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High resolution neutron scattering experiments have been carried out in order to study the interplay
between magnetism and superconductivity in the heavy fermion superconductghltlPde found
direct evidence for a magnetic excitation gap associated with superconductivity. We obsérved
suppression of the antiferromagnetic Bragg intensities below the superconducting transition temperature
T. = 1.9 K. We also observed the increases of the spin wave excitation energy and its linewidth
in the superconducting state. These results indicate a strong coupling between magnetism and
superconductivity in this compound. [S0031-9007(98)06447-3]

PACS numbers: 74.70.Tx, 74.20.Mn

Anisotropic superconductivity in heavy fermion super-at C2-1 beam port of research reactor JRR-3M in Japan
conductors is one of the most exciting topics in theAtomic Energy Research Institute. The collimation was
field of condensed matter physics. The most importan26’-70’-72/-72'. The constang? profiles were measured
issue for the heavy fermion superconductor is that quasiwith a fixed final energyt, = 3 or 4 meV, which gave
particles with a heavy massn{ ~ 10°m,) are of an the energy resolution of 85 arid0 ueV, respectively, at
f-electron character, condensing into Cooper pairs. Whethe energy transfekE = 0 meV.
we compare the phonon-mediated attractive interaction to The samples were grown from the starting composition
the strong repulsive interaction among theelectrons, it  UPd (,Als 03 by the Czochralski pulling in a tetra-arc
is theoretically difficult for the former interaction to over- furnace [7]. We observed zero resistivity below 1.95 K,
come the latter one [1]. To avoid a large overlap of theand a bulk superconducting transition at 1.85 K observed
wave functions of the paired particles, the heavy fermiorby the specific heat measurement. The residual resistivity
system would rather choose an anisotropic channel, like eatio was 60. The samples were cooled down biHa
p-wave spin triplet or a/-wave spin singlet state, to form cryostat oPHe-*He dilution refrigerator.

Cooper pairs. In fact, the heavy fermion superconductor Figure 1 shows the inelastic scattering profiles mea-
exhibits antiferromagnetic (AFM) ordering. Therefore thesured withE; = 4 meV at the (0 0 0.5) antiferromagnetic

interplay of superconductivity with the coexisting AFM or- Bragg point as a function of the sample temperature. At
dering is a key concept for the ground state properties [24.2 K the profile can be described by a combination of a

Very recently we have observed a magnetic excitabroad quasielastic (dotted line) and an inelastic Lorentzian
tion gap associated with superconductivity in UR  line shape aE = 1.5 meV (dashed line), as well as a
[3]. UPdAIj; is a typical heavy fermion superconductor sharp Bragg peak (dashed line) and an incoherent scat-
with 7. = 2 K. It also exhibits antiferromagnetic order- tering (dash dotted line) both centeredAdf = 0.0 meV.
ing with a relatively large magnetic moment@B5u5/U  The broad peak aAE = 1.5 meV is a spin wave excita-
below the Néel temperaturéy = 14.5 K [4,5]. It is, tion as reported before [8]. Belo®. = 1.9 K, the po-
however, reported that the neutron inelastic scattering prasition of the quasielastic peak shifts to a higher energy.
file could be explained by the coupling model which re-A clear peak with a maximum a&{E = 0.4 meV appears
produces the quasielastic scattering due to strong dampirag 0.4 K. Figure 2 showg(¢, w)/w, which was ob-
of the spin wave excitation by the conduction electrondained from the spectra measured with much higher energy
[6]. Namely, no trace of the magnetic excitation gap wagesolution £, = 3 meV). At0.5 Kx"(¢, w)/w exhibits
found, which is inconsistent with our previous study. a clear peak aAE = 0.36 meV. This is evidence for the

We have continued studying neutron inelastic scatterexistence of a magnetic excitation gap associated with su-
ing experiments with much higher resolution and lowerperconductivity. Any kind of quasielastic line shape dis-
temperatures. The present paper indicates clear evidenagrees with the experimental data. On the other hand, the
for the superconducting energy gap appearing in the magiata at 2 K show a typical quasielastic line shape which
netic excitation spectra. We also present the neutron datzan be described by a Lorentzian centered\&t = 0.
to show the strong coupling of the magnetic and supercorFigures 1 and 2 show a continuous change of the mag-
ducting order parameters. Finally, we mention the influ-netic excitation spectra from the quasielastic line shape to
ence of the superconductivity on the spin wave excitationthe inelastic one below..

Neutron scattering experiments were carried out using Figure 3 shows the temperature dependence of the
a cold neutron triple-axis spectrometer LTAS installedenergy of the magnetic excitation gap. The gap starts
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"UPG.Al. (00 0.5) to 2A = 2.2kgT.. It is in the same order compared
GAls ( 0.4 K)i with the weak-coupling BCS theorgA = 3.5kgT.. In
: ' ] addition we have confirmed that the gap disappeared with
e e ST RO applying the magnetic field larger than the upper critical

field H.; [3].

From these results we conclude that the observed mag-
netic excitation gap corresponds to the superconducting
St gap. At present we don’t know the microscopic mecha-
15K A nism why the magnetic excitation gap behaves very simi-

1 lar to the superconducting gap which is obviously a charge
gap. It should be noted, however, that this phenome-
non is due to the strong coupling between magnetism
and superconductivity.

Since the existence of the anisotropic superconducting
energy gap is clear from the power-law behavior of
the specific heat [9] and NMR measurements [10-12]
in UPdAI3, it is of particular interest to measure the
Q dependence of the energy gap in order to clarify
the anisotropy of the superconducting gap. Figure 4
shows the neutron scattering intensity map measured as
a function of the momentum transfér along the [0 0/]
direction. At 0.4 K the magnetic excitation gap exhibits
a remarkableQ dependence. The energy gap shows a

1 2 3 minimum about 0.36 meV~2.2kgT,) at the AFM Bragg
AE (meV) point (0 0 0.5) which corresponds to the zone center in
reciprocal space. It is noted that the gap increases with

FIG. 1. Temperature dependence of the neutron inelastiQ) deviating from the zone center. We believe that fis
scattering profile measured @ = (0 0 0.5) in UPAI;. dependence includes a valuable piece of the information
for the anisotropy of the energy gap. On the other hand,

to open atT, = 1.9 K and increases with decreasing thethe gquasielastic scattering centered at (0 0 0.5) is observed
temperature. This temperature dependence is comparatie4-2 K which is abové’..

to the one of the superconducting energy gap expected A cléar superconducting gap2A = 3.8kg7. has been
from the weak coupling BCS theory (dotted line), which isobserved in a recent study of tunneling spectroscopy of a
normalized by the maximum energy gap. The energy gafin UPdAI; film [13]. It is quite interesting that the

at the lowest temperature is 0.36 meV which correspond$mperature dependence of this gap, which is obviously
a charge gap, is very similar to the one of the magnetic

excitation gap observed in this study. Moreover, NMR
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FIG. 2. Temperature dependence of thg'(g,w)/w in Temperature (K)

UPdAI;. The inset shows the neutron inelastic scattering
profile measured ap = (0 0 0.5) with a fixed final energy of FIG. 3. Temperature dependence of the energy gap in
3 meV. UPdAl;.
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FIG. 5. Temperature dependence of the (0 0 0.5), (0 0 1.5),
(1 0 0.5) magnetic peaks and the (0 0 1) nuclear peak intensities
in UPdAl;.

that the present suppressing of the magnetic intensities
is due to superconductivity. This behavior might be
0 understood in terms of the coupling between magnetic and
superconducting order parameters. Here, we note that the
accuracy of the previous studies (typicall) is not suf-
ficient to observe this behavior [14,15]. From the similar
observations in URt[16—18] and/or UNiAl; [19], and
very recent observation in UR8Ii, [20], it is concluded

AE (meV)

0.50 0.55 that the coupling of the magnetic and superconducting
0o1) order parameters would be a characteristic feature in the
FIG. 4(color). Neutron scattering intensity map showing theheavy fermlgn s_uperconductor. T .
excitation energy vs the momentum transferalong the[00/] The data in Fig. 1 are plotted again in Fig. 6to d'$p|§y
direction and the excitation energy in Ui2d;. the temperature dependence of the spin wave excitation

which is observed as a broad peakXBE = 1.5 meV.

_ _ _ We found that the spin wave excitation energy and the
in UPG,Al; characterized by a line node of the energy

gap with the ga2A = 5.5kgT.. The present magnetic
excitation gap of abolA = 2.2kgT. is smaller than the 120

gap obtained from NMR study2QA = 5.5kgT,) and the ‘ 4K35T

tunneling spectroscopy2{ = 3.8kg7.). This might be 'gﬁ

due to the anisotropic gap. 1000- 5K |
Figure 5 shows the temperature dependence of the 0K

(0 0 0.5, (00 1.5), (1 0 0.5) magnetic peak intensi- 800 :gﬁ i

ties. The observed magnetic peak intensities increase
continuously from the Néel temperatuigy down to

T.. Below T., the magnetic peak intensities turn to
decrease with decreasing the sample temperature. On
the contrary, the (001) nuclear peak intensity shows no
change in the measured temperature range. No change of
the nuclear peak intensity &t rules out the possibility
that a small change of the magnetic peak intensity would
be due to the slight change of the neutron absorption
cross section and/or a small lattice distortion, associated 0 | ‘ I ‘ | ‘ |
with superconductivity. In addition, it was confirmed that 0 1 2 3
the (0 0 0.5) peak intensity had a maximum at a lower AE (meV)

temperature when magnetic field was applied, followingriG. 6. Temperature dependence of the neutron inelastic
the H-T phase diagram [3]. Therefore we concludescattering profile measured @t = (0 0 0.5) in UPchAI;.
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18 ' In conclusion, we have observed a magnetic excita-
tion gap associated with superconductivity. Suppression
of the antiferromagnetic Bragg intensity and increases of
the spin wave excitation energy and its linewidth indi-
cate the strong coupling between magnetism and super
conductivity.

We would like to thank G. Shirane, Y. Endoh, N.
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discussions.
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