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Unveiling Electron-Phonon and Electron-Magnon
Interactions in the Weak Itinerant Ferromagnet LaCo,P,

D. Yu. Usachov, K. Ali, G. Poelchen, M. Mende, S. Schulz, M. Peters, K. Bokai,
I. Yu. Sklyadneva, V. Stolyarov, E. V. Chulkov, K. Kliemt, S. Paischer, P. A. Buczek,
R. Heid, F. Hempel, M. Ruesing, A. Ernst, C. Krellner, S. V. Eremeev, and D. V. Vyalikh*

Studying and understanding many-body interactions, particularly
electron-boson interactions, is essential for a deeper elucidation of
fundamental physical phenomena and the development of novel material
functionalities. Here, this aspect is explored in the weak itinerant ferromagnet
LaCo,P, by means of momentum-resolved photoelectron spectroscopy
(ARPES) and first-principles calculations. The detailed ARPES patterns enable
to unveil bulk and surface bands, spin splittings due to Rashba and exchange
interactions, as well as the evolution of bands with temperature, which
altogether creates a solid foundation for theoretical studies. The latter has
allowed to establish the impact of electron-boson interactions on the
electronic structure, that are reflected in its strong renormalization driven by
electron-magnon interaction and the emergence of distinctive kinks of surface
and bulk electron bands due to significant electron-phonon coupling. Our
results highlight the distinct impact of electron-boson interactions on the
electronic structure, particularly on the itinerant d states. Similar electronic
states are observed in the isostructural iron pnictides, where electron-boson
interactions play a crucial role in the emergence of superconductivity. It is
believed that further studies of material systems involving both magnetically
active d- and f-sublattices will reveal more advanced phenomena in the bulk
and at distinct surfaces, driven by a combination of factors including Rashba
and Kondo effects, exchange magnetism, and electron-boson interactions.

1. Introduction

For over 60 years, lanthanide (Ln) com-
pounds have attracted significant atten-
tion due to their rich and unusual proper-
ties, including complex magnetic phases,
valence fluctuations, heavy-fermion and
Kondo behavior, non-Fermi-liquid prop-
erties, and unconventional superconduc-
tivity (SC).'-31 The key role here is played
by the interaction of itinerant electrons
with strongly localized 4f shell electrons,
which retain their magnetic moments in
crystalline solids due to their strong spa-
tial localization. In certain Ln-based in-
termetallic compounds, transition metal
elements may also exhibit magnetic mo-
ments. This can result in the coexis-
tence and mutual interactions between
strongly localized 4f moments and itiner-
ant 3d moments, giving rise to the emer-
gence of complex phases, properties, and
phenomena.[*7]

In this regard, it is intriguing to
explore and examine the so-called Ln
cobalt pnictides family, particularly the
LnCo,P, series, where both cobalt and Ln
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atoms exhibit magnetic moments in certain materials. The ex-
ceptions here are the antiferromagnets EuCo,P,, where Eu is di-
valent and Co remains non-magnetic,/®! and CeCo,P,, where Ce
behaves tetravalently in the bulk but demonstrates peculiar mag-
netic properties near the surface.’! The competition between the
Co—Co, Ln—Co, and Ln-Ln exchange interactions can lead to com-
plex magnetic structures far from being fully understood.

It is worth noting that the family of LnCo, P, systems, whose
structural and magnetic properties were extensively investigated
in 1980-1990s primarily by the W. Jeitschko group, has recently
regained strong attention due to the efforts of the M. Shatruk
group.*>#l In fact, the LnCo,P, systems exhibit a rich spec-
trum of intriguing bosonic fluctuations. For example, in our
recent study of the aforementioned room-temperature metal-
lic antiferromagnet CeCo,P,, we discovered that this material
demonstrates unusual, long-lived magnons even in the terahertz
regime.l'% Obviously, the emergence, coexistence, and coupling
of bosons such as magnons and phonons with electrons further
complicates their mutual interactions.
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It is known that the magnetic properties in LnCo,P, systems
critically depend on the distance between the Co, P, blocks which
are separated by the Ln ions. For example, the aforementioned
EuCo, P, serves as an illustrative example, where due to the much
larger size of Eu®* ions with respect to trivalent Ln ions in other
family members, the magnetism on the Co sublattice is com-
pletely suppressed. However, by applying pressure, one can sig-
nificantly influence the P-P distance and, consequently, the oxi-
dation state of Eu.l®l In LnCo,P, materials, where Ln represents
Ce, Pr, Nd, and Sm, the Co moments exhibit antiferromagnetic
(AFM) ordering very close to room temperature.'!) This makes
these systems, and particularly their P-Co-P terminated surfaces,
attractive for temperature-controlled magnetic switching of mag-
netically active overlayers. The aforementioned discussion also
suggests that LnCo,P, systems hold promise for manipulating
their magnetic properties through the applica‘tion of pressure,
and potentially, uniaxial strain.

When discussing the LnCo,P, pnictide family, it is notewor-
thy to mention the remarkable Fe-based 122-type pnictides as
well. These compounds exhibit superconductivity up to 38 K,
as discovered in 2008.['2] Despite intensive studies, many is-
sues, including the fundamental question about the mecha-
nism of superconductivity, remain open.!**] Moreover, neighbor-
ing Ni-based pnictides like BaNi,P,!'*] and BaNi,As,[!*] have
also been observed to reveal superconductivity while com-
mensurate/incommensurate charge density wave transition in
BaNi, (As, _,P,), was observed.I'*] Additionally, the substitution
of 3d elements Co and Fe with their respective 4d counterparts
induces superconducting behavior in LaRu,P,,’”] LaRu,As,,[*®]
and BaRh,P,."] Within these systems, it is suggested that su-
perconducting behavior arises via phonon mediation.

The discussed above systems, apparently, demonstrate a va-
riety of intriguing electron-boson interactions, leading to either
superconducting ground states (GS) mediated by spin fluctua-
tions or phonons,!*3! or to different magnetic GS, as it is shown
schematically in Figure 1a. Revealing these competing interac-
tions is crucial for both elucidating fundamental physical phe-
nomena and developing novel material functionalities.

The most direct approach to experimentally explore and ad-
dress the microscopic properties of such material systems is
angle-resolved photoemission spectroscopy (ARPES), which is a
surface-sensitive method.?3] This implies that the surface-related
properties need to be accurately addressed and separated from
bulk phenomena.®! Note that the magnetic properties at surfaces
can significantly differ from those in the bulk due to the emer-
gence of surface states and resonances,**2% which open new
pathways for exchange interactions as well as coupling to bosonic
modes.[?’] Potential relaxation and reconstruction processes!?8! at
the surfaces may further complicate the exploration of the related
phenomena from ARPES measurements.

Considering the complexity of the aforementioned electron-
boson interactions, which may involve phonons and magnons,
as well as surface-related magnetic phenomena, we suggest ini-
tiating a comprehensive investigation, beginning with LaCo,P,.
There are several points that make this material unique among
the other representatives of the LnCo,P, family and curious
for the proposed studies (see the magnetic phase diagram of
LnCo,P, (Figure S1) in the Supporting Information). In partic-
ular, it can be considered as the simplest system in the LnCo,P,
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Figure 1. a) Diagram representation of the 122-type transition-metal pnictides and their distinctive properties.[# 117221 b) Sketch of the 3d electron
pockets at the corner of the Brillouin zone (BZ) for the 122-type transition-metal pnictides! '3 in the paramagnetic (PM) and ferromagnetic (FM) phases.
In the FM phase, the spin degeneracy is lifted in a majority (blue) and minority (red) band. The larger 1-transition-metal BZ is shown in light orange.

family due to the absence of 4f electrons. Next, LaCo,P, appears
to be on the edge of a magnetic instability, given that the neigh-
boring BaCo, P, shows no magnetic order, while the other mem-
bers of the LnCo,P, family do. Furthermore, only LaCo,P, ex-
hibits ferromagnetic (FM) ordering of Co 3d moments, while
other members of the LnCo,P, family, where Ln = Ce, Pr, Nd,
and Sm, demonstrate AFM ordering in both the Ln and Co
sublattices.[*l The latter property is explained by a structural
feature of LaCo,P,, specifically the larger separation between
the (Co,P,) blocks in comparison to the other members of this
family.*] Additionally, the magnetic order in LaCo,P, is highly
tunable by doping and structural manipulation through pressure.
The reason why the mentioned FM order is essential: it causes
spin splitting in otherwise spin-degenerate bands, enabling de-
tailed studies of spin-polarized bands that emerge near the Fermi
level and their evolution with temperature. Particularly, this is rel-
evant for the 34 electron pockets at the corners of the Brillouin
zone (BZ) (shown in Figure 1b). These pockets are essential for
Fermi-surface nesting in the Fe pnictides and are typically located
very close to the Fermi level. The lifting of the spin degeneracy, as
shown in Figure 1b, shifts the majority states to lower energies,
enabling a detailed evaluation of electron-boson interactions.

The high-quality ARPES data presented here allow us to
clearly identify bulk and surface electron bands, explore their
temperature-dependent evolution, and provide a solid founda-
tion for theoretical studies. Our analysis reveals a complex pat-
tern of interactions, including Rashba effects, magnetic exchange
and electron-boson interactions. The most essential findings en-
tail the disentangling and description of electron-phonon and
electron-magnon interactions and their distinct impact on the
electronic structure of LaCo, P, . It will be shown that the electron-
magnon interaction causes a substantial renormalization of the
Co 3d derived bands around the M point, while the electron-
phonon coupling influences the shape of these bands and the
emergence of kinks, which vary significantly between surface and
bulk bands. Since both magnons and phonons couple to the same
electronic state, a strong interplay between both excitations can
be assumed.

This is supported by the intriguing observation that the P-
terminated surface of LaCo,P, remains non-magnetic down to
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very low temperatures, despite the bulk becoming ferromagneti-
cally ordered below 135 K. Mutual interactions between electrons,
phonons, and magnons are likely responsible for the unusual
properties observed at the surface. These results thus open av-
enue for further studies of electron-boson and boson-boson in-
teractions not only in the bulk but also in systems with reduced
dimensionality. This is crucial for developing novel multilayers
and sequences with unique properties and functionalities.

Finally, on the basis of the ARPES results, we realized a system-
atic theoretical approach to study systems with strong electron-
boson interactions. We considered both electron-magnon and
electron-phonon couplings from first principles, combined with
an analysis of experimental data. The presented methodology will
be valuable for further investigations of related phenomena in
many strongly correlated electron systems, beyond just the no-
table family of 122 transition metal pnictides.

2. Results

LaCo,P, is a ferromagnet (FM) with T = 135 KI®! which crys-
tallizes in the tetragonal ThCr,Si, structure with lattice param-
eters a = 3.815 A and ¢ = 11.04 A" Its crystal structure is
shown in Figure 2a. The cleavage of the LaCo, P, single crystal oc-
curs along the plane perpendicular to the crystallographic ¢ axis,
revealing two distinct surface terminations: a P-Co—P block (P-
surface) and La termination.[’l We will primarily focus on the
P-terminated surface, whose typical topography is revealed in
Figure 2b through scanning tunneling microscopy (STM) mea-
surements performed at a temperature of 4.3 K. STM data show
the expected square arrangement of the surface P atoms.[*]

We proceed with the characterization of the electronic struc-
ture of the P-terminated crystal in the FM phase through ARPES
measurements and density functional theory (DFT) calculations.
Our previous DFT studies were performed using a GGA+ U func-
tional (where GGA stands for generalized gradient approxima-
tion) with an effective Hubbard parameter U,z = U — J = 3 eV
for localized Co 3d states.['®! This choice was made to achieve
a good agreement with the experimental determination of the
Curie temperature and spin waves. The GGA functional deliv-
ers the Curie temperature T = 52 K, while our choice of the
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Figure 2. The crystal and electronic structures, along with the STM visualization of the P-terminated surface of LaCo,P,. a) Tetragonal crystal structure
of LaCo,P,, with the possible cleavage plane between P and La layers highlighted in gray. b) STM image illustrating the topography of the P-terminated
surface of a cleaved LaCo,P, sample, taken at 4.3 K. c) Fermi surface map obtained through ARPES measurements from the P-terminated surface of
LaCo,P,. A dashed square indicates the surface Brillouin zone. d) Calculated iso-energy map of the surface electronic structure at 0.1 eV below E. Darker
color corresponds to higher localization of states in the four topmost atomic layers.

GGA+U functional provides T, = 130 K within a random phase
approximation. However, magnetic moments of Co, calculated
within the GGA+ U approximation, are significantly larger than
in experiment (0.61 py vs. 0.44 u,3%), while a conventional local
spin-density approximation (LSDA) functional delivers a Co mo-
ment of 0.48 p,. All of these facts indicate the presence of strong
spin fluctuations, which can suppress magnetic moments in itin-
erant magnets.’!l Therefore, we decided to empirically choose
the DFT functional, exploring various DFT approximations to
achieve the best agreement for the electronic structure derived
from our ARPES experiment. Below, we will consider a potential
band structure renormalization resulting from electron-boson in-
teractions.

The first and essential step is to unveil surface-related states
and distinguish them from bulk states. In Figure 2c,d, we present
the ARPES-derived Fermi surface acquired at 19 K and the iso-
energy surface obtained using LSDA, respectively. In Figure 2d,
we illustrate the calculated constant-energy map of electronic sur-
face states for the P-terminated surface, where the bulk-related
states are omitted for simplicity and ease of analysis. To achieve a
good agreement between the ARPES-derived Fermi surface and
the computed one, we adjusted the latter by a shift of —0.1 eV.
This minor discrepancy is attributed to the inherent limitations
of DFT accuracy. Upon close inspection, it is evident that the fea-
tures labeled as 1, 2, and 4 in the computed map are well re-
solved in the ARPES-derived spectral pattern. These features can
be readily identified as surface states intrinsic to the P termina-
tion. The band 3 seen in ARPES has a bulk-like origin, it can be
derived from a similar calculation performed for the bulk crystal,
as illustrated in Figure S4 (Supporting Information).

We continue the analysis of the electronic structure with the
results shown in Figure 3 and begin with band 5, which is dis-
tinguishable in the ARPES map at the periphery of the bulk-
projected states (Figure 2¢), forming the outermost M-centered
contours. One can observe it more clearly on the iso-energy sur-
face taken 0.25 eV below E, as depicted in Figure 3(a), where
band 5 exhibits a distinct split at 19 K. It is seen that as the tem-
perature increases from 19 to 150 K, the splitting of band 5, high-
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lighted as a pale red spot, diminishes. This is a clear indication
that the splitting is primarily associated with the magnetic or-
der. Investigating band 5 further, we found that its k; splitting is
anisotropic with respect to the change in direction from [100] to
[100]. The difference in splitting is also seen in the E(k;) spectrum
(Figure 3(b)) where two different values of splitting, marked as A,
(~60 meV) and A, (~130 meV), are observed. The revealed asym-
metry in the splitting originates from two fundamental phenom-
ena: the Rashba spin-orbit (SO) coupling and magnetic exchange
interaction.l®*] Itinerant electrons near the surface are influ-
enced by the effective magnetic fields arising from these interac-
tions. As a result, in momentum space this is reflected through
the discernible asymmetry in the spin splitting of the surface
electron band. In the considered case, on one side of the X (or
M) point, the effective SO field aligns with the exchange field (or
magnetization M), whereas on the opposite side they manifest
opposite orientations, thereby giving rise to the aforementioned
asymmetry in the splitting.[32-35]

Figure 3f displays the constant energy contour calculated at
—0.35 eV for the nonmagnetic state of LaCo,P,, revealing the
spin polarization of surface-related states near the corner of the
surface BZ (S, component is shown). The typical spin structure
of the Rashba spin-split surface states, especially for state 5, can
be easily seen. Thus, our results indicate the emergence of the
Rashba effect along with the presence of in-plane magnetization
at the P-termination.l®>*] From the observed asymmetry, it is
possible to determine the magnetization direction, as illustrated
by the blue arrow in Figure 3a. Note that the sample was not
magnetized before the measurements. Consequently, the surface
is expected to have differently oriented magnetic domains. The
acquisition of ARPES data from only one domain suggests that
the domains are significantly larger than the size of the photon
beam,33! which was approximately 15 um in diameter. It is es-
sential to note that no Rashba effect is possible in the bulk cen-
trosymmetric crystal of LaCo,P,. Therefore, it is the additional
confirmation that band 5 is localized near the surface. Our calcu-
lations reveal that band 5 exhibits surface resonance properties
with pronounced localization within the topmost two P—Co-P
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Figure 3. Electronic structure of the P-terminated surface of LaCo,P,. a) ARPES-derived iso-energy maps at 0.25 eV below E illustrate the temperature-
dependent evolution of band 5, highlighted by a pale red spot. The blue arrow denotes sample the magnetization along [100]. b) Cut along the M, —
X — M, direction of the surface Brillouin Zone, as marked in Figure 2d, acquired with ARPES at 19 K. c) Theoretical surface band structure in the same
direction as in (b); Darker color corresponds to higher localization of states in the six topmost atomic layers. d) Results of the same calculation plotted
along the ', — M, — I'; direction, and e) the corresponding ARPES data. f) Calculated constant-energy map of surface states (localized in the four top
layers) in the paramagnetic phase, with colors indicating the spin polarization along the [100] direction.

trilayers. The calculations also highlight an asymmetric splitting
of band 5 which is seen in Figure 3¢, supporting our interpreta-
tion.

The DFT results also indicate that Co in the topmost P-Co-
P block is nonmagnetic, and the surface-related exchange mag-
netism originates from the Co in the next block (sixth layer below
the P-termination). We evaluated the SO splitting of band 5 in
the calculated spectrum at the distance of +0.3 reciprocal lattice
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units (r.l.u.) from the M point, as |A, — A;|/2 = 23 meV and the
exchange splitting as |A, + A,|/2 = 0.15 eV.

From the ARPES derived A; and A, we obtained the SO
splitting of ~0.03 eV and the exchange splitting of ~0.09 eV
(at 19 K). As one can see the experimental exchange splitting
is essentially smaller than the calculated one. This may indi-
cate that magnetization even in the second cobalt layer, that
is the sixth atomic layer below the P-termination, is noticeably
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Figure 4. The ARPES-derived temperature evolution of band 3 near the M point taken along the I' — M — I direction (a—e) and its simulation using the
parabolic band dispersion and model self-energy (g-k). In (e) the intensity was normalized to its average value for each energy, while in (k) the intensity
was not multiplied by the Fermi function. f) Profiles of the measured and simulated PE intensity at 50 meV above the E. |) Temperature-dependent
changes in the energy position of the bottom of band 3 without renormalization (corresponds to the red dashed lines in (g—k) that show the bare band).

smaller than that in the bulk. As we will see further this state-
ment is in agreement with the analysis of the properties of
band 3.

Let us discuss the previously mentioned surface band 1,
well-visible in Figure 3d,e. It does not display the spin splitting
anticipated for a ferromagnetic P-Co-P surface block. Our DFT
calculations suggest that this splitting is absent and therefore
remains undetected in ARPES due to the negligible magnetic
moment and the absence of magnetic order in the first Co layer
beneath the P-terminated surface. Summarizing our current
observations, we conclude that in the atomic layers below the
P-terminated surface of LaCo,P,, Co exhibits distinctly different
magnetic moments as compared to the bulk. Specifically, the
first Co layer behaves non-magnetically, while the second Co
layer (sixth atomic layer) below the P-surface displays non-zero
moments and undergoes magnetic ordering, resulting in the
exchange splitting of band 5.

Our calculations show that the magnetic moment of Co in the
second atomic layer is highly sensitive to the distances between
neighboring layers. According to calculations, alteration in the
P—Co distance by a few percent can result in substantial varia-
tions in the magnetic moment, even including the possibility of
its sign reversal. The mentioned variations in P-Co distance are
comparable to the amplitudes of atomic zero vibrational modes.
Therefore, it is plausible that phonons exert a strong influence on
the electronic subsystem, potentially leading to significant modi-
fications in surface-related magnetic properties. In this regard,
it is essential to note that the ARPES data highlight a signifi-
cant kink in band 3 near the E;. This can be seen in the right
panel of Figure 3b, where the mentioned kink is indicated by a
blue arrow.

This observation may be attributed to electron-boson inter-
action, specifically pointing towards electron-phonon and/or
electron-magnon coupling. It is important to note that our re-
cent resonant inelastic X-ray scattering (RIXS) measurements on
LaCo, P, indicate the presence of magnons at the similar energy
range.l'% Our next point of discussion will revolve around this
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particular subject, and namely electron-boson interaction in the
bulk and at the surface of LaCo,P,.

In Figure 4, we illustrate the temperature evolution of the spec-
tral pattern, including bands 2 and 3 near the M point, obtained
from ARPES experiment and modeling. As mentioned earlier,
DFT calculations indicate that the sharp band 2 represents a
surface state intrinsic to the P-terminated crystal. Essentially, it
shows no significant changes with temperature, consistent with
the absence of magnetization at the surface. Note that our ad-
ditional experiment, involving Rb deposition onto the freshly-
cleaved P-surface (not shown), demonstrates a charge transfer
from RD, affecting the energy position of the surface state 2, while
band 3 remains unaffected that confirms its bulk nature. The
ARPES experiment depicted in Figure 4a—d reveals a gradual shift
of band 3 towards E; with increasing temperature. This observa-
tion suggests that band 3 represents a spin-polarized state due
to exchange splitting. In accordance with our DFT calculations,
this band is occupied by Co 3d majority spin electrons. Addition-
ally, it implies the existence of a counterpart of band 3 with the
opposite spin, positioned above the E. In fact, such state can be
observed in the bulk band structure of LaCo,P, projected along
the [001] direction shown in Figure S4 (Supporting Information).
With increase of temperature both bands are shifted towards the
Fermi level reducing herewith the exchange splitting. Above the
Curie temperature (paramagnetic state, simulated within the dis-
ordered local moment (DLM) method,!**! Figure S7b, Support-
ing Information), the bands are degenerate in the vicinity of the
M point and are broadened due to a strong spin disorder. It is
noteworthy that DFT calculations uncover the presence of band
6 just above the E; seen in Figure 3c,d. While it has a similar
origin to band 3, band 6 is distinct. It is localized near the non-
magnetic P-surface and, as a result, does not show exchange split-
ting. Indeed, the bottom of this surface band 6 can be seen in
Figure 4e, where we show the ARPES intensity taken at 150 K
and normalized by its momentum-integrated value. More clearly
it is illustrated in Figure 4f, where one can observe a broad peak
with its maximum at the M point in the momentum distribution
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curve (MDC) shown in green, taken at 50 meV above the E;. The
blue line shows the result of modeling (Figure 4k) which we dis-
cuss further.

The spin-polarized band 3 exhibits a pronounced renormal-
ization and kink-like behavior in close proximity to the Eg, sug-
gesting substantial many-body interactions in LaCo,P,. The lat-
ter complicates the precise determination of the energy shift of
band 3 as a function of temperature. To address this issue, we
present simulated ARPES data in Figure 4g—k for careful evalua-
tion of the experimental data. In our modeling, we used parabolic
band dispersions with manually adjusted curvature and intensity.
As next, we applied renormalization to bands 2 and 3 using the
self-energy derived from ARPES, as will be discussed in detail
below. The dashed parabola shows the unperturbed (bare) band
3. Its position as a function of temperature is given in Figure 41.
The solid line here indicates a magnetization of a spin-1/2 sys-
tem derived from the mean-field model. The good agreement be-
tween the modeled line and the determined positions of band 3
confirms that the shift is attributed to exchange splitting. How-
ever, the magnitude of the splitting is only 0.2 eV, while it is
about 0.6 eV in the DFT calculation for the bulk (see. Figure S4,
Supporting Information). This suggests a smaller splitting near
the surface than that in the bulk, implying a significant modifi-
cation of the bulk properties at the extended surface area of P-
terminated LaCo, P,.

We will now discuss the previously noted kink in band 3, de-
tected at the energy of around 40 meV. From the fact that the en-
ergy of the kink agrees with the typical phonon energies, we may
assume that this kink signifies the presence of electron-phonon
coupling (EPC), with the phonons most likely originating from
the vibrations of light P atoms. However, keeping in mind our
previously mentioned RIXS results on observation of magnons
in this system,['%! we should not exclude possible contribution of
magnons to the observed kink.[?37] Upon further analysis, we
will explore how electron-phonon and electron-magnon interac-
tions affect the electronic structure.

Notice, that a closer inspection of surface state 2 also reveals
a similar kink, albeit less pronounced than in band 3. To assess
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the strength of unveiled electron-boson coupling (EBC), we an-
alyzed the ARPES spectral function depicted in Figure 5a. First,
we fitted the momentum distribution curves to extract the peak
positions and widths. Then, using the methodology described in
refs. [38, 39], we adjusted the model parameterized bare band dis-
persion and Eliashberg function a®F(w) to achieve a good agree-
ment between the model and experimental parameters of the
ARPES-derived peaks. This allowed us to determine the unper-
turbed electronic band and the self-energy function X(E) for both
bands 2 and 3.

The determined bare bands are shown as green lines in
Figure 5a. From comparison with renormalized bands (red lines)
it can be seen for the bulk-like band 3 the EBC is essentially
stronger than for the surface state 2. The results of self-energy
analysis are shown in Figure 5b—e. While for band 3 the real part
of 2(E) reaches almost 30 meV, for the surface state 2 it is not
exceeding 12 meV. Thus, EBC is stronger for bulk band 3. The
energy position of the maximum in the Eliashberg function indi-
cates that for both bands the strongest renormalization due to the
EBC comes most likely from phonons with the energies of 30—
40 meV.

To confirm our anticipation that the electron-phonon coupling
is the origin of the kinks in bulk and surface bands seen in
ARPES, we performed phonon spectrum calculations within an
ab initio linear response technique.l*”! The phonon dispersions,
calculated along the high-symmetry directions of the bulk BZ,
are shown in Figure 6a. The atomic localization of the modes
is shown in the colors marked in the right-bottom key. As ex-
pected, the vibrations of heavy La atoms are entirely in the low-
energy part of the phonon spectrum, down to 20 meV. Modes
associated with displacements of Co atoms along the z direction
also turn out to be low-frequency (almost dispersionless curves
around 11 meV at the BZ boundary). Modes with longitudinal
vibrations of Co atoms also exhibit weak dispersion. They form
a bundle of four longitudinal modes around 26 meV in the up-
per part of the low-energy spectrum. Although these vibrations
are often accompanied by twitching of P atoms along the z direc-
tion, fully z-polarized phosphorus modes lie somewhat lower in
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Figure 6. a) Bulk phonon spectrum (left) and corresponding partial density of states (DOSs) (right) of LaCo,P,. Orange, blue, and green circles/lines
denote localization of vibration modes on La, Co, and P sublattices, respectively. b) Eliashberg functions a?F(w) for bulk (red) and surface (blue) states
just below the Fermi level. c) Re and Im parts of self-energy X (E) for the band 3 (left) and surface state 2 (right) calculated for T = 20 K.

energy, around 24 meV. Vibrations associated with the movement
of light P atoms determine the high-energy part of the spectrum
with the mass difference of the atoms leading to a large energy
gap (~10 meV).

In the primitive unit cell of LaCo,P, there are four Raman
active modes: A, D B,, @ 2E,. The A, (B,,) mode represents
the vibrations of the P(Co) ions along the c-axis, whereas the E,
modes involve the vibration of both Co and P ions within the
(001)-plane. The calculated values of Raman modes: A;, = 41.7
meV, By, = 25.7 meV, and E, = 24.6 and 44.0 meV (Figure 6a)
agree fine with the measured Raman spectrum (see the Support-
Ei,l) and By,
contribute to peak 1 at 24.4 meV while A;, and Eg) modes give
rise to the peaks 2 and 3 at 40.9 and 43.1 meV, respectively. The
good agreement between the experiment and theory in the de-
scription of phonons can serve as a reliable basis for calculating
the electron-phonon interaction.

The strength of the EPC interaction for a particular electron
state with momentum k and band index i, 4, , is defined using
the corresponding state-dependent Ehashberg spectral function

o’ Fy (o):

2Fk 26 €k+q

qQvf

ing Information, Figure S5a). The two lowest modes,

Vg, oo = oy). 1)

Here the quasielastic approximation is used: &(e, g "6 F
@) % 8(€rq, — €1)- The sum is carried out over final electron
states and all possible phonon modes (q, v). The spectral decom-
position of the coupling constant 4, can be obtained as
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i = [ (@F ) oldo. @

Figure 6b shows calculated Eliashberg functions for bulk band
3 and surface state 2 where initial states lie just below the Fermi
level (-0.02 eV) along the M — T" direction. The corresponding A
constantis 1.03 for the bulk band that is in a good agreement with
the value 0.85 deduced from the slope of Re X(E) (Figure 5b). It
should be noted that the value of the EPC parameter only weakly
depends on the choice of the initial state: for k; along the M — X,
the value of 4 is 1.06. The calculation of the Eliashberg function
for the surface state was done using the 11 ML slab. In the surface
phonon spectrum all vibrational modes lie in the regions of bulk
states (see the Supporting Information, Figure S6). The Eliash-
berg function a*F, () for the surface band 2 is smaller with re-
spect to the bulk one. This determines the electron-phonon cou-
pling strength (0.4) being more than a factor of 2 smaller than for
the bulk in agreement with ARPES observations demonstrating
a weakly pronounced kink in the surface state 2.

Having the calculated Eliashberg functions for the bulk and
surface bands one can get EPC contribution to the self-energy,
which is accessible via ARPES measurements. The imaginary
part of the quasiparticle self-energy can be expressed as

ImZ, (€) = —ﬁ/dw{(szE (¢, w)[b(w) + f (@ + €)]
+a FE €, w)[b(w) + f (0 — €)]}. (3)
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Figure 7. Bulk band structure at U = 0 (a) and U = 2.21 eV (b) calculated along high-symmetry directions of the tetragonal BZ. Red and blue lines
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quasiparticle band dispersions renormalized with the electron—-magnon scattering in comparison with GGA+U band spectrum (red and light-blue for

spin-up (c) and spin-down (d), respectively.

Here b(w) and flw) denote Fermi and Bose distribution functions,
respectively. The real part Re X can then be calculated from Im X
with the help of the Kramers—Kronig relation. Figure 6¢ shows
the calculated self-energies for the bulk (left) and surface (right)
states for T = 20 K. Peaks in the real part occur in both cases at
~30 — 40 meV in very good agreement with the ARPES-derived
maxima in X (Figure 5b,d). Also the experimental peak height of
Re X of 30 meV for the bulk band 3 is well matched by our cal-
culation. At the same time, the peak height in Re X for the surface
state is a bit larger (14 meV) compared to the fitting, but it is also
much lower compared to the bulk state. Thus, our calculations
support EPC origin of the kinks at E;. in both bulk and surface
states. The calculation further shows that a significant part of the
EPC stems from the phosphorus vibrational modes, which cou-
ple to the magnetically split Co 3d dominated states around the M
point. We will now show that these states are further renormal-
ized by electron-magnon interactions, thus suggesting an inter-
play between the magnetic and vibrational excitations. This is fur-
ther supported by the fact that for two isostructural compounds
away from the critical point of the magnetic phase transition
CeCo,P, (Co AFM order) and EuCo,P, (Co nonmagnetic), the
phosphorus vibrational modes are absent in the Raman spectra
(see the Supporting Information, Figure S5b) and for CeCo,P,,
no significant electron-magnon interaction was observed.[1?!

Although our simplified LSDA approach allows us to capture
the main spectroscopic features of the electronic structure of
LaCo,P,, the correlation effects associated with the d-electrons
of cobalt must definitely be taken into account, in order to de-
scribe the LSDA band structure renormalization on a greater en-
ergy scale. As a first step in improving the theoretical description
of the electronic structure, we applied the DFT+ U method. Co 34
states were treated using a GGA+ U approach,/*** where the U4
value was calculated using the linear response method!*}! giving
avalue of 2.21 eV. With inclusion of U the spin magnetic moment
at the Co atom in the bulk is increased to 0.657 pg.

With U = 0 our GGA calculations agree perfectly with the
LSDA results presented above. As can be seen in Figure 7a, the
band 3 observed in ARPES and the surface-projected LSDA spec-
trum at the M point comes from two spin-up states which are
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degenerate at the A point (M—A direction corresponds to the sur-
face normal). Their spin-down counterparts lie at 0.4 eV above
the Fermi level. These bands are mainly formed by the Co d,,, or-
bitals with sizeable contribution from Co d_,. On the whole, with
exception of contributions of La d and forbitals in the vicinity of I
below and far above E, respectively, and small ones from P p, or-
bitals highly dispersing parabolic bands in the M point, all bands
have Co d character. The Hubbard U (Figure 7b) has relatively lit-
tle impact on Co bands near the Fermi level with exception the 3"
and 3" pairs formed by d,, + d,. orbitals. In particular, 3" bands
occur at energies from —0.7 to —0.6 eV at the M point and there-
fore must generate a bulk projection band at the bottom of the M
gap that contradicts to the ARPES observations. Thus, one can
conclude the static mean-field approach is not sufficient to de-
scribe the observed band structure and spin fluctuations should
be included into consideration.

To address the effect of electron-magnon interaction on the
low-energy spectrum of LaCo,P, we performed calculations of
the electronic structure taking into account bosonic spin-flip ex-
citations via a many-body perturbation theory.**] This approach
relies on a perturbation expansion of the electronic self-energy
based on the Hedin equations.[*! The electronic structure in
the unperturbed state was calculated using a GGA+ U functional
(U.g = 2.21 V), which reproduces correctly spin wave spectrum
and the Curie temperature in a (La,Ce)Co,P,."% Spin wave spec-
trum (magnons) for the tetragonal BZ is presented in Figure 8a.
There are four magnon modes since the tetragonal unit cell con-
tains four magnetic atoms. However, two modes are almost de-
generate in the whole BZ. This indicates a weak coupling be-
tween Co magnetic moments along the z direction. Along the
X-M and R-A symmetry directions the pairwise degenerate bands
propagate close to each other thus showing the weakness of mag-
netic interaction between the magnetic moments within a Co
layer in these particular directions. In the vicinity of the M point,
the magnon bands are close in energy with optic phonons stem-
ming from vibrations of phosphorous atoms (see Figure 6a).
Thus, both magnons and phonons may potentially contribute
to the band structure renormalization presented in Figures 4
and 5.
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Figure 8. a) Magnon spectrum of LaCo,P, bulk; b) Electron-magnon self
energy at the I' point and c) the spin-resolved (positive/negative for spin-
up/spin-down states) total and partial Co DOS’s of LaCo,P,.

The impact of the magnon scattering on the electronic struc-
ture of LaCo,P, in the X-M-I" direction is shown in Figure 7c,d.
The most prominent changes take place in the majority spin
channel (Figure 7c): the occupied bands are shifted up in en-
ergy and acquire finite life-time seen as the broadening of
the spectral line. The lower energy bands shown in Figure 7c
are strongly damped after the renormalization indicating pro-
nounced electron-magnon scattering in this energy range of the
corresponding electronic states. At the same time, the electronic
structure in the minority spin channel (Figure 7d) is almost unaf-
fected by the electron-magnon scattering except a very little shift
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in energy and non-significant broadening of the energy bands.
This shift in the spin-up channel explains the results of the cur-
rent ARPES experiment presented in Figure 4 and in Figure 5:
the renormalized band 3 is shifted in energy towards the Fermi
level and its position is now in good agreement with the ARPES
experiment. However, the renormalization does not affect the
shape of the band. Hence, only electron-phonon interaction is
responsible for the kinks observed with ARPES.

This renormalization of the electronic structure is determined
by the self-energy originating from the electron-magnon interac-
tion: the real part of the self-energy in the majority spin channel
is significantly larger then its counterpart in the minority spin
channel (Figure 8b). While the spin-down self-energy is relatively
small in magnitude and is practically constant in the whole en-
ergy range (except the vicinity of the Fermi level), the spin-up self-
energy is of an order magnitude larger and strongly varies with
the hole energy below the Fermi level. The real part of the spin-up
self-energy shifts the bands in energy, while the imaginary part
broadens their width. Since the imaginary part of the spin-up self-
energy increases while moving down away from the Fermi level,
the bands are getting broader as shown in Figure 7c. At the same
time, both real and imaginary parts of the spin-up self-energy
change smoothly in energy and therefore, the shape of the bands
is almost not affected—they show no kinks as observed in the
current experiment. Note that below the Fermi energy the ma-
jority/minority bands are renormalized toward higher/lower en-
ergies, effectively reducing the exchange splitting. This explains
the overestimation of the exchange splitting within the GGA+U
results discussed above. However, despite the renormalization of
the spin-up bands, the Co magnetic moments are reduced from
0.61 yy to approximately 0.55  due to the electron-magnon in-
teraction. The reason for this is that the electronic structure is
renormalized only in some part of the BZ (see Figure S8, Sup-
porting Information).

To understand the physics behind this spin-dependent
band renormalization, we analyze the spin-resolved electron-
magnon self-energy and the density of states (DOS) of LaCo,P,
(Figure 8c). The spin-up self-energy describes the decay of a ma-
jority hole into a minority hole, while the decay of a minority
electron into a majority electron is given by the spin-down self-
energy. During both processes, a magnon is emitted.**] Other
electron-magnon processes are weak in the strong magnets.
Thus, the spin down DOS below the Fermi level reflects final
states of the electron-magnon scattering in the majority spin
channel, while the electron-magnon scattering in the minority
spin channel is manifested by the spin-up DOS above the Fermi
level. In LaCo,P, the DOS of minority carriers below the Fermi
level shows an abundance of final states while spin up DOS above
the Fermi level has much fewer available final states. Thus, the
significant renormalization of the band structure in the spin-up
channel can be explained by the large spin-down DOS below the
Fermilevel in LaCo,P,. In other words, the electron-magnon self-
energy in this system is dominated by the spin-dependent decay
processes of the spin-up holes below the Fermi level.

3. Conclusion

In summary, the properties of the LnCo,P, family are gov-
erned by a complex interplay of competing interactions,

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH

85U8017 SUOWILLOD 8A1TER1D) 8|qeot dde auy Aq peusAob ee Sapie YO ‘8sh JO S9N 10) AiqiT8UIUO AB|IMW UO (SUOIIPUOD-PUB-SWBIALI00" AB 1WA eiq 18U JU0//SANy) SUONIPUOD pue SWis | 8yl 8es *[7Z0z/TT/82] Uo AriqiTauljuo A(Im "4 miisul eunsie Aq Z£T00vZ0z 1xde/z00T OT/10p/woo" A3 |1m A g 1 pul|uoy/sdny woij papeojumod ‘0 ‘00ZTTS.Z


http://www.advancedsciencenews.com
http://www.advphysicsres.com

ADVANCED
SCIENCE NEWS

ADVANCED
PHYSICS
RESEARCH

Open Access,

www.advancedsciencenews.com

leading to diverse magnetic orders both in the bulk and near their
surfaces.*l Unique to LaCo,P, is the structural proximity to
the critical point of the magnetic phase transition, resulting in
a weak itinerant ferromagnetic order. Through careful analysis
of ARPES data taken from LaCo,P,, we separated the bulk and
surface electron bands. For the P-terminated surface, the Rashba
effect was observed, along with the breakdown of the magnetic
order of the Co 3d moments. In the bulk, large Co 34 electron
pockets are found around the M point, with significantly reduced
lifetimes and kinks indicating substantial electron-boson renor-
malization stronger than at the surface.

Our theoretical description shows that the experimentally ob-
served electronic structure can be accurately described by DFT
without inclusion of a Hubbard-term for the onsite repulsion
of the Co 3d electrons. We find that this is a direct result of
band structure renormalization due to spin excitations, which
effectively suppresses the influence of the U term on the band
structure for the majority spin channel. Furthermore, the energy-
dependent reduced lifetimes and the kinks of the Co 34 states
around the M point are attributed to phonons. Notably, vibra-
tional modes of phosphorus, despite their minimal direct con-
tribution to the Co 3d states, play a significant role.

Our results highlight how, in this weak itinerant ferromag-
net, the electronic structure is strongly renormalized by electron-
magnon interactions, effectively negating the strong onsite re-
pulsion of the Co 3d states for the majority spin channel. Since
the magnetic phase transitions in LnCo,P, are accompanied by
structural changes (see the Supporting Information, Section S1),
the magnetic ground state and its excitations appear to be linked
with phononic excitations. Our results suggest that the mutual
interactions between electrons, phonons, and magnons are likely
responsible for the unusual magnetic properties of LaCo,P,. Sim-
ilar electronic states can be found in the isostructural iron pnic-
tide superconductors, where spin excitations are believed to be
essential for the emergence of superconductivity.3! Our results
also highlight the significant influence of the phonon modes on
the transition metal 3d states, particularly the vibrational mode
of the pnictogen at higher energies. It is anticipated that the
LnCo, P, series of compounds, as well as similar families con-
taining both magnetically-active lanthanide and transition metal
atoms, may serve as promising platforms for exploring com-
plex and compelling physics both in the bulk and at the surface,
driven by the Kondo and Rashba effects, exchange interactions,
and electron-boson couplings.

4. Experimental Section

Sample Preparation: ~ Single crystals of LaCo,P, were grown from Sn
flux by a modified Bridgman method in a vertical resistive furnace (GERO
HTRV70250/18). Elements with an optimized initial stoichiometry of 1.6:
2: 2: 30 (La: Co: P: Sn) were placed in a graphite crucible enclosed in a
welded Nb crucible. The maximum furnace temperature was ~1400°C,
and the initial heat-up rate was 100 K h™! with an additional hold time of
10 h at 450°C, to ensure a complete reaction of P with Sn. A flow of argon
through the growth tube was present (~150 mL min~"), which prevented
oxidation of the metallic Nb crucible and provided an additional cooling at
the bottom of the crucible. The tin flux was removed after growth by etch-
ing with hydrochloric acid. Further details concerning the crystal growth
as well as the chemical and structural characterization can be found in
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ref. [29]. The growth procedure led to platelet-like samples with an area of
~2 X 2 mm?2,

Measurement Details: Temperature-dependent ARPES experiments
were performed at the BLOCH beamline of the MAX-IV laboratory.[46]
The experimental station at Branchline A of BLOCH is equipped with a
Scienta Omicron DA30-L analyzer, enabling high-resolution ARPES mea-
surements. It is further equipped with a 6-axis “Carving” cryomanipulator,
powered by a low-vibration, closed-cycle “Stinger” cryocooler, allowing the
sample to reach a minimum temperature of 18 K. LaCo,P, single crystals
were cleaved in situ under ultra-high vacuum conditions better than 10710
mbar at the lowest temperature before ARPES measurements.

DFT Calculations:  Surface band structure calculations were performed
with FPLO-18.00-52 code (improved version of the original FPLO code by
K. Koepernik and H. Eschrigl#’]). LSDA with U = 0 was used. The model
slab consisted of 16 atomic layers. Interlayer distances were relaxed for the
six outermost layers of the slab.

Phonon spectra calculations were carried out within the framework of
DFT with relativistic norm-conserving pseudopotentials constructed from
all-electron valence states according to the Vanderbilt scheme.[*®] The ex-
change and correlation energy functional was described within the GGA-
PBE. The lattice dynamics was studied using a linear response approach
based on the DFT as implemented in the mixed-basis pseudopotential
method,[#>30 which employs a combination of local functions and plane
waves to represent valence states.I>'] Dynamical properties were calcu-
lated using the linear response theory!4?] adapted to the mixed-basis pseu-
dopotential approach.[4°]

Additional bulk electronic structure calculations were performed us-
ing Vienna Atomic Simulation Package (VASP)[3233] within projector
augmented-wave (PAW) method.[>*-5¢] Within this approach to describe
the highly correlated Co-3d electrons, we include the correlation effects
within the GGA+U method!*'l with U calculated within the linear response
method.[43]

Magnetic interaction, electron-magnon coupling as well as the impact
of electron-magnon interaction on the electronic structure were stud-
ied using a first-principles self-consisted Green function method imple-
mented within the multiple scattering theory.’”8] This method is de-
signed for bulk, surfaces, interfaces and interfaces. The results of Green
function calculations agree well with the other methods used in the cur-
rent project. The self-energy of the electron-magnon coupling was calcu-
lated using a many-body perturbation theory as it is implemented within
the time-dependent density functional theory and our Green function
approach.[*4]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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