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Observation of 1Pd NMR and NQR signals in the heavy-fermion superconductor UPgAI 5
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10%d NMR and NQR measurements have been performed both in the normal and in the superconducting
states for the heavy-fermion superconductor WKd. The magnitude of the internal field at Pd is found to be
about 3 kOgat 4.2 K) in the antiferromagneticalljAF) ordered state. The nuclear spin-lattice relaxation rate,
1/T4, in UPd,Al 5 is nearly temperaturel, independent in the paramagnetic state up to 60 K, successively
diverges at Nel temperature associated with the critical slowing down of U magnetic moments, and then
decreases markedly in the AF ordered state, which is well explained by a localized moment picture. These
results have shown that Pd atoms are honmagnetic, in widatlectrons couple very weakly to U moments.

In the superconducting state T4/decreases in proportion f6° down to 0.5 K with no coherence peak just
below T, which indicates the occurrence of anisotropic superconductivity having line nodes in the supercon-
ducting energy gap. The coexistence of the AF ordering and the anisotropic superconductivity,il YPd
could unambiguously be confirmel50163-18207)04022-9

The interplay between superconductivity and magnetisnmhe results of'°Pd NMR and NQR studies which provide
in the heavy-fermion(HF) superconductor is a fascinating the information of the electronic states of Pd ions and also
subject. In particular, the presence of antiferromagriétf®)  that of U moments through the nonvanishing transferred hy-
spin fluctuations has led to the prediction that an unconvenperfine field.
tional Cooper pair state with nostwave symmetry, medi- The quality of the starting materials for the polycrystalline
ated by an antiferromagnetic electron-electron couplindJPd,Al ; sample was B-U, 4N-Pd, and ]-Al. The appro-
mechanism, is realized in these systems. The coexistence pfiate amounts of constitutions were arc-melted in argon at-
the AF ordering and the superconductivity is not rare in HFmosphere, successively annealed at 900 °C for 5 daysf
systems. Among them, UBAI ;5 occupies a unique position, the sample measured by ac susceptibility was 1.75 K, which
since the magnitude of the ordered moments, 08%is the is slightly lower than the maximum value of 2.0 K in
largest in HF superconductors. This system undergoes an ABPd,Al ; reported by another group. Our NMR and NQR
transition at Nel temperatureTy=14.5 K, followed by a studies were carried out by using a phase-coherent-type
superconducting transition di:=2 K corresponding to the pulsed spectrometer. The spurious signal from the rf pulse
highest critical temperature reported to date for HFwas removed by alternating the rf phases of bet@ and
superconductivity. The magnetic structure of UBAI 5 in 7 pulses in the spin echo sequence. The NMR spectrum was
the AF ordered state, which consists of ferromagnetic measured by recording the spin-echo intensity as a function
planes stacked antiferromagnetically along thaxis, was of external field. A superconducting magnet with a maxi-
determined by a neutron diffractiénin this structure, Pd mum field of 15 T was used for NMR measurements. The
ions are located on the ferromagnetic sheets, and Al ions anight shift K was determined with respect t§°Pd reso-
the interlayer site of the U-Pd layers. So, it is of great intereshance in Pd metal{=4.10% at 4.2 K In UPd,Al 3, the
to study UPGAI ; from the microscopic points of view for transverse component of the susceptibility with respect to the
an understanding of the interplay of the magnetism and thbexagonalc axis x, is much larger than the longitudinal
superconductivity in HF system. For this purpose, thal componenty .4 Then the microcrystals in the powder speci-
nuclear magnetic resonan@MR) and nuclear quadrupole men easily align withc axis perpendicular to the external
resonancéNQR) studies were previously performed, which field Hey. The nuclear spin-lattice relaxation timg,, was
showed that the superconductivity is anisotropic having linemeasured by monitoring the recovery of nuclear magnetiza-
nodes in the superconducting energy gapn the contrary, tion after the saturation pulses. TH&Pd NMR and NQR
little information for the magnetic property was obtained measurements over the temperaturerange above 1.3 K
from 2’Al NMR-NQR because of the local symmetry of Al were performed in aHe cryostat, and below 1.3 K in a
site in which the transferred hyperfine fields from U mo- 3He-*He dilution refrigerator.
ments are canceled. Hencé’Pd NMR was desired to per-  Figures 1a) and Xb) indicate the®®d NMR spectra
form for the better understanding the system. However, thebtained in randomly oriented microcrystals at 17géara-
measurement is generally hard to perform owing to the verynagnetic stateand 4.2 K(AF statg, respectively. The spec-
small gyromagnetic ratioy and the rather large quadrupole trum shown in Fig. Ic) was obtained in alignedc(axis L
momentQ. Indeed, no'®*®Pd NMR/NQR signals have been H,,) microcrystals. Each NMR spectrum consists of the cen-
observed except a Pd metal with the face centered cubigr line and the satellites induced by the first-order quadru-
lattice. Recently, we have succeeded in observifiPd  pole effect. As seen in Figs.(d and 4b), any significant
NMR and NQR signals in UPgAI 5. In this paper, we report broadening of the line width associated with the appearance
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FIG. 1. 1°Pd NMR spectra obtained in randomly oriented at 17

K (a) and at 4.2 K(b) and aligned € axis L H,) microcrystals at
4.2 K(c).
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FIG. 3. %%Pd NQR spectra obtained at 18 ¢paramagnetic
statg and at 4.2 K(AF state.

of 0.3 kOefg (shown by a line in the inset of the figure

of the AF ordering was not observed. The magnitude of thd "€ hyperfine coupling constant of*Pd is surprisingly
electric quadrupole interactiong('°Pd), was deduced to be SMall iIn UPGAI 5, which is even smaller than that SfAl
about 5 MHz from the separation of the first-order satellites3-7 KOefg in the p%ramagnetlc staterhe small hyperfine
of the randomly oriented powder pattern spectrum, and als§oupling constant of%Pd represents that there is no signifi-

the direction of the maximum electric field gradient;{)
was deduced to be the hexagorahxis from the spectrum
for the aligned microcrystals. Th&@ dependence of the
Knight shift, K, (c axisL H,y), obtained from the spectrum
is plotted in Fig. 2, and is also plotted againstin the inset
of the figure withT as an implicit parameterK, varied
nearly proportional tg¢, with a hyperfine coupling constant
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FIG. 2. T dependence oK(c axis L Hg,). In the inset of the
figure, K is plotted againsy, .

cant polarization density of Pdddelectrons. The hybridiza-
tion between U % and Pd 4l electrons is very weak in this
system. This result is consistent with the result of the polar-
ized neutron diffraction experiment by Paolasgtial, in
which no spin transfer was found on the Pd atGrasd also
consistent with the band structure calculations showing Pd
4d states located too far below the Fermi enérgy.

Figure 3 shows!®®Pd NQR spectra obtained in the para-
magnetic stat€18 K) and in the AF statd4.2 K). In the
paramagnetic state'°®Pd NQR lines were observed at the
resonance frequencies of 5.317 and 10.635 MHz. At 4.2 K,
the lower frequency resonance line split into two lines which
were observed at 4.7 and 6.4 MHz. The NQR spectrum of
10%( is described by a nuclear spin Hamiltonian which is a
sum of electric quadrupole and Zeeman terms with usual
notations/

3e°0Q 2

= 1|| 1 L 12—12
“ai-p| a3 ety

—ywh(H|lz+H, Ixcosa+H, lysina),

where 1 =5/2, Q=0.8b), yn/2m = 0.195MHz/kOe) for
1%pd? H, andH| mean the perpendicular and parallel com-
ponents of magnetic field with respect¥g,, respectively,
and « is an angle betweehl, and X axis. The asymmetry
parameteryn for the electric field gradien(EFG) tensor is
defined by

7=(Vxx—Vyv)/Vzz,
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FIG. 5. Typical recovery oM (t) obtained at 15 K after a satu-

ration pulse.
FIG. 4. T dependence of deduced internal field. In the inset of

the figure, theT dependence of the lower frequency resonance lines

is also shown. [M (o) =M(t)][/M ()

=3/7exg —3t/T,) +4/7exg — 10/T,).
where|Vzz|>|Vyy|>|Vxyx| is assumed in the principal axis _
system of EFG. As fo,,, we know already from the Figure 5 s_hows the recovery ofi (1) after the sat_uratlon.
NMR spectrum that the direction is the hexagonahxis. ~ Pulse obtained at 15 K. Since the recovery was fitted quite
The NQR spectrum in the paramagnetic state is simply interwell to the above equatiori; could accurately be deter-
preted by only the electric quadrupole term. The values ofmined. As can be seen in Fig. 6/X1/T;) aboveTy is T

the parameters are estimated to be independent, ;= 10 (s~ 1), which is explained by a local-
ized moment picture. In the model developed by Moriya, the
vo=36?qQ/2I(21 ~1)h=5317 MHz and»=0. value of 1T, is expressed a5
In the AF state, the Zeeman term takes part in the nuclear 1T,= \/EE (A 17)2S(S+1)/3w,,
I

spin Hamiltonian. By solving the secular equation of the

Hamiltonian numerically, the resonance frequencies were ) o . ) ]
evaluated. After some calculations by trial and error, a set ofvhereA; is a hyperfine interaction, and, is the fluctuating
parameters was found to reproduce the peak positions of efequency of the electron spin system modulated by the
perimental spectrum. The parameters to explain the resd2KKY interaction. The crude estimation ofTly/ is the fol-
nance lines obtained at 4.2 K are as follows: lowing.

vo=5.317 MHz, 7»=0, H, =29 kOe, andH=0. R

Thus, an appearance of the internal field perpendicular to the | '%Pd NQR )

hexagonak axis could explain the observed spectrum. The 10tk .

T dependence of the separation of two lines belbyare .

shown in the inset of Fig. 4, and also the internal field de- i .

duced from the spectra at the respective temperatures are I .

shown in Fig. 4. The internal field has nearly the same I .

dependence as that of the sublattice magnetization of U mo- 10%F Te \1

ments in the commensurate AF ordered state measured by :

the neutron diffraction experimeff. But we could not ob-

serve the internal field associated with an incommensurate | J

phase which is stable for temperatures<fi5<20 K ob- § T~ 1TyocT3

served in the neutron diffraction experiment of polycrystal- 107'F #

line UPdLAI 5.2 S =10.635~ |
Next, by using NQR, T, of 1%Pd, hereafter referred to - 10.660MHz 1

10%1/T,), was measured in zero magnetic field in the L Hext=0

range from 0.5 to 70 K at around 10.65 MHz. When the A A

magnetic interaction governs the nuclear spin-lattice relax- 10 10° 10! 102

ation, the recovery of%Pd nuclear magnetizatioll (t) at K

time t after the saturation pulses is given by the following

multi-exponential equatiot FIG. 6. T dependence of T4 of 1°Pd obtained by NQR.

1/Ty(s™")
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The value ofw, is estimated as 19102 (s~ 1) by using
we ~kgTn /A with Ty=14.5 K. The estimation of; for the
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nonmagnetic site is not simple. In this paper, we estimated it . 105p4 NQR

by assuming that the internal field of 2.9 kOe in the AF state 10%- (f=10.66MHz) o805
was induced by the nearest-neight®U moments. In this o 27TAI NQR 2

way, we obtainedo?=A?S(S+1)/42 = (2x10%) 2 (s7?), (f=1.86MHz) ¢

and the value of 17, was derived to be 2.56 1), which 2 o®

agreed in order of magnitude with the value obtained by the =~ o

present experiment. The relatively loilg together with the =

small value of the Knight shift represent that Pd ions are " ¢
nonmagnetic with the very small polarization of Pd dlec-
trons in UPGAI 5.

Moreover, the divergence of T{ was also observed at
Ty With the critical slowing down of U magnetic moments.
Thus, the relaxation behavior df°Pd throughTy can be
well explained by a localized moment picture of U. It should
be noted that not only the size of the U moments but also the
fluctuations of the moments are well explained by a localized
moment picture. Th@ dependence of®(1/T,) nearTy is
different from that of?’Al, 27(1/T), which varies in propor-
tion to T in the paramagnetic state neBy without critical
slowing down phenomenon iy .2 The differentT depen- served relaxation data could be obtained by takiny, 2
dence of 1T, arises from the difference of the crystallo- =5.5KgT¢ indicated by the line in Fig. 7. The anisotropy of
graphic symmetry of respective sites as mentioned in théhe superconducting energy gap obtained by NMR is the
former part. Namely, Pd atoms are surrounded ferromagnetg@me at both Al and Pd sites, showing that the single heavy-
cally by U moments, while Al atoms are located at site infermlon _band sytem sets in the_ superconducting state. The
which the transferred hyperfine fields from U moments ardnformation of the superconducting energy gap was also ob-
canceled. Consequently®(1/T;) is governed by the fluc- ta[led fron; 12the. specific heatC,. Wh'Ch. varies as
tuations of U moments, whilé’(1/T,) is governed by the C= YT+ BT This T dependence is explained by an an-
contribution from the conduction electrons. BeloWy, Isotropic supercor]ductmg energy gap with point of nodes
1051/T,) varies nearly in proportion t3, as can be seen in a_md residual density o_f states. Thus, the con3|stent_e_xplana-
he e, y pd po! Tah Piopel. ion was not yet obtained between NMR and specific heat
L e 1 e soperconchclng ST e 0 e measuements. Futher sy espegly he NOR eper

. 3 S . ' . ment at lowefT, is now in progress to solve the discrepancy.
proportion toT® at low T, which is a common relaxation In conclusion, we have succeeded in observiigPd

behavior of the nuclear spins observed in the HF supercongr and NOR signals in UPd\l - for a wideT ranae. The
ductors. This behavior can be explained by an anisotropiao QR sig oA 5 gs-
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FIG. 7. Dependence of the reduced relaxation fatg/T,s on
the reduced temperature ©f T .

To analyze 1T, quantitatively, we assume the following

: . _ : to bevgy = 5.317 MHz andy =0, and have also shown that
simple superconducting gap with a line node:

Pd ions are nonmagnetic with very small polarization of a
4d electron. In the AF ordered state, the small internal field
A(T)=Ay(T)cos, of about 3 kOe, Whi_ch is perpendiCL_llar toaxis, appears
below 14.5 K. TheT-independent T/; in the paramagnetic
whereA(T) has theT dependence expected in BCS theory. state diverges &aFy owing to the critical slowing down phe-
The ratio of 1T, in the normal and superconducting states,nomenon, and then decreases markedly in the ordered state.
R=Tin/T1s, is expressed as In the supercondcuting state, T4/ varies in proportion to
T2 with no coherence peak just beloW, indicating the
existence of line nodes in the superconducting energy gap.
The coexistence of the AF ordering and the anisotropic su-
perconductivity in UPdAIl ; could unambiguously be con-
firmed by this experiment.

2 E?
R= kB—Tf mf(E)[l—f(E)]dE,

wheref(E) is the Fermi distribution function. Herd,;y is
extrapolated by the relation df;T = const. The evaluated
R of 19%pd 10%R), together withR of 2’Al , ?’(R), measured This work was partly supported by a Grant-in-Aid from
previously in the same sample are shown in Fig. 7 as #he Ministry of Education, Science and Culture of Japan, and
function of reducedr, T/T¢. As seen in the figurel®(R) also supported by Hyogo Science and Technology Associa-
and ?(R) are on the same line, and a best fit to the ob-tion.
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