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We have performed 27 AI-NMR measurements on single-crystalline UPd;Als with the field parallel to the
¢ axis to investigate the superconducting (SC) properties near the upper critical field of superconductivity
H:2. The broadening of the NMR linewidth below 14 K indicates the appearance of the internal field at
the Al site, which originates from the antiferromagnetically ordered moments of U 5f electrons. In the SC
state well below poHco = 3.4 T, the broadening of the NMR linewidth due to the SC diamagnetism and
a decrease in the Knight shift are observed, which are well-understood by the framework of spin-singlet
superconductivity. In contrast, the Knight shift does not change below T,(H), and the NMR spectrum is
broadened symmetrically in the SC state in the field range of 3 T < poH < poHcz. The unusual NMR
spectrum near H:o suggests that a spatially inhomogeneous SC state such as the Fulde-Ferrell-Larkin-

Ovchinnikov (FFLO) state would be realized.

Superconductivity in the presence of magnetic fields
close to the upper critical field (H¢p) is the critical
state where the intriguing physical phenomena are antici-
pated. In general, there are two well-known pair-breaking
mechanisms in a type-II superconductor under magnetic
fields. One is the orbital pair-breaking effect related to
the emergence of Abrikosov vortices, and the supercon-
ductivity is destroyed at the vortex cores. The other is
the Pauli pair-breaking effect, which originates from the
Zeeman splitting of spin-singlet Cooper pairs. When the
Zeeman-splitting energy is as large as the condensation
energy of superconductivity, the superconductivity be-
comes unstable and transitions to the normal state. The
strong contribution of the Pauli pair-breaking effect leads
to many interesting issues, such as the realization of the
spatially modulated superconducting (SC) state, which
is called the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state.l"?) For the realization of the FFLO state, a very
clean system is necessary; thus, not many compounds
have been pointed out as candidates for the FFLO state.

UPdyAls is one such candidate for the FFLO state.
UPdsAlz has a hexagonal PrNisAls-type structure with
the space group P6/mmm and exhibits antiferromag-
netic (AFM) order at the Néel temperature Ty = 14.5 K
with a commensurate wave vector Qar = (0,0,0.5) and
well-localized magnetic moment of ~ 0.85 ug/U.>%) Af-
ter the AFM transition occurs, superconductivity is ob-
served below the SC transition temperature T, = 2 K.%
NMR and pSR measurements provide evidence for a
spin-singlet Cooper pairing from the clear decrease in
the Knight shift below 7..5%7) Large specific-heat jump
at T, indicates that heavy electrons form Cooper pairs;
thus, the orbital pair-breaking field becomes large. As a
result, the suppression of superconductivity by the Pauli
pair-breaking effect is expected. Moreover, a pronounced
hysteresis behavior has been observed in a narrow field
range below He.o, H* < H < H.s, with several different
experiments, such as magnetization, ac-susceptibility,® %)
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ultrasound-velocity,'®) and thermal-expansion measure-
ments,") as shown in Fig. 1 (a). These experimental re-
sults have been considered to be indirect evidence of the
existence of the FFLO state in UPdyAls; however, there
is no microscopic evidence of the realization of the FFLO
state until now.

In this paper, we report the results of 27Al-NMR
measurements under magnetic field parallel to the ¢
axis, which were performed in order to investigate the
SC properties near H.o microscopically. We found the
anomalous NMR spectrum near H.o; the Knight shift
does not change even below T,(H), but the NMR spec-
tra are broadened symmetrically in the SC state above
3 T. The spectrum suggests that the spin susceptibil-
ity in the SC state near H.o is spatially inhomogeneous,
which is consistent with the FFLO state.

A 47-mg single crystal of UPdyAls was prepared from
a carefully homogenized melt of high-purity elements by
the Czochralski method in a triarc furnace.'® The sin-
gle crystal was of very high quality, as determined by
T. = 2 K and the size of the jump in the specific heat of
AC/T, = 140 mJ / (mol K?). A conventional spin-echo
technique was utilized for the following NMR measure-
ments. 2" AI-NMR spectra (a nuclear spin I = 5/2 and
a nuclear gyromagnetic ratio 27v/27r = 11.094 MHz/T)
were obtained as a function of the frequency in a fixed
magnetic field. The 27Al nuclear spin?lattice relaxation
rate 1/77 was determined by fitting the time depen-
dence of the spin-echo intensity after saturation of the
nuclear magnetization to a theoretical function. Low-
temperature NMR measurements down to 100 mK were
carried out with a 3He-*He dilution refrigerator, in which
the single-crystal sample is immersed into the 3He-*He
mixture to avoid rf heating during the measurements.

In the NMR measurement, the degeneracy of the nu-
clear spin degrees of freedom is lifted by the Zeeman (Hz)
and electric quadrupole (Hq) interactions. The total ef-
fective Hamiltonian is expressed as follows:

HZHz—FHQ
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1)
where K is the Knight shift, H is the external field,
v, is the quadrupole frequency along the principal axis
of the electric field gradient (EFG) and is defined as
V., = 3e2qQ/21(21 — 1) with eq = V., eQ is the electric
quadrupole moment, and 7 is the asymmetry parameter
of the EFG expressed as (Vg — Viyy)/Vsz, where Viq is
the second derivative of the electric potential V' and is
the EFG along the « direction (« = z,y, z). It has been
reported that v,, = 5.9 MHz parallel to the ¢ axis and
n = 0.2.'% Six nuclear spin levels were well-separated;
thus, we observed five resonance lines, as shown in Fig. 1
(c). The widths of the five lines are comparable to each
other. Since the position of a resonance line depends on
the angle between the applied magnetic field and the
principal axis of the EFG (¢ axis), we can estimate the
field direction with respect to the ¢ axis from the NMR
peak locus. The angle dependence of resonance frequency
fres for the second satellite (m = 5/2 <> 3/2) peak of the
27Al-NMR spectrum can be expressed as

fres = [l + K(0)|H — v..(3cos? § — 1 — 5sin § cos 2¢)

(2)
within the first-order perturbation. Here, # and ¢ are the
elevation angle between the ¢ axis and the applied field
and the azimuth angle between the a axis and the ab-
plane component of the applied field, respectively. We
used a single-axis rotator for the alignment of the mag-
netic field direction, and the misalignment of the ¢ axis
with respect to the field-rotation plane was estimated to
be less than 1° from the analysis of the NMR spectrum,
as shown in Fig. 1 (b). A tiny signal from the impurity
phase was observed near the central peak. Then, 27 Al-
NMR measurements were performed at the first satellite
(m = 3/2 < 1/2) peak above 2 K and at the second
satellite (m = 5/2 < 3/2) peak below 2 K to avoid
the effect of the impurity signal. Since the width of the
NMR signal is similar for the five lines, the accuracy of
the analysis did not change for these lines.

Figure 2 shows the temperature dependence of the full
width at half maximum (FWHM) of the 27 AI-NMR spec-
trum measured at ~0.5 T down to 1.5 K. As shown in the
inset of Fig. 2, the linewidth of the 2” Al-NMR. spectrum
increased below Ty, indicating the appearance of a small
internal field along the ¢ axis at the Al site. The tem-
perature dependence of the FWHM was scaled to that
of the magnetic moment determined from the neutron
scattering measurement,”) indicating that the linewidth
of the 2"Al-NMR spectrum reflects the AFM moments
at the U site. However, it is noted that the transferred
hyperfine field from the ordered U moments should can-
cel at the magnetically symmetric Al site in the AFM
state with Qar = (0, 0, 0.5). Moreover, the internal field
was not observed from the uSR measurements, where a
muon stops at the symmetric (0, 0, 1/2) site between
two U ions along the ¢ axis.”) Therefore, it is considered
that the appearance of the internal field is caused by the
imperfect cancellation of the hyperfine fields from the U
moments due to the small displacement of the Al atoms
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Fig. 1. (Color online)(a) H — T phase diagram of UPd2Al3 for

H || ¢V Circles represent poHco, and squares represent H*. A
pronounced hysteresis behavior has been observed in a narrow field
range below Hco, H* < H < Hc2, in several different experiments.
(b) The angular dependence of the resonance frequency of second
satellite peak (m = 5/2 <» 3/2). The fitting by a theoretical cal-
culation within first perturbation is indicated by the dotted line.
(c) Field-swept NMR spectrum at 15 K for UPdaAls with the field
along c¢ axis. The signal indicated by the solid arrows originates
from the Cu coil. The broken lines are the simulation of the NMR
spectrum for H || ¢ using the quadrupole parameters in a previous
report.13)

from the ideal position. The appearance of the internal
field at the Al site was also observed in previous 27 Al-
NQR measurements.'®) Since small displacement from
the ideal position was reported in heavy-fermion super-
conductor UPtg,'® this might be often observed in U-
based hexagonal compounds.

In the SC state well below H.s, the broadening of
the linewidth and a decrease in the resonance frequency
were observed, as shown in Figs. 3 (a) and (b). Figure 4
shows the temperature dependences of the Knight shift
and linewidth of the NMR spectrum shown in Fig. 3 (a).
The broadening is due to the SC diamagnetic shielding
effect, and the decrease in the resonance frequency indi-
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Fig. 2. (Color online) Temperature dependence of full width at

half maximum (FWHM) around 0.5 T together with magnetic
moment estimated from neutron scattering.7> The measurements
were performed at the first satellite (m = 3/2 <+ 1/2) peak. (in-
set) Frequency-swept 27Al-NMR spectra at 17 K and 4.2 K for
H|c~05T.
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Fig. 3. (Color online) Frequency-swept 27 AI-NMR spectra above and below Ty at different fields. The measurements were performed

at the second satellite (m = 5/2 <+ 3/2) peak. SFWHM = FWHM (0.3 K) — FWHM (7T ~ T¢) in each spectrum is represented. At 3.7 T
[greater than poHc2(0)], the 27 AI-NMR spectra at 0.3 K and 1.5 K are shown.

cates the decrease in the Knight shift due to spin-singlet
pair formation. Both phenomena have been observed in
a conventional spin-singlet superconductor, and are an-
alyzed later. In contrast, the NMR spectra near H.o
showed quite unusual behavior. The resonance frequency
did not change even below T, (H), but the NMR spectra
were broadened symmetrically, as shown in Fig. 3 (c).
As shown in Fig. 3 (d), this symmetrical broadening was
not observed above H.o at all, indicating that the un-
usual broadening of the NMR spectra is a characteristic
feature of the SC state near H.o. To clarify the mag-
netic field region in which this anomalous broadening is
observed, the magnetic field dependence of the variation
in the FWHM, 6FWHM = FWHM (0.3 K) — FWHM
(T ~ T¢), and the absolute value of the resonance fre-
quency shift, |6f| = |fres(normal state) — fres(0.3 K),
are shown in Fig. 5 (a). SFWHM increased with increas-
ing H and shows maximum in the field range between
2.8 T and 3.2 T. In addition, |0 f| decreased with increas-
ing magnetic field owing to the destruction of supercon-
ductivity by the magnetic field, and | f| was almost zero
around 3 T, although pgHcs is 3.4 T at 0.3 K. This field
range is quite consistent with the H* anomaly, where
pronounced hysteresis behavior was observed in various
measurements.® 1)

We also measured 1/T} at 0.3 K and found the anoma-
lous behavior in the field region of H* < H < H_.s. Fig-
ure 5 (b) shows the magnetic field dependence of 1/T} at
0.3 K. The value of 1/T} obtained by the NQR measure-
ment was quite small since the quasiparticle excitation
was suppressed by the formation of an SC gap, and no
vortices were induced at zero field. At 0.8 and 1.5 T, the
recovery curve of the nuclear magnetization after the sat-
uration pulse can be fitted by a theoretical function with
two different 77 components. The smaller 1/7} indicated
by the open circles represents 1/73 of the SC region far
from the vortices, and the larger 1/T; indicated by the
closed circles represents 1/} near the vortex core. This
is the reason why the larger component of 1/T} is close
to the normal-state value. However, such two-component
behavior became blurred in the field above 1.5 T since
the difference between two components became smaller
with increasing H; thus, the fitting with one 77 com-

ponent was carried out above 1.5 T. As seen in Fig. 5
(b), 1/Ty increased with increasing H, which was inter-
preted as the increase in the field-induced normal state,
and 1/T; reached the same value as 1/T in the normal
state already around H*, and remained almost constant
up to 4 T. These results also suggest the presence of the
anomalous SC state in H* < H < Hs.

Now, we discuss the SC properties of UPdyAl3 quan-
titatively. First, we discuss whether or not the decrease
in the Knight shift in the SC state is a reasonable value
with respect to the Pauli-limiting field Hp(0), since only
one-fourth of the total susceptibility decreased in the SC
state. It is well-known that, in a spin-singlet supercon-
ductor, a relation holds between the Pauli-limiting field
and the change in the spin susceptibility dx ascribed to
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Fig. 4. (Color online)Temperature dependence of the (a) Knight
shift and (b) FWHM at poH = 0.79 T. The solid arrows indicate
Te.
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with a field-aligned polycrystalline sample,®) xn — xsc HoH (T)
perpendicular to the ¢ axis is estimated to be 0.19 x  Fig. 5. (Color online)Magnetic field dependences of (a) the abso-

1072 emu/mol. From the critical field H. = 814 Oe of
UPd,Als, ') 119 Hp(0) is estimated to be 5.1 T for H || ¢
and 4.2 T for H L ¢, which is smaller than the orbital-
limiting field poHSP = 6.0 T and not so far from the ob-
served upper critical fields poHeo = 3.5 T for H || ¢ and
3.0 T for H L c. These results indicate that the dom-
inance of the Pauli effect near H.s is also shown from
the decrease in the spin susceptibility measured by the
Knight shift. The predominance of the Pauli effect near
H_5 is one of the necessary condition for the realization
of the FFLO state.

Next, we consider the origin of the broadening of the
NMR spectrum below T.(H). In general, the broadening
of the NMR linewidth due to the vortex effect in type-II
superconductors is expressed as,

S5, (- )
SFWHM(H) = ——— (1———), (3
H) W2, Heg )

where A, is the penetration depth in the ab plane. Using
Aap = 4600 A7) and poH%P = 6.0 T, the field distribu-
tion in the vortex state is estimated to be SFWHM(0.5 T)
= 0.36 mT ~ 4.1 kHz, which is consistent with the ob-
served 0FWHM at low fields ({SFWHM ~ 5 kHz). This
conventional vortex effect should decrease with increas-
ing H, but SFWHM is larger near Hcs. It is obvious that
O0FWHM near H., cannot be explained by this effect.
In addition, the NMR spectrum is broadened on both
the lower- and higher-frequency sides, and the spectrum
becomes symmetric above 3 T, as shown in Fig. 3 (c).
Since the resonance frequency reflects the internal fields
at the nuclear site, the broadening on both the lower- and
higher-frequency sides implies that the magnetic suscep-
tibility x of some part of the sample is larger or smaller
than that in the normal state, and these parts equally
exist in the sample. It was revealed from our NMR, ex-
periments that the SC state above 3 T becomes an inho-
mogeneous SC state.

Here, we consider the origin of such an inhomogeneous
SC state above 3 T. There are two possibilities that in-
duce the symmetrical broadening of the NMR spectrum

lute value of the shift in the resonance frequency and the variation
in the FWHM, and (b) 1/T1T at 0.3 K (b) for H || c. The broken
lines and solid curve are guides for the eyes.

below T.(H). One is that the observed distribution of the
internal field is ascribed to the increase in the U-AFM
moments in the SC state. As shown in Fig. 2, the in-
crease in JFWHM of the 2”Al NMR spectrum originates
from the evolution of the U-AFM moments, and if the
U-AFM moments increase in the SC state, SFWHM in-
creases below T.(H). However, it is estimated that the
AFM moments should increase by nearly double in the
SC state from the linear relation between 6FWHM and
the U-AFM moments in Fig. 2; thus, this possibility
would be excluded since an increase in the AFM mo-
ments has not been reported.'® The other possibility is
that the distribution of the internal field originates from
the SC properties. x in the SC region becomes smaller
owing to the spin-singlet pairing, but x in the vortex re-
gion becomes larger than y in the normal state, probably
owing to a strong paramagnetic effect. The experimen-
tally observed symmetrical line broadening means that
the large and small x regions have nearly the same vol-
ume, suggesting the presence of a large vortex region. A
large vortex region is predicted in the FFLO state. How-
ever, it is noted that a strong enhancement in 1/77T
just below Hco(T), which is regarded as a hallmark of
the FFLO state in k—(BEDT-TTF),Cu(NCS)y,'") was
not observed for UPdyAls. It was shown from a theoret-
ical study!'® that the enhancement in 1 /T1T originates
from the presence of the Andreev bound state inside the
SC gap, and that the magnitude of the enhancement de-
pends on the SC gap structure. Therefore, we consider
that the different behavior of 1/T1T could be interpreted
with the difference in SC gap structures of k—(BEDT-
TTF)2Cu(NCS), and UPdyAls. To investigate the un-
usual SC state near Heo(T), k-resolved measurements
such as neutron scattering experiments or scanning tun-
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neling spectroscopy measurements are needed to get a
direct evidence of the FFLO state since NMR is a local
probe and cannot provide k-dependent information.

In conclusion, we performed 27 AI-NMR measurements
on single-crystalline UPdsAls with the magnetic field ap-
plied along the ¢ axis to investigate the SC properties
near H.o. The broadening of the NMR linewidth below
14 K indicates the appearance of the internal fields origi-
nating from the antiferromagnetically ordered moments.
In the SC state well below pgHco, an additional broaden-
ing of the NMR linewidth and a decrease in the resonance
frequency are observed, which can be understood by the
framework of conventional spin-singlet superconductiv-
ity. On the other hand, the resonance frequency does
not change even below T,(H), and the NMR spectra are
broadened symmetrically in the SC state above 3 T. This
suggests that a spatially inhomogeneous SC state is real-
ized near H.o, determined by the Pauli-depairing effect.
We insist on the reconsideration of the possibility of the
FFLO state realized in UPd5Als.
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