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New BiS,-based layered compound Eu;Bi,S4F, has recently been reported to exhibit superconductivity with
a transition temperature of 1.5 K using polycrystalline samples. Here we report measurements of electrical
resistivity p, magnetization M, and specific heat C of Eu;Bi,S4F, single crystals. At the antiferromagnetic
transition temperature of 2.17 K, C(T) shows a sharp A-type peak, suggesting the existence of strong Eu
magnetic moment fluctuations due to the quasi-two-dimensional nature of the Eu-ion lattice in EusF, block
layers. The average Eu-ion valence of +2.19, determined from the Schottky-type 4 f-electron contribution to
C(T) and M(T, H), indicates the self-doped electron density in BiS, layers due to the Eu mixed valence to be
0.285 electrons per Bi site. It has been revealed, however, that p(7') shows an anomalous nonmetallic behavior
with ~1/T3 dependence without any sign of superconductivity, in marked contrast to a metallic behavior in the
polycrystals. This behavior suggests an unconventional electron-localization mechanism working in the single
crystals, possibly caused by Eu** /Eu®* distribution (or fluctuations) and/or lattice instabilities inherent to BiS,

layers.
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The recent discovery of superconductivity (SC) in BiS;-
based layered materials [1-4] has attracted considerable
attention because of the crystal similarity with cuprates [5]
and Fe-based superconductors [6]. The typical parent material
REOBIiS, (RE: Rare-earth elements) is usually a band insu-
lator. The band filling can be controlled by electron doping
through partial substitution of F for O [2] or of tetravalent
ions for trivalent RE ions [7,8]. As the doping level increases,
the system becomes more metallic and SC develops within
BiS, layers. The conduction bands are composed of Bi 6p,/,
orbitals giving rise to rectangular electron pockets around the
X points of the Brillouin zone [9-11], providing the two-
dimensional (2D) nature of the transport properties [12,13].
On the other hand, 4f electrons of rare-earth ions located in
block layers exhibit a wide variety of interesting phenom-
ena, including a quantum critical behavior of Ce magnetic
moments in CeOFBiS; possibly caused by geometrical frus-
tration [14], emergent SC of self-doped carriers in BiS; layers
caused by mixed-valent Ce and Eu ions [15-21], and SC coex-
isting with ferromagnetic ordering in CeO;_,F,BiS, [22-24]
and with antiferromagnetic ordering in EuOBiS, [18,19].

Eu;BiyS4F, is a new family member of the BiS,-based
compounds [25]. It crystallizes in a tetragonal structure with
the space group I4/mmm (#139) (see Fig. 1). A CaF,-type
EusF,-layer and a BiS,-bilayer stack alternately along the

“higashin @tmu.ac.jp
Taoki@tmu.ac.jp

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOL

2469-9950/2023/108(8)/L081122(6)

L081122-1

[001] direction. Eu ions occupy two inequivalent crystallo-
graphical sites: Eu(1) [4e (4mm)] and Eu(2) [2a (4/mmm)].
One of the most interesting features of Eus;Bi,S4F, is the
intermediate Eu valence between Eu’t and Eu**. In poly-
crystals, the average valence of Eu ions (vg,) was estimated
to be +2.2 by the bond-valence-sum analysis, '>'Eu Moss-
bauer spectroscopy and magnetic susceptibility [25]. This
feature should lead to self-electron-doping into BiS, layers.
The polycrystalline sample, indeed, shows a metallic behavior
and SC sets in at 7, = 1.5 K [25] without any substitution.
At 2.3 K(> T.), there sets in an antiferromagnetic (AFM)
ordering, which coexists with the SC state below 7;. Most
of the studies on Eu3Bi;S4F, including hydrostatic pressure
effect [26,27] and substitution effects [28—31] have been made
so far using polycrystalline samples. Studies of the BiS,-
based materials using single crystals have revealed that the
strongly anisotropic behaviors of electrical transport [32,33],
superconductivity [34,35], and magnetism of rare-earth ions
in block layers [14]. Therefore, it is highly desired to investi-
gate EusBi,S4F, single crystals to clarify further the intrinsic
physical properties of this material. Recently, we have suc-
ceeded in growing single crystals by CsCIl-flux method [36].
In this Letter, we report measurements of the electrical resis-
tivity, magnetization, and specific heat of EuzBi,S4F, single
crystals. Single crystals of Eu;BiyS4F4 have been grown by
CsCl-flux method using starting materials consisting of 3N
(99.9% pure)-EuS, 5N-Bi,S3, 4N-BiF3, 3N-S, and 3N-CsCl
(see Refs. [36] and [37] for details). Using these single crys-
tals, Eu L3-edge x-ray absorption spectroscopy (XAS) and
space-resolved angle-resolved photoemission spectroscopy
(ARPES) have been measured [40]. The former provides the
average Eu-ion valence vg, = 2.20(2). The latter clarified
the formation of an electron-like pocket centered at each of
the X points (anomalous missing intensity around Er will be
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FIG. 1. Crystal structure of Eu;Bi,S4F, (14/mmm, #139, Z =2),
which has two crystallographically distinct Eu sites, Eu(l)
[4e (4mm)] and Eu(2) [2a (4/mmm)]. The unit cell is depicted by
thin lines.

discussed below), and the Luttinger volume analysis provides
the doped electron density to be n = 0.23 electrons per Bi site,
which corresponds to vg, =2 + 2n/3 = 2.15. In addition, it
has confirmed that v, is uniform in the crystals, ruling out the
possibility of any microscale phase separation.

The electrical resistivity p was measured by a standard
four-probe technique using a Quantum Design (QD) Physical
Property Measurement System (PPMS) equipped with a *He
option down to 0.6 K. The dc magnetization M was measured
using a QD Magnetic Property Measurement System down
to 2 K in applied fields up to 7 T. The ac magnetic sus-
ceptibility y,. was measured by a mutual inductance method
down to 0.18 K with a modulation field of H,. = 0.3 Oe
using a *He - “He dilution refrigerator. The specific heat was
measured by a quasiadiabatic heat pulse method using the
PPMS and the dilution refrigerator down to 0.14 K and in
applied fields up to 9 T. All the measurements in H # 0 were
performed with increasing temperature after field cooling
down to the lowest temperature. The temperature dependence
of electrical resistivity p(7) of a Eu3Bi,S4F, single crys-
tal is shown in Fig. 2. The data show an extremely strong
nonmetallic behavior (dp/dT < 0) over the measured tem-
perature range down to 0.7 K; p(0.7 K)/p(300 K) reaches
about ~10”. p(T') shows an anomalous power-law T depen-
dence expressed as 7" with o = 234.6(1) Qm/K" and n =
—2.99 over the wide temperature range of about an order of
magnitude below 30 K. In the AFM state, p deviates upward
slightly from the extrapolated « 7" curve [see Fig. 2(a) for an
expanded view]. Above ~70 K, as shown in a In(p) vs 1/T

10 ' 10° '
- / -
"N Ty —
10°F ) ;018,10'3- 7
[ J 11 7100] < |
g o 23 4 . .
< 10 %00 001 002 0037
< 20 1T (1/K)
10 [ &5t T
L@ o
vl R P \—""""/ R
10 1 10 100

T(K)

FIG. 2. Temperature dependence of electrical resistivity p of
a Eu3Bi,S4F, single crystal for the current flow along the [100]
direction. Anomalous power-law T dependence expressed as oT"
[ = 234.6(1) @2m/K" and n = —2.99] is shown by dotted line. Inset
(a): p/(aT™) vslog T . Inset (b): log(p) vs 1/T shows an Arrhenius-
type behavior above 70 K.

plot of Fig. 2(b), p(T) shows an Arrhenius-type behavior. A
fitting to the data using p = pg exp(E,/2T ) provides the en-
ergy gap E, = 400 K. These behaviors are in marked contrast
to the reported polycrystalline data [25,26], which show a
metallic behavior (dp/dT > 0) above 35 K and a weak semi-
conducting behavior (dp/dT < 0) below 35 K along with a
SC transition in p(T') at T, = 1.5 K. This discrepancy will be
discussed below. The temperature dependencies of dc mag-
netic susceptibility x = M/H (for H||[100], [110], and [001])
in 0.1 T and ac magnetic susceptibility x,. (for H||[100]) are
shown in Fig. 3. With decreasing T from RT, yx increases
gradually showing a Curie-Weiss behavior. A sudden decrease
appears at 2.17 K (= Ty), indicating the occurrence of the
AFM phase transition. Below Ty, x for H||[001] continues to
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FIG. 3. Magnetic susceptibility x(7) in uoH = 0.1 T along
the [100], [110], and [001] directions. x..(7') measured by a mu-
tual inductance method with a modulation field of H,. = 0.3 Oe
(noH,||[100]) is also shown. Inset (a): 1/x vs T below 10 K. Inset
(b): x(T) consists of Eu?* and Eu** contributions.
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FIG. 4. Specific heat C(T) for (a) H L [001] (0.2 < T < 8 K)
and (b) H || [001] (1.8 < T < 30 K). [(c) and (d)] The 4f electron
contribution C4s(T') extracted from each data set.

decrease, while xs for H||[100] and H ||[110] remain almost
constant. This fact suggests that the ordered Eu magnetic
moments in the AFM state are aligned along the [001] direc-
tion. Below Ty, xac(T') is always positive and does not show
any sign of Meissner signal down to 0.18 K. This result along
with the p(T') data confirms no SC transition above 0.18 K in
the single crystals.

Below ~20 K, a magnetic anisotropy in x becomes visible
between H ||[001] and H L [001] while there is no anisotropy
in the (001) plane. A 1/x-vs-T plot is shown in Fig. 3(a). The
effective magnetic moment of Eu ions pey = 7.45(4) ug/Eu
is almost the same for all the field directions while the
paramagnetic Curie-Weiss temperature 6, is different; 6, =
—4.1(—3.2) K for H||[001] (H L [001]). This fact suggests
that the AFM interaction is stronger when Eu magnetic mo-
ments are parallel to the [001] direction.

The average valence of Eu ion (vg,) can be estimated
from the x (7T") data, which are well reproduced using x (T') =
(3—vEuw) XEw2+ + (VEu—2) XEu+, Where xgpg+ = Cgpr /(T —0))
and xp,+ are the contributions from Eu** and Eu** ions.
The Curie constant Cgpe+ for Eu?* ions is 7.88 (emu K)/
mol-Eu, which corresponds to the effective moment pefr =
7.94 pp/Eu. For xgu+(T), we employ the theoretical
model for the Eu®!t Van Vleck paramagnetic suscepti-
bility using the spin-orbit coupling constant A =490 K
[37,41], which has been confirmed to reproduce x(7T)
of EuF;. A fit of the x(T) data for H||[100] in 10 <
T <300 K to the model [see Fig. 3(b)] provides vg, =
2.19(0) and 0, = —2.55(1) K. The value of vg,, in good
agreement with the above-mentioned XAS and ARPES
data [40], confirms that Eu ions in the EusBi,S4F4 single
crystals are certainly in a mixed valence state. The self-
doped electron density in BiS, layers is estimated to be
n = 1.5(vg, — 2) = 0.285 electrons per Bi site. The temper-
ature dependence of specific heat C(T) is shown in Fig. 4.
In zero field, there appears a sharp A-shaped peak at Ty. The
logarithmic-like divergence of the peak reflects the quasi-2D
nature of the magnetic ordering in the Eu-ion lattice, where
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FIG. 5. (a) T-vs-H phase diagram. AFM phase boundary 7y (H )
for H L [001] (closed circles) and the energy separation A(H) of
the J = 7/2 multiplet of Eu®" ions for H||[001] (solid triangles)
and H L [001] (solid inverted triangles) are shown. The schematic
energy diagram representing the Zeeman splitting of the J = 7/2
multiplet of Eu*" ions is shown in the inset. (b) Magnetization M (H )
and its derivative dM/d(uoH ) (inset) at 2 and 4 K (data taken from
Ref. [36]).

magnetic fluctuations dominate around 7y. The peak height
of 65 J/(mol-f.u. K), which is larger than that for polycrystals
[25], attests to the high quality of the single crystals.

With increasing magnetic field, the peak height gradually
decreases and the peak position shifts to lower temperatures,
indicating the suppression of the AFM phase by magnetic
fields. The AFM phase boundary determined by the peak
position is depicted in a T-vs-H phase diagram of Fig. 5(a). It
can be well described by Tn(H) = Tn(0) — a(oH )" witha =
0.126(11) K/T" and n = 2.34(10) for H L [001]. In puoH >
WoHn, there remains a broadened peak in C(T'), which shifts
to higher temperatures with increasing poH. This is a Schot-
tky peak originating from the Zeeman splitting of J = 7/2
multiplet of Eu*" ions.

In the measured temperature range, C(7") has contributions
from the 4f electrons (Cy4r) and phonons (Cpn) [37]. From
all the C(T') data in puoH # 0, C4y is calculated using Cyr =
C — Cph, where Gy, = BT [B = 2.39x107% J/(mol-f.u. K*)
[37]] is assumed to be of H independence. The results are
shown in Fig. 4 as (c) C4y/T vs T for H 1 [001] and (d)
Cs4r vs T for H | [001]. The broad peak in the paramag-
netic phase is attributable to a Schottky peak arising from
the Zeeman splitting of the J = 7/2 multiplet of Eu®* ions
into eight equally spaced energy levels with a separation of
A =2ug(oH™)/ks, where poH™ is the effective field acting
at the Eu®" sites. Therefore, Cy4s can be expressed by 3(3 —
vEu)Cgcul?(A, T), where Cg‘C‘f(A, T) represents a Schottky
contribution in the unit of J/(mol-Eu** K) [37]. Note that
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the contributions from Eu®" ions are negligible because the
thermal excitation energy between the ground-state multiplet
"Ry and first-excited multiplet 'F; with A =490 K is high
enough [41]. By the fitting of the Schottky peak structures
in Figs. 4(c) and 4(d), A is obtained and is depicted in the
T-vs-H phase diagram of Fig. 5(a). These data points fall on a
line, which has a slope close to that of A = 2ug(woH)/ks =
(1.343 K/T) x uoH but is slightly shifted to lower temper-
atures, suggesting the existence of AFM interactions among
Eu ions. The AFM exchange field acting on Eu®* ions in
the high-field paramagnetic phase is estimated as A(uoH —
0)/(1.343 K/T) = 1.4-1.5 T. In Fig. 4(d), a fitting curve for
9 T demonstrates that the present Schottky model reproduces
the Cy4r(T) curve well, suggesting that 4f electrons of Eu
ions are in a well-localized state. The best fitting parameters
are A = 10.91(4) K and vg, = 2.36, which is slightly larger
than 2.19 obtained from x (7). This difference may partly
be due to a possible suppression of the C4¢(T') peak due to
AFM interactions; note that similar behavior is observed in
YbPd,Sn [42].

The H dependence of M is shown in Fig. 5(b). The sat-
uration magnetization Mg at 2 K is 5.6 ug/Eu, which is
smaller than the fully polarized value for a Eu*" free ion
Mg+ = 7 pup/Eu. From this difference, vg, is estimated to be
3 — Mgy /Mg2+ = +2.2, which agrees well with vg, = +2.19
obtained from the x (T') data. At 2 K, only for H||[001], M (H)
curve shows a concave upward curvature below 1 T, indicating
the occurrence of a weak metamagnetic-like anomaly (see
Supplemental Material [37]). Although the anomaly is not
well developed because 2 K is close to Ty, the H dependence
of dM/d(uoH) at 2 K detects a sharp increase at 0.7 T as
shown in the inset of Fig. 5(b). This anomaly disappears
above Ty (see the data at 4 K). This feature agrees with the
scenario that the AFM ordered moments are aligned along
the [001] direction. No such anomalies appearing for H ||[100]
and H ||[110] suggests that field-induced canting of Eu mag-
netic moments occurs easily. Note that such weak anisotropy
of Eu magnetic moments in the AFM state is understandable
because the orbital angular momentum of the J = 7/2 mul-
tiplet is L = 0, i.e., the 4 f electron charge distribution has a
spherical shape, indicating isotropic magnetic properties of a
Eu ion in the crystalline lattice.

In comparison with the reported data for polycrystals [25],
the overall behaviors of the magnetic properties of Eu ions are
almost the same, i.e., vg, = 2.19 (2.17), Ty = 2.17 (2.3) K,
and Mg, = 5.60 (5.59) up/Eu at 2 K for the single crystals
(polycrystals). This fact suggests that the electronic states of
EusF, block layers in the two samples are almost the same.
Nevertheless, the two samples show completely different
p(T) behaviors. The nonmetallicity of the electron-doped BiS;
layers in the single crystals is quite puzzling. The ARPES data
of our Eu3Bi;S4F, single crystals show that the intensity of
the band dispersion in the energy range of ~ —0.1 < E <
0 eV (= Eg) is anomalously weakened compared with other
BiS, systems [40]. This observation may suggest that the

doped electrons are localized in this energy range, in reason-
able agreement with E, = 400 K [see Fig. 2(b)].

One possible source for the localization is disorder poten-
tials in BiS, layers induced by randomly distributed Eu>* and
Eut ions in the nearby block layers. However, the observed
p ~ T3 is different from 73 due to the weak Anderson
localization [8,43] or exp[(To/T)l/(d“)], where T and d are a
characteristic energy scale and the spatial dimension (d = 2 is
expected for the layered material), respectively, due to Mott’s
variable-range hopping [44]. Another one is lattice instabil-
ity. A band-structure calculation for BiS, systems predicts
strong electron-phonon coupling and charge-density wave
(CDW) instabilities [45]. Actually, one such instability has
been confirmed by the observation of the crystalline symmetry
lowering from tetragonal to monoclinic in LaOBiS; [46] and
the formation of incommensurate CDW lattice modulations
in LaOO,5F0,5BiSZ [47,48] and NdOl_XFXBiSZ [49] Although
the source of the lattice instabilities has not been clarified yet,
some aspects relevant to the source should differ substantially
between the single crystals and polycrystals, e.g., the spatial
distribution of Eu?* /Eu** ions, the fluctuation timescale of
Eu valence, or the wave vector corresponding to the lattice
instability. The unique feature of carriers in the locally non-
centrosymmetric BiS, layers, i.e., the spin-texture caused by
the strong spin-orbit coupling [50] might be relevant to the
mechanism.

In summary, we have measured electrical resistivity p,
magnetization M, and specific heat C of Eu3Bi,S4F, single
crystals. The sharp A-type peak in C(T) appearing at the AFM
transition temperature Ty = 2.17 K suggests the existence of
strong Eu magnetic moment fluctuations due to the quasi-
two-dimensional nature of the Eu-ion lattice in EusF, block
layers. In the AFM state, the anisotropy in M indicates the
Eu ordered magnetic moments are aligned along the [001]
direction. The average Eu-ion valence vg, = +2.19 has been
determined from the magnetic susceptibility x (7'), saturation
magnetization M, and the Schottky 4 f-electron contribution
to the specific heat. This result suggests the self-doped elec-
tron density in BiS, layers to be n = 1.5(vg, — 2) = 0.285
electrons per Bi site. Nevertheless, po(7) shows an anomalous
nonmetallic behavior with 7=3 dependence below ~100 K
without any sign of superconductivity, in marked contrast
to a metallic behavior with a superconducting transition at
1.5 K in polycrystals [25]. This finding suggests an unconven-
tional electron-localization mechanism working in the single
crystals, possibly caused by Eu?*/Eu’* distribution (or fluc-
tuations) and/or lattice instabilities inherent to BiS, layers.
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