones.

IV. MAGNETIC PROPERTIES

In this section, we analyze the magnetic properties of
LasCo,Ges at ambient and applied pressure. Nonmagnetic
characteristics discussed in the previous Section indicate that
magnetic properties of the system are determined predomi-
nantly by the d,. orbitals of Col and the d,, orbitals of Co2
and that they can differ for inequivalent cobalt atoms. In the
following we confirm these expectations.

First, we analyze various magnetic states represented by
possible ferromagnetic and antiferromagnetic magnetic mo-
ment configurations on cobalt atoms, and find that the system
is robustly ferromagnetic. In Fig. 4, we demonstrate this
robustness by showing large energy difference of the fer-
romagnetic ground state to the state with antiferromagnetic
alignment between Col chains and Co2 chains at ambient and
small applied pressure. In order to instantly avoid confusion,
we note that the zero energy difference at applied pressure
~5 GPa is not a phase transition from FM to AFM state but
it signals a loss of magnetic moments exclusively at Co2 sites
that excludes existence of considered AFM ordering. More-
over, we find that the magnetic coupling within the chains of
Col or Co2 atoms along the b direction, if present, is by far
the strongest one, while these between neighboring chains,
irrespectively whether encompassing Col or Co2 sites, are
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FIG. 4. Energy difference between realized ferromagnetic state
(FM) and the closest in energy antiferromagnetic state (AFM) where
moments on Col and Co2 atoms are antiparallel (schematically
represented in the cartoon on the plot). Zero energy difference takes
place because Co2 atoms becomes nonmagnetic and therefore shown
in the cartoon AFM order cannot be realized.

significantly weaker due to larger atomic distances between
cobalt atoms in the a-c plane.

Additionally, in Fig. 5, we provide spin-resolved PDOS of
the system at ambient pressure in the ferromagnetic state. It
confirms that the material electronic structure in the vicinity
of the Fermi level in the magnetic state, similarly as in a non-
magnetic state, is dominated by contributions from d orbitals
of Col and Co2 atoms.

Next, in Fig. 6, we show the evolution of magnetic mo-
ments at Col and Co2 sites with applied pressures. Obtained
magnetic moments either for Col or Co2 atoms at ambient
pressure differ from experimentally determined net mag-
netic moment 0.1 up in LasCo,Ges [20]. However, as these
magnetic moments are very low, obtained mismatch is not

DOS per f.u. [states/eV]

-1 0 1
Energy[eV]

FIG. 5. Spin resolved PDOS at ambient pressure in ferromag-
netic state. PDOS in the vicinity of the Fermi level, similarly as in a
nonmagnetic state, is dominated by contributions from d orbitals of
Col and Co2 atoms.
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FIG. 6. Magnetic moments of Col and Co2 as a function of
increasing pressure. The green and blue lines indicate the evolution
of magnetic moments at Col and Co2 atoms respectively. We have
also included magnetic moments of the dominant d orbitals, d,, of
Col (magenta line) and d,, of Co2 (red line) atoms, providing as
much as half of the total magnetization on respective cobalt atoms,
confirming their leading role in determining magnetic properties of
Las;Co,Ges. Magnetic moments marked with cross are obtained with
relaxation procedure whereas those marked with a dot are obtained
at experimental ambient pressure volume [31].

surprising in a perspective of the known difficulty of DFT to
reproduce the magnetization of itinerant systems not in high-
spin configuration (cf. discussion in Sec. II). Nonetheless, in
the following, instead of particular values, we rather focus
on the tendencies in which Col and Co2 magnetic moments
evolve with applied pressure.

As a rule, applied pressure by simply enlarging electronic
bandwidth reduces the magnetic moment in itinerant magnetic
systems [48]. Indeed, behavior of magnetic moments on Col
and Co2 atoms with decreasing unit cell volume, shown in
Fig. 6 follows this expectation. However, magnetic moments
on Col and Co2 sites not only differ already at ambient
pressure but they further evolve in a distinct manner with
applied pressure. Namely, we find that the magnetization on
Co?2 sites rapidly drops and Co2 atoms become nonmagnetic
for pressure larger than 5 GPa (residual magnetization is a
consequence of a coupling to still magnetic Col atoms), while
the magnetization of the Col at least for pressure smaller
than 14 GPa is rather weakly decreasing. In other words,
the magnetization difference, initially rather small, increases
as pressure is applied. In consequence, the system over the
whole studied pressure range realizes the same long-range
ferromagnetic order varying only with the difference between
magnetic moments on Col and Co?2 sites.

We conclude that LasCo,Ges is a quasi-one-dimensional
orbital-selective ferromagnet. Moreover, because magnetic
properties of the system derive from different d orbitals on
Col and Co?2 sites, magnetic moments on these atoms evolve
independently and in a contrasting manner with applied pres-
sure. We note that similarly as for other recently discovered
quasi-one-dimensional compounds [49-53], in LasCo,Ges
weak interchain magnetic couplings are critical for the
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FIG. 7. (a) Schematic cartoon of cobalt sites with different mag-
netic moments along c-axis visualizing peculiar magnetic behavior
of LasCo,Ge; captured by proposed toy model. (b) Spectrum of
the toy model encompassing direct gaps emerging due to nonzero
magnetization difference between Col and Co?2 sites. (c) Normalized
resistance as a function of field & for selected values of parameter
p corresponding to applied pressure. Chemical potential is set as
u=0.2.

stabilization of long-range magnetic order in the context of
the Mermin-Wagner theorem [54].

In the next section, we propose a simple one-dimensional
toy model that captures essential features of found orbital
selective ferromagnetic order in LasCo,Ges along ¢ axis, and
demonstrate that it is consistent with the recent resistivity
measurements [20].

V. TOY MODEL FOR SPATIALLY MODULATED
FERROMAGNETISM

We propose a one-dimensional single-orbital toy-model
with a site dependent Zeeman field [cf. Fig. 7(a) for a
schematic cartoon],

H = (ex—u)cj,co =) ohiclcio =Y ohyclcis (1)

ko ieCol,o i€eCo2,0

that mimics spatially modulated ferromagnetism of
LasCo,Ges along ¢ axis. Here, c,(f) and cim are annihilation
(creation) operators in the momentum and real space,
respectively, i (h,) is a Zeeman field on Col (Co2) sites, u is
a global chemical potential, 0 = % and a relation dispersion
€, = —2tcosk is assumed to be generated by a hopping ¢
which is set as an energy unitr = 1.

Above model, although does not pretend to capture low-
energy description of LasCo,Ges, does reflect some of the
found features of the compound and the realized magnetic
state. For instance, a single-orbital nature of the model is
dictated by the fact that magnetism in LasCo,Ges is pre-
dominantly derived from single d orbital at each cobalt site.
Moreover, as dispersion of bands is sizably reduced along

the c-axis in LasCo,Ge; (cf. Fig. 3), in the toy model for
simplicity metallicity is ensured by a small hopping between
neighboring sites with the same atomic levels, representing
crystallographically inequivalent cobalt atoms. Finally, dis-
tinct Zeeman fields, 4, and h, account for possibly different
magnetic moments on Col and Co2 sites, respectively. In
order to interpret resistivity versus temperature characteristics
found in LasCo,Ges; we assume that cooling below T in first
approximation can be captured by the increase of Zeeman
fields in the toy-model from zero (referring to 7 =T;) to
some final, possibly different for Col and Co2 sites, value
(referring to T — 0). Therefore it is convenient to introduce
the following parametrization of the Zeeman fields h; = h
and hy = (1 — p)h, where h > 0, p € {0, 1}. In that manner,
the increase of the parameter & can be qualitatively asso-
ciated with decreasing temperature below 7.. On the other
hand, p # 0 allows for different magnetic moments on Col
and Co2 sites for 4 > 0. In effect, the parameter p can be
qualitatively associated with applied pressure, such that p >~ 0
corresponds to ambient pressure where for LasCo,Ge; we
found a small difference between magnetic moments of Col
and Co2 sites, whereas p = 1 corresponds to applied pressure
when Co2 sites are nonmagnetic. In the following, we will
show that increasing % for p > 0 when the difference between
magnetic moments becomes sizable, can lead to the upturn in
the resistance in the qualitative agreement with observations
for LasCo,Ges in the new state [20].

Fourier transform of site-dependent Zeeman splitting leads
to Hamiltonian in reduced Brillouin zone (RBZ) that formally
describes the coexistence of ferromagnetic and antiferromag-
netic orders,

3 + (€ — o — ohpm —0harm
H= Z\Il/“f( —oharm —€ — U — CrhFM) i
keRBZ,o
()
where  hpm = h(1 — p/2), harpm =hp/2 and \Ijljo* =

{c}:(r,c}: +xo)- The spectrum of the Hamiltonian consists

of four eigenvalues Ej (j_4y = £hra — p £, /hiFM + 6,3.

The resulting spectrum for p > 0 encompasses direct gaps
in the same spin channels due to the spatial modulation
of magnetic moments [cf. Fig. 7(b)]. In order to calculate
coherent conductance at zero temperature with respect to
increasing i with the toy model’s spectrum, we use Landauer
formula,

=4 iT(O), 3)
dv. h
where transmission function T is related to the spectral func-
tion of the model and can be approximated as

1 r
ey = %:;(E — Eg? + T2 @

Here factor I" broadens spectral function in order to account
for a realistic nature of the system encompassing various
sources of disorder and scattering processes, and we assume
'=0.2.

In Fig. 7(c), we plot resistance, p = 1/G as a function
of field 4 and normalized to p(h = 0) for selected values of
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parameter p and for global chemical potential set to u = 0.2.
At sizable values of parameter p > 0.3 resistance shows a
clear upturn with increasing &, in the qualitative agreement
with observations for LasCo,Ges in the new state [20]. Here,
we would like to underline two features resulting from the
above analysis: the magnetization difference between Col and
Co2 sites needs to be larger than some critical value to produce
an upturn in the resistivity, and that Co2 sites do not need to be
necessarily nonmagnetic (p = 1) to lead to a visible increase
in resistivity.

VI. DISCUSSION

Our DFT results supported with the analysis of the toy
model suggest that the increasing magnetic moment differ-
ence between Col and Co2 atoms can be responsible for the
recently observed anomalous behavior of the resistivity along
¢ axis in LasCo,Ges [20]. In the following, we put all our
findings together into a coherent interpretation.

The magnetization difference between Col and Co?2 sites,
present even at ambient pressure, follows that magnetic state
in LasCo,Ges is spatially modulated only along the ¢ axis
due to the structural alternation of these atoms (cf. Fig. 1).
Difference between magnetic moments between Col and Co2
atoms, at ambient pressure rather small, drastically increases
with the unit cell contraction until Co2 atoms become non-
magnetic at pressure =~ 5 GPa (cf. Fig. 6), when it starts to
weakly decrease.

Such spatial modulation, although it has structural origin,
is formally equivalent to the presence of an antiferromagnetic
component on top of uniform ferromagnetic state. Therefore,
as we demonstrated with the help of the toy model, it is able
to produce direct gaps in the spectrum [cf. Fig. 7(b)]. These
gaps are small at ambient pressure and thus likely hindered in
the transport measurements by various sources of disorder and
scattering processes. On the other hand, at applied pressure,
once the difference between magnetic moments on Col and
Co2 sites becomes sizable, direct gaps due to spatial modula-
tion of magnetization can give rise to the increase of the resis-
tivity when cooling below Curie temperature [cf. Fig. 7(c),
upturn is visible for p = 0.3] what resembles resistivity
anomaly in LasCo,Ges [20]. Because the difference between
magnetic moments at Col and Co2 sites rapidly increases with
applied pressure (cf. Fig. 6) we suggest that the new phase in
LasCo,Ges is characterized by nonmagnetic Co2 atoms when
spatial modulation of the magnetization is simply the largest.
Large mismatch between calculated pressure 5 GPa for Co2
atoms becoming nonmagnetic and experimentally determined
1.64 GPa [20] for the new state appearance is not an issue.
This is because calculated magnetic moment on Co2 atoms
at ambient pressure (0.370 up) is larger than magnetization
measured experimentally (0.1 ug) [20]. Consequently, in real
material, pressure necessary to make Co2 atoms nonmagnetic
would be smaller than this determined by our calculations. In
summary, our interpretation based on orbital selective ferro-
magnetism suggests that the new state in fact represents the
same ferromagnetic order realized by LasCo,Ge; at ambient
pressure, and the appearance of the resistivity anomaly signals
a crossover instead of a phase transition.
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FIG. 8. Magnetic moments of Col and Co2 as a function of
increasing pressure given that structural relaxation is performed and
electronic properties determined with the same functional: (a) LDA
and (b) PBEsol. Magnetic moments marked with cross are obtained
with relaxation procedure whereas those marked with a dot are ob-
tained at experimental ambient pressure volume [31].

For the sake of completeness in Appendix B, we show
band structure plots in a magnetic state at ambient and applied
pressure with marked in color contributions from the domi-
nant d orbitals, d,; of Col and d,, of Co2. In band structure
plots, we are able to identify gaps formed at the crossing of
bands with major contribution from these orbitals, and they
are of similar size as for the nonmagnetic state (cf. Fig. 3).
However, given the gap sizes, and the fact that gaps due to
spatial modulation of moments and due to hybridization take
place in the same spin channel, it is impossible to unambigu-
ously identify contributions of magnetic origin.

Our interpretation of spatial modulation of magnetization
in LasCo,Ges is related to structural features of the ma-
terial, in contrast to purely electronic in origin, quantum
criticality avoidance [3-5] or correlated-uncorrelated orbital
mixing [24] scenarios. However, although electronic proper-
ties of LasCo,Ges definitely excludes correlated-uncorrelated
orbital mixing [24] approach, the effects related to quantum
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fluctuation [2] can be still of critical importance at larger than
up to date measured (5GPa) pressure where ferromagnetism
of Col would go down towards zero temperature.

VII. SUMMARY

In this work, we study electronic and magnetic properties
of metallic low-T¢ ferromagnet LasCo,Ges at ambient and ap-
plied pressure by means of density functional calculations. We
establish that LasCo,Ges is quasi-one-dimensional orbital se-
lective ferromagnet. Namely, we found that due to crystal field
effects two different d orbitals on two crystallographically
inequivalent cobalt sites Col and Co2 are predominantly re-
sponsible for emergence of ferromagnetism. In consequence,
magnetic moment on each type of cobalt atoms in response
to applied pressure evolves in a drastically different manner:
Co2 atoms for relatively small unit cell contraction become
nonmagnetic in sharp contrast to rather robust ferromagnetism
of Col atoms. The alternating sequence of Col and Co2
atoms provides a spatial modulation of magnetization, that,
though having a structural origin, is formally equivalent to
the presence of an antiferromagnetic component on top of the
ferromagnetic state.

Relying on these findings and analysis of a simple toy
model mimicking found magnetic order, we argue that the
recently observed new state in LasCo,Ges [20] is related to
the sizable increase of the amplitude of a spatial modulation
of magnetic moments on cobalt sites with applied pressure;
a situation that can give rise to the upturn in the resistivity
when cooling below Curie temperature. Our results indicate
that the new state in LasCo,Ges is the same ferromagnetic
order as this realized at ambient pressure and the appearance
of a resistivity anomaly signals a crossover instead of a phase
transition.

Finally, we note that our calculations indicate orbital se-
lectivity rather than quantum critical avoidance as a driving
mechanism for the presence of a spatial modulation of mag-
netic moments in La;Co,Ges. Nevertheless, effects related to
quantum fluctuation [2] can be still of critical importance at
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larger than up to date measured (5GPa) pressures where ferro-
magnetism of Col would go down towards zero temperature.
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APPENDIX A: PBESOL VERSUS LDA FUNCTIONAL

Here we support our choice of PBEsol functional for re-
laxation and LDA functional for determination of electronic
properties. First, we have checked consistent performance of
the structural relaxation within LDA. In Fig. 8(a), we show
obtained magnetic moments for Col and Co2 atoms. Poor
performance of LDA for the determination of structural re-
laxation is clear by the huge mismatch between magnetic
moments at ambient pressure obtained with relaxed atomic
positions and experimental ones [20]. On the contrary, cal-
culations with PBEsol functional used for relaxation, as it
is demonstrated by Fig. 8(b) (as well as by Fig. 6 in the
main text) provides very good agreement between magnetic
moments at ambient pressure obtained with relaxed atomic
positions and experimental ones [20].

Having established that PBEsol functional is better suited
for a structural relaxation it remains to determine whether
PBEsol is better or worse than LDA functional in evaluation
of electronic properties. Here, we use the criterion which
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FIG. 9. Magnetic band structure of LasCo,Ge; at ambient pressure in the vicinity of the Fermi level. The left panel shows bands in the
spin up channel (green circles indicates d,, orbital of Col contribution, blue squares: d,, of Co2), and right panel shows bands in the spin down
channel (red circles: d.. of Col, cyan squares: d,, of Co2). Size of the color symbol corresponds to the level of contribution to the particular

band.
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FIG. 10. Magnetic band structure of LasCo,Gej; at applied pressure 5.06 GPa in the vicinity of the Fermi level. The left panel shows bands
in the spin up channel (green circles indicates d,, orbital of Col contribution, blue squares: d,, of Co2), and right panel shows bands in the
spin down channel (red circles: d,. of Col, cyan squares: d, of Co2). Size of the color symbol corresponds to the level of contribution to the

particular band.

of the two provide smaller mismatch between obtained and
measured magnetic moments [20]. Experimentally measured
magnetic moment per cobalt atom is around 0.1ug [20]. Al-
though both functionals overestimate magnetic moments at
ambient pressure, LDA (cf. Fig. 6) provides smaller mis-
match than PBEsol [cf. Fig. 8(b)]. Nevertheless, we note
that qualitative behavior of magnetization on inequivalent
cobalt sites with applied pressure is very similar for both
functionals. Namely that Col and Co2 sites develop dis-
tinct magnetic moments and that magnetization difference
between these sites substantially increases at applied pressure.
Therefore we underline that provided by us interpretation
of the mnew state in LasCo,Ges; is consistent indepen-

dently of the choice of functional for electronic properties
determination.

APPENDIX B: BAND STRUCTURE IN MAGNETIC STATE

In this Appendix, for the sake of completeness, we report
the band structure in the magnetic state. In Fig. 9, we show
spin-resolved bands (left panel - spin up, right panel - spin
down) in the magnetic state at ambient pressure, where with
different colors we highlight d,; of Col and d,, of Co2 orbital
contributions. The same type of band structure plot is shown
in Fig. 10 but for system at applied pressure of 5.06 GPa,
where Co2 sites are nonmagnetic.
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