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Our measurements of the ¥Co NMR spin-spin relaxation in URh,oCo, ;Ge reveal a divergence of
electronic spin fluctuations in the vicinity of the field-induced quantum critical point at H; =~ 13 T, around
which reentrant superconductivity (RSC) occurs in the ferromagnetic heavy fermion compound URhGe.
We map out the strength of spin fluctuations in the (H,, H.) plane of magnetic field components and
show that critical fluctuations develop in the same limited region near the field Hy as that where RSC is
observed. This strongly suggests these quantum fluctuations as the pairing glue responsible for the RSC.
The fluctuations observed are characteristic of a tricritical point, followed by a phase bifurcation toward

quantum critical end points.
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The occurrence of superconductivity in an itinerant
ferromagnet, with the same electrons involved in both
types of phase transition, is a counterintuitive idea. It is
only during the past decade that such a paradox has found
realization in a new family of uranium (U) based heavy
fermion compounds, namely, UGe, [1], URhGe [2], and
UCoGe [3]. Among these, URhGe is by far the most
intriguing: Reentrant superconductivity (RSC) appears
when a magnetic field of the order of 12 T is applied
along the b axis, that is, perpendicular to the ¢ axis
direction along which the U 5f spin moments align
ferromagnetically with a strong Ising character at zero
field [4]. At a critical field Hp ~ 12 T, the ferromagnetic
(FM) order is forced to align along the field direction (||b).
This quantum phase transition is strongly reminiscent of the
textbook example of an Ising chain in a transverse field
[5,6] and is considered to be responsible for the emergence
of RSC [4,7-11], a trend that is by now well established in
condensed matter physics. On theoretical grounds, it has
been argued that ferromagnetic fluctuations provide the
pairing glue in this new type of superconducting state
[12,13], but microscopic experimental evidence is still
lacking. Moreover, since the critical point at Hy is not
an ordinary quantum critical point (QCP) but suggested to
be a tricritical point (TCP) [4,8] followed by a phase
bifurcation towards quantum critical end points (QCEPs),
the nature of the spin fluctuations is thus expected to be
different and more complex. In order to elucidate the
microscopic nature of these fluctuations and their relation-
ship with RSC, we have undertaken a >Co NMR study on
a single crystal of URhj¢Coy ;Ge.
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In pure URhGe, at zero magnetic field, U moments of
~0.4up are aligned ferromagnetically along the ¢ axis below
the Curie temperature 7oy = 9.5 K (Fig. 1) [2]. The
transverse field H, along the b axis gradually decreases
the temperature of the FM transition and eventually aligns
the U moments along b at Hg ~ 12 T, resulting in a sudden
jump of magnetization in a narrow field range (i.e., meta-
magnetism) [4,7,14]. Superconductivity (SC) emerges below
T, ~0.25 K, coexisting with the FM order at zero field [2].
This lower field SC is easily suppressed by H,, around 2 T,
but then RSC appears at fields near Hy (between 8 and
~13.5 T) with a higher T, = 0.42 K [4,8].
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FIG. 1 (color online). Temperature-field phase diagram of
URh,;_,Co,Ge. The inset shows the magnetization curves at 2 K.
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Since both Rh and Ge nuclei have poor NMR sensitivity,
we performed **Co NMR in URhy4Coy;Ge [15]. The
substitution of Co for Rh is isostructural and isoelectronic,
and, while it precludes superconductivity (see Supplemental
Material [17]), it only minimally affects the magnetic
properties [19,20]. For example, Hg(13.4 T) and
T curic(11.8 K) are only slightly enhanced by Co substitution
(Fig. 1), which suggests a small increase in magnetic
correlations [19,20]. The spin system retains its strong
Ising character along the ¢ axis, and the magnetic suscep-
tibility is strongly anisotropic even in the ab plain, as in pure
URhGe [7] (. > y» > xa; see the inset in Fig. 1).
Resistivity data are also similar to those previously reported
for x = 0 (see Supplemental Material [17]). URhj ¢Co ;Ge
thus appears to be a suitable proxy, allowing us to probe with
%Co NMR the microscopic nature of magnetic fluctuations
in URhGe.

We used a high-quality single crystal of URhj ¢Coy ;Ge,
prepared by the Czochralski pulling method [2,11], to
measure the field strength (H) and angle (¢) dependence
of the nuclear spin-spin relaxation rate 1/7,, where 0 is
the angle from the b axis in the (bc) crystal plane, and
the magnetic field components are thus (H,, H,.) =
(Hcos0,Hsin0) [21]. The 1/T, and the nuclear spin-
lattice relaxation rate 1/7, were measured for the central
transition at the center of the NMR spectrum. All the NMR
measurements reported here have been performed at
T = 1.6 K, well below the T'¢,;. of 11.8 K of our crystals.

Figures 2(a) and (b) show *?Co-NMR spectra in applied
magnetic fields along the a and b axes. The magnetic
susceptibility is very anisotropic even in the ab plane, and
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FIG. 2 (color online). °Co-NMR spectra in applied magnetic
fields along the (a) a and (b) b axes at 1.6 K. The NMR spectra
were recorded at fixed frequency by sweeping the magnetic field
in equally spaced steps and by summing the Fourier transforms of
the spin-echo signals measured with the z/2-7-7z/2 pulse se-
quence at each field value. The blue lines show the results of
NMR line simulation (see the text).

this can be directly visualized in the 3°Co NMR spectra: For
H]||a, the spectrum [Fig. 2(a)] splits into seven sharp peaks,
due to the quadrupolar interaction between the nuclear
quadruple moment (spin 7/2) and the electric field gradient
(EFG). For H||b, on the other hand, the much larger Knight
shift value of 19.6% (as compared to 2.9% for H| a)
increases the magnetic broadening by a factor of 3 (see
Supplemental Material [17]). Therefore, the seven peaks
merge into a single, broad, peak [Fig. 2(b)]. The blue lines
are the result of NMR line simulation, assuming the same
EFG anisotropy 7 and principal axes as those in UCoGe
([22-24] and see Supplemental Material [17]).

The main result of this paper is the characterization of
spin fluctuations as a function of the strength and the
orientation of the magnetic fields, through measurements of
the spin-spin relaxation rate 1/7T,. 1/T, is found to be field
independent when the field is applied along the a axis,
i.e., along the hardest magnetic axis [Fig. 3(a)], confirming
the absence of any magnetic singularity, at least up to 17 T
for H|la. In contrast, 1/T, for H||b shows strong field
dependence associated with a divergence of magnetic
susceptibility near Hg. The magnetic fluctuations become
so strong near Hp that the NMR spin-echo signal is lost
between 11.4 and 14 T, since T, values become shorter than
the 3 us dead time of the spectrometer. This divergence of
1/T, near Hy, is rapidly suppressed by tilting the field away
from the b axis by an angle 6, i.e., by introducing an H,
component of applied field [Fig. 3(a)]: At 6 > 5° the
divergence is replaced by a broad maximum around 15.4 T,
higher than for @ = 0, which is around Hy = 13.4 T. 1/T,
thus shows a sharp maximum centered at H, =0 for
H=11.2T, while for H =16 T the maximum occurs
at a finite value of H.= 13T [Fig. 3(b)]. The Ilatter
behavior is related to a phase bifurcation above Hp, as
discussed below.

The field-dependent 1/7, observed here is associated
with the longitudinal (||H) component of spin fluctuations
at zero frequency [25]. In general, 1/T, is given by the
sum of electronic and nuclear contributions: 1/7T, =
(1/T5)%" + (1/T,)™. Here, we can safely assume that
(1/T5)¢" > (1/T,)™, since the nuclear spin-spin coupling
among diluted Co nuclei is very small. Furthermore, the
electronic contribution consists of two terms: (1/7,)! =
(1/T2)§ + (1/T5) with (1/T)f! & Gy (0) and (1/7T)
G| (wnvr), Where wnyr is the NMR frequency and
Gu(w) = [2 (h,(1)h,(0)) exp(iwt)dt is the spectral den-
sity of the fluctuating hyperfine field ,(¢). Thus, (1/ Tz)ﬁl
is driven by the longitudinal component of magnetic
fluctuations at zero frequency, while (1/7,)¢ is driven
by the transverse (L) components of the fluctuations at the
NMR frequency, still a very low value (~0.1 GHz). The
latter fluctuations also generate the nuclear spin-lattice
relaxation process 1/T, which is related to (1/T,)% by the
relationship (1/7,)% = p(1/T,) [26,27], where # = 15.5
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FIG. 3 (color online). (a) Field dependence of the relaxation
rate 1/T,. (b) The H,. field component dependence of 1/T,
obtained by rotating the sample in applied fields of 4.8, 11.2, and
16 T. (c) Comparison of 1 /T and 1/T, for H||b. The 1/T, values
were determined by fitting the 7 dependence of the spin-echo
intensity, measured at the center of the NMR spectrum, to an
exponential function, M(27) « exp(—27/T,). 1/T; has been
measured at the same position by the standard saturation-
recovery method. All the data were taken at 1.6 K.

for the m, = —1/2<>1/2 transition of I = 7/2 nuclei ([27]
and see more details in Supplemental Material [17]).
Therefore, one would expect 1 /T, = 15.5/T, if 1/T, were
dominated by the (1/T,)% process. However, as seen in
Fig. 3(c), we have observed 1/7, > 15.5(1/T,) in the
whole field range, indicating the dominance of the other,
longitudinal, contribution to the 1/T, process.

Our 1/T, data are summarized in a contour plot on the
(Hp, H,) plane of the magnetic field components (Fig. 4).
This shows how the critical fluctuations develop in the
proximity of the Hy. The fluctuations are enhanced most
strongly around Hpy, where the NMR signal becomes
undetectable due to the extremely short 7', (hatched gray
area). We also see the development of another weak
singularity around (H,,H,.)= (154 T,£1.3 T), which
constitutes a clear signature of a phase bifurcation above
Hp. Below, it is shown that these observations provide clear
evidence for the tricritical nature of the transition.

In the transverse Ising system considered here, H, and
H, are two distinct tuning parameters for the quantum
phase transition: H, controls the quantum fluctuations
driving the phase transition itself, while H, adds a
perturbation conjugate to the order parameter, that is, the
magnitude of FM moments along the Ising axis (M.).
Thus, we can expect two types of phase diagrams in the
(Hy, H,) plane, depending on the type of criticality. The
phase diagram may simply involve a first-order planar
surface for H. = 0, bounded at finite temperature by a
second-order transition line ending at the ordinary QCP at
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FIG. 4 (color online). Map of the magnetic fluctuation
amplitude in the (H,,, H,) plane around Hy. This contour plot
of 1/T, at 1.6 K is constructed from 104 data points measured
with different combinations of H and 6 values, between H =
4.7 and 17 T and between 8 = 0° and 11°, respectively. White
dashed lines show constant-0 scans. The open squares indicate
the region where RSC has been observed from resistivity
measurements at 7' ~40 mK in a single crystal of URhGe
[10]. The filled triangles indicate the first-order-like metamag-
netic transitions at 7 ~ 500 mK [10]. Since URhGe has a lower
Hp (12 T) than URh¢Coq ;Ge (13.4 T), these data for URhGe
are plotted here with the field values scaled proportionally to
the Hy values in URh(¢Cog ;Ge.

T = 0 [Fig. 5(a)]. The H, = 0 long-range FM order is then
everywhere continuously connected to the field-induced
paramagnetic state [Fig. 5(b)]. On the other hand, a more
rich and complex phase diagram appears if the system
possesses a TCP, causing a bifurcation of the first-order
planar surface at H, = 0 into two wings that continue away
from the H,, axis and end up at QCEPs at zero temperature
for a finite H,. value [Fig. 5(c)]. The H, = 0 projection is
then discontinuous at the TCP [Fig. 5(d)]. Clearly, our
observations in Fig. 4 support this latter case.

The emergence of diverging longitudinal fluctuations
near Hy is another fingerprint of the presence of a TCP.
Indeed, one of the characteristic features of a TCP with
regard to magnetic excitations is that it triggers a diverging
susceptibility not only for the order parameter but also
for the physical quantity that is conjugate to the tuning
parameter H, driving the phase transition [9,28,29],
namely, (M,) in the present case. The presence of the
TCP thus leads to a divergence of the longitudinal (||b)
component of magnetic fluctuations, giving rise to the
observed very short 1/T, [Figs. 5(c) and 5(d)]. This is not
the case for an ordinary QCP, which induces solely the
diverging susceptibility of the order parameter, i.e., the
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FIG. 5 (color online). (a) The H,-H, phase diagram involves a
first-order transition planner surface at H. = 0, which terminates
at the QCP. The direction of the spontaneous FM moments (blue
arrows) changes sign discontinuously when this surface is
crossed. Dotted lines denote the crossover line passing through
the QCP, which divides the paramagnetic state polarized along
the b axis (red arrows) from the spontaneous FM ordered state
along the ¢ axis. (b) The first-order transition surface is delimited
by a second-order FM transition (blue) line, continuously con-
nected to the field-induced paramagnetic state at a single QCP
(blue circle). (c) The first-order transition surface at H. = 0 may
bifurcate into two wings at the TCP, which end up at zero
temperature at two QCEPs (blue circles). (d) Considering only
the H. = 0 plane, the TCP terminates the second-order phase
transition line by a first-order transition (red dotted line).

divergence of the transverse fluctuations along the ¢ axis
[Figs. 5(a) and 5(b)]. A schematic phase diagram involving
a TCP has already been proposed for URhGe; however, it
mostly relied on the observation of first-order-like behavior
near Hyp [8,9,30,31]. The present NMR data go further,
since they provide microscopic evidence of the existence of
this TCP by probing directly the nature of the associated
fluctuations.

Next, we focus on the mechanism of the reentrant
superconductivity. In Fig. 4, we plot the region where
the RSC has been observed in resistivity measurements by
Lévy et al. in a single crystal of URhGe [10]. Obviously,
the RSC occurs in almost the same region as that where we
have observed the critical enhancement of fluctuations.
This close interplay between the RSC and the fluctuations
provides strong evidence that the RSC is actually induced
by these critical fluctuations around H r, most probably by
reinforcing the pairing interactions [12,13]. The RSC has
been known to be extremely sensitive to the field align-
ment; only about # = 7° misorientation suppresses the RSC
[10,32], and our results (Fig. 4) indicate that such sup-
pression is definitely connected to the rapid decline of the
critical fluctuations for € > 7°. The RSC has also been

known to exhibit the highest T, and the largest diamag-
netic signal just around Hp [4,14], where we have detected
the diverging fluctuations.

The evidence presented here suggests that URhGe
possesses quantum tricriticality, associated with its low
temperature TCP [8,9,33], and hence it develops strong
longitudinal fluctuations perpendicular to the Ising axis
(parallel to the applied field) at low temperature. However,
our observation being dominated by the longitudinal
@ = 0 fluctuations near the TCP, we cannot quantify the
transverse fluctuations, including those parallel to the Ising
axis. We recall that the spectrum density of FM critical
fluctuations may have strong frequency dependence,
with G(0) > G(w). Therefore, since 1/T, contains both
Gy(w=0) and G, (wnxmr), it may be, e.g., naturally
dominated by G (@ = 0) even for isotropic fluctuations.
A divergence of the fluctuations is expected, in principle, for
both the longitudinal and transverse components near the
TCP, and such a tricritical nature of the fluctuations should
be key to understanding the RSC phenomena in URhGe.

So far, most theories of the Ising FM superconductors
have treated a single type of excitations, i.e., magnetic
fluctuations parallel to the spontaneous moment direction,
along the Ising axis [13,24,34-36]. Our results, however,
reveal that the situation is more complex, at least in
URhGe, and cannot be interpreted with a single type of
excitations, in particular, near the TCP where the RSC
emerges. This calls for an extension of the theory by
involving fluctuations perpendicular to the Ising axis, and,
indeed, a very recent study in the frame of Landau
phenomenological theory shows that the strong enhance
in magnetic susceptibility corresponding to the longitudinal
fluctuation stimulates reentrance of the superconductivity
near the first-order transition line [12].
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