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Physical properties of YbFe5P3 with a quasi-one-dimensional crystal structure
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We report basic physical properties of the quasi-one-dimensional heavy-fermion compound YbFe5P3. Its
magnetic susceptibility follows a modified Curie-Weiss behavior at high temperatures with a Weiss temperature
between −5 and −21 K depending on the direction of the applied magnetic field. Our single crystals of YbFe5P3

are good metals with a room-temperature resistivity of ∼140 μ� cm and a residual resistivity of less than 2
μ� cm. Below ∼2 K the resistivity reflects the presence of strong quantum fluctuations, which is supported
by specific heat measurements that show a similar strong enhancement in C/T at low temperatures reaching
1.5 J/mol K2 below T = 0.5 K. No magnetic ordering is observed down to 80 mK. Magnetic fields up to
8 T rapidly suppress the magnetic fluctuations, while resistivity measurements under pressures up to 2.54 GPa
indicate the enhancement of quantum fluctuations, although still no order is observed down to 0.3 K. Density
functional theory calculations suggest the presence of electronically quasi-one-dimensional (1D) Fermi surface
sheets together with three-dimensional electronic pockets. We suggest that the quasi-1D nature of this compound
leads to an extended regime of large quantum fluctuations within the paramagnetic state prior to reaching a
magnetic instability.
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I. INTRODUCTION

Understanding the strange metal behavior in the vicinity
of a quantum critical point (QCP) has been a long-standing
mystery for many systems including high-Tc superconduc-
tors [1–4]. For f -electron-based heavy-fermion metals, the
Doniach diagram provides a useful starting point to describe
the competition between the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, which promotes long-range magnetic
order, and the Kondo interaction, which acts to screen the
magnetic f moments by the conduction electrons c [5]. Both
interactions depend on the f -c exchange coupling J , though
with different functional forms, that can be tuned by a non-
thermal control parameter, such as pressure or magnetic field.
At a critical value of J , the competition of these interactions
leads to a zero-temperature magnetic/nonmagnetic bound-
ary where quantum fluctuations dominate physical properties.
More recently, the Doniach diagram has been extended to
include the strength of quantum fluctuations as an independent
means to suppress magnetic order [6–8]. This “global” phase
diagram possesses a rich variety of quantum phase transitions.
An interesting proposal of this phase diagram is the possibility
to find a state of matter in which the f electron undergoes a
localization-delocalization transition in the absence of mag-
netic order, which has been suggested to occur in various
frustrated f -electron systems [9–12].

Magnetic frustration and reduced dimensionality are
known routes to increase the strength of quantum fluctuations.
Here we focus on exploiting reduced dimensionality by con-

sidering a magnetically quasi-one-dimensional (1D) system
that may possess a paramagnetic ground state wherein the f
electron remains localized. Such quasi-1D magnetic systems
should also be more tractable theoretically. In addition to
reduced dimensionality, a clean system is strongly desired.
This is because one of the significant predictions of the global
phase diagram is that the size of the Fermi surface changes
across the QCP. Fermiology, therefore, is an important tool to
probe the phase diagram. The small energy scales in heavy-
fermion compounds present a drawback for angle-resolved
photoemission spectroscopy (ARPES). A very clean system
exhibiting a high mobility is required to observe quantum
oscillations. Such a system in the vicinity of an instability
could be driven towards a QCP with a clean tuning parameter,
e.g., hydrostatic pressure.

There are limited examples, however, that meet all the
conditions above, and experimental studies on quasi-1D com-
pounds with quantum phase transitions have been sparse.
The most prominent examples of quasi-1D systems that
have a QCP are YbNi4P2 [13,14] and CeRh6Ge4 [15,16],
both of which possess a ferromagnetic QCP. Yb2Pt2Pb and
Yb2Fe12P7 are two additional systems that show good evi-
dence for quasi-1D magnetic behavior and non-Fermi-liquid
behavior under applied fields [17–19]. Both order antifer-
romagnetically, however, at 2.0 and 0.9 K, respectively. If
negative chemical pressure could be applied, it would be inter-
esting to drive these systems through their respective quantum
phase transitions.
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In this paper, we report that YbFe5P3 likely satisfies the
above conditions. It is structurally quasi-one-dimensional. It
is a clean system with high residual resistivity ratio (RRR),
and we find evidence of strong quantum fluctuations, which
suggests close proximity to a quantum phase transition.

II. METHODS

Magnetic properties are measured in a Quantum Design
Magnetic Properties Measurement System (MPMS). Specific
heat measurements are carried out in an Oxford dilution
fridge and a Quantum Design Physical Property Measurement
System (PPMS) using short and long heat pulse methods,
respectively. Transport properties are measured in a PPMS
with a four-wire measurement using a digital resistance bridge
with a typical excitation current of 100–330 μA and current
frequency of 13 Hz. For pressure-dependent measurements,
samples are sealed in a hybrid Be-Cu/NiCrAl clamp-type cell
with Daphne oil 7373 as the pressure-transmitting medium.
The applied pressures were calibrated by the superconduct-
ing Tc of a Pb sample. Density functional theory (DFT)
calculations are performed using the generalized gradient
approximation with the Perdew-Burke-Ernzerhof (PBE) func-
tional [20] as implemented in the WIEN2K package [21].
Spin-orbit coupling is included in a second variational
manner.

III. SYNTHESIS AND CRYSTAL STRUCTURE

Needlelike single crystals of YbFe5P3 and LuFe5P3 were
prepared using Sn and Zn flux, respectively. Single crystals
of YbFe5P3 were grown from Sn flux [22]. Starting elements
were loaded in the molar ratio of Yb:Fe:P:Sn=1:2:1.5:20 into
an alumina crucible and sealed in a silica ampule under vac-
uum. The ampule was heated to 500◦C over 10 h and held at
500◦C for 6 h. The temperature was then increased to 1000◦C
over 12 h, and held there for 24 h. Finally, the temperature
was then lowered to 700◦C over 100 h, at which temper-
ature the molten Sn flux was removed using a centrifuge.
Excess Sn flux on the surface of the YbFe5P3 crystals was
removed by etching in dilute hydrochloric acid. LuFe5P3 was
prepared in a similar manner using Zn flux with a molar ratio
of Lu:Fe:P:Zn=1:2:1.5:30. In this case, the Lu and Fe were
arc-melted together first. The temperature for the LuFe5P3

material was raised to 700◦C over 14 h and held for 6 h. The
temperature was then increased to 1100◦C over 10 h, held for
8 h, then decreased to 800◦C over 100 h, at which temperature
the molten Zn was removed.

Powder and single-crystal diffraction confirm the crystal
structure of our samples. YbFe5P3 and LuFe5P3 belong to
the YCo5P3-type orthorhombic structure (space group Pnma,
No. 62) with the lattice parameters a = 1.195 nm, b = 0.365
nm, and c = 1.037 nm for YbFe5P3 and a = 1.21 nm, b =
0.3675 nm, and c = 1.046 nm for LuFe5P3, which are in good
agreement with a previous study [22]. The crystal structure is
shown in Fig. 1. Yb atoms form chains along the b axis with
an Yb-Yb distance of 0.365 nm. The second-shortest Yb-Yb
bond occurs between the chains with a distance of 0.55 nm,
which is 1.5 times the intrachain distance. Furthermore, the
interchain magnetic interaction is expected to be frustrated as

c
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b
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FIG. 1. Crystal structure of YbFe5P3. (a) Viewed down the b
axis, the chain direction. The big red spheres indicate the position
of Yb atoms. Medium brown spheres depict iron, and small purple
spheres are for P. The dashed square indicates the unit cell. The solid
lines show the nearest bonds between Fe and P atoms. (b) Viewed
from the c axis. Vertical lines between Yb atoms indicate the nearest
Yb-Yb distance along the chain direction, 0.365 nm.

the Yb atoms in the neighboring chain are shifted by half a
unit cell along the b direction. This suggests that the magnetic
interactions between Yb ions may be quasi-one-dimensional.
Reflecting the crystal structure, crystals grow as needles along
the b axis, with typical dimensions of ∼50 × 50 μm2 in the
ac plane and 1 mm along the b axis.

IV. MAGNETIZATION MEASUREMENTS

The magnetic susceptibility χ as a function of tempera-
ture is shown in Fig. 2(a) on a single crystal of 1 ± 0.1 mg.
The susceptibility increases monotonically with decreasing
temperature, following a modified Curie-Weiss law. Fitting
our data to this law between T = 150 and 300 K yields an
effective moment μeff ≈ 4.4μB/Yb and Curie-Weiss temper-
ature TCW ranging from −5 to −21 K depending on the
field orientation. A large effective moment that is close to
the free Yb3+ ion magnetic moment of 4.54μB indicates that
the magnetic moment mainly originates from the Yb atoms
while the contribution from Fe atoms is negligible. Studies
of the isostructural compounds RFe5P3 (R = Gd, Ho, Er, Tm)
also find the Fe atoms to be nonmagnetic [23,24]. No mag-
netic ordering is observed down to T = 2 K in YbFe5P3,
but the enhanced susceptibility at low temperatures implies
that the system might be close to a magnetic instability. The
magnetization at 2 K as a function of magnetic field with
different field orientations is shown in Fig. 2(b). There is a
mild magnetic anisotropy χa/χb,c of ∼2 at T = 2 K. The data
indicate that the a axis is the easy axis.

V. TRANSPORT PROPERTIES

The temperature dependence of resistivity along the chain
direction, ρyy(T ), is shown in Fig. 3(a) for YbFe5P3 and
LuFe5P3. The low residual resistivity of the Yb analog of
less than 2 μ� cm, combined with a high RRR of more than
60, indicates the high quality of the sample and a long mean
free path at low temperatures. A magnetic field of B = 0.2 T
was applied to suppress a partial superconducting transition
at 3.7 K. This transition is not observed in the heat capacity
data shown below, and hence we attribute it to an impurity
phase most likely from the Sn flux. The resistivity decreases
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FIG. 2. (a) Magnetic susceptibility χ as a function of temper-
ature for field along the a (green up-pointing triangles), b (red
circles), and c axes (blue down-pointing triangles). Inset: The modi-
fied Curie-Weiss plot 1/(χ − χ0), where χ0 = 0.0029, 0.0039, and
0.0029 emu/mol for H ‖ a, b, and c, respectively. The magnetic
moment and Curie-Weiss temperatures from the fits to the modified
Curie-Weiss law are reported in the inset. (b) Magnetic field de-
pendence of magnetization with H ‖ a (green up-pointing triangles),
H ‖ b (red circles), and H ‖ c (blue down-pointing triangles). The
data were taken at T = 2 K.

almost linearly from room temperature. At 25 K ρ(T ) has
a weak inflection point, which may reflect the presence of
low-lying crystal field levels or the onset of a lattice coherence
scale T �. Below 5 K the resistivity begins to drop again, and
at roughly 0.5 K the resistivity rolls over from a quasilinear
temperature dependence at higher T towards a T 2 Fermi-
liquid-like behavior at low temperatures. The coefficient of
the T 2 dependence is 2.8 μ� cm/K2. There are no anomalies
reflective of long-range order in the electrical transport of
YbFe5P3 down to T = 0.12 K.

The temperature dependence of the Hall resistivity, ρxy(T ),
at H = 2 T is shown in Fig. 3(b). ρxy is linear with field up
to H = 2 T over the measured temperature range from 2 to
50 K. ρxy(T ) gradually increases with decreasing temperature,
as is common in many heavy-fermion materials in the high-
temperature limit [25]. The peak in ρxy at T = 12 K may
reflect the system entering into a lattice coherent state. The
peak temperature can be smaller than that of the coherence
temperature depending on the properties of the heavy fluid

FIG. 3. (a) The temperature dependence of resistivity along the
chain direction. A magnetic field of H = 0.2 T was applied to sup-
press the superconductivity from an impurity. Insets: The expanded
data between T = 0 and 40 K (lower right) and between 0 and
1 K (upper left). (c) Transverse resistivity ρxy versus temperature. A
magnetic field of H = ±2 T was applied perpendicular to the chain
direction and the data are antisymmetrized.

[26]. At 2 K, ρxy begins showing nonlinearity above 2 T and
up to 9 T, reflecting the multiband nature of the electronic
structure (not shown).

VI. SPECIFIC HEAT

The specific heat divided by temperature, Cp/T , as a func-
tion of temperature is shown in Fig. 4. For YbFe5P3 and
LuFe5P3, collections of several single crystals with a to-
tal mass of 0.66 and 0.8 mg were measured, respectively.
The Lu analog has the behavior of a typical metal, al-
though the Sommerfeld coefficient γ = 110 mJ/mol K2 is
enhanced relative to most metals. This enhanced Sommer-
feld coefficient suggests that even if the Fe atoms do not
carry a magnetic moment, they provide electronic correlations
that lead to a moderate mass enhancement in the system.
The low-temperature heat capacity of YbFe5P3 shows a dra-
matic enhancement relative to the Lu analog. Cp/T increases
monotonically with decreasing temperature below 10 K to
approximately 0.5 K. At 0.5 K there is a tendency towards
saturation, which likely reflects the crossover toward Fermi-
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FIG. 4. Specific heat divided by temperature, C/T , as a function
of temperature at low temperatures for YbFe5P3 (red squares) and
LuFe5P3 (blue circles). An upturn below T = 0.2 K originates from
the nuclear Schottky anomaly. Inset: Entropy of YbFe5P3 versus
temperature. The dashed line shows R ln 2 = 5.76 J/mol K.

liquid behavior with a Sommerfeld coefficient ∼1.5 J/mol K2.
This is consistent with the crossover from quasilinear to T 2

temperature dependence observed in the resistivity at 0.5 K.
The comparison of the Sommerfeld coefficient with T 2 re-
sistivity gives a Kadowaki-Woods ratio A/γ 2 = 1.2 × 10−6

μ� cm/(mJ/mol K2)2. The upturn below T ∼ 0.2 K is con-
sistent with a nuclear Schottky anomaly, which increases with
increasing magnetic field according to the functional form
Cnuc = (α + βH2)/T 2 with α = 0.421 mJ K/mol and β =
0.027 mJ K/mol T2. No magnetic ordering or superconduc-
tivity was observed down to 0.1 K. The calculated entropy
S is shown in the inset of Fig. 4. S reaches 1

2 R ln 2 by 3 K
and R ln 2 by 10 K, which implies that the Yb ions are in a
doublet ground state in the crystalline electric field. The small
characteristic energy scale of a few kelvin further suggests a
close proximity of the system to a quantum critical point.

VII. THEORETICAL CALCULATIONS

Shown in Fig. 5 are the Fermi surfaces obtained by the DFT
calculations. Because the nature of the f electron is currently
unknown, both itinerant [Fig. 5(a)] and localized [Fig. 5(b)]

(a) (b)

}

} {

{
Quasi 

1D 
Fermi 

surfaces

FIG. 5. DFT computed Fermi surfaces of YbFe5P3 for (a) the
itinerant configuration and (b) the localized configuration of the f
electron. Different colors are used to simply distinguish different
Fermi surface sheets.

configurations are plotted. To localize the f electron it was
treated as a core electron in the calculation. In both config-
urations, many Fermi surface sheets can be seen, which is
a consequence of the nine unique atomic sites in the crystal
structure together with four formula units per unit cell. Band
touching points along various edges of the Brillouin zone are
enforced by the glide and screw symmetries that exist in this
space group. The Fermi surface plots illustrate that several
1D-like Fermi surfaces are observed in addition to three-
dimensional (3D) Fermi pockets, as expected from the crystal
structure. The quasi-1D Fermi surface sheets can be identified
as flat sheets, due to the lack of dispersion in the kx and
kz directions. The finite amount of warping reflects that the
dispersion is not perfectly 1D. Given the large RRR, quantum
oscillation studies would be interesting to distinguish whether
the localized or itinerant electronic structure is correct.

VIII. MAGNETIC FIELD DEPENDENCE

The magnetic field dependence of specific heat after sub-
traction of the nuclear Schottky contribution Cnuc with field
applied along the chain direction is shown in Fig. 6(a). With
increasing magnetic field, (C − Cnuc)/T is monotonically sup-
pressed. In addition, the temperature range over which a
constant (C − Cnuc)/T behavior is observed increases with
increasing magnetic field. This behavior indicates that the
quantum fluctuations, which renormalize the electronic struc-
ture, are suppressed with the application of a magnetic field,
and an increasingly robust Fermi-liquid state is recovered.

Very similar behavior is observed in a second sample mea-
sured down to 0.4 K with magnetic fields perpendicular to
the chain direction (H ‖ c) as shown in Fig. 6(b). The sim-
ilar behavior between the two orthogonal field directions is
consistent with the weak magnetic anisotropy observed in the
magnetization measurements. A second resistivity sample was
also measured as a function of temperature with increasing
magnetic fields for H ‖ c as shown in Fig. 6(c). In zero field,
ρ shows a shoulder at around 2 K, below which ρ decreases
almost linearly as T decreases, consistent with non-Fermi-
liquid behavior associated with strong quantum fluctuations.
From the data in Fig. 3 we know that the crossover to Fermi-
liquid behavior occurs below 0.5 K. When a magnetic field is
applied, however, the low-temperature resistivity curves have
a parabolic behavior to much higher temperatures, indicating
the enhancement of the Fermi-liquid state. As indicated by
arrows, the resistivity starts to deviate from a parabolic fit at
higher temperatures with higher fields, and the T 2 coefficient
is suppressed at 8 T relative to 5 T. These facts also suggest
the Fermi-liquid behavior becomes more robust with larger
applied magnetic fields. The calculated Kadowaki-Woods ra-
tio is 1.5 × 10−6 μ� cm/(mJ/mol K2)2 for both 5 and 8 T.
This value is similar to the zero-field value and is typical of
Yb-based heavy-fermion systems [27].

IX. PRESSURE DEPENDENCE

The results above suggest that the system may be close to
a quantum critical point at ambient pressure. The application
of pressure pushes the valence state of Yb from 2+ towards
3+ and thereby favors magnetism. This motivates us to apply
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FIG. 6. (a) Specific heat divided by temperature, C/T , versus
temperature at different magnetic fields applied parallel to the b axis.
The nuclear Schottky contribution Cnuc has been subtracted from the
data as described in the text. (b) C/T at different magnetic fields
applied parallel to the c axis. (c) Resistivity ρ versus temperature at
different magnetic fields applied parallel to the c axis showing the
suppression of the non-Fermi-liquid behavior with fields. The solid
lines are quadratic fits to the form ρ(T ) = ρ0 + AT 2 between the base
temperature and 1.5 K. A is 0.626 and 0.467 μ� cm/K2 for 5 and 8 T,
respectively. Arrows indicate the position where the resistivity starts
to deviate from the quadratic curves.

pressure to YbFe5P3 with the goal of finding a magnetic
instability. The pressure dependence of ρ as a function of
temperature is shown in Fig. 7. At temperatures above 2 K, the
resistivity change induced by pressure is subtle. The inflection
point near 25 K shifts slightly to higher temperature. Below
T = 2 K, however, the inelastic scattering observed in the
resistivity is pushed to lower temperatures with increasing

FIG. 7. (a) The pressure dependence of resistivity ρ versus tem-
perature from P = 0 to 2.2 GPa. (b) An expanded view of the
pressure-dependent resistivity data between T = 0 and 3 K for se-
lected pressures 0 (black circles), 0.97 (blue triangles), and 2.54
(red squares) GPa. Solid lines are linear fits to ρ(T )=ρ0 + BT at
low temperatures. Arrows indicate where ρ deviates from the linear
behavior. Inset: The slope of the linear fitting parameter B as a
function of pressure.

pressure suggesting the enhancement of quantum fluctuations.
Likely because the data do not go to low enough tempera-
tures, it is difficult to quantify the enhancement of inelastic
scattering. Nevertheless, in an attempt to do so, we take the
linear slope of the resistivity in the low-temperature limit.
We note that although T -linear behavior is often associated
with non-Fermi-liquid behavior at a quantum critical point,
we do not claim this is an intrinsic property of YbFe5P3 due
to the limited temperature range over which we observe this
behavior. The pressure dependence of the slope is shown in
the inset of Fig. 7(b). The enhanced slope with increasing
pressure suggests that the system is being driven closer to a
quantum critical point. We also note that the temperature at
which the resistivity deviates from T -linear behavior shrinks
with increasing pressure, as indicated by the arrows shown
in Fig. 7(b). It would be interesting to apply even higher
pressures, and possibly lower temperature measurements, to
see if a quantum phase transition and/or magnetic order could
be stabilized.
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X. DISCUSSION

The low-temperature (�5 K) resistivity and heat capacity
reveal the presence of strong quantum fluctuations without
long-range order down to 80 mK in YbFe5P3, with an apparent
crossover towards Fermi-liquid behavior below ∼0.5 K. This
type of behavior is commonly found in Ce- and Yb-based
intermetallics where the competition between the Kondo and
RKKY interactions leads to a QCP between magnetically
ordered and disordered states [1–4]. In this scenario, YbFe5P3

lies just past the QCP on the magnetically disordered side.
It is thus surprising that magnetic order could not be found
upon the application of 2.5 GPa of pressure. An alternative
picture is that the strong quantum fluctuations arise because
of the reduced dimensionality of the system. A truly one-
dimensional magnetic system cannot possess magnetic order
at finite temperature [28]. The structural aspect of the Yb
chains coupled with some quasi-1D Fermi surface sheets may
lead to strongly one-dimensional magnetic interactions. In
this view, the lack of magnetic ordering is natural, even if
the Yb ions were highly localized, and no amount of pres-
sure could lead to magnetic order. In reality, the crossover
towards Fermi-liquid behavior would not be expected in a
purely one-dimensional system. We posit, however, that the
extended pressure regime of strong quantum fluctuations may
be enhanced by the reduced dimensionality of the system.

Further neutron and NMR work would be useful to investigate
the magnetic dimensionality in this system.

In summary, we have investigated the low-temperature
transport and thermodynamic properties of YbFe5P3. Magne-
tization and transport data reveal a high energy scale, which
varies between 10 and 30 K depending on the measurement.
This likely reflects either the influence of excited crystal field
levels, a lattice coherence temperature, or a combination of
the two. Below 5 K, strong quantum fluctuations lead to a
strongly enhanced heat capacity and a strong downturn in the
resistivity. These quantum fluctuations are either suppressed
by a magnetic field, or enhanced by the application of pres-
sure. Given the high purity of YbFe5P3 single crystals, we
believe that this is an interesting system to further explore the
interplay of reduced dimensionality and quantum criticality
in heavy fermions as may also be explored in YbNi4P2 and
CeRh6Ge4, among others.
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