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The magnetic properties and Kondo effect in CesTiBis with a quasi-one-dimensional structure were investi-
gated using in situ high-pressure resistivity measurements up to 48 GPa. At ambient pressure, CesTiBis undergoes
an antiferromagnetic (AFM) transition at Ty ~5K. Under high pressures within 8.9 GPa, we find that Kondo
scattering contributes differently to the high-temperature resistance, R(T'), depending on the applied current
direction, demonstrating a significantly anisotropic Kondo effect. The complete P-T phase diagram has been
constructed, in which the pressure dependence of T exhibits a dome-like shape. The AFM order remains robust
under pressure, even when the coherence temperature 7™ far exceeds 300 K. We attribute the observed anisotropic
Kondo effect and the robust AFM to the underlying anisotropy in electronic hybridization under high pressure.

DOT: 10.1088/0256-307X /43,/1/010705

1. Introduction. Heavy fermion systems have at-
tracted considerable attention due to their rich physics,
which stems from the coupling between conducting elec-
trons and localized f-electrons (c—f coupling), including
the Ruderman—Kittel-Kasuya—Yosida (RKKY) interac-
tion and Kondo coupling.*™® The RKKY interaction fa-
vors the formation of magnetic order, whereas the Kondo
coupling screens magnetic moments and leads to a non-
magnetic state. The strengths of both the RKKY and
Kondo couplings depend on the c—f coupling strength Jy
and can be tuned by magnetic field or pressure. For small
Jo, the RKKY interaction dominates, resulting in a mag-
netically ordered ground state. As Jy increases, the Kondo
coupling gradually becomes dominant and suppresses the
magnetic order. When the magnetic order is fully sup-
pressed, a quantum critical point and heavy fermion super-
conductivity typically emerge. ©] This physical picture is
well described by the Doniach phase diagram. "]
Furthermore, the two-fluid model has been widely
adopted to describe the physics of the Kondo lattice. [11-15]
In this model, the coherence temperature T, which signi-
fies the onset of collective c—f hybridization, is a crucial pa-
rameter. Above T, all f-electrons are localized and behave
as uncoupled magnetic impurities at lattice sites. Below
T*, a portion of the localized f-electrons hybridize with the
conduction band, forming itinerant heavy electrons in a so-
called “Kondo liquid”. The remaining localized f-electrons
interact with each other, constituting a “spin liquid”. The
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collective hybridization effectiveness fy, which reflects the
competition between the RKKY and Kondo couplings, ul-
timately determines the ground state.

Compounds with the HfsSngCu-anti-type structure
provide an excellent platform for exploring anisotropic
physics due to their quasi-one-dimensional (quasi-1D)

[16-301 Among them, CesTiBis has been iden-

29,31,32]

character.
tified and studied as a heavy fermion compound.!
As shown in Fig. 1(a), the crystal structure of CesTiBis
consists of face-sharing TiBig octahedral chains, Bi
chains, and zigzag Ce chains running along the c-axis.
Ce3TiBis exhibits an antiferromagnetic (AFM) transi-
tion at approximately 5K with a non-collinear mag-
netic structure, and its Sommerfeld coefficient is nearly
210mJ/(Ce-mol-K?). 29317331 The effect of pressure on this
AFM transition has been investigated up to 8 GPa.[!]
With increasing pressure, the Néel temperature (Tx) first
rises to a maximum of 10.2 K at 6 GPa and then decreases
Interestingly, the high-temperature

lle

at higher pressures.

, evolves from metallic be-
[31]

resistivity along the c-axis, p
havior to a —In(7T") dependence under high pressure.
Furthermore, at ambient pressure, the in-plane resistivity
p¢ at 300K is six times larger than p!l©, highlighting the
strong electrical anisotropy. 2]

High pressure is a powerful tool for manipulating the
physical properties of heavy fermion systems. #4739 In this
work, we investigated the magnetic properties of CesTiBi5
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Fig. 1. (a) The sketch of the crystal structure of

CesTiBis. (b) The temperature dependence of susceptibility
of Ce3TiBis measured in FC conditions under H = 2000 Oe
with H parallel and perpendicular to the c-axis, respectively.
The inset is the isothermal magnetization curve measured at
2K. (c) The resistivity data at ambient pressure for a sin-
gle crystal sample Ce3TiBis. The p'¢ data are extracted
from the reference by G. Motoyama et al. (29) The inset is
the dp/dT curve to determine Tx.

and examined the effect of pressure on its magnetic tran-
sition temperature and Kondo effect over an extended
pressure range. Furthermore, we measured the resistivity
along two different crystallographic directions, revealing
an anisotropic Kondo effect in CesTiBis. From the high-
pressure resistivity data, we extracted the Néel tempera-
ture Tn and the coherence temperature 7™, thereby con-
structing a complete pressure-temperature (P—1') phase
diagram. It is proposed that the observed anisotropic
Kondo effect and the robust AFM could be attributed
to the underlying anisotropy in electronic hybridization

under high pressure.

2. FExperiments. Single crystals of Ce3TiBis were
grown using the Bi self-flux method. Starting materials in-
cluded Ce lumps (Alfa, 99.9%), Ti powder (Alfa, 99.99%),
and Bi powder (Alfa, 99.99%). These were loaded into an
alumina crucible in a molar ratio of Ce:Ti:Bi = 3:1:10,
sealed in a quartz tube under vacuum, and heated to
1000 °C. After holding at this temperature for 10 hours, the
assembly was slowly cooled at a rate of 3°C/h to 500 °C.
The excess Bi flux was removed using a centrifuge, yielding
needle-shaped crystals.

At ambient pressure, electrical resistivity was mea-
sured by the standard four-probe method, and DC magne-
tization was characterized using a Quantum Design Mag-
netic Property Measurement System (MPMS). For high-
pressure resistance measurements, the Van der Pauw four-
electrode method was employed with an applied current
of 2mA.B738 A needle-shaped crystal was broken into
pieces, and a regularly shaped flake (approximately 60 pm
in size) was selected for the experiment.

Pressure was applied using a diamond anvil cell fabri-
cated from non-magnetic beryllium-copper alloy, featuring
a culet diameter of 300 pm. A T301 stainless steel gasket
was pre-indented to a thickness of 30 um, and a hole of
150 um in diameter was drilled as the sample chamber.
The gasket was electrically insulated from the electrodes
by a layer of cubic boron nitride mixed with epoxy. NaCl
powder was used as the pressure-transmitting medium.
The pressure was calibrated at room temperature by mea-
suring the shift of the R1 fluorescence line of a ruby sphere
placed near the sample. [39]

3. Results.
dependent magnetic susceptibility, x(7'), of a Ces3TiBis

Figure 1(b) shows the temperature-

single crystal measured in a field-cooling (FC) mode with
an external field of H = 2000 Oe applied parallel and per-
pendicular to the c-axis, respectively. For H || ¢, the x(T)
curve exhibits a sharp peak at 5K, indicating an AFM
transition, consistent with previous reports. 29 For H 1 c,
the susceptibility is larger and continues to increase be-
low Tn, where only a subtle kink marks the transition.
The inset of Fig. 1(b) displays the isothermal magnetiza-
tion curves measured at 2 K. The magnetization for H L ¢
is larger than that for H || ¢, consistent with the x(7°) data,
suggesting that the c-axis is the hard magnetization axis.
Additionally, a clear jump occurs at approximately 4.8 T
for H || ¢, signaling a metamagnetic transition.

Ile

The ambient-pressure resistivity p'“ is shown in

Fig.1(c), with p*¢ data extracted from the report by G.

[29 [|e

Motoyama et al. I At room temperature, p"¢ is nearly

six times smaller than p»¢, demonstrating strong resis-

tivity anisotropy. Both p”c and pte

show a pronounced
drop around 100K and an upturn below approximately
30K. The drop is attributed to the combined effects of
Kondo scattering and the crystalline electric field (CEF),
while the low-temperature upturn directly evidences the
Kondo effect. The Néel temperature Tx ~ 5.1 K, identified
from the temperature derivative of resistivity [see inset of
Fig. 1(c)] as the onset of a rapid increase in dp/dT’, agrees
with the value determined from x(7") measurements.
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Fig. 2. (a) The image of the high-pressure sample chamber and electrodes arrangement for high-pressure resistance
measurement. The blue dashed circle shows the culet of diamond with a diameter of 300 um, the dashed red square
denotes the sample, and the four brown dashed shapes indicate the inner electrodes of Pt. R'.4 was measured
with i1 4 and vg 3 while R1.2 was measured with i1,2 and v3 4. (b)—(e) Temperature dependence of resistance Ri14
and R'1.2 for Ce3TiBis sample under different pressures plotted on a logarithmic temperature scale. The arrows
mark Ty; solid blue diamonds represent T related to CEF excitation energy; hollow diamonds denote Tiin; and

an inverse triangle indicates the coherence temperature 7.

These ambient-pressure results are in excellent agreement

(29321 and confirm the high quality

with other recent works
of our single crystals.
To investigate the pressure dependence of the AFM
transition and Kondo effect, we performed resistance mea-
surements under high pressure, up to 48 GPa. Figure 2(a)
shows the sample chamber configuration, including the
electrode arrangement and the sample. Resistances along

two different directions have been measured with i 4,

va,3 and 41,2, vs4, respectively. Figures 2(b)-2(e) dis-
play the corresponding high-pressure resistance curves on
a logarithmic temperature scale. At 2.6 GPa, the room-
temperature resistance R4 is 0.055 (), nearly seven times
smaller than R (0.38€). This anisotropy under pres-

|le and pJ_c

sure is comparable to the difference between p
at ambient pressure, indicating that R'4 and R™:2 pri-
marily reflect the resistance along (p!°) and perpendicular

(p-°) to the c-axis, respectively.
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Figures 2(b) and 2(d) present the temperature-
dependent R4 and R™? under pressures up to 8.9 GPa.
R4 initially decreases with pressure but increases above
6.2 GPa, whereas R':? increases monotonically over the
same range. Such a resistance increase under pressure has
been reported in other heavy fermion systems (1042 and is
attributed to the enhancement of Kondo scattering. While
pressure typically broadens electronic bands and reduces
resistivity, in heavy fermion systems it also increases the
bandwidth of the local f-orbitals. This pushes the f-band
top closer to the Fermi level, thereby enhancing Kondo
scattering and leading to an overall increase in resistivity.
The non-monotonic variation of R4 in Fig.2(b) reflects
a competition between conventional band broadening and
Kondo scattering.

At high temperatures, R4 exhibits metallic behav-
ior at ambient pressure but develops a logarithmic in-
crease upon cooling under high pressures, as previously
reported. *! This suggests that Kondo scattering domi-
nates R4 under these conditions. A resistance maximum
is observed in the R'+4 curves [marked by solid blue dia-
monds in Fig.2(b)] at a temperature 77, which decreases
with increasing pressure. Below 71, the resistance decrease
results from the interplay between the Kondo effect and
the CEF. As the temperature drops below the energy of
higher-lying CEF levels, electrons redistribute into lower-
lying states, reducing the Kondo scattering rate. In con-
trast, R'2 retains its metallic behavior at high tempera-
tures under pressure, indicating a negligible contribution
from Kondo scattering, with the Kondo—CEF interplay
only manifesting as a weak hump. The distinct responses
of R4 and R%? demonstrate an anisotropic Kondo effect
in CesTiBis. At low temperatures, both Rit4 and R™2
exhibit a logarithmic upturn due to the Kondo effect, lead-
ing to a resistance minimum (marked by hollow diamonds)
at a temperature Tinin. The increase of Tiyin with pressure
further confirms the enhancement of Kondo scattering un-
der pressure. Below this upturn, a sharp drop in resistance
marked by arrows signifies the onset of AFM ordering.

Figures 2(c) and 2(e) present the temperature depen-
dence of R4 and R™2 under pressures above 8.9 GPa.
At 13.7 GPa, the low-temperature logarithmic upturns in
both R4 and R'? are followed by a broad resistance
maximum at a temperature denoted as 7™ (marked by in-
verted hollow triangles). As clearly seen in Fig.2(c), T*
for R*:4 shifts progressively to higher temperatures with
The rapid de-
crease of R4 below T* indicates the onset of coherent

pressure, exceeding 300 K above 34 GPa.

Kondo scattering. In contrast, T* cannot be determined
from the R':2 due to its persistently metallic behavior at
high pressures [see Fig. 2(e)].

From Figs.2(b)-2(e), we extracted the resistance at
a fixed temperature of 250K as a function of pressure for
both R4 and R™:2, as shown in Fig. S1 of the Supplemen-
tary Materials (SM). The resistance increases smoothly
above 6.2 GPa, reaches a maximum around 18-21 GPa,
and then decreases at higher pressures. The initial in-
crease is attributed to the enhancement of Kondo scat-
tering, while the subsequent decrease signifies that coher-

ent Kondo scattering begins to dominate charge transport.
No anomalous resistance change indicative of a structural
transition is observed in the R(P) curves, suggesting that
the crystal structure remains stable over the entire exper-
imental pressure range.

To investigate the pressure effect on the AFM tran-
sition, we determined the Néel temperature Tx at vari-
ous pressures from the temperature derivative of R4, as
shown in Figs. 3(a)-3(1).
sure, reaches a maximum of 10.9K at 8.9 GPa, and then
gradually decreases to 3.4 K at 39.3 GPa. Above 42 GPa,
T drops below 2 K. The dR/dT data with current 71,2 are
presented in Figs. S2(a)—S2(1), from which the extracted
Tx values exhibit a similar pressure dependence. A notable

Tx initially increases with pres-

change in the resistance behavior occurs around 21 GPa.
In the pressure range of 13.7-21 GPa, coherent Kondo scat-
tering begins to develop at a relatively low T™, leading to
coexistence between incoherent and coherent Kondo scat-
tering. This results in a negative curvature in R(T), which
obscures the signature of the magnetic transition in the
resistivity, particularly at 21 GPa. When the pressure ex-
ceeds 21 GPa, coherent Kondo scattering is fully estab-
lished at a much higher 7" and dominates the transport.
Consequently, the AFM transition becomes clearly visible
again as a kink in the resistance curves [see Figs.3(h)-
3(k)], at a temperature consistent with that identified from
the derivative peaks. The establishment of coherent Kondo
scattering with high T™ also causes a significant reduc-
tion in resistance; e.g., R(15K) drops from ~0.04Q at
8.9 GPa to ~0.0035 Q2 at 39 GPa. Concurrently, T is sup-
pressed from ~7-11K to ~3-5 K. This explains why the
resistance drop at the magnetic transition above 21 GPa
is much smaller than that at lower pressures. Therefore,
it is suggested that the AFM phase likely persists beyond
21 GPa. Nevertheless, we cannot rule out other origins
for the resistance kinks at high pressures (P > 28.8 GPa),
such as residual magnetism due to pressure inhomogeneity,
which deserves further investigation.

Figures 4(a) and 4(b) present fits to the low-
temperature R4 data using the power-law form R =
Ro + AT™, where Ry is the residual resistance, A is the
coefficient, and n is the exponent. Since coherent Kondo
scattering begins to emerge at low temperatures in the
pressure range of 13.7-21 GPa and may complicate the
analysis, only data above 21 GPa were included in the fit-
ting. The extracted exponent n increases gradually from
1.5 to 3.23 as pressure rises from 25 GPa to a maximum
of 48 GPa. For the data at 18.4 and 21 GPa, the neg-
ative curvature in R™4(T) suggests an exponent n < 1
as seen in Figs. S3(a)-S3(c) of the SM, likely arising from
the interplay between incoherent and coherent Kondo scat-
Above 21 GPa, where coherent Kondo scatter-
ing starts to dominate the transport, the exponent n in-

tering.

creases systematically. Therefore, the values of n ~ 1.5—
1.59 at 25-28.8 GPa cannot be taken as evidence for non-
As the AFM transition is sup-
pressed toward zero temperature, the expected quantum

Fermi-liquid behavior.

criticality with n ~ 1 has not been observed above 5K.

010705-4
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Fig. 5. The P-T phase diagram of Ce3TiBis, showing the
pressure dependence of T, 7%, and T7. The red, blue, and
purple solid circles denote Ty, T*, and T; determined from
R™1.4 data, respectively. The red and blue hollow stars de-
note Ty and T* determined from R*.2 data, respectively.

ONAO’ODO\

This suggests that fitting to data at much lower tempera-
tures would be required to detect non-Fermi-liquid behav-
ior. A similar evolution of n with pressure is observed in
the fits to R*-2(T), as shown in Figs.S4(a) and S4(b) of
the SM.

Based on the values of T, T, and T} extracted from
both R™4(T) and R™:2(T), we construct the pressure-
The Néel
temperature Tx exhibits a dome-shaped dependence on

temperature phase diagram shown in Fig. 5.

pressure, reaching a maximum at 8.9 GPa and eventually
being suppressed below 2 K above 42 GPa. This dome-like
behavior reflects the competition between the Kondo effect
and the RKKY interaction. The temperature 77, associ-
ated with CEF splitting, decreases with increasing pres-
sure. This decrease results from the competition between
two opposing effects of pressure: the compression of coor-
dination polyhedron, which tends to increase CEF split-
ting, and the broadening of electronic bandwidth, which
reduces the energy gap between CEF levels. Meanwhile,
Kondo coherence emerges at 7% ~ 17K for 13.7 GPa and
rises rapidly with further compression, exceeding 300K
near the critical pressure of 45 GPa.

4. Discussion.  An anisotropic Kondo effect is
observed in CesTiBis under high pressure, where the
high-temperature resistances R'*¢ and R‘‘? are domi-
nated by Kondo scattering and electron—phonon scatter-
ing, respectively. A similar anisotropic Kondo effect has
been reported in the Kondo semiconductor CeFezAliq,
which exhibits an anisotropic electronic structure and
c—f hybridization. [43-45] To understand this anisotropic
Kondo effect in CesTiBis, we perform the first-principles
calculation*® of its electronic structure, the details of
which are provided in the SM. Figures 6(a) and 6(b)
present the paramagnetic band structures, where the circle
sizes indicate the projecting weights of Ce sd (green), Ti sd
(orange), and Bi sp (purple) orbitals. Here, a salient fea-
ture is the quasi-1D band spectra derived from Bi atomic

orbitals (purple circles). To examine the hybridization

between the localized Ce 4f moments and the conduc-
tion electrons near the Fermi level, we included the Ce
4f states in pseudopotential calculations. For illustration,
we adopted a ferromagnetic configuration. In Figs.6(c)
and 6(d), red and blue denote majority (spin-up) and mi-
nority (spin-down) channels, respectively, and dot sizes
represent the Ce 4f orbital weight. Near the Fermi level,
the Ce 4f states primarily hybridize with Bi p orbitals on
the quasi-1D bands along the I'-A direction, demonstrat-
ing anisotropic ¢—f hybridization. Notably, within these
quasi-1D states, the Ce 4f weight is markedly increased at
10 GPa, indicating strongly enhanced c—f hybridization un-
der pressure, which can also be seen in Fig. S5 of the SM
This
enhancement is further corroborated by crystal orbital
Hamilton population (COHP) analysis*” in Figs. S6(e)
and S6(f). At 10 GPa, around the Fermi energy, the hy-
bridization between Ce 4f orbital and other atomic orbitals
is substantially stronger than that at ambient pressure
in both majority (antibonding) and minority (bonding)

for the corresponding Fermi-surface distributions.

spin channels. Collectively, these results suggest that the
anisotropic Kondo effect in CesTiBi5 likely originates from
pressure-enhanced anisotropic c—f hybridization.

Furthermore, CeCo2Gag, with its pronounced quasi-
1D Ce-chain structure, shows strong anisotropy in Kondo
coherence formation: coherence develops at 17 K along the
c-axis, while incoherent scattering persists down to 2K
within the ab-plane. [48:49] 1t has been proposed that the
coherence temperature is governed not only by the Kondo
energy scale but also by the lattice properties of ions carry-
ing local f-electrons. (491 1p contrast, compressed CesTiBis
shows a much weaker anisotropy in Kondo coherence. At
13.7 GPa, the coherence temperature T is about 17K for
R4 and 14K for R™:2, as shown in Figs.2(c) and 2(e).
This modest anisotropy can be understood structurally:
although CesTiBis possesses a strong quasi-1D charac-
ter, the intra-chain Ce-Ce distance (3.9398A) is only
slightly shorter than the inter-chain distance (4.8835A).
Therefore, the reduced anisotropy of Kondo coherence in
Ce3TiBis can be attributed to its less one-dimensional Ce
lattice.

Besides the anisotropic Kondo effect, another intrigu-
ing observation in CesTiBis is the robustness of the AFM
order under pressure, despite the establishment of Kondo
coherence with a very high characteristic temperature 7.
This indicates that local moments from f-electrons still
persist even under well-developed Kondo screening. Ac-
cording to the two-fluid model, 1] the ground state is gov-
erned by the collective hybridization effectiveness fy be-
tween f- and conduction electrons. When fo < 1, the local
spin liquid dominates, yielding a magnetic ground state via
the RKKY interaction. As fy approaches 1, the magnetic
transition temperature is suppressed to zero. The persis-
tence of AFM order thus implies that pressure only ineffi-
ciently enhances the collective hybridization effectiveness.
Electronic structure calculations reveal that a primary ef-
fect of pressure is to enhance hybridization predominantly
along the c-axis. Therefore, we propose that the limited
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Fig. 6. The calculated paramagnetic band structure of Ce3TiBis at (a) ambient pressure and (b) 10 GPa. The
circle sizes represent the projecting weights of Ce sd (green), Ti sd (orange), and Bi sp (purple) orbitals. The
calculated spin-polarized band structure at (c) ambient pressure and (d) 10 GPa. Red and blue denote majority
(spin-up) and minority (spin-down) channels, respectively, and dot sizes represent the Ce 4f orbital weight. The
COHP distribution between the Ce 4f orbital and other atomic orbitals at (e) ambient pressure and (f) 10 GPa.

enhancement of collective hybridization is related to
strongly anisotropic hybridization in this system under
high pressure.

5. Conclusion. We have investigated the magnetic
properties and Kondo effect of the quasi-1D heavy fermion
compound CesTiBis under high pressure. Pressure en-
hances Kondo scattering, leading to an increase in both
R4 and R™:2. A significantly anisotropic Kondo effect
is observed under high pressure, which is attributed to
pressure-enhanced anisotropic hybridization between f and
From the extracted AFM transi-
tion temperature Tn and coherence temperature T, we

conduction electrons.

constructed a pressure-temperature phase diagram. The
dome-shaped dependence of Tn on pressure reflects the
competition between the Kondo effect and the RKKY in-
teraction. The AFM order is completely suppressed near
45 GPa, where the coherence temperature T far exceeds
300 K. The limited enhancement of collective hybridization
with pressure is likely related to the underlying anisotropy

in electronic hybridization under high pressure.
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