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Thermoelectric power quantum oscillations in the ferromagnet UGe2
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We present thermoelectric power and resistivity measurements in the ferromagnet UGe2 as a function of
temperature and magnetic field. At low temperature, huge quantum oscillations are observed in the thermoelectric
power as a function of the magnetic field applied along the a axis. The frequencies of the extreme orbits are
determined and an analysis of the cyclotron masses is performed following different theoretical approaches for
quantum oscillations detected in the thermoelectric power. They are compared to those obtained by Shubnikov–de
Haas experiments on the same crystal and previous de Haas–van Alphen experiments. The agreement of
the different probes confirms thermoelectric power as an excellent probe to extract simultaneously both
microscopic and macroscopic information on the Fermi surface properties. Band structure calculations of UGe2

in the ferromagnetic state are compared to the experiment.
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I. INTRODUCTION

The determination of the Fermi surface is a fundamental
key ingredient for the understanding of the physical properties
of metals. Quantum oscillation experiments, such as de
Haas–van Alphen (dHvA) or Shubnikov–de Haas (SdH), are
powerful experimental tools to probe the topology of the
Fermi surface by detecting the extreme orbits of the electrons
and determining their effective masses. These effects can be
observed in high-quality samples at low temperatures and
in high magnetic fields. Both dHvA and SdH are standard
methods to determine the Fermi surface properties in strongly
correlated electron systems. While in simple metals such as
Al, Be, In, or Zn quantum oscillations in the thermoelectric
power (TEP) were reported already more than forty years ago
(see, e.g., Ref. [1] and references therein), their observation in
strongly correlated electron systems is rather new [2–4].

The theoretical understanding of TEP quantum oscillations
is different from that of the more conventional thermodynamic
or transport measurements, dHvA and SdH. In thermodynamic
probes such as specific heat, magnetization, but also in SdH,
the oscillations are directly linked to the oscillations of the
density of states N (ε) and the amplitude of the oscillations
follows the Lifshitz-Kosevich theory [5]. The unique aspect
of TEP is that it contains information on both transport and
thermodynamic properties of the system which makes the
interpretation rather difficult. In a metal the TEP depends on
the logarithmic energy derivative of the electronic conductivity
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according to the Mott formula [6]. It is thus dependent on the
energy derivative of the density of states which is related to the
electronic entropy per charge carrier, but also on the energy
dependence of the scattering time which is a transport property.
Both contributions can contribute to the oscillatory part of the
thermoelectric power under magnetic field [7].

In the present article we discuss the thermoelectric power
in the ferromagnet UGe2 with the main focus on the analysis
of the observed quantum oscillations. UGe2 has gained spe-
cial attention as pressure-induced superconductivity coexists
with the ferromagnetic order below the critical pressure
pc = 1.5 GPa where the ferromagnetism is suppressed [8].
Compared to the other uranium-based ferromagnetic super-
conductors, excellent single crystals of this system can be
grown and thus the system plays a key role in the research of
unconventional superconductivity. Furthermore, UGe2 is now
a paradigm for the study of ferromagnetic quantum criticality
with the emergence of ferromagnetic wings structure [9–12].

UGe2 crystallizes in the orthorhombic ZrGa2 type crystal
structure (space group Cmmm) with antiphase zigzag chains of
U atoms along the a axis [13,14]. The crystal structure presents
a strong magnetic anisotropy [14–17] with the magnetic
moments aligned along the zigzag chains (a axis) which
is the easy magnetization axis. At ambient pressure UGe2

orders ferromagnetically at TC = 52 K. In the temperature
range from 20 K to 35 K a crossover from a high-temperature
weakly polarized FM1 to a low-temperature strongly polarized
ferromagnetic phase FM2 is observed in several quantities,
but at ambient pressure no signature of a phase transition is
observed [18]. As a function of pressure the magnetic moment
determined by bulk magnetization measurements jumps from
μ0 = 1.4 μB/U in the FM2 phase to μ0 = 0.9 μB/U in the
weakly polarized FM1 state by a first-order transition at
px(0) ≈ 1.2 GPa at T = 0 [19]. At finite temperature this
first-order transition ends at a critical end point (TCEP = 7 K
and pCEP = 1.16 GPa) [9,20]. Thus the crossover FM1-FM2
at zero pressure is reminiscent of the critical end point.
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From measurements of the magnetic form factor by neutron
scattering [21] and also from muon spin rotation and relaxation
(μSR) [22,23] it has been concluded that the magnetic moment
responsible for bulk magnetic properties is localized on the
U site and the diffuse component arising from conduction
electrons is small. Furthermore, a positron annihilation study
suggests that the 5f -electron itinerant description does not
apply to the paramagnetic phase of UGe2 [24]. In difference to
this localized picture the observation of large cyclotron effec-
tive masses in quantum oscillation experiments [25,26] shows
that the 5f electrons cannot be considered as fully localized,
and the nature of the U 5f state is still controversial and might
be described by a duality model with two-subset electronic
systems of localized and itinerant character, respectively
[27,28]. A dual nature of the 5f electrons has been supported
in Refs. [29–31]. Conversely, a recent angle-resolved photo-
electron spectroscopy using soft x rays suggests that the U 5f

electrons participate in quasiparticle bands and show an itiner-
ant character in the paramagnetic (PM) state, even up to 120 K
[32]. The pressure-induced superconductivity is discussed in
an itinerant electron picture [33]. Depending on the experi-
mental probe localized or itinerant character will be revealed.

Previously, the Fermi surface of UGe2 has been studied in
detail by dHvA experiments. The main Fermi surfaces with
heavy electron masses are highly corrugated but cylindrical
along the b axis [25,26]. Large effective masses up to 25m0

have been observed for a field along the b axis. Only small
Fermi surface branches have been detected for a magnetic
field along the a axis. In high-pressure experiments at each
transition, from strongly polarized FM2 state to weakly
polarized FM1, and from FM1 to PM state, abrupt Fermi
surface changes have been observed [34–37] with strong
feedback on the magnetic and superconducting properties [33].

In this article we present quantum oscillations which have
been observed for the magnetic field H‖a axis in the thermo-
electric power. These will be compared to SdH experiments
performed on the same single crystal. While huge quantum
oscillations appear in the TEP, only very tiny oscillations could
be observed in the magnetoresistance. Different approaches to
analyze the strong TEP quantum oscillations will be discussed.

Finally, we present new band structure calculations for a
polarization along the a axis and compare the observed quan-
tum oscillation frequencies to the calculated Fermi surface.
However, the agreement is still not satisfying indicating the
difficulty of electronic structure calculations with 5f band
contributions at the Fermi level notably for low-symmetry
crystals such as the orthorhombic UGe2. In the class of
discovered FM superconductors (UGe2, URhGe, UIr, UCoGe)
UGe2 is the only easy case for grown high-quality single
crystals with residual resistivity ratio (RRR) above 100. So
it is the only material where large parts of the Fermi surface
can be determined by quantum oscillations and thus it is an
excellent system to test reliability achieved today in band
structure calculations.

II. EXPERIMENTAL DETAILS

Single crystals of UGe2 are grown by the Czochral-
ski method in a tetra-arc furnace, oriented by x-ray Laue
diffraction and cut with a spark cutter into bar-shaped samples.

UGe2 single crystals solidify out of a congruent melt and
very high quality single crystals can be obtained. TEP
measurements were performed applying a magnetic field along
the a axis and thermal gradient ∇T along the b axis. The
demagnetization factor corresponding to the shape of the
sample measured was evaluated to D ≈ 1. As a consequence,
the total magnetic field applied to the sample corresponds to
the external magnetic field. The magnetoresistivity and TEP
of two different crystals (named samples 1 and 2) have been
measured. The residual resistivity ratio (RRR) of the studied
crystals is around 300. From the observed quantum oscillations
(see below) we can conclude that the quality of sample 2 is
higher than that of sample 1.

The thermoelectric power measurements were performed
at low temperatures down to 180 mK and under magnetic
fields up to 16 T using a “one heater and two thermometers”
setup. The thermometers have been calibrated under magnetic
field up to 16 T down to 100 mK against a germanium
thermometer which is installed in the field-compensated
region of the superconducting magnet. Thermometers and
heater are thermally decoupled from the sample holder by
highly resistive manganin wires (200 �/m). The temperature
and field dependencies of the TEP have been measured by
averaging the TEP voltage during several minutes with and
without thermal gradient. To observe quantum oscillations in
the TEP, the field has been swept continuously upwards. A
constant power was applied to the heater in order to obtain a
thermal gradient during the field sweep. The thermoelectric
voltage without thermal gradient was taken at the beginning
and at the end of the sweep.

Accurate resistivity measurements have been performed
down to 30 mK and fields up to 13 T by a four-point
lock-in technique using a low-temperature transformer to
improve the signal-to-noise ratio. The maximal applied current
was I = 100 μA. For H‖a the same single crystals as
for the thermoelectric power have been used. Furthermore,
magnetoresistivity measurements have been performed for
H‖b on different crystals. All data shown are obtained by
sweeping the magnetic field upwards.

III. RESULTS AND DISCUSSION

A. Temperature dependence of thermoelectric power

Figure 1 shows the temperature dependence of (a) the
thermoelectric power S, (b) resistivity ρ, and (c) specific
heat divided by temperature, C/T , of UGe2 at zero magnetic
field. At the Curie temperature TC all probes indicate distinct
anomalies, while the anomalies at T � are less pronounced.

The temperature dependence of S for heat current ∇T ‖b
is very similar to that reported in Ref. [16] obtained on
a polycrystalline sample. At TC a sharp kink marks the
ferromagnetic transition. Upon further cooling a small bump
at T ∼ 40 K, a well-defined anomaly at T � (corresponding to
a minimum), and a small bump at T ∼ 15 K can be observed.
By contrast, for a heat current ∇T ‖a the thermoelectric power
at TC is more than twice smaller and remarkably, S(T ) changes
sign at T � and | S | has a maximum at 20 K.

In the resistivity [Fig. 1(b)] a small hump of ρ at TC for j‖b
appears just below TC which corresponds to the opening of
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FIG. 1. (a) TEP (S), (b) resistivity ρ, and (c) specific heat divided
by temperature C/T as a function of temperature at zero magnetic
field. In TEP and resistivity measurements, the thermal gradient and
current are applied along the a and b axis, respectively. The inset in
(b) shows the derivative of the resistivity for both current directions.
The arrows indicate the position of TC = 52 K and T � ≈ 30 K in the
different experimental probes.

a gap when entering in the ordered state [16,38–40]. Similar
anomalies in ρ(T ) appear, e.g., in Cr at its spin density wave
transition [41], or in URu2Si2 at the hidden order transition
[42]. For a current applied along the a direction a sharp kink
at TC indicates the onset of the ferromagnetic order due to
the suppression of the spin disorder scattering [see below
Fig. 2(d)]. At T �, no clear anomaly is detected; however, the
derivative dρ/dT shows a broad maximum at T � for both
current directions as shown in the inset of Fig. 1(b). This
criterion had been used previously to determine T � as function
of pressure [43].

Both the thermoelectric power and the resistivity are much
higher for heat or charge current along the b axis compared
to the a axis. This is related to the strong anisotropy of the

FIG. 2. (a) Temperature dependence of S(T ) for H = 0 and H =
9 T for the transverse configuration. (b) Zoom on S(T ) below 6 K for
thermal gradient ∇T ‖b axis at different magnetic field. (c) S/T at
zero field in the low-temperature limit. (d) Temperature dependence
of the resistivity at H = 0 (solid lines) and 8 T (dashed lines) along
the a axis for transverse (j‖b) and longitudinal (j‖a) configuration.

Fermi surface with cylindrical Fermi surfaces along the b axis
[26,30,36]. The sign change in the thermoelectric power for
heat current along the a axis suggests that the main heat carrier
is changing at the crossover at T � from electron above T � to
hole-like heat carriers below T �. A similar change of the charge
carriers has been reported from Hall effect experiments [44].
Assuming a simplified one-band model for the Hall effect
analysis, at T = 2 K the hole concentration reaches nearly
2 holes/f.u. With increasing temperature this concentration
decreases rapidly. At high temperatures a carrier number of
0.4 electrons/f.u. has been found (T > 160 K) [44].

In specific heat divided by temperature (C/T ) [Fig. 1(c)]
a mean-field-like second-order phase transition appears at TC .
At T � a broad anomaly indicates the crossover from the
weakly polarized FM1 to the strongly polarized FM2 state.
This anomaly becomes more pronounced after subtracting
the phonon contribution to the specific heat as has been
demonstrated in detail in Refs. [18,31].

Comparing the signatures of the crossover in the different
experimental probes, TEP gives a very pronounced anomaly
at T � for both heat current directions, ∇T ‖a and ∇T ‖b.
It is interesting to note that the thermal expansion is very
anisotropic in UGe2 with an increase of the linear thermal
expansion coefficient αa along the a axis while sharp negative
anomalies appear for αb and αc [18]. In contrast to the specific
heat the thermal expansion exhibits large anomalies at the
crossover T � while the characteristic crossover temperature
depends on the crystal direction. A well-defined signature of
a phase transition will occur for a pressure above the CEP.

Under magnetic field the crossover temperature T �

is increasing with magnetic field applied along the easy
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magnetization a axis as shown in Fig. 2(a) for H = 9 T.
Figure 2(b) shows a zoom to the low-temperature regime of
the thermoelectric power. Following the Boltzmann picture in
which the TEP is given by the Mott formula

S = −π2

3

kB
2T

e

(
ln σ (ε)

∂ε

)
εF

,

where kB is the Boltzmann constant, −e < 0 is the electronic
charge. σ (ε) is the electric conductivity of the system as a
function of energy and εF is the Fermi energy [6,45,46]. From
this it is obvious that TEP depends on both the transport and
the thermodynamic properties of the system. In addition, the
total TEP in a multiband system is the sum of the TEP of each
band weighted by its respective electrical conductivity [47].
This makes a detailed analysis of the temperature dependence
of the TEP often complicated.

In a single-band approach in the low-temperature limit, the
TEP is found to be correlated to the electronic specific heat
coefficient γ in the Fermi liquid regime and a dimensionless
q factor q = SNAe/(γ T ) ≈ ±1 has been observed in a wide
range of strongly correlated electron systems [46]. Here NA is
the Avogadro number and e > 0 is the elementary electronic
charge with the entropy defined as Se = γ T [46]. This
shows that strong renormalization effects in the TEP and the
Sommerfeld coefficient γ cancel each other out in spite of the
different physical origin of these thermodynamic quantities.
This ratio characterizes the thermoelectric materials in terms
of an effective charge carrier concentration per formula unit
[46–48]; thus it is inversely proportional to the number of heat
carriers per formula unit. Figure 2(c) shows S(T )/T below
2.5 K at zero field. We estimated the value of S(T )/T in
the limit T → 0 to S/T = 0.24 μV K−2; the specific heat
coefficient C/T |T →0 extrapolates to γ = 33.2 mJ mol−1 K−2

[49]. With these values we evaluate a q factor of 0.7.
This positive value is quite close to 1 in the simplified
approximation of a spherical Fermi surface despite the fact
the UGe2 is a multiband system with a complex Fermi surface
as discussed below.

A strong field dependence of S(T ) can be observed, even
below 5 K, in contrast to the specific heat, which is almost
constant as a function of magnetic field [18]. This indicates
that already in this temperature regime the scattering term is
important to evaluate the thermoelectric response.

In Fig. 2(d) we show the temperature dependence of the
electrical resistivity. We compare ρ(T ) for electrical current
j‖b and j‖a at H = 0 and at 8 T applied along the easy
magnetization axis a. As discussed above, in zero magnetic
field, the signature at the ferromagnetic transition is different,
with a hump for the transverse j‖b and a sharp kink for
the longitudinal configuration j‖a. The hump-like feature for
j‖b is also observed at the ferromagnetic crossover under the
applied field along a while in the transverse configuration
the resistivity decreases at the crossover. The smearing of the
anomalies for field along the easy magnetization axis is in
excellent agreement with the drastic drop of the specific heat
anomaly under field [18]. No clear feature is associated with
the crossover at T �.

In the transverse configuration under field ρ(T ) starts to
increase already as the temperature decreases below 13 K

FIG. 3. Field dependence S(H ) for different temperatures above
3 T showing quantum oscillations (sample 2).

due to strong orbital contribution to the resistivity, while
the intrinsic longitudinal resistivity always decreases with
decreasing temperature [Fig. 2(d)]. This increase of the trans-
verse magnetoresistivity at low temperatures under applied
field is a clear signature that UGe2 is a compensated metal
and shows that upon cooling the condition ωcτ � 1 will be
fulfilled (ωc being the cyclotron frequency and τ the scattering
rate); i.e., the orbital contribution to the magnetoresistance will
dominate.

B. Quantum oscillations

The thermoelectric power as a function of magnetic field
S(H ) for sample 2 is plotted in Fig. 3 for different temperatures
in the field range from 3 to 16 T. The absolute value of S at
low temperature (T < 1 K) is very small, S < 0.1 μV/K. To
obtain a significant thermal gradient of about 3% between both
ends of the sample requires increasing from Tmin ≈ 100 mK
to almost 200 mK due to the large thermal conductivity. This
excludes proper measurements below 200 mK. The quantum
oscillations have been observed by sweeping the magnetic field
along the a axis with a constant rate of 0.1 T/min. In agreement
with the large transverse magnetoresistance of the sample (see
below) the thermal conductivity decreases strongly with field
and thus the thermal gradient during the field sweep is not
constant. The changing gradient has been taken into account
for the S(H ) curves shown in Fig. 3 where the field dependence
of the isothermal thermopower for different temperatures
between T = 0.35 K and 2 K is plotted. At T = 2 K S(H )
increases with field up to H ≈ 8 T and decreases for higher
fields. Even at this temperature quantum oscillations can be
observed. Upon lowering the temperature the overall shape
of the average TEP with a broad maximum at H ≈ 8 T
does not change, but the amplitude of the nonoscillatory
part Sav of the signal decreases. In contrast, the size of the
oscillations of the TEP increases strongly at low temperatures.
At the lowest temperature presented (T ≈ 350 mK), quantum
oscillations can be observed above H ≈ 3 T. While the size
of the average signal Sav is almost zero, the oscillating part
of the thermopower at the highest field measured, H = 16 T,
reaches values of Sosc ∼ ±0.4 μV/K, i.e., the value of the
thermopower at 2 K. In contrast to other transport properties,
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FIG. 4. Fast Fourier transform of S(H ) at T = 350 mK in the field
range from (a) 5 T to 16 T and (b) 10.5 T to 16 T, respectively. The
nomination of the Fermi surface branches follows that of Ref. [35].
Arrows indicate branches which have not been observed previously.

Sav strongly decreases for T → 0 K. As S measures the
entropy per carriers, S should vanish for T → 0 in a metal.

For sample 1 qualitatively similar results have been ob-
served. The amplitudes of the oscillations for this crystal are
smaller, indicating the lower sample quality. Especially the
thermal conductivity in sample 1 is smaller allowing the TEP
experiment to somewhat lower temperatures compared to those
in sample 2.

In Figs. 4(a) and 4(b) we show the Fourier spectrum of
the TEP signal in the large field range from 5 T to 16 T
and from 10.5 T to 16 T at 340 mK for sample 2. For
the fast Fourier transform (FFT) analysis we neglect the
effect of the magnetization M on the effective magnetic
field B = μ0[H + (1 − D)M], as the demagnetization factor
D ≈ 1. A polynomial background to model the non-oscillatory
part Sav has been subtracted from the measured S(H ) data.
The obtained FFT spectra do not depend on the rank of the
polynomial. The observed frequencies for sample 2 are listed
in Table I and we find a good agreement with the previous
dHvA experiment for H‖a. In the spectra over the whole field
range [Fig. 4(a)] we detect at least five different Fermi surface
orbits. The labeling of the frequencies follows that of Ref. [35]
with the orbits a ≈ 865 T, d ≈ 454 T; the low frequencies e1,
e2 and f1, f2 can only be resolved in the low-field range. In
addition we observed in the TEP a branch at 710 T in sample
2 and in the field range from 10 to 16 T another frequency at
1235 T which had not been observed in the previous dHvA
experiments [35,37]. Contrarily, the branch called c ≈ 980 T
in the dHvA experiments has not been detected in our TEP
and SdH experiments, either in sample 1 or sample 2.

TABLE I. Comparison of quantum oscillation frequencies and
the cyclotron masses for H‖a axis of UGe2 (sample 2) from TEP
following Eq. (4), SdH, and previous dHvA measurements taken
from Refs. [35,37].

TEP SdH dHvA [35] dHvA [37]
(5–16 T) (5–13.4 T) (5–17 T) (5–18 T)

F (T) m� (m0) F (T) m� (m0) F (T) m� (m0) F (T) m�(m0)

f2 85 1.6 89 92.1
f1 120 2.31 105 1.08 97 106.1
e2 245 4.16 236 3.6 257 4.2 259.1 5.0(8)
e1 263 4.6 284 3.9
d 455 4.6 453 4 434 5.4 439.5 4.0(7)
b 671 4.6 661 4.0 671.6

710 7.0
a 863 6.2 855 5.3 852 4.8 862 5.4(4)
c 1010 980 5.3 992.1

1129
1237 4.0

In Fig. 5(a) we show the transverse (j‖b) and longitudinal
(j‖a) magnetoresistance of sample 2 at T = 50 mK as a
function of field applied along the a axis. The transverse
magnetoresistance is extremely large and positive, 
ρ⊥/ρ0 =
[ρ(13 T) − ρ(H = 0)]/ρ(H = 0) = 24.5, except at lowest
field (H < 0.25 T). Above 4.5 T the magnetoresistance has
a H 2 field dependence indicating that UGe2 is a compensated
metal and that in the high-field region the magnetoresistance
is determined by the orbital motion of the quasiparticles
at the Fermi surface, hence ωcτ � 1 [50]. Contrarily, the

FIG. 5. (a) Transverse and longitudinal magnetoresistance of
UGe2 (sample 2) for H‖a and j‖b axis at T = 50 mK and j‖a.
(b) Zoom on the oscillatory part of the magnetoresistance for j‖b at
50 mK and 500 mK in the field range from 9 to 13.4 T, determined
from the raw data after subtracting a polynomial background.
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FIG. 6. Fast Fourier transform spectrum of the Shubnikov–de
Haas oscillations at 50 mK for the field range from 5.5 T to 13.4 T
for field along the a axis.

longitudinal magnetoresistance is small, 
ρ‖/ρ(H = 0) =
0.24 for a field of 13 T. It starts to saturate above 2 T
in agreement with the absence of the orbital motion of the
electrons.

Shubnikov–de Haas oscillations for H‖a can be resolved
for magnetic fields above 5.5 T in the transverse configuration.
However, even at the highest field they are small compared to
the nonoscillatory part of the magnetoresistance. This is in
strong contrast to the TEP oscillations discussed above. The
FFT spectrum for the field range from 5.5 T to the highest field
of 13.4 T of the magnetoresistance at 50 mK is shown in Fig. 6
and the obtained frequencies are also given in Table I. Due to
an imperfect alignment of the sample in both experiments, TEP
and SdH respectively, the obtained frequencies do not match
perfectly. However, all previously observed main frequencies
have been detected in the spectrum of SdH. We clearly observe
the splitting of the small Fermi surface orbits f and e, as well
as the harmonics of these. Another orbit at F = 1133 T has
been detected; however, for higher temperatures it cannot be
resolved anymore. Comparing thermopower quantum oscilla-
tions and SdH we notice the following: (i) In both probes we
can detect the same frequencies as previously seen in the dHvA
experiment. (ii) The amplitude of the oscillations compared to
the nonoscillatory signal is by far higher in the TEP. (iii) In
the TEP quantum oscillations are observed up to at least 2 K
while in SdH the oscillations vanish at about 600 mK as can
be seen in Figs. 3 and 5.

In Fig. 7(a) we show the magnetoresistance for magnetic
field H‖b for the longitudinal j‖b and transverse j‖a con-
figuration. Astonishingly, the longitudinal magnetoresistance
in this configuration is larger than the transverse (j‖a)
which tends to saturate above 4 T. In general the transverse
magnetoresistance is strongly influenced by the Fermi surface
topology, and the observed behavior is in agreement with the
open orbits formed along the b axis [25]; no saturation of
the transverse magnetoresistance has been reported at higher
temperatures in Refs. [38–40,43]. Figures 7(b) and 7(c) show
the oscillatory part of the magnetoresistance as a function
of inverse magnetic field 1/H . Figure 8 shows the FFT
analysis of oscillations in the transverse configuration in
the field range from 4 to 13.4 T. We observe at least four

FIG. 7. (a) Transverse and longitudinal magnetoresistance for
field along the b axis. The oscillatory part of the resistivity is shown
in (b) for the longitudinal and (c) transverse configuration of the
resistivity for field applied along the b axis.

different frequencies, F1 ≈ 48 T, F2 = 66 T, F3 = 146 T, and
F4 = 261 T with effective masses of 1.6m0, 1.2m0, 2.4m0, and
3.3m0, respectively. These small orbits have been reported in
dHvA [26]. However, the large cyclotron orbits could not be
observed in the SdH oscillations.

Quantum oscillations are a powerful tool for probing the
Fermi surface properties and to obtain microscopic informa-
tion such as the effective mass of the electrons or their mean-
free path. As mentioned above the standard experimental probe
to observe magnetic quantum oscillations is the measurement

FIG. 8. Fast Fourier transform spectrum of the Shubnikov–de
Haas oscillations at 50 mK for the field range from 4 T to 13.4 T for
field along the b axis.
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of the magnetization which is directly related to the free energy
and probes the oscillations of the density of states at the Fermi
surface. The oscillations in this case are excellently described
by the well-known Lifshitz-Kosevich theory which is based
on a thermodynamic approach [5]. On the contrary, resistivity
and thermoelectric power are transport properties and the
electronic scattering has to be taken into account. Furthermore,
the TEP is measured by the application of a thermal gradient.
Quantum oscillations in the SdH effect [51] can be understood
taking Pippard’s argument [52] into consideration that the
scattering probability is proportional to the number of states
in which electrons can be scattered and thus to the density of
states at the Fermi level D(εF ). Therefore

σ̃

σ
= D̃

D
,

which connects the oscillatory part of the conductivity σ̃

with the oscillatory part of the density of states D̃. Thus,
within a reasonable approximation the amplitude A(H,T ) of
the oscillations in the SdH is given by the Lifshitz-Kosevich
formula [5],

A(H,T ) ∝ H 1/2

∣∣∣∣∂
2S

∂k2

∣∣∣∣
−1/2

RT RDRS, (1)

with the temperature damping factor

RT = αpX

sinh(αpX)
, (2)

where α = 2π2kB/e�, p is the number of the harmonics,
and X = m�

cT /H which allows for the determination of the
effective mass m�

c. From the Dingle damping factor

RD = exp

(
−αpm�

cTD

H

)
,

the Dingle temperature TD = �/2πkBτ can be determined and
thus microscopically the mean-free path. RS = cos(πgpm�

c

2m0
) is

the spin splitting term due to the Zeeman splitting of the
Landau level.

In contrast, quantum oscillations in the thermoelectric
power are treated differently in the literature. In Ref. [53] the
thermoelectric coefficients have been calculated by Kirichenko
et al. in the presence of a thermal gradient and for the
temperature dependence of the oscillation amplitude the
following expression for the temperature-dependent term of
the amplitude of the quantum oscillations has been given:

A(T ) = − 3

αX

sinh(αX) − (αX) cosh(αX)

sinh2(αX)
. (3)

In this model the amplitude goes to 1 as T → 0. As we will see
below, it has exactly the same T dependence of the amplitude
as Lifshitz-Kosevich.

As pointed out in Refs. [54–56] by Young and later by
Fletcher the TEP depends on the derivative of the density
of states at the Fermi level. Independently, in Ref. [57] by
Pantsulaya and Varlamov the amplitude of the oscillations of
the longitudinal thermoelectric coefficient has been calculated
taking into account the energy dependence of the electron
relaxation. As the oscillations of the conductivity are in general
small compared to those in the thermoelectric coefficient,

the behavior of the thermopower coincides with that of the
thermoelectric coefficient [57]. The temperature dependence
of the thermoelectric power oscillations obtained in these
Refs. [54,55,57] is given by the derivative of the Lifshitz-
Kosevich formula,

A(T ) ∝ (αpX) coth(αpX) − 1

sinh(αpX)
. (4)

Thus, the amplitude of the TEP quantum oscillation will
show a maximum for αpm�

cT /H = 1.62 [54], i.e., at

T ≈ 0.11H/(pm�
c), (5)

and will vanish for T → 0 K, in contrast to the Lifshitz-
Kosevich formula, where the amplitude would be maximal
at T = 0 K, which is nonphysical, as the entropy has to vanish
for T → 0 K. As the TEP, at least in the low-temperature limit,
gives the entropy per charge carrier, one would expect that at
T = 0 the TEP vanishes, which is true for the nonoscillating
average signal Sav .

To determine the cyclotron masses m�
c of each branch, we

have analyzed the temperature dependence of the amplitudes
of the FFT spectra for each branch following the different
approaches in the field ranges from 5 T to 10 T and from 10
T to 16 T. No strong field dependence of the masses had been
observed, but as can be seen in Fig. 4 the low frequencies are
only resolved in the low-field range while the large frequencies
appear only in the high-field range. The effective field over the
field window of the FFT is given by 1

Heff
= 1

2 ( 1
Hmin

+ 1
Hmax

). As
explained above, the temperature and the temperature gradient
were not constant during the field sweep. We corrected this
by averaging the temperature over the corresponding field
window of the FFT analysis.

Figures 9(a)–9(c) show the temperature dependence of the
FFT amplitudes of the main frequencies for sample 2, and
Figs. 9(d)–9(f) for sample 1. The behaviors for both samples
are very similar. The differences in the frequencies is due to
slightly different orientations in the field. The amplitude has
been fitted with the different models introduced above. It is
obvious that the amplitude is decreasing at the lowest temper-
ature for all shown frequencies. Due to this the fit following
the Lifshitz-Kosevich formula, Eq. (2), or Kirichenko et al.
[53], Eq. (3), cannot reproduce the experimental data to the
lowest temperature. Interestingly both Eqs. (2) and (3) result in
exactly the same temperature dependence while the extracted
mass following Eq. (3) is about 80% of that from the Lifshitz-
Kosevich formula. The temperature dependencies of the ex-
perimentally observed amplitudes are in good agreement with
Eq. (4), which is the derivative of the Lifshitz-Kosevich term.
The high-temperature tail of the amplitude for all frequencies
is very well fitted by the three models. The extracted masses
from the different models are also indicated in Fig. 9. The mass
obtained by Eq. (4) is by a factor of about 1.4 and 1.6 higher
than that obtained from Eqs. (2) and (3), respectively. However,
the crucial factor for the determination of the mass is the data at
lowest temperature. Only for the lowest temperatures have the
deviation from the Lifshitz-Kosevich formula and the decrease
of the oscillation amplitudes been observed. In Table I we
have listed the effective masses obtained from the analysis
of the TEP, SdH, and previous dHvA experiments [35,37].
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FIG. 9. Temperature dependence of the FFT amplitudes for different branches for sample 2 [panels (a)–(c)] and sample 1 [panels (d)–(f)].
The lines are least-squares fits following the Lifshitz-Kosevich formula, Eq. (2) (red solid lines), the derivative of the Lifshitz-Kosevich formula
following Young, Fletcher, and Pansulaya and Varlamov, Eq. (4) (Refs. [54,55,57], dark dashed dotted lines), and the formula of Kirichenko
et al., Eq. (3) (Ref. [53], blue dotted line). For fits following Eqs. (2) and (3) the lowest temperatures have not been taken into account. The
respectively obtained effective masses are also indicated.

In Refs. [58,59] the authors have used the Lifshitz-Kosevich
formalism to analyze the quantum oscillations in the Nernst
coefficient divided by temperature ν/T in Bi2Se3 and doped
SrTiO3. As discussed above, following the Mott formula
the thermoelectric power is the sum of two terms, one
depending on the density of states and a second term including
the electronic scattering. As in the low-temperature limit
the thermoelectric power S/T is eventually correlated to the
specific heat coefficient γ , it seems plausible to use the
Lifshitz-Kosevich formalism. Indeed in Refs. [58,59] a very
good agreement between the effective masses determined from
the analysis of the oscillations in ν/T and SdH quantum
oscillations has been observed. We did an analog analysis
of the observed thermoelectric power quantum oscillations in
UGe2 and found reasonable agreement between that analysis
and the masses determined from SdH, or the previously dHvA
oscillations. However, a sound theoretical justification of such
an approach is still missing.

C. Band structure calculations

Previous band structure calculations [30,36,60,61] for
UGe2 indicate that the main frequencies of the Fermi surface
are the large cyclotron orbits of the cylindrical Fermi surface
along the b axis. For H‖b three different dHvA frequencies at
Fγ = 6860 T, Fα = 7760 T, and Fβ = 9060 T with large effec-
tive masses (23m0, 15m0, and 18m0, respectively) have been
reported in the dHvA experiment. As discussed above, these

large orbits could not be observed in the magnetoresistance,
but only several small frequencies below 300 T.

Figure 10 shows the newly calculated Fermi surface of
UGe2 using the Dirac-based LAPW method [62] with a
local-spin-density approximation (LSDA) including orbital
polarization interaction Iβ〈�〉�̂ along the a axis plotted in
the primitive orthorhombic Brillouin zone, where β is the
well-known relativistic operator, 〈�〉 and �̂ are an average value
and an operator of orbital angular momentum, respectively,
and the orbital parameter I is set to 0.002 Ry/μB. We
have also plotted the correct c-based-centered orthorhombic
zone which has same volume. The calculated Fermi surfaces
have somewhat different shapes than those of the previous
calculation [36]. This is mainly due to the accuracy of the
numerical calculation on mesh points of the Brillouin zone
to make up the Fermi surfaces, actually using a total of 1512
points with a 14 × 8 × 14 mesh of the primitive orthorhombic
Brillouin zone. The obtained magnetic moment calculated
from all the occupied states of 1.3 μB is very close to the
experimentally observed moment of 1.4 μB in the FM2 state.
The calculated dHvA frequencies and effective masses are
given in Table II. We also plotted in Fig. 10 the cross-sectional
surfaces of Fermi surfaces in the ac planes. Here it should
be noted that the area of Fig. 10 is twice that of the c-based-
centered orthorhombic zone.

In contrast to the previous calculation [36] we find that only
three bands cross the Fermi surface; band 37 of the previous
calculation goes to the fully occupied state. Band 40 is a hole
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FIG. 10. Calculated Fermi surface of UGe2 in the ferromagnetic
state. The Fermi surfaces are centered at the � point of the Brillouin
zone (left panels) and drawn in the primitive orthorhombic Brillouin
zone. The bold lines show the Brillouin zone in the correct c-based-
centered orthorhombic k space. The volumes of both Brillouin zones
are equal. The high-symmetry points are indicated for band 42. Right
panels: Cross-sectional surfaces of the Fermi surfaces in the ac plane
according to the symmetry points indicated in the Fermi surface of
band 42.

Fermi surface and bands 41 and 42 are electron Fermi surfaces.
The obtained frequencies for the main cylindrical surfaces
along the b axis are somewhat smaller than in the previous
calculation and also smaller than the experimentally observed
dHvA frequencies. Also the high effective masses are not com-
pletely reproduced. The calculated Sommerfeld coefficient of

TABLE II. Calculated dHvA frequencies and cyclotron masses
along the b and a axis for UGe2.

H‖b H‖a
F (T) m� (m0) F (T) m� (m0)

band 40 3360 5.67 90 0.66
6610 3.28
1110 2.02

band 41 4130 6.43
band 42 510 0.65 400 0.97

the specific heat is 15.6 mJ mol−1 K−2, in comparison to the
experimental value of 60 mJ mol−1 K−2. Naturally, as happens
for many heavy fermion materials, the calculated cyclotron
masses are smaller than the observed ones; considering the
enhancement factor between the experimental and calculated
specific heat coefficients, the magnitudes of the cyclotron
masses are on the same order. While a comparison with
the calculated Fermi surface along the b axis with the main
cylindrical Fermi surfaces shows certain similarities, for the a

axis this is not the case.
Our result is in qualitative agreement with the previous band

structure calculations where also three Fermi surface sheets
have been reported [30,60] with a quasi-two-dimensional hole
Fermi surface being open along the b axis. In the present
calculation only two extreme orbits are found in the calculated
Fermi surface for H‖a, which appear as small pockets in the
band 40 and 42 Fermi surfaces at frequencies F = 90 T and
400 T. These frequencies are not far from the values of the
experimentally observed branches f2 ∼ 85 T and d ∼ 440 T.
In the calculation presented in Ref. [30] several small closed
Fermi surface pockets appear in this hole Fermi surface which
may be identified with the frequencies observed in the present
experiment (see Table I) for H‖a and H‖b. However, an
assignment and detailed comparison to the experimentally
observed orbits is not possible as no predictions of the
frequencies have been published.

To calculate the correct Fermi surface of this low-symmetry
ferromagnet UGe2 appears clearly to be extremely difficult and
details of the Fermi surface topology could not be reproduced
in the present calculation. Furthermore the band structure
calculations with the LSDA including the phenomenologically
postulated orbital polarization cannot describe the origin of the
weakly polarized FM1 and strongly polarized FM2 phases in
UGe2, although it had been improved to obtain the correct
value of the magnetic moment. In a realistic way, we should
develop a computable orbital-dependent potential based on
the density-functional theory in order to study the correct
topology of Fermi surface as well as the magnetic properties of
UGe2, and also the other ferromagnetic uranium compounds.
To achieve a complete theoretical description of all features
of the p-T -H phase diagram of UGe2, the determination of
the Fermi surfaces in the different phases under pressure is
essential [12]. Surprisingly, there is clear evidence of a Fermi
surface change upon entering in the FM1 phase above px , but
up to now no calculation has been made to predict the new FS
topology of the FM1 phase.

IV. SUMMARY

In conclusion, we have been able to observe thermoelectric
power and Shubnikov–de Haas quantum oscillations in the
ferromagnetic superconductor UGe2 for field along the easy
magnetization a axis. In comparison to SdH the oscillations
in the thermoelectric power are extremely large and can
be followed to temperatures almost four times higher. The
observed orbits in both probes are in good agreement with
previous dHvA experiments. The analysis of the temperature
dependence of the oscillation amplitudes in the thermoelectric
power allows the determination of the effective mass of the
charge carriers. The amplitude of the oscillations in the TEP
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shows a maximum as a function of temperature and vanishes
for T → 0, in agreement with the expectation that the entropy
of the charge carriers should vanish at T = 0. The position
of the maximum depends on the value of the effective mass
and the ratio of temperature divided by the effective magnetic
field.

Thus thermoelectric power is a powerful tool to observe
quantum oscillations in strongly correlated electron systems.
Compared to SdH or dHvA experiments the maximal ampli-
tude of the oscillations is not observed at lowest temperature
which allows a determination of Fermi surface parameters even
at rather elevated temperature in strongly correlated electron
systems.

Band structure calculations of UGe2 in the ferromagnetic
state are presented; however the quantitative agreement with
the experimentally observed quantum oscillations for the
H‖a axis is still not fully satisfying and indicates the
difficulties of the band structure calculation in the low-
symmetry orthorhombic crystal. Let us notice that in the

other ferromagnetic superconductors URhGe and UCoGe
only very few orbits have been detected [63,64] and thus a
comparison with band structure calculations is actually outside
careful analysis. UGe2 remains the best material to follow the
possible improvement of band structure calculations for these
orthorhombic ferromagnetic examples.
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