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The connection between ferromagnetic (FM) fluctuations and superconductivity has been well established in FM su-

perconductors UCoGe and URhGe. However, this connection has not been clarified in UGe2, in which pressure-induced

superconductivity emerges in the FM phase. We show results focusing on the spin-echo decay rate, 1/T2, obtained us-

ing 73Ge-nuclear magnetic resonance (NMR) under pressure, which reveals longitudinal magnetic fluctuations in UGe2.

These fluctuations originate in a FM critical point located at a nonzero temperature and developed near the first-order

FM quantum phase transition. This remarkable feature at the high-pressure side, where a superconducting anomaly has

been clearly observed, provides a connection of FM fluctuations and superconductivity in UGe2. This strongly supports

a consensus that superconductivity in ferromagnets is universally mediated by anisotropic magnetic fluctuations.

Emergence of superconductivity in ferromagnets was first

observed in UGe2 two decades ago.1) This finding countered

the concept that magnetized materials do not favor supercon-

ductivity and pioneered the field of ferromagnetic (FM) super-

conductivity. The discovery of superconductivity in URhGe

and UCoGe have further expanded this field,2, 3) especially in

studies of field-induced or enhanced superconductivity.4, 5) It

is still under consideration whether a recently discovered su-

perconductor, UTe2,6) is in this same class, but the strong en-

hancement of its superconductivity under magnetic fields is

reminiscent of a FM superconductor.7, 8) Studies in these sys-

tems have clearly demonstrated that superconductivity grows

under substantial polarization of magnetic moments. The for-

mation of Cooper pairs is promoted and accompanied by

degeneracy-lifting of the Fermi surfaces, which deviates from

conventional theory of superconductivity based on electron-

phonon interaction.

Many experimental and theoretical investigations have pro-

moted understanding of superconducting mechanism in fer-

romagnets.9, 10) Among them, FM fluctuations are regarded as

the most likely driving force to bind magnetically polarized

electrons into a Cooper pair. A firm connection of supercon-

ductivity and FM fluctuations was first shown in UCoGe.11)

Ising-like magnetic fluctuations, observed by nuclear mag-

netic resonance (NMR) measurements, were coupled with

superconductivity. This is qualitatively consistent with the

idea of induced superconductivity in a ferromagnet, which

had been proposed before the discovery of FM superconduc-

tors.12) A naive and crucial question is whether this connec-

tion is universal among all related superconductors. Subse-

quently, in URhGe, a similar connection has also been estab-

lished for the field-induced superconductivity. As shown in

Fig. 1(a), the magnetic field perpendicular to the easy axis
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suppresses the FM phase of URhGe and the second-order

FM transition changes to a first order just below HR, around

which reentrant superconductivity appears.13–16) The NMR

relaxation rates show divergent behavior near HR
14, 17) and

are strongly coupled with superconductivity against tilting the

magnetic field.17, 18) In URhGe, the link between magnetic

correlations and superconductivity has also been suggested

from electron-electron scattering in resistivity and electronic

specific heat.19, 20) In UTe2, as shown in Fig. 1(b), supercon-

ductivity is remarkably enhanced toward the first-order meta-

magnetic transition at Hm.7, 8, 21, 22) Electron-electron scatter-

ing in resistivity and the derived electronic specific heat are

strongly enhanced near Hm,21, 22) suggestive of the contribu-

tion of magnetic fluctuations induced at the phase boundary

to superconductivity.

The phase diagrams of URhGe and UTe2 are analogous

to that of UGe2, which is shown in Fig. 1(c). Here, a con-

trol parameter (the horizontal axis) is replaced by pressure

and a paramagnetic (PM) phase and two different FM phases,

FM1 and FM2, appear. Superconductivity is induced in the

vicinity of the first-order FM1-FM2 boundary, at Px ∼ 1.2
GPa, where spontaneous magnetic polarization is changed by

pressure. In all three systems in Fig. 1, regardless of the dif-

ference in control parameters, the phase boundaries with dif-

ferent nonzero magnetic polarizations are first order near ab-

solute zero and first-order transitions change into continuous

transitions at a few Kelvin. Superconductivity is commonly

induced or enhanced near these phase boundaries. The im-

portance of the first-order line for superconductivity in UGe2

has also been suggested from the enhancement of supercon-

ductivity at the field-induced FM1-FM2 phase transition.23, 24)

Contrary to URhGe and UTe2, the connection between su-

perconductivity and magnetic fluctuations does not hold ex-

perimentally in UGe2. The electronic specific heat and the
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Fig. 1. (Color online) Magnetic field-temperature phase diagrams of (a)

URhGe and (b) UTe2,4, 7, 8, 13, 21) which are analogous to UGe2. (c) Pressure-

temperature phase diagram of UGe2.1, 32) In UGe2, a second-order FM tran-

sition at TCurie changes into a first order at a tricritical point (TCP) by ap-

plying pressure, and reaches 0 K at Pc. Likewise, the crossover between the

FM1 and FM2 phases changes into first order at a critical point (CP), and

reaches 0 K at Px. In URhGe and UTe2, the magnetic fields induce the field-

induced magnetically polarized phase through first-order phase transitions.

These first-order lines are represented by blue curves. The solid black curves

and the dotted black curves show the second-order lines and the crossover,

respectively. In all three systems, superconductivity is induced or enhanced

on the first-order quantum phase transition between two phases with different

nonzero magnetic polarizations. Here, SC shows the superconducting (SC)

phase and the SC transition temperatures are multiplied by arbitrary factors.

nuclear spin - lattice relaxation rate, 1/T1, do not show di-

vergent behavior when the pressure crosses Px.25, 26) Instead,

step-like changes, similar to ordinary first-order transitions,

are observed. In the case of electron-electron scattering in re-

sistivity, that is, the A coefficient, two groups have reported

different behavior. One report shows the step-like behavior as

well as the aforementioned quantities,27) while another report

indicates that A shows the maximum near Px;28) therefore, in-

trinsic behavior remains unclear. Most observations have not

shown any remarkable anomaly near Px, although supercon-

ductivity is clearly prominent there.29–31) More significantly,

1/T1 has not detected magnetic fluctuations expected at a crit-

ical point (CP),26) which has been reported to be at 1.15 GPa

and 7 K.32) There was obvious experimental discrepancy be-

tween UGe2 and other FM superconductors, therefore, the ori-

gin of superconductivity induced in UGe2 remained unknown.

At present, UGe2 is a key ingredient to reach consensus on su-

perconductivity induced by FM fluctuations.

To address this issue of UGe2, in this Letter, we focus on

the spin-echo decay rate, 1/T2, which has not yet been re-

ported. This rate includes magnetic fluctuations along the nu-

clear quantization axis, which is in contrast to 1/T1 that cor-

responds to magnetic fluctuations perpendicular to the axis.

It has already been demonstrated that the evaluation of mag-

netic fluctuations using 1/T2 is effective in URhGe.14, 17, 18) In

the magnetically ordered state, the nuclear quantization axis

is directed along the internal field under the condition that

the nuclear Zeeman interaction is predominant over the nu-

clear quadrupole interaction. In UGe2, this situation is ap-

proximately realized and the internal fields at the Ge sites

are directed along the a-axis (see the supplemental materi-

als).33) Therefore, it can be interpreted that 1/T2 corresponds

to longitudinal magnetic fluctuations and 1/T1 corresponds

to transverse magnetic fluctuations. We observed that 1/T2 is

strongly enhanced near the FM1-FM2 boundary, in contrast

to 1/T1, revealing that anisotropic magnetic fluctuations un-

derlie the occurrence of superconductivity in UGe2.

The samples for our study were made using enriched 73Ge

for NMR measurements. We used a polycrystalline sample

and a single crystal grown by the Czochralski method. Both

samples were crushed into powder, to obtain reasonable in-

tensity of the 73Ge-NMR signal, and then annealed to reduce

possible deformation. NMR data show no difference between

the polycrystalline sample and crushed single crystal; there-

fore, we do not distinguish them in this Letter. NMR mea-

surements were performed using the conventional spin-echo

method. Pressure was applied using a piston cylinder cell and

Daphne7474 was used as a pressure transmitting medium.34)

Pressure calibration was done from the superconducting tran-

sition temperature of a Pb manometer.
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Fig. 2. (Color online) (a-d) ZF-NMR spectra in the FM states of UGe2.

The spectrum at ambient pressure is identical to that reported in Ref.35) The

resonance lines for the Ge2 sites are well separated by the quadrupole inter-

action, whereas many transitions from the Ge1 and Ge3 sites are overlapped

in the range below ∼ 10 MHz. (e) The crystal structure of UGe2 and three

inequivalent Ge sites. (f) The pressure dependence of the internal field for the

Ge2 site at ∼ 1.6 K. The solid lines are drawn as guidelines.

Figure 2 shows zero field (ZF)-NMR spectra in the FM

state for UGe2 at several pressures. UGe2 crystallizes in the

orthorhombic structure in Cmmm space group and includes

three Ge sites, denoted as Ge1, Ge2, and Ge3. Since the nu-

clear spin of 73Ge is I = 9/2, each Ge site provides 9 spectral

lines in the Zeeman interaction. The resonance lines from the

Ge2 sites are well separated, while many transitions are over-

lapped for the Ge1 and Ge3 sites because the directions of

the principal axes of the electric filed gradient (EFG) with re-

spect to the internal field along the a-axis are different among

them.33, 35) The resolvable lines of the Ge2 site enable us

to separately estimate the internal field and the quadrupole

frequency. The signals for Ge2 site were undetected in pre-

vious studies under pressure.26, 36, 37) The signal observed at

∼ 20.3 MHz at ambient pressure (the FM2 phase) is the

high-frequency end of the resonance lines for the nuclear spin

I = 9/2. At 1.24 GPa (the FM1 phase), the high-frequency

end suddenly moves to ∼ 16.6 MHz due to discrete reduction
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of the ordered moment. The pressure dependence of the in-

ternal field is shown in Fig. 2(f), which is consistent with the

pressure dependence of the ordered moment.38) Near Px, the

phase separation of the FM1-FM2 phases is known to occur

owing to the first-order transition.26, 37) In Fig. 2(b), for exam-

ple, it is suggested that the signals at ∼ 7.7 MHz and ∼ 9.6
MHz are attributed to the FM2 phase and that the signal below

∼ 7 MHz originates in the FM1 phase.37) The considerable in-

tensity near 20 MHz also shows that the FM2 phase remains

at 1.21 GPa. In the vicinity of Px, as shown in Figs. 2(b) and

(c), the satellite lines of the Ge2 site are observed at a similar

position between the FM1 and FM2 phases.
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Fig. 3. (Color online) (a-e) Temperature dependences of 1/T1T , 1/T2, and

the internal field (resonance frequency) measured at several pressures. (f) The

arrows in the phase diagram show the pressures where the measurements

were performed. (a) At ambient pressure, the data were measured at the Ge2

site. 1/T1T and the internal field have been reported in Ref.35) (b-e) Under

pressure, both relaxation rates were measured at the resonance frequencies

shown in each bottom figure, which is expected to be the Ge1 site.33) 1/T1T
shows a gradual decrease below Tx as well as in previous studies.26, 37) 1/T2

shows obvious divergence near Tx, which is remarkable at 0.98 GPa near the

CP. The peak in 1/T2 remains at 1.32 GPa, where the phase transition does

not occur in the FM phase. The estimation of the internal field under pressure

are shown in the supplemental materials.33)

The temperature dependences of 1/T1T , 1/T2, and the in-

ternal field at the Ge site (or the resonance frequency) are

summarized in Figs. 3(a-e). Here, the relaxation rates under

pressure were measured at the signals expected to be the Ge1

sites,33) as from previous measurements of 1/T1T ,26, 37) be-

cause the intensity of the Ge2 site was not strong enough at

high temperatures. T1 was evaluated by fitting the recovery

curve into theoretical curve for the central line of I = 9/2
for convenience, although the many transitions seem to be

overlapped. The site assignment for the Ge1 and Ge3 sites

are shown in the supplemental materials.33) It roughly repro-

duces the spectrum, but uncertainty remains; therefore, the

resonance frequencies are plotted in Figs. 3(b-d) instead of

the internal field. At ambient pressure, 1/T1T shows a gradual

decrease below a crossover temperature, Tx,35) whereas 1/T2

exhibits a small peak at Tx. Similar behavior is observed at

0.71 GPa and 1/T1T shows a smooth change at around Tx. At

0.98 GPa, T1 and T2 were hardly measurable near Tx owing

to small intensity caused by short T2. As shown in Fig. 3(c),

1/T2 shows a clear increase around Tx. Such distinct enhance-

ment is not seen in 1/T1T , as already confirmed in previous

works.26, 37) At 0.98 GPa, the resonance frequency, f , shows

a clear change, like a phase transition, at Tx, which is consis-

tent with the magnetization.39) This indicates that the mag-

netic fluctuations detected by 1/T2 are enhanced when the

crossover line is about to reach the CP.

Figures 3(d) and (e) show the data above Px, where the

magnetic ground state is the FM1 phase. In this pressure re-

gion, 1/T1T is almost temperature independent while the en-

hancement of 1/T2 remains. At 1.32 GPa, just above Px, a

clear peak appears in 1/T2 at ∼ 3 K, even though a crossover

or a phase transition no longer occurs. This result clearly sug-

gests that the origin of fluctuations, or the CP, is located at

a nonzero temperature. This is qualitatively consistent with

the suggestion by the resistivity measurement.32) It should be

noted that this fluctuation has been overlooked in previous

NMR measurements, which focused on 1/T1T .26, 37) The dif-

ference between 1/T2 and 1/T1T indicates that the magnetic

fluctuations are highly anisotropic. This is common behavior

for systems in which longitudinal magnetic fluctuations are

significantly strong, as seen near the CP of the metamagnetic

transition of UCoAl.40, 41)

Conclusive evidence for the connection between the first-

order line and the anomaly in 1/T2 is given by its pressure de-

pendence at the low temperature of ∼ 1.6 K, which is shown

in Fig. 4. Here, the data at the Ge2 site (red) and the possible

Ge1 site (blue) are plotted. The measurement at the Ge2 site

further validates the quantitative comparison of 1/T2, because

the spectrum is well-separated. The spin-echo decay curves

are shown in the supplemental materials.33) The results for

both sites demonstrate that 1/T2 is enhanced near the first-

order line,42) which is connected to the CP. Such clear behav-

ior was not observed in 1/T1T .26, 37) The maxima in 1/T2 are

obtained at ∼ 1.2 GPa, where the phase separation occurs.

It is meaningful to clarify which of the FM1 or FM2 phase

provides the maximum in 1/T2, but it is difficult to conclude

it. For the possible Ge1 site, the maximum in 1/T2 was ob-

tained at ∼ 7.51 MHz. It is likely to be the FM1 phase, but

the spectrum is not well-resolved. The maximum for the Ge2

site was obtained at ∼ 16.6 MHz, wherein it is difficult to

judge whether it is the FM1 or FM2 phase because they ap-
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Fig. 4. (Color online) (top): Pressure-temperature phase diagram of UGe2

near the SC phase. The position of the CP is cited from.32) The SC phase is

drawn for that obtained by the resistivity measurements,1, 25) whereas large

jumps in the specific heat are obtained only in the vicinity of, or just above,

Px.29, 31) (bottom): Pressure dependence of 1/T2 measured at the Ge2 site

(red) and at the possible Ge1 site (blue) at ∼ 1.6 K. The clear divergence of

1/T2 is seen at the high-pressure side of Px. The large specific heat jumps at

Tsc and the enhancement of 1/T2 are observed in a similar pressure region.

The dotted curves are guides to the eye.

pear at similar frequencies, as mentioned above. In any case,

the peaks of 1/T2 were obtained just at Px, and remarkably,

the enhancement of 1/T2 is not symmetric against pressure

but prominent at the high-pressure FM1 side. This behavior

in 1/T2 is interesting when its pressure dependence is com-

pared with superconductivity. Superconductivity has been ob-

served as a dome shape in resistivity measurements,1, 25) but

large jumps in the specific heat are obtained only in the vicin-

ity of, or just above, Px.29, 31) Regarding the superconductiv-

ity in the low-pressure FM2 phase, a realization that it is a

bulk property has been controversial because of the small-

ness of the anomalies.30, 31) In ZF-NMR in the FM2 phase,

superconducting anomalies appear below a temperature sig-

nificantly lower than Tsc estimated by resistivity.26, 37) Many

experiments have suggested that superconductivity of UGe2

is prominent in the vicinity of, or in a narrow pressure re-

gion above Px. This situation coincides with the interpretation

that the longitudinal fluctuations observed in 1/T2 is related to

superconductivity. The relationship between superconductiv-

ity and magnetic fluctuations near Px in UGe2 has recently

been suggested from analysis of magnetization data43) and

our result is direct observation of the longitudinal magnetic

fluctuations near Px. We should also discuss the correspon-

dence between the magnetic fluctuations observed in 1/T2

and other macroscopic measurements. Our result seems to be

qualitatively consistent with the A coefficient by Terashima

et al.,28) although other resistivity data and electronic specific

heat have not shown such an anomaly.25, 27) We speculate that

this discrepancy is caused by the inevitable phase separation

of FM1 and FM2 phases. As seen in Fig. 4, the enhancement

of magnetic fluctuations is realized in a narrow pressure re-

gion. If the FM2 phase, where the A coefficient and electronic

specific heat are quite small,25, 27, 28) were mixed near Px ow-

ing to the phase separation, the averaged quantities will de-

pend on the volume fraction of each phase and detection of

the anomaly would hardly be possible.

In conclusion, we have performed 73Ge-NMR measure-

ments to address magnetic fluctuations in the vicinity of the

first-order FM1-FM2 phase boundary at Px. Using the spin-

echo decay rate 1/T2, we extracted the longitudinal mag-

netic fluctuations and revealed that they develop near the CP.

The magnetic fluctuations, which most likely originate in the

CP, survive at low temperatures, and its pressure dependence

shows divergent behavior near Px. The fluctuations are re-

markable in a narrow pressure region on the high-pressure

side of Px, where the SC anomaly has been clearly observed

in the specific heat. The present result suggests that the con-

nection of magnetic fluctuations and superconductivity is also

underlying in UGe2, as well as in other FM superconductors.

This finding will strongly promote unified understanding of

Cooper-pair formation in magnetized materials.
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and Y. Ōnuki, J. Phys.: Condens. Matter 14, 10779 (2002).

28) T. Terashima, K. Enomoto, T. Konoike, T. Matsumoto, S. Uji, N. Kimura,

M. Endo, T. Komatsubara, H. Aoki, and K. Maezawa, Phys. Rev. B 73,

140406(R) (2006).

29) N. Tateiwa, T. C. Kobayashi, K. Amaya, Y. Haga, R. Settai, and Y. Ōnuki,
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