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Complex fermiology and electronic structure of antiferromagnet EuSnP
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We studied the electronic structure of a layered antiferromagnetic metal, EuSnP, in the paramagnetic and
in the antiferromagnetic phase using angle-resolved photoemission spectroscopy (ARPES) alongside density-
functional theory (DFT)-based first-principles calculations. The temperature dependence of the magnetic
susceptibility measurements exhibits an antiferromagnetic transition at a Néel temperature of 21 K. Employing
high-resolution ARPES, the valence-band structure was measured at several temperatures above and below the
Néel temperature, which produced identical spectra independent of temperature. Through analysis of the ARPES
results presented here, we attribute the temperature-independent spectra to the weak coupling of the Sn and P
conduction electrons with Eu 4f states.
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I. INTRODUCTION

The involvement of antiferromagnetic (AFM) orderings on
the electronic band structure of materials have seen increased
interest recently [1–9]. Antiferromagnetism, where the net
magnetization vanishes due to compensation of magnetic mo-
ments, is capable of producing a variety of ordering forms
that modify the crystal symmetry experienced by itinerant
electrons [10]. This can include a redefining of the unit-cell
periodicity, which results in the reduction of the Brillouin
zone (BZ) in reciprocal space. Such rescaling of the BZ
induces band folding, from which band hybridization may
follow, dramatically reconstructing the electronic structure
[1–4,7]. Another way in which AFM ordering can modify the
system is through changing the crystal space group [11,12].
Rotational and mirror symmetries may be broken by the align-
ment of magnetic moments, which may remove degeneracies
and forced band dispersions along high-symmetry directions
of the BZ [13].

EuSnP is an AFM material which crystallizes in the
NbCrN-type primitive tetragonal crystal structure (P4/nmm,
No. 129) with six atoms in each unit cell and lattice con-
stants of a = b = 4.27 Å and c = 8.76 Å [14,15]. It is a
layered compound with Eu-Sn-P and P-Sn-Eu linear chains
along the tetragonal [001] axis [15]. Magnetic susceptibility
measurements on single crystals of EuSnP as a function of
temperature indicate a paramagnetic (PM) to AFM transition
with a Néel temperature of 21 K [14]. It is observed that the
magnetic susceptibility along the c axis (χc) is suppressed be-
low the Néel temperature when compared with the magnetic
susceptibility along the a axis (χa), exhibiting an anisotropic
behavior [16]. The paramagnetic (PM) Curie temperatures
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estimated from χ−1
c (T ) and χ−1

a (T ) curves, respectively, are
13.3 K and 18.2 K, which suggests that the exchange coupling
between the Eu sublayer is ferromagnetic and these ferromag-
netic sublayers couple antiferromagnetically along the c axis
[16]. Pressure studies on EuSnP observed no structural phase
transition up to ∼ 6.2 GPa [17]. High-pressure resistivity mea-
surements suggested that the Néel temperature is significantly
enhanced under high pressure up to 2.15 GPa [17]. Most
relevant to this work, angular-dependent de Haas–van Alphen
(dHvA) measurements of the valence electronic structure for
EuSnP within the AFM phase have been performed, which
presents the low-temperature bulk Fermi pockets [15]. The
sample conditions under dHvA measurements produce the
bulk Fermi pockets of EuSnP within the magnetically ordered
phase, extending beyond the metamagnetic transitions. How-
ever, due to the presence of both a PM-AFM phase transition
at 21 K and metamagnetic transitions at 1.9 T and 6.7 T
[16], field-free temperature-dependent study of the electronic
structure is necessary.

In this paper, we have performed a detailed study of
EuSnP using high-resolution angle-resolved photoemission
spectroscopy (ARPES) in both the PM and the AFM phase
to understand the electronic structure of this material and the
influence of AFM ordering on the electronic structure below
and above the Néel temperature. Our temperature-dependent
ARPES data suggest no significant electronic reconstruction
across the AFM transition, thus suggesting weak coupling
of Eu 4f electrons with Sn and P conduction electrons.
Our density-functional theory (DFT)-based first-principles
calculations show excellent agreement with the observed
ARPES spectra.

II. METHODS

High-quality single crystals of EuSnP were grown by
Sn-flux method [15], and characterized by x-ray diffraction
(Oxford Diffraction Xcalibur four-circle diffractometer with
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a CCD Atlas detector) and energy-dispersive x-ray analysis
(FEI scanning electron microscope with an EDAX Genesis
XM4 spectrometer) to have the expected crystal structure and
chemical composition. Their magnetic and electrical proper-
ties were verified by magnetic susceptibility (Quantum Design
MPMS-XL magnetometer) and electrical resistivity (Quan-
tum Design PPMS-14 platform) measurements. The ARPES
measurements were performed at Stanford Synchrotron Ra-
diation Lightsource (SSRL) endstation 5-2 and the ALS
beamline 4.0.3. Measurements were carried out at tempera-
tures of 18.5 K, 30 K, and 50 K. The pressure in the UHV
chamber was maintained better than 1 × 10−10 torr. The angu-
lar and energy resolution were set better than 0.2◦ and 15 meV,
respectively. Measurements were performed employing the
photon energies in the range of 45–60 eV.

The ab initio (DFT) calculations are performed using
the projector augmented-wave (PAW) potentials [18] imple-
mented in the Vienna ab initio simulation package (VASP)
code [19–21]. Calculations are made within the generalized
gradient approximation (GGA) in the Perdew, Burke, and
Ernzerhof (PBE) parametrization [22]. The energy cutoff for
the plane-wave expansion was set to 500 eV, while f electrons
were treated as core states. Optimizations of structural param-
eters (lattice constants and atomic positions) are performed in
the primitive unit cell using the 18 × 18 × 9 k–point grid in
the Monkhorst-Pack scheme [23]. As a break of the optimiza-
tion loop, we take the condition with an energy difference
of 10−6 eV and 10−8 eV for ionic and electronic degrees of
freedom. The topological properties, as well as the electronic
surface states, were studied using the tight-binding model
in the maximally localized Wannier orbitals basis [24–26].
This model was constructed from exact DFT calculations
in a primitive unit cell (containing one formula unit), with
10 × 10 × 6 �-centered k–point grid, using the Wannier90
software [27]. During calculations, the f electrons of Eu were
treated as a core state. The electronic surface states were
calculated using the surface Green’s function technique for
a semi-infinite system [28], implemented in WannierTools
[29]. An elaborated description of the calculation details is
provided in the Supplemental Material [30].

III. CRYSTAL STRUCTURE, PHYSICAL PROPERTIES,
AND DFT CALCULATIONS

The crystal structure of EuSnP is shown in Fig. 1(a). The
compound crystallizes in the tetragonal structure (P4/nmm,
space group No. 129), which is in agreement with previous
reports [14,15]. The primitive unit cell contains Eu atoms at
the 2c (0,0.5,0.169), Sn atoms at 4d (0.5,0,0.45), and P atoms
at 4e (0,0.5,0.84) [15] Wyckoff positions. The crystal structure
is composed of three layers which are stacked along the c axis
where each Sn atom shares four equal bonds with other Sn
atoms. The top and bottom layers are connected via P and Eu
atoms. Along the c direction, Eu atoms are arranged linearly
with Eu-P-Sn-Eu order. Figure 1(b) displays the inverse mag-
netic susceptibility of a EuSnP single crystal measured in a
magnetic field oriented perpendicular to the crystallographic c
axis. Above 40 K, the χ−1(T ) dependence can be described by
the Curie-Weiss law with the effective magnetic moment μeff

= 7.84(2) μB and the PM Curie temperature of θp = 18.9(4)

K. The value of μeff is close to the theoretical value g[J(J+1)]
1/2 = 7.94 (Landé factor g = 2, total angular momentum J
= 7/2) expected within Russell-Saunders coupling scheme
for a divalent Eu ion. In turn, the positive value of θp hints
at predominance of ferromagnetic exchange interactions. It is
worth noting that similar values of the Curie-Weiss parameters
were found in the previous studies on EuSnP [14–16]. As
visualized in the inset to Fig. 1(b), χ (T ) measured in a small
magnetic field shows a very sharp peak at TN = 21(1) K that
manifests the AFM phase transition. Another indication of the
AFM character of the magnetic ground state in this compound
comes from a fairly complex behavior of the magnetization
isotherm taken at T = 2 K with magnetic field confined in the
tetragonal plane. In concert with the literature data [15,16],
there occurs in σ (H ) a clear inflection near μ0Hm = 3.5(3) T,
marking a metamagnetic-like transition, and another distinct
anomaly in a field μ0Hsat = 6.1(1) T, above which a fully po-
larized spin state is gradually approached on further increase
of the field strength [Fig. 1(c)].

The temperature dependence of the electrical resistivity
of single-crystalline EuSnP, measured with electric current
flowing within the tetragonal plane, is shown in Fig. 1(d).
Worth noting is small magnitude of the resistivity in the entire
temperature range covered, yet especially the residual resistiv-
ity of only 0.12 µ�cm that gives rise to the residual resistivity
ratio RRR = ρ(300K )/ρ(2K ) = 270, which is a value much
larger than those reported before [14,15]. Both parameters
reflect the very high crystalline quality of the EuSnP sample
investigated. As can be inferred from Fig. 1(d), the onset of
the AFM state manifests itself as a distinct kink in ρ(T ).
Below TN , the resistivity sharply decreases due to suppression
of scattering conduction electrons on disordered magnetic
moments. The most striking feature of ρ(T ) of EuSnP is its
perfectly linear behavior in the entire PM state. The linear-
in-T electrical transport was recognized as a characteristic
property of strange metals (cuprates, heavy-fermion systems,
etc.), in their quantum critical regimes, but also observed for
some conventional metals (e.g., Li, Mg, Ag), where scattering
from phonons is limited by the Planckian dissipation rate [31].
In order to elucidate the actual origin of the T-linear resistivity
of EuSnP, further experimental and theoretical studies aimed
at gaining detailed information about the charge carriers in
this material are compulsory.

Given the presence of superconductivity in sister
compound SrSnP [32], our finding of linear-in-T resistivity
behavior, and the presence of an AFM ground state, the
electronic structure of EuSnP needs to be elucidated in order
to determine the band structure’s role in these phenomenon.
To gain insight into the electronic structure of this material,
we have presented the bulk Brillouin zone [Fig. 1(e)] and
the electronic band dispersion along the corresponding
high-symmetry directions, as shown in Fig. 1(f). The yellow
lines indicate the band dispersion without the inclusion of
spin-orbit coupling (SOC), while the blue lines represent the
dispersion with SOC. The calculated band structure shows
that there are multiple bands which cross the Fermi level
(EF ) suggesting it to be a metal, in accordance with our
transport measurements. In the absence of SOC, we can
observe multiple band crossings along the �-X, M-�, �-Z-R,
and A-Z directions. With the inclusion of SOC these band
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FIG. 1. Crystal structure and DFT calculations of EuSnP. (a) Tetragonal unit cell of EuSnP. Magenta, gray, and green colored solid spheres
denote the Eu, Sn, and P atoms, respectively. (b) Temperature dependence of the inverse magnetic susceptibility of EuSnP measured in a
magnetic field of 0.1 T, applied perpendicular to the tetragonal axis. Solid straight line represents the Curie-Weiss fit with the parameters given
in the panel. Inset: low-temperature magnetic susceptibility data collected in a small field of 10 mT. Arrow marks the AFM transition at TN .
(c) Magnetic field variation of the magnetization in EuSnP taken at 2 K in magnetic fields directed perpendicular to the tetragonal axis. Arrows
indicate a metamagnetic transition at μ0Hm and the onset of spin-polarized state above Hsat . (d) Temperature dependence of the electrical
resistivity measured within the tetragonal plane. Solid straight line emphasizes a linear-in-T behavior in the PM phase. The measured crystal
was characterized by a large value of the residual resistivity ratio (RRR) given in the panel. (e) Bulk Brillouin zone reciprocal to the tetragonal
lattice of EuSnP. High-symmetry points and reciprocal lattice vectors are indicated. (f) Electronic band-structure calculations along various
high-symmetry directions without (yellow curves) and with (blue curves) the inclusion of spin-orbit coupling.

crossings become gapped. One seemingly important feature
of the band structure occurs at the �-point, where a hole-like
curvature of the valence band is seen along the �-X direction
and the �-M direction, however, moving along kz in the �-Z
direction shows electron-like curvature. Previous calculations
on a related material, SrSnP, have attributed these features to
the presence of a saddle point at � close to the Fermi level
[32]. To evaluate the validity of this description in EuSnP, we
have performed density of states calculations, which shows no
pronounced peak near the Fermi level (see Supplemental Ma-
terials, Fig. S2(a) [30]). Absence of a saddle point in EuSnP
could explain the lack of low-temperature superconductivity
in this material, contrasting with SrSnP in this regard.

IV. FERMI SURFACE AND CONSTANT
ENERGY CONTOURS

We have measured the Fermi surface (FS) and constant
energy contours (CECs) at various binding energies using a
photon energy of 100 eV as shown in Fig. 2 in order to dis-
close the electronic structure of EuSnP. Figure 2(a) shows the
experimental FS maps and CECs, while Fig. 2(b) shows the

DFT-calculated FS and CECs. Theoretical and experimental
FSs are provided with BZs that have high-symmetry points
marked on them. At the FS, several pockets are seen, pointing
to the metallic band structure of the material. The experimen-
tal FS and the CECs of the material are quite well reproduced
in the calculated plots shown in Fig. 2(b). The Fermi surface
consists of two large concentric elliptical electron pockets sur-
rounding the BZ corners. The four elliptical pockets oriented
with their eccentric axis along the �-M direction, which we la-
bel as α, coincide at the � point. The interaction between these
pockets produces a complex electronic structure which shows
hole-like behavior along the �-M direction, however which
produces four electron-like pockets along the �-X direction.
Increasing the binding energy to 0.4 eV below the Fermi level
shows the presence of a circular hole pocket surrounding the
� point. Increasing the binding energy further adds another
small circular pocket surrounding �.

V. PHOTON-ENERGY-DEPENDENT BAND STRUCTURE

In order to understand the electronic structure of EuSnP
at low temperatures, we have analyzed the band dispersion
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FIG. 2. Fermi surface and constant energy contours. (a) ARPES-measured Fermi surface (first panel) and constant energy contours
measured using a photon energy of 100 eV at various binding energies as indicated on top of each plot. (b) Respective Fermi surface and
constant energy contours obtained from DFT calculations. The experimental data were taken at the SSRL beamline 5-2 at a temperature of
18.5 K using LH polarization.

along various high-symmetry directions. Figure 3(a) presents
ARPES-obtained band dispersions along the M-�-M direction
for photon energies ranging from 45 eV to 60 eV. A sharp,
steeply dispersing band is observed, crossing the Fermi level
at about 0.5 Å−1, which is attributed to the covertex of the β

elliptical pocket. This band appears as a sharp, intense spectral

feature, which does not appear to disperse over various pho-
ton energies [Fig. 3(a)]. A second feature observed near the
Fermi level is a hole-like band with relatively broad spectral
features. Comparing with the Fermi surface, we attribute this
hole pocket around � to the vertex of ellipse α. This pocket
disperses strongly as a function of photon energy. Another

FIG. 3. Band dispersion along the M–�–M and X–�–X directions. (a), (b) Experimentally measured band dispersions along the M–�–M
and X–�–X directions using photon energies of 45 eV, 50 eV, 55 eV, and 60 eV, respectively. The far-right column presents DFT-calculated
band dispersion for the corresponding rows. Three principal layers were used for the calculation of the surface Green’s function, while the total
number of layers was ten. The experimental data were taken at the SSRL beamline 5-2 at a temperature of 18.5 K using LH polarization.
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FIG. 4. Temperature-dependent band dispersion of EuSnP along various high-symmetry directions. (a), (b) Experimentally measured band
dispersions along the X–�–X, (c), (d) M–�–M, and (e), (f) M–X–M directions at 50 K and 18.5 K, respectively. (g)–(i) Momentum-distribution
curves (MDCs) at EF as a function of temperature. The high-symmetry directions are indicated in the captions. Comparison of the Fermi
surface measured at (j) 50 K, (k) 30 K, and (l) 18.5 K, respectively. The experimental data were taken at the SSRL beamline 5-2 using LH
polarization.

pocket below 0.2 eV at the � point strongly disperses with
photon energy indicating it to be of bulk 3D origin. To corrob-
orate this behavior attribution to the bands, we have performed
surface Green’s function calculations, which is shown in the
rightmost column of Fig. 3. The β pocket covertex band is
projected onto the surface as being a sharp spectral feature of
narrow-momentum linewidth, indicating weak kz dispersion
in agreement with ARPES results. By contrast, the hole-like α

band is projected with very large-momentum linewidth, which
is the result of highly kz dispersive bulk bands, explaining the
variation in this band with photon energy. Next, we discuss
the band dispersion measured along the X-�-X direction. The
measured band dispersion with a photon energy of 45 eV
suggests that there is no pocket at the � point. However
an electron-like pocket exists along the �-X direction. This
pocket is dispersive as the photon energy is changed from
45 eV to 60 eV, suggesting its bulk origin. The pocket below
0.2 eV is strongly photon-energy dependent indicating its bulk
nature. Again, this description of the bands is consistent with

Green’s function calculations shown in the bottom right panel
of Fig. 3.

VI. TEMPERATURE-DEPENDENT BAND STRUCTURE

To understand the effect of antiferromagnetism on the
electronic band structure of EuSnP we have performed
temperature-dependent ARPES measurements along various
high-symmetry directions as shown in Fig. 4. The measure-
ments have been performed at 50 K, 30 K, and 18.5 K
which is above and below the Néel temperature. Figures 4(a)–
4(f) present the ARPES-measured band dispersion along the
X-�-X, M-�-M, and M-X-M directions at temperatures of
50 K and 18.5 K, respectively. The FS measured above and
below the Néel temperature is presented in Figs. 4(j)–4(l).
As can be seen by comparing Figs. 4(a), 4(b), Figs. 4(c),
4(d), and Figs. 4(e), 4(f), we do not observe any significant
change in the electronic structure across the magnetic transi-
tion above and below the Néel temperature (See Fig. S4 in the
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Supplemental Material for further low-temperature measure-
ments taken for sample temperatures as low as 8 K [30]). In
order to quantitatively analyze any change in the electronic
structure as a function of temperature we have performed
a close inspection of the momentum-distribution curves
(MDCs) at the Fermi level along the several high-symmetry
directions, as shown in Figs. 4(g)–4(i) which reveals the
ARPES spectra does not demonstrate significant modification
across the magnetic transition.

Moving on to the interpretation of these results, we first
note that the coupling between the magnetic f electrons and
conduction electrons define the modification to the electronic
structure across the magnetic phase transition. Our present
temperature-dependent ARPES results suggest that f electrons
do not strongly interact with the valence bands and thus
do not have any significant effect on the electronic struc-
ture of this material [1,33]. As discussed in Ref. [1], one
may justify several reasons for the lack of observed AFM
reconstruction via ARPES. Firstly, the AFM ordering could
conceivably be a strong bulk effect and may not extend to
the surface. However, in the context of PdCrO2 studied in
Ref. [1], a disagreement between low-temperature band struc-
ture as measured by quantum oscillations and via ARPES was
reported [34]. EuSnP, in contrast, is revealed to show good
agreement between the AFM-phase dHvA measurements [15]
and the obtained ARPES results, indicating that both the bulk
and surface electronic structures see no reconstruction. The
more likely scenario is where there is very weak coupling
between the Eu moments and the Sn-P conduction electrons.
This is understood to indicate that, while the AFM ordering
does redefine the scale of the unit cell, the spectral weight
associated with the AFM band folding is directly related to the
coupling strength of the itinerant electrons to the Eu moments
[35]. Given the overall consistency between the previously
reported bulk-sensitive dHvA measurements and the surface-
sensitive ARPES measurements both above and below TN , we
associate the lack of observed band folding, band splitting, or
band shifts as an indication of the weak interaction strength
between Eu 4 f electrons and the valence electronic states.
The natural question arises regarding the nature of coupling
between Eu magnetic moments, which is expected to be medi-
ated through the valence electrons by the RKKY interaction.
Unlike other examples of AFM band reconstruction in lan-
thanide metals [7,9], EuSnP possesses quite dispersive bands
which are energetically separated from one another, covering
a wide range of the Brillouin zone. We can speculate that
perhaps the geometry of the Fermi surface allows for sufficient
coupling of Eu moments without particularly strong coupling
to the itinerant states.

VII. CONCLUSION

In this study, we successfully grew high-quality single
crystals of EuSnP, which possess a tetragonal space group
of P4/nmm. Our investigations revealed an antiferromagnetic
(AFM) transition in this material, with a Néel temperature
of 21 K, as evidenced by magnetic measurements. Resistiv-
ity measurements indicated EuSnP to be a good electrical
conductor, showing a striking linear temperature dependence
of the resistivity in the PM phase. In order to explore the
electronic structure of this compound, we employed ARPES
(angle-resolved photoemission spectroscopy). Our ARPES
measurements unveiled significant elliptical pockets centered
around the M point, corresponding to the conduction elec-
trons. Additionally, we observed small bulk electron pockets
along the �–X direction, as well as small hole pockets along
the �–M direction. Importantly, our experimental results were
well reproduced by DFT-based first-principles calculations.
Surprisingly, upon cooling the sample below the Néel temper-
ature, we observed no electronic reconstruction. This suggests
that the Sn and P electrons weakly couple to the magnetic
order of the Eu spins. These techniques will shed light on
the interplay between the Sn and P conduction electrons and
the Eu spins. Our work not only provides a comprehensive
framework for understanding the electronic structure of this
new material both above and below the Néel temperature
but also serves as a valuable resource for future researchers
interested in exploring the effects of antiferromagnetism in
EuSnP.
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