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Abstract

®

CrossMark

We report on the observation of a flat band situated at the Fermi level Er along with the
structural, electrical transport, and magnetic properties of BaCo, P, that crystallizes in the
ThCr,Si,-type body-center tetragonal structure. This compound has the largest inter-layer
pnictide (Pn) distance dp,_p, as well as the largest ¢/a ratio among all the known ACo,Pn,

(A = alkaline earth metal) compounds, where a and c are the tetragonal lattice parameters.
Hence, the magnetic and electronic properties of this compound are expected to have a
quasi-two-dimensional character. Despite the evidence of the presence of sizable magnetic
interactions, magnetic susceptibility x (7) of BaCo,P, does not show magnetic ordering down to
1.8 K. The material shows good metallic conduction with a large residual resistivity ratio
00k/p1.8x ~ 70 and a Fermi liquid behavior at low temperature. Kadowaki—Woods ratio Rxw
of BaCo, P, suggests the presence of sizable electronic correlations within this system.
Additionally, a large many-body enhancement of 2.3 of the experimental density of states

D" (EF) over the band-structure D®*(Ex) is inferred to arise from sizable electron-electron
and/or electron-phonon interactions leading to a substantial deviation from the free-electron

behavior.

Supplementary material for this article is available online

Keywords: strongly-correlated electronic state, flat bands, quasi 2D-structure

1. Introduction

Compounds that crystallize in the layered tetragonal ThCr,Si,
structure have attracted significant interest in recent years
because of the wide range of exciting physical properties they
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Original Content from this work may be used under the
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

exhibit. This includes prototypical heavy Fermion behavior in
CeCu,Si; [1] as well as high-T, unconventional superconduct-
ivity in doped BaFe;As; [2]. Both of these observations show
that strongly correlated electronic states can lead to exciting
ground states in these materials. The general empirical formula
for these compounds is AT» X, (A: rare-earth, alkali or alkaline-
earth metal, T transition metal, X: metalloid or pnictide Pn)
where the A, T, and X atoms occupy the 2a, 4d, and 4e Wyckoff
sites, respectively [3]. The structure consists of alternating lay-
ers of A and [TX], ions along the crystallographic c-axis. The
[TX], layers contain square lattices of T atoms tetrahedrally
coordinated by X atoms. The cationic A layers act as electron
donors to the adjacent quasi 2-dimensional [TX]; layers. Based

© 2025 The Author(s). Published by IOP Publishing Ltd
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on the ratio ¢/a of the tetragonal lattice parameters, these
materials are usually classified as collapsed tetragonal (cT)
with X-X inter-layer distance approaching X-X single-bond
length and the uncollapsed tetragonal (ucT) with larger X-X
inter-layer distances. The structural differences between these
two variants have been explained by the presence or lack of
X-X interlayer bonding in cT and ucT structures respectively
[4]. The magnetic properties of these compounds decisively
depend upon the interlayer bonding between the X ions or its
absence as this affects the ionic state of the transition metal
ion which consequently regulates the spin state. As a res-
ult, depending on the type of A ion present in the lattice, the
ACo,Pn, compounds adopt ucT or cT structures at ambient
pressure and exhibit a variety of magnetic ground states.

Interest in ACo,Pn, materials was instigated after the fas-
cinating discovery of stripe-type antiferromagnetic (AFM)
fluctuations in SrCo,As; [5] that are believed to be respons-
ible for the realization of cooper pairs in iron-based super-
conductors. Later, these Co-based 122 systems led to a pleth-
ora of intriguing ground states and tunable structure-property
relations. One such example is the observation of a putative
quantum critical point (QCP) at x ~ 0.5 in Sr;_,Ca,Co,P; as
the system transitions from ucT structure to cT structure with
increasing x [6]. Similarly, a QCP induced by Ge—Ge dimer-
breaking is observed in SrCo,(Ge;_,P,), at x ~0.33 as the
cT structure of SrCo,Ge, transitions to the ucT SrCo,P, [7].
Furthermore, some ThCr,Si, phosphides such as BaNi, P,
LaRh;P, and LaRu,;P, have been shown to exhibit a super-
conducting phase at low temperatures [8, 9]. These exiting
observations imply the significance of further investigations
focused on the structure-property relationships in unexplored
Co-based 122 compounds. In this study, we explore the elec-
tronic and physical properties of BaCo, P, that has the largest
¢/a ratio as well as dp,_p, distance among the ACo,Pn, com-
pounds. A flat band spanning a significant fraction of the
Brillouin zone is present at the Fermi level Ef in this com-
pound and the physical properties suggest highly-correlated
electronic states.

2. Experimental and computational details

Density functional theory (DFT) calculations were performed
using the GPAW software [10-13] and the ?’SCAN meta-
GGA exchange-correlation functional [14, 15] as implemen-
ted in libxc [16]. r>SCAN is an all-purpose meta-GGA func-
tional which often leads to better consistency than GGAs
for correlated materials. Results obtained with the PBEsol
exchange-correlation functional [17, 18] are used as compar-
ison. The influence of DFT + U Hubbard corrections is dis-
cussed later and in the supplemental material. Plane-wave
energy cutoffs and k-point sampling were chosen as 900 eV
and 16 x 16 x 6 Monkhorst—Pack mesh. For the density of
states (DOS) calculations, a denser sampling of 50 x 50 x 16
was used. A Fermi—Dirac smearing of 20 meV was used in the
self-consistent calculation. The DOS as a function of energy
was computed with a spacing of 10 meV per bin. Tetrahedron

integration, as implemented in GPAW, was used here instead
of Gaussian smearing as it allows for a higher resolution.
Experimentally-derived atomic positions and lattice paramet-
ers were used as inputs.

Polycrystalline BaCo,P, was synthesized by solid state
reaction of high-purity starting elements Ba (99.99%) from
Sigma-Aldrich and Co (99.998%) and P (99.999%) from Alfa-
Aesar. The pressed pellet was placed in an alumina crucible
and sealed in a quartz tube under partial Ar pressure. The
assembly was heated to 395 °C in 15 h and held there for 40 h,
then heated to 715 °C in 20 h and held there for 40 h, and then
heated to 750 °C in 3 h and held there for another 40 h before
furnace cooling. The sample was then thoroughly ground,
repelletized, and resealed in a quartz tube under partial Ar
pressure. The assembly was then heated to 850 °C in 10 h, held
there for 30 h, and then heated to 1000 °C in 4 h and held there
for 65h, and then furnace cooled. Room temperature powder
x-ray diffraction (XRD) measurement was performed using
a Rigaku Geigerflex powder diffractometer equipped with a
Cu-K,, radiation source. Rietveld refinement was performed
using the FullPROF package [19]. Temperature T depend-
ence of electrical resistivity p was measured using a physical
properties measurement system (PPMS) of quantum design
Inc. (QDI), USA [20]. Temperature dependence of magnetic
susceptibility as well as isothermal magnetization M versus
applied field H were measured using a SQUID-magnetic prop-
erties measurement system (MPMS) of QDI

3. Results and discussion

3.1. Crystal structure

The Rietveld refinement confirms that BaCo, P, crystallizes
in the ThCr,Si,-type tetragonal structure (figure 1). A few
small impurity peaks appearing between 28° and 68° could not
be indexed to any known phase(s) formed by the constituent
elements [21]. The tetragonal lattice parameters a, c, the c-axis
P position parameter zp as well as the distance between the two
nearest interlayer P atoms dp_p are listed in table 1 together
with the corresponding parameters of the other ACo,Pn, com-
pounds. The ¢/a ratio of 3.2612(4) and dp_p of 3.811(8) A of
BaCo;,P; is largest among the ACo,Pn, compounds implying
nearly non interacting P layers and hence ensuring a 2+ oxida-
tion state of Co ions. Additionally, the large interlayer distance
between the adjacent square lattices of the Co-ions implies a
weak magnetic coupling J, along the crystallographic ¢ dir-
ection. Hence, the effective magnetic interactions in BaCo, P,
are likely quasi two-dimensional.

3.2. Electronic structure

DFT relies on periodic simulation cells implying long-range
order. Hence, it can simulate different ordered magnetic con-
figurations but cannot capture the effects of fluctuations in
the spin density. Usually, a diamagnetic (DM) configuration
is used to obtain the DOS at the Er and an AFM and/or fer-
romagnetic (FM) configuration is used to estimate effective
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Figure 1. Room temperature powder x-ray diffraction data of BaCo, P>, together with Rietveld refinement profile, difference profile and

Bragg positions.

Table 1. Structural parameters of ACo,Pn; (A = Ca, Sr, Ba and Pn = P, As). All compounds crystallize in the tetragonal ThCr;Si, structure
with space group 14 /mmm (SG: 139). The listed crystallographic parameters are the unit cell parameters a, ¢, ¢/a, the z position of the Pn
atoms zpy, and the distance between two nearest inter-layer Pn atoms dp,—py.

CaCo,P; SrCo, P, BaCo,P; CaCoyAs; SrCoyAsy BaCoAs;
Structure parameter [22] [22] (This work) [23, 24] [25] [26]
Structure variant cT T T cT T T
a(A) 3.858(1) 3.794(1) 3.8059(2) 3.989(3) 3.9471(4) 3.95743(2)
c(A) 9.593(1) 11.610(1) 12.4119(5) 10.33(1) 11.801(1) 12.669 56(9)
c/a 2.487 3.060 3.2612(4) 2.59 2.9898(6) 3.20146(4)
ZPn 0.3721(4) 0.3525(5) 0.3465(3) 0.372 0.3588(1) 0.35087(3)
dpn—pn (A) 2.454(6) 3.424(8) 3.811(8) 2.64 3.333(3) 3.7728(8)

magnetic moments and upper bounds for the spin—spin inter-
action. For both PBEsol and r?’SCAN functionals G- or Néel-
type AFM configuration is suppressed for BaCo,P, conver-
ging to DM solutions [27, 28]. For a comparative analysis,
we also performed calculations for magnetic ordered config-
urations as described in the following. The A-type AFM con-
figuration, which exhibits intra-layer FM coupling, produces
the magnetic moment of ;1 =0.36 and 0.59 ug, respectively,
for PBEsol and r>SCAN. These values are small compared
to 1.47 pp estimated from the experiment (table 2). Further,
the experimental results discussed below suggest the presence
of correlated electronic states. We, therefore, included DFT
+ U Hubbard corrections and found that the A-type AFM
magnetic moment is only weakly influenced by the Hubbard
parameter. However, Upgg = 3.1eV and Upgcan = 1.15eV
were adequate to yield p ~ 1.5 ug per Co atom for the Néel-
type AFM configuration (figure 2). At these values for the
Hubbard correction the Expy — Epm is —0.20eV for 2 SCAN,
and —0.25eV for PBEsol.

ThCr,Si-type ucT materials are layered and often exhibit
quasi-two-dimensional characteristics in electronic as well
magnetic properties. As a consequence, the electronic struc-
ture often exhibits bands with little or no dispersion,

commonly referred to as flat bands [25, 29]. In BaCo,P;, flat
bands close to the Er can be found along the M-I', I'-Z, and
A-Z directions (figure 2). One of the two flat bands along M-I
is close to the Ef, but its exact position depends on the details
of the computation. With the parameters used here, the bands
sit at Er in *SCAN, below Er in PBEsol, and above Ep if
Hubbard corrections are applied to either functional. The lat-
ter might be an artifact of the Hubbard correction. To put these
results into context we compare the band structure of the non-
magnetic configuration of BaCo,P; to those of BaCo,As, and
SrCo,P, computed with r2SCAN without Hubbard correction
(figure 3), as it is not possible to ascertain equivalent values
of Hubbard U consistently. The Ef is lower for BaCo,As, so
that the flat band at EF is along the I'-Z rather than the M-I
direction. This is a significant difference as the I'-Z path is
perpendicular to the basal ab-plane while the M-I" is within
the basal plane. Additionally, only the flat band along the I'-Z
is completely dispersion free. In the case of SrCo,P, the two
flat bands along M-I path are only 10 meV apart, hence, they
appear to merge. The flat bands along M-I" as well as A-Z
paths are both close to the Er and both are parallel to the basal
plane. Accordingly, one can expect StCo, P, to have the largest
and BaCo,As; to have the smallest DOS at the E.
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Figure 2. Band structure of BaCo,P, computed with ?SCAN + U
(1.15eV) is presented. The blue solid lines refer to the
nonmagnetic/diamagnetic configuration, the orange dashed line
refers to the Néel-type AFM configuration.
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Figure 3. Band structure of nonmagnetic configuration of BaCo, P,
(upper panel), BaCoyAs; (middle panel), and SrCo, P, (lower panel)
computed with ?SCAN without Hubbard corrections.

The total and projected DOS of the nonmagnetic configura-
tion of BaCo, P, are shown in figures 4(a) and (c), respectively.
The DOS around the Ef is dominated by the Co d,,-orbital,
which points to neighboring Co atoms. The maximum DOS
near the Er is D" (Eg) = 6.68 states (eV f.u.)~!. While the
exact position of this maximum with respect to the Er depends

delicately on the xc-functional and the Hubbard correction,
the height is relatively stable. Without Hubbard corrections
we get DP9(Eg) = 6.86 states (eV f.u.)~! with 2ZSCAN and
DP™(Eg) = 7.09 states (eV f.u.)~! with PBEsol. Considering
these variations, we estimate the DOS at Er as D*"(Eg) =
6.9(2) states (eV f.u.)~!. In the Néel-type AFM configuration
the d,,-orbital is pushed up by about 1.1 eV away from the
EF (figures 4(b) and (d)). The d,,-orbital peak at 0.5 eV is not
present in the nonmagnetic configuration. Notably the valence
band region of the AFM DOS is very different from the non-
magnetic case. While this magnetically ordered configuration
is of lowest energy, it likely does not describe the real sys-
tem, especially since it needed the extra Hubbard corrections
to emerge. Further, as discussed below, no evidence of any
type of magnetic ordering has been experimentally observed.

The Fermi surface of the nonmagnetic configuration
of BaCo,P, obtained using PBEsol and plotted using
FermiSurfer [30] is nested with five distinct contributions
(figure 5). The dark blue cones in the corners stem from the
flat band along the M-T" path. The color coding refers to the
Fermi velocity vg, which is very small, about 0.01 Rydberg
atomic units (RAU) for the flat bands, where 1 RAU ~ 1.094 x
10°ms~!. The largest vg is found closer to the center of the
Brillouin zone in several places stemming from the steep bands
crossing the Ef, such as between I and Z, X and M, and R and
A (figure 2). With a value of 0.71 RAU, the vp of BaCo,P; is
close to ~ 1 RAU found in simple metals.

3.3. Electrical transport

Electrical resistivity p versus temperature T of the polycrystal-
line BaCo, P, shows metallic 7-dependence with a large resid-
ual resistivity ratio (RRR) p3o0k/p1.8x of 69.5 and a slight
negative curvature for 7 2 150K (figure 6). Similar negative
curvatures were also seen in CaCo,P5 [31], SrCo,P; [32-34],
and BaCoyAs; [26, 35]. Consistent with the heat capacity
Cp(T) measurements [36], no phase transition is evident down
to 1.8 K. A negative curvature is often seen in metals that have
sizable presence of d bands near the Ef, as this can lead to
substantial sd interband scattering [37] contributing a —DT3
term to the p(T). Hence, to account for the negative curvature,
an additional —DT? term was added to the Bloch—Griineisen
(BG) model [38]. We fitted the p(T) data using

p(T) = po+ psc (T) — DT°, )

where the residual resistivity py was held fixed at the exper-
imental value of 2.79 uf2 cm. The ppg(T) was approximated
using a high accuracy Padé approximant [39]. A satisfactory fit
was obtained with the fit parameters Or = 260(2) K, p(Or) =
184(2) uQ2em, and D = 6.2(3) x 1077 uQecm K3, The p(T)
of BaCo,P, exhibits a 72-dependence for T < 45 K suggesting
a Fermi liquid behavior at low temperatures (Inset, figure 6).
Hence, the p(7) data below 45K were fitted using p(7T) =
po +AT?, yielding A = 4.4(4) x 1073 uQ cm K—2. The para-
meters obtained from the p(7) data fits are listed in table 2.
The Kadowaki-Woods ratio Rgw = A/~ is an empirically
determined parameter that is often used to evaluate the strength
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Figure 4. Total and atom-decomposed density of states (DOS) of BaCo,P, computed with 2SCAN + U(1.15eV) for (a)
nonmagnetic/diamagnetic and (b) Néel-type AFM configuration. Partial DOS of the Co d-orbitals are shown in (c) and (d) for
nonmagnetic/diamagnetic and (b) Néel-type AFM configuration, respectively.
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Figure 5. A 3D rendering of the Fermi-surface as viewed from the
top is shown. The color coding represents the Fermi velocity
ranging from 0.01 atomic units (blue) to 0.71 atomic units (red).

of electronic correlations within metallic systems [40, 41]. It
has been found that materials within the same class typic-
ally have similar values of Rgw. Figure 7 shows the Rgw
ratio of BaCo,P, along with the other ACo,P, compounds
as well as BaCo,As, in relation to the values obtained for
heavy fermions [40] and transition metals [42]. The Rgw of

200

O Data
Linear Fit

150 -
£
o
G
2100 1
Q
50 -
0
0 50 100 150 200 250 300
T(K)

Figure 6. Temperature 7 dependence of electrical resistivity p of
BaCo,P;. Solid red curve is a fit by the Bloch—Griineisen model
with an additional —DT? term due to Mott sd-scattering as
described in the text. Inset: p plotted as a function of T for

T < 44 K. Solid green line is a linear fit to the data.

BaCo,P, and the other ACo,P, lie below the nearly linear
trend observed in heavy fermion systems but above that of
transition metals suggesting a high degree of electronic cor-
relations present in 122 phosphides.
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Table 2. Physical properties parameters of ACo,P; (A = Ca, Sr Ba) and BaCo,As;. The listed parameters are those obtained from heat
capacity Cp(T) measurements namely Sommerfeld coefficient v, density of states at Fermi energy D” (Er), coefficient 3 of lattice heat
capacity, Debye temperature ©p obtained at low T as well as all 7, Einstein temperature Og, fractional contribution m of the Einstein term.
It must be clarified that the ©p (All T) of BaCo,P; has been determined using the Debye—Einstein model, while that for BaCo,As; [26] is
estimated using the Debye model only. The parameters obtained from electrical resistivity p(T) measurements are residual resistivity po at
T = 1.8 K, residual resistivity ratio (RRR), Debye temperature O, coefficient A of T? term, and coefficient D of Mott sd scattering term.
The other reported parameters are the density of states D°*™* (Eg) obtained from band structure calculations, Kadowaki-Woods ratio Rk,
effective paramagnetic moment i.fr, and paramagnetic Weiss temperature 6.

CaCo, P, SrCo, P, BaCo, P, BaCoyAs,
Parameter [31] [32-34] (This work, [36]) [26, 35]
~ (mJ/mol K?) 23 39.6 36.9(6) 44.39(3)
D" (Eg) (states/eV f.u.) 9.8 16.8 15.6(3) 18.82(2)
DY (Ey) (states/eV f.u.) 7.3 6.9 6.92) 8.5
D" (Eg)/D"™ (Eg) 1.34 2.5 23(2) ~2
8 (mJ/mol K*) 0.107 — 0.22(3) 0.3193)
©p (K) (Low T) ~450 — 354(17) 312(2)
Op (K) (ALl T) — — 616(10) 301(3)
Ok (K) (Al T) — — 148(3) —
m — — 0.42(2) —
po (12 cm) — 0.42 2.79 5.10(2)
p(ORr) (u€2 cm) — — 184(2) 61(2)
RRR ~5 75 69.5 21.8
Or (K) — — 260(2) 174(5)
A (1073 uQemK?) /3.2 0.97 4.4(4) 3.94(1)
D (1077 uQ2emK™3) — — 6.2(3) —
Rkw (107> mQ emmol? J72K?) =6 ~0.62 32 2.0
et (uB/Co atom) ~1.1 (|| c-axis) 1.53 (|| c-axis) 1.47(3) —

~1.0 (L c-axis) 1.59 (]| a-axis) — —
Op(K) 92 K (|| c-axis) —90.0 K (|| c-axis)  —102(8) —

101 K (L c-axis)

—952K (|| a-axis) — —

3.4. Magnetism

Magnetization M of BaCo, P, varies linearly with the applied
magnetic field H for T > 50K and shows a sublinear vari-
ation with a slight negative curvature at 7=5 and 10K
(figure 8). We attribute this negative curvature to the presence
of trace amounts of saturable paramagnetic impurities. The
T-dependence of magnetic susceptibility x = M/H does not
show evidence of any type of long-range magnetic ordering
(figure 9). To determine the intrinsic x(7) at low temperat-
ures, corrected for the effects of trace impurities, the gradients
of M(H) isotherms at high fields (>1T) were obtained by lin-
ear fitsat T =5, 10, and 50K (figure 9). The upturn observed
in the x(7T) at low T < 10K lies above the intrinsic suscept-
ibilities obtained from the high field slopes suggesting that it
originates from trace saturable paramagnetic impurities.

The x(7) data at high temperatures exhibits paramagnetic
behavior and is fitted with the Curie-Weiss law for 200K <
T < 350K using

x (1) = : )

The fitted parameters are the Curie constant C=
0.54(2) cm® K/mol and Weiss temperature 6, = —102(8) K.
The negative 6, suggests a sizable presence of AFM inter-
actions. Similar values of ¢, have been reported for a few

other Co-based 122 ACo,Pn, compounds [25, 34]. Absence
of magnetic ordering and large negative 6, infers a possible
presence of AFM fluctuations similar to those obtained in
SrCoyAs, [25]. Using the fitted value of C and assuming
g =2, we determine the effective magnetic moment per Co
atom flepr = \/@/ﬂ: 1.47(3) pg. This value is close to
1.73 ug of a S = 1/2 ion but is smaller than 3.87 ug of high-
spin S =3/2 of localized Co?>* ions with complete orbital
angular momentum quenching. This suggests that even though
the x(7) exhibits a Curie-Weiss law at high temperatures the
magnetic moment of the Co-ions have itinerant character. If
we assume a local moment character of Co spins then the
Heisenberg model for identical crystallographically equival-
ent ions can be used to calculate the exchange constants using

—S(S+1)
= ——— o ZJU, 3)

where the sum runs over all interacting neighbors j for a given
spin i [43]. Further, considering the large interlayer distance
along the crystallographic c-axis between the Co-sublattice
of BaCo,P,, one can neglect the interlayer interactions J,.
Now, quasi-2D nearest and next-nearest exchange interactions
within the Co-square lattice lead to
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Figure 8. Isothermal magnetization M of BaCo,P; as a function of applied magnetic field H measured at the six different temperatures.
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Using 6, 102(8) K, we get the estimate of intra-layer
exchange interactions as J; +J, = 8.8(7) meV, which is equal
to that estimated for isostructural SrCo,As, within the errors.
We further emphasize that applying the Curie-Weiss law to a
system of possible itinerant characters may lead to erroneous
values of the estimated parameters. However, despite this lim-
itation, the analysis does provide a meaningful insight into the
underlying magnetic interactions and the ground state proper-
ties of the system.

4. Conclusion

An investigation of the electronic and physical properties of
layered tetragonal BaCo,P; is reported. This material has the
largest interlayer Pn distance as well as the largest c/a ratio,
making it the most ‘uncollapsed” member of the ACo,Pn;
family. As a result, magnetic and electronic properties of this
system are presumably quasi-two-dimensional. The electronic
structure calculations show the presence of a flat-band origin-
ating from Co-d,, states close to the Er along the M-I" direc-
tion. The material does not show magnetic ordering down to
1.8 K and observations suggest itinerant behavior of spins with
an effective magnetic moment of 1.47(3) ug/Co atom. The
DFT calculations predict significantly lower local magnetic
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Figure 9. Zero-field-cooled magnetic susceptibility x = M/H of polycrystalline BaCo,P; as a function of temperature 7 measured in an
applied magnetic field poH = 3.0 T. The red circles represent the x values obtained from fitting the low-T isotherms with linear fits at high

fields (uoH > 3 T).

moments than the experimental value, supporting the itiner-
ant nature. Electrical transport measurements exhibit metal-
lic behavior associated with a negative curvature at high tem-
peratures and Fermi liquid behavior at low temperatures. The
origin of the negative curvature is attributed to the substantial
presence of Co-d states at the Er leading to interband sd scat-
tering. The estimated Kadowaki-Woods ratio shows a sizable
presence of electronic correlations within the material. Despite
being polycrystalline, BaCo, P, sample shows a high RRR and
a low value of residual resistivity. Considering the anomal-
ous electrical transport properties of related KCo,As,, which
also has a high c¢/a ratio, further investigations focused on the
electrical transport properties of a single crystals of BaCo,P,
seems important.
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