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Strong coupling between localized 5f moments and itinerant
quasiparticles in the ferromagnetic superconductor UGe2
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The heavy fermion physics arises from the complex interplay of nearly localized 4f/5f electrons and itinerant band-
like ones, yielding heavy quasiparticles with an effective mass about 100 times (or more) of the bare electrons. Recently,
experimental and theoretical investigations point out a localized and delocalized dual nature in actinide compounds, where
itinerant quasiparticles account for the unconventional superconductivity in the vicinity of a magnetic instability. Here we
report the strong coupling between localized 5f moments and itinerant quasiparticles in the ferromagnetic superconductor
UGe2. The coupling is nearly antiferromagnetic. As embedded in the ferromagnetic matrix of localized 5f moments below
TC ≈ 52 K, this coupling leads to short-range dynamic correlations of heavy quasiparticles, characterized by fluctuations of
magnetic clusters. Those cluster-like spins of itinerant quasiparticles show a broad hump of magnetization at TX ≈ 28 K,
which is typical for the spin-glass freezing. Thus, our results present the direct observation of itinerant quasiparticles
coexisting with localized 5f moments by conventional magnetic measurements, providing a new route into the coexistence
between ferromagnetism and superconductivity in heavy fermion systems.
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1. Introduction
In heavy fermion materials, Kondo lattice is a prototypi-

cal model to describe interacting localized 4f/5f moments cou-
pled antiferromagnetically to the conduction electron sea.[1]

As a consequence of the collective hybridization, the system
can approximately be described by two renormalized compo-
nents, i.e., itinerant heavy quasiparticles (so-called the Kondo
liquid) and unhybridized localized moments.[2] At low tem-
peratures, itinerant quasiparticles due to the hybridization are
believed to lead to a rich variety of emergent quantum phe-
nomena such as unconventional superconductivity.

The ferromagnetic superconductor UGe2 is an exotic ex-
ample displaying both local-moment and heavy-mass itinerant
behavior due to the peculiar dual character of 5f electrons.[3–9]

This compound is unique, since pronounced localized 5f elec-
trons are mainly responsible for bulk properties such as the
giant magnetocrystalline anisotropy with the easy axis align-
ing along the a direction and the relatively large ferromagnetic
moment, MU ∼ 1.5µB, whereas superconductivity guaranteed
by itinerant quasiparticles is known to occur within the fer-
romagnetic (FM) state, in a limited pressure range between
0.9 GPa and 1.5 GPa.[8,10–12] As deduced from the electrical
transport properties above the Curie point TC ≈ 52 K, UGe2 is
a case with combined crystal-field and Kondo-lattice effects,
supporting the idea of partial localization of 5f electrons.[8]

On the other hand, the hybridized (itinerant) part of 5f states
gives distinct signatures for the anomalies at around the char-

acteristic temperature TX ≈ 28 K. Although it has been theo-
retically suggested that TX corresponds to the formation of a
simultaneous charge- and spin-density wave,[13] no evidence
of such a wave has ever been detected. As the pressure in-
creases, TX decreases monotonically and finally disappears at
PX ≈ 1.2 GPa, where TSC of the superconductivity is highest,
∼ 0.7 K.[14] In this manner, superconductivity is closely re-
lated to the vanishing of TX . Despite intense investigations,
the internal connections between TX and itinerant quasiparti-
cles remain unresolved.

Recently, the change at TX is demonstrated to be a
crossover at ambient pressure, instead of a sharp thermody-
namic phase transition, and no discontinuity has been detected
in heat-capacity, thermal-expansion, neutron scattering, nu-
clear magnetic resonance, and nuclear quadrupole resonance
measurements.[14–17] Moreover, TX at 1.2 GPa is established
to be a first-order phase transition, which is apparently in con-
trast with the theoretical prediction that quantum phase transi-
tions should be of second order.[18] Driven by quantum fluctu-
ations, such a first-order phase transition is usually pre-empted
by the formation of an inhomogeneous magnetic phase.[19] In
this paper, we show the strong coupling between localized 5f
moments and itinerant quasiparticles in UGe2 by conventional
magnetic measurements. Our results clearly indicate the emer-
gence of short-range dynamic correlations of itinerant quasi-
particles embedded in the FM matrix of localized 5f moments.
Further, these itinerant quasiparticles form a cluster-glass state

∗Project supported by the National Natural Science Foundation of China (Grant No. 11404297), the Science Challenge Project (Grant No. TZ2016004), and the
Science and Technology Foundation of China Academy of Engineering Physics (Grant Nos. 2013B0301050 and 2014A0301013).

†Corresponding author. E-mail: liuyifat@163.com
© 2018 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

037501-1

http://dx.doi.org/10.1088/1674-1056/27/3/037501
mailto:liuyifat@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 27, No. 3 (2018) 037501

below TX , shedding new light on the coexistence between fer-
romagnetism and superconductivity.

2. Experiment

High-quality single crystals of UGe2 were grown by
Czochralski pulling method in a tetra-arc furnace under pro-
tective argon atmosphere. A small oriented cubic lump was cut
from the cleaved ingot, and subsequently annealed at 1073 K
under ultrahigh vacuum for a week. The quality of the speci-
men was verified by means of x-ray diffractions. The residual
resistivity ratio ρ(300 K)/ρ(2 K) amounts to 435, confirm-
ing the high quality of the single crystals. Magnetic measure-
ments were performed using a quantum design magnetic prop-
erty measurement system (MPMS), in the temperature range
from 2 K to 300 K and in magnetic fields up to 50 kOe. In
the measurements of field-cooling (FC) magnetization, data
were recorded on cooling in a magnetic field of 5 kOe. In
the measurements of thermal remanent magnetization (TRM),
data were recorded on warming in zero field, after an FC pro-
cess in 5 kOe. In the measurements of ac susceptibility, a dc
bias field of 1 kOe was always applied, and an ac excitation
of 10 Oe was used, operating at 10 Hz, 100 Hz, 1 kHz, and
10 kHz, respectively. Both dc and ac magnetic fields in mea-
surements were applied along the a direction, the easy axis of
magnetization.

3. Results and discussion

Figure 1 shows the FC magnetization and the subsequent
TRM of UGe2 as a function of temperature. FC magnetization
was measured on cooling in 5 kOe applied along the a axis,
which is far above the saturation field,∼ 0.5 kOe, ensuring the
monodomain of the sample. After this FC process, the sample
was slowly heated in zero field and TRM was synchronously
recorded on warming. As the temperature increases, TRM
drops rapidly and then shows an upturn at TX ≈ 28 K. Fol-
lowed by the turn point, TRM shows a small negative mag-
netic moment, similar to −0.05µB, which varies slowly with
temperature and finally disappears above TC ≈ 52 K. Herein,
the small negative value of TRM below TC is primarily at-
tributed to the magnetic moment of itinerant quasiparticles, as
suggested in the dualism of 5f electrons. In comparison with
the FC magnetization, ∼ 1.5µB, itinerant quasiparticles carry
a really small magnetic moment, indicating that bulk magnetic
properties are mainly governed by localized 5f moments. It is
noted that our TRM results provide the first detection of itin-
erant quasiparticles by conventional magnetic measurements.
The negative sign of TRM just below TC justifies an antiferro-
magnetic (AFM) coupling between localized 5f moments and
itinerant quasiparticles. In a Kondo lattice, the AFM coupling

is easily understood, which stems from the fact that local-
ized moments are completely or partly screened by conduc-
tion electrons with antiparallel spins. Surprisingly, these re-
sults are in full agreement with muon spin relaxation and neu-
tron scattering measurements.[11,20,21] As the authors of these
papers claim, comparison among bulk magnetization, neutron
form factor data, and positive muon spin rotation/relaxation
results provides a really small magnetic moment of itinerant
electrons, ∼ 0.02µB, relatively isotropic and probably in an-
tiparallel alignment with those localized moments.

In TRM measurements, it is necessary to check the real
applied magnetic field in the magnetometer, since a residual
field of typically ±5 Oe usually remains in the superconduct-
ing magnet of MPMS. Hence, we repeat TRM measurements
in ±10 Oe to eliminate the confusion from the residual field,
as shown in Fig. 1. As expected, the value of TRM is slightly
different in those small magnetic fields, but the shape of all
TRM curves is almost the same, invariably manifesting the
small negative magnetic moment from itinerant quasiparticles.
A subsequent re-cooling process always follows closely after
each TRM measurement, but no such negative signals can be
observed. Therefore, the negative signal is not caused by the
trapped field in the coil of the superconducting magnet.
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Fig. 1. (color online) Temperature dependences of the FC magnetiza-
tion and the subsequent TRM of a UGe2 single crystal. TRMs were
measured on warming in zero field and ±10 Oe, after an FC process in
5 kOe. All magnetic fields were applied along the easy a axis.

We now emphasize the importance of TRM measure-
ments. In the dualism of 5f electrons, UGe2 has to be viewed
schematically as a two-subset electronic system, where local-
ized 5f electrons coexist with itinerant quasiparticles. Since
the contribution of itinerant quasiparticles is weak in bulk
properties, it is commonly difficult to exactly tell apart their
behavior by magnetic measurements. However, in a differ-
ent way, TRM tries to approach the zero-field limit of the FM
monodomain of localized 5f electrons, and then the AFM cou-
pling in some senses induces a detectable component from
itinerant quasiparticles. Both components of localized and
itinerant 5f electrons were apparently identified, namely ∼
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1.5µB for localized 5f electrons and similar to −0.05µB for
itinerant quasiparticles, respectively. Most importantly, the
negative sign of itinerant quasiparticles indicates antiferro-
magnetic correlations with localized 5f moments rather than
the external magnetic fields, although the ferromagnetic order
is usually fixed by the prior magnetic field. As a matter of fact,
because spins of both localized and itinerant electrons tend to
align themselves along the magnetic field, the AFM coupling
makes the system intrinsically frustrated. As a consequence,
no long-range order of itinerant quasiparticles has been es-
tablished and short-range dynamic correlations of a spin-glass
type may occur in such a magnetic frustrated system instead.

To further demonstrate the novel features of itinerant
quasiparticles, we have measured the temperature depen-
dences of FC magnetization in rotating magnetic fields within
the ac plane, as shown in Fig. 2. The total magnetization
can be expressed as M(θ) = Mloc cosθ +Mitin, where Mloc in-
dicates the Ising-like magnetic moment of localized 5f elec-
trons, θ the angle between the direction of magnetic fields and
the easy a axis, and Mitin relatively isotropic from itinerant
quasiparticles. Apparently, the angle-dependent M(θ) is pro-
nounced with a maximum at θ = 0◦(H‖a), and as θ is rotated
towards 90◦, M(θ) decreases continuously. By the fits of ex-
perimental data, we have plotted the deduced Mitin as a func-
tion of temperature, as shown in Fig. 2. At low temperatures,
Mitin is small and negative, and its magnitude shows a hump-
like maximum near TX in the temperature dependence. The
maximum value of the hump, approximately −0.03µB, gives
the best evaluation of itinerant quasiparticles in all hitherto ex-
isting experiments, which is precisely in accordance with our
previous TRM measurements. In the spin-glass scenario, the
broad hump at TX indicates the collective freezing of itinerant
quasiparticles, which is thermally activated, characterized by
short-range dynamic correlations of cluster-like spins.[22]
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Fig. 2. (color online) Temperature dependences of the FC magnetiza-
tion, and the itinerant-quasiparticle magnetization of UGe2. The data
for itinerant quasiparticles exaggerated for clarity were deduced from
M(θ) = Mloc cosθ +Mitin, where Mloc is the Ising-like magnetic mo-
ment of localized 5f electrons and Mitin relatively isotropic from itiner-
ant quasiparticles.

The spin-glass behavior of itinerant quasiparticles is
clearly reflected in the frequency-dependent magnetic ac sus-
ceptibility of UGe2, as shown in Fig. 3. In all measurements,
a dc bias field of 1 kOe was always applied, which is above
the saturation field ensuring the monodomain from localized
5f moments. Both dc and ac magnetic fields were applied
along the easy a axis. Besides the sharp peak at TC, ac sus-
ceptibility shows at TX another hump-like peak whose posi-
tion varies with frequency and approaches 28 K in the static
limit, as denoted by the anomaly of a shoulder-like maxi-
mum in zero-field-cooling magnetization at 0.1 kOe. In the
inset, we show the frequency dependence of TX exhibiting
the Arrhenius relation f = f0 exp(−Ea/kBT ) with the acti-
vation energy Ea ≈ 725 K and f0 ≈ 4× 1011 Hz. This re-
sult signals the collective freezes of short-range magnetic cor-
relations. In the frequency dependence of TX , the parame-
ter of ∆TX/[TX ∆(log f )] ≈ 0.1 can be evaluated. This value
is slightly larger than those found for canonical spin glasses
(0.005—0.06), yet it is below typical values of superparam-
agnets (0.3).[23] Furthermore, it is noteworthy that the broad
hump at TX points out a distribution of cluster-like spins for
the unusual short-range order. The wide distribution in the
size and/or the coupling strength of magnetic clusters is sup-
ported by the frequency dispersion of ac susceptibility. Due
to the wide distribution of the energy of fluctuating moments
from itinerant quasiparticles, formation of such a cluster-glass
state is expected when the thermal energy is comparable with
the energy of fluctuating moments.

The short-range order of itinerant quasiparticles can be
understood in the framework of quantum phase transitions
(QPTs) in metallic ferromagnets. When the control parameter
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Fig. 3. (color online) The frequency-dependent ac susceptibility of UGe2
measured as a function of temperature. The amplitude of ac excitation is
10 Oe, operating at 10 Hz, 100 Hz, 1 kHz, and 10 kHz, respectively. In
ac susceptibility measurements, a dc bias field of 1 kOe was always ap-
plied. Both dc and ac magnetic fields were parallel with the easy a axis.
For comparison, zero-field-cooling magnetization in 100 Oe is also plot-
ted, divided by a factor of 100. The inset shows the frequency dependence
of TX in an Arrhenius plot fitted by a full line.
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is tuned towards a putative quantum critical point (QCP),
QPTs may be discontinuous or continuous, and even a state
with glass-like spin dynamics is possible.[24] For example, in
a clean system CeFePO, the ground state is a short-range or-
dered state, although it is very close to an FM instability.[25] In
view of recent advances on QPTs, we conclude that there are
two different FM QCPs in UGe2. As the pressure increases,
the disappearance of TC at 1.5 GPa corresponds to the FM
QCP of localized 5f electrons, whereas TX is likely to vanish
at 1.2 GPa, a putative FM QCP associated with the glass-like
short-range order from itinerant quasiparticles. Additionally,
TX (∼ 3 K) is still observable at 1.33 GPa in muon spin relax-
ation measurements,[21] providing evidence for the tail of the
quantum criticality with spin-glass freezings.

4. Conclusion

We have studied the strong coupling between local-
ized 5f moments and itinerant quasiparticles by conventional
magnetic measurements in the ferromagnetic superconductor
UGe2. In both the thermal remanent magnetization and the
field-cooling magnetization in rotating magnetic fields, this
antiferromagnetic coupling leads to the emergence of short-
range dynamic correlations, characterized by magnetic fluctu-
ations of cluster-like spins. Since itinerant quasiparticles are
immersed in the ferromagnetic matrix of localized 5f moments
below TC, they show a detectable small negative magnetic mo-
ment, about −0.03µB. Moreover, the collective behavior of
cluster-like spins has been observed below TX , signifying that
the unusual short-range order is indeed a cluster-glass state of
itinerant quasiparticles. The spin-glass scenario consequently
explicitly rules out the possibility of a thermodynamic phase
transition at TX at ambient pressure. As the pressure increases,
TX gradually decreases, nevertheless, the glass-like state per-
sists at pressures at least up to 0.95 GPa, where itinerant quasi-
particles are still characterized by a small magnetic moment,
≤ 0.03µB.[21] Close to the putative quantum critical point,
∼ 1.2 GPa, itinerant quasiparticles show a magnetic moment
of about −0.2µB at 1.4 GPa, calculated from the difference
between the bulk magnetization of 0.9µB and the neutron data
of 1.1µB.[11,20,21] Such a value is much more prominent than
that at ambient pressure, favoring an appreciable increase in
the density of charge carriers and a sudden reconstruction of
the Fermi surface, where a sharp first-order phase transition
is likely to happen. The conjecture is verified by the detected

first-order TX (P) boundary line approaching the critical point
of PX ≈ 1.2 GPa.[26]
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