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Abstract. Magnetic excitation spectra of the Kondo semimetal CeNiSn have been studied by
neutron scattering under hydrostatic pressure up to 11 kbar. The inelastic peak at ¯hω = 4 meV
has been observed at the ambient pressure belowTcoh = 20 K and is regarded as a dynamic
antiferromagnetic correlation. As pressure is applied, the 4 meV peak shifts to a higher-energy
region and becomes weak. Since the pseudogap is known to be suppressed under high pressure,
this result strongly suggests that the antiferromagnetic correlation is closely related to pseudogap
formation.

1. Introduction

An energy gap at the Fermi level is formed at low temperatures in certain heavy-fermion
or valence-fluctuation compounds, such as CeNiSn [1], CeRhSb [2], Ce3Bi4Pt3 [3], SmB6

[4] and YbB12 [5]. Among them, CeNiSn, which crystallizes in theε-TiNiSi structure [6],
attracts special attention since it is situated close to a boundary of the insulating and metallic
regions [1]. Various physical properties, such as the specific heat [7], 1/T1 of NMR [8]
and so on, show the gap opening at the Fermi level belowT1 ' 6 K. This gap is very
narrow and incomplete: there remains a finite density of states at the Fermi level [8, 9]. In
addition, the gap is anisotropic and closes at least along thea-axis [10]. Thus the gap is
called a ‘pseudogap’.

A key to understanding the origin of the pseudogap formation is believed to lie in the
antiferromagnetic correlations, i.e., coherence in the Ce lattice, which develop below the
coherence temperatureTcoh = 20 K. The development of the antiferromagnetic correlations
was first suggested from the static susceptibility [1], and was most clearly observed in
the neutron inelastic-excitation spectra [11, 12]. In the spectra, they appear as peaks
at h̄ω = 2 meV andQ = (0, 0, 1) or (0, 1, 0) [11, 12], and at ¯hω = 4 meV and
Q = (Qa,

1
2 + n, Qc), whereQa and Qc are arbitrary andn is an integer [12]. From

their Q-dependence, the 2 and 4 meV peaks can be regarded as three-dimensional and
quasi-one-dimensional dynamic antiferromagnetic correlations, respectively.

The narrow and anisotropic pseudogap is easily suppressed by applying a high magnetic
field (∼10 T) [1], or partly substituting constituent materials, for instance 3% Co for Ni
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[13]. To reveal a relationship between the pseudogap formation and antiferromagnetic
correlations, two neutron inelastic-scattering experiments have been performed so far on
gap-suppressed samples: CeNi0.9Co0.1Sn [14] and CeNiSn in the high magnetic field of
10 T [15]. In both cases, the antiferromagnetic correlations are suppressed along with the
collapse of the pseudogap, suggesting a close relationship between them.

Suppression of the pseudogap has also been observed under high pressure. The electrical
resistivity measurement by Kurisuet al [16] shows that the upturn of the resistivity belowT1

disappears under a hydrostatic pressure of about 12 kbar, indicating pseudogap suppression.
Suppression is also seen in the Hall coefficient measurement [17], which shows the increase
of carrier number under pressure. The electrical resistivity further suggests that CeNiSn
becomes valence fluctuating under high pressure from the moderately heavy-fermion system
under ambient pressure.

In this study, we have performed neutron inelastic-scattering experiments under
hydrostatic pressure up to 11 kbar. The hydrostatic pressure does not introduce randomness
in the lattice, and it mainly changes the strength of c–f hybridization. Further, it will not
break the symmetry in the spin space, while the magnetic field does. Thus high-pressure
neutron scattering seems to be the most promising experimental technique for revealing the
relationship between antiferromagnetic correlations and pseudogap formation.

2. Experimental procedure

A single-crystalline sample of CeNiSn was grown by the Czochralski method [18]. The
volume of the single crystal was 0.16 cm3. The neutron scattering experiments were
performed on the triple-axis spectrometer ISSP GPTAS installed at JRR-3M JAERI (Tokai).
Pyrolytic graphite(002) reflections were used for the vertically focusing monochromator
and analyser. The spectrometer was operated with final energy fixed to 13.7 meV. Higher-
order neutrons were removed by a pyrolytic graphite filter. Collimations of 30′–40′–40′–80′

were employed. This configuration yields an energy resolution of 0.9 meV at the elastic
position in full width at half-maximum.

Figure 1. A constant-Q scan atQ = (0, 3
2 , 0) andT = 4 K, and at the ambient pressure. The

raw data are shown. The dotted line stands for the background.

Hydrostatic pressure up to 11 kbar was applied to the sample using a clamping-type
high-pressure cell for neutron scattering [19]. The crystal was mounted in the cell with
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the b-axis in the scattering plane so as to measure the scattering on theb∗-axis. The other
direction in the scattering plane was not completely determined, but was almost parallel
to the [201] direction with an ambiguity of±10◦. The pressure was generated at room
temperature using Fluorinert as the pressure-transmitting fluid. The cell was mounted in a
closed-cycle4He refrigerator and cooled down to 4 K. Since the generated pressure slightly
decreases at low temperatures, we determined the pressure by measuring the lattice constant
of a NaCl single crystal, which was mounted in the cell together with the CeNiSn [19].

Figure 2. The pressure dependence of the lattice constantb of CeNiSn, observed atT = 4 K.
The solid line is a guide to the eye.

A typical result of a constant-Q scan in CeNiSn in the high-pressure cell is shown
in figure 1. The spectrum was observed at ambient pressure, and atQ = (0, 3

2, 0) and
T = 4 K. In addition to the inelastic-excitation peak at ¯hω = 4 meV, there appears a
large background, which originates from the high-pressure cell and Fluorinert. The large
background prevented us from observing the 2 meV excitation peak, which is of very
low intensity [11, 12]. Thus we only investigated the pressure dependence of the 4 meV
peak. Spectra shown in the following section are corrected for background and absorption.
They were scaled to absolute units of cross-section by comparing the peak intensity of the
spectrum at the ambient pressure observed in the present study with that in an earlier report
[12]. They are given as the scattering functionS(Q, h̄ω) = (ki/kf )(d2σ/d� dEf ).

3. Results and discussion

We first investigated the pressure dependence of the lattice constant of CeNiSn. Figure 2
shows the variation of the lattice constantb of CeNiSn measured atT = 4 K. The lattice
constantb decreases with pressure; however, at low pressure (p < 6 kbar) the variation is
very small.

The inelastic-excitation spectra atQ = (0, 3
2, 0) andT = 4 K, and at the pressuresp =

0, 3, 6 and 11 kbar, are shown in figure 3. The spectra at the higher temperaturesT = 25 K
(p = 0 kbar) and 50 K (p = 6 kbar) are also shown in the figure. At ambient pressure, we
confirmed the clear inelastic peak at ¯hω = 4 meV. Since the profile of the spectrum is the
same as that observed in [12], we conclude that there is no spurious peak from the high-
pressure cell and Fluorinert. The result that the peak disappears atT = 25 K > Tcoh further
confirms the magnetic nature of the peak. As the pressure becomes larger, the intensity of
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Figure 3. Constant-Q scans atQ = (0, 3
2 , 0), and at the pressuresp = 0, 3, 6 and 11 kbar. The

open circles stand for data taken atT = 4 K, whereas the closed circles forp = 0 and 6 kbar
stand for data taken atT = 25 and 50 K, respectively. The dotted and solid lines denote the
resolution-convoluted approximate function of equation (1) and a guide to the eye, respectively.

the peak becomes smaller, and the peak position shifts to the higher-energy region. Below 6
kbar, however, the 4 meV peak could be observed. Atp = 11 kbar, the spectrum becomes
flat and shows no peak below 6 meV.

To parametrize the pressure dependence of the peak profile, we tried to fit the inelastic-
excitation spectra with the following inelastic Lorentzian function:

S(Q, h̄ω) ∝ Im χ(Q, h̄ω)

1 − e−βh̄ω
∝ h̄ω

1 − e−βh̄ω

(
0

(h̄ω + h̄ω0)2 + 02
+ 0

(h̄ω − h̄ω0)2 + 02

)
(1)

whereβ is defined asβ = 1/kBT . This function was found to reproduce the peak profile
at the ambient pressure [12]. Since there is phonon contamination above 6 meV [12], the
energy region used for the fit was limited to 2< h̄ω < 6 meV. We performed the fitting with
the spectra forp 6 6 kbar, since the spectrum forp = 11 kbar shows no peak below 6 meV.
In the fitting, the trial function (1) was convoluted with the spectrometer resolution by using
the FIT3AX program developed at Brookhaven National Laboratory, which is based on the
instrumental resolution function of the triple-axis spectrometer deduced by Chesser and Axe
[20]. The resulting pressure dependences of the peak energy ¯hω0, the width0 and the peak
intensitySmax = S(Q, h̄ω0) are shown in figures 4(a), 4(b) and 4(c), respectively. The peak
energyh̄ω0 increases and the peak intensitySmax decreases almost linearly withp, whereas
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Figure 4. The pressure dependence of (a) the peak energy ¯hω0, (b) the width0 and (c) the
peak intensitySmax = S(Q, h̄ω0) at T = 4 K. h̄ω0, 0 and Smax were determined by fitting
the spectra in figure 3 with the approximate function of equation (1). The dotted lines are the
approximate functions for the pressure dependence, which are ¯hω0 = 4.2+ 0.17p, 0 = 1.6 and
Smax = 11.4 − 0.62p.

the width 0 is rather independent of pressure. The pressure dependence of ¯hω0 and Smax

can be approximated as ¯hω0 = 4.2 + 0.17p and Smax = 11.4 − 0.62p, respectively. By
extrapolating the pressure dependence of ¯hω0 and Smax, we suggest that the 4 meV peak
shifts toh̄ω > 6 meV and also becomes weak atp = 11 kbar. This may be the reason that
the spectrum below 6 meV is flat and featureless as shown in figure 3(d). Since both the
inelastic-excitation peak and the pseudogap in the resistivity disappear under high pressure,
it is strongly suggested that the antiferromagnetic correlation and the pseudogap formation
are closely related to each other.

Neutron inelastic excitation allows one to observe the magnetic fluctuations of 4f
moments, but those of the conduction electrons are barely discernible, because of the
difference of their form factors. Thus we interpreted the inelastic-excitation peaks as
dynamic antiferromagnetic correlations among Ce 4f moments. On the other hand, low-
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energy excitation in heavy-fermion systems can also be described within the Fermi-liquid
theory using a quasi-particle picture. This Fermi-liquid approach has recently been applied to
CeNiSn by Ikeda and Miyake [21]. They have successfully explained the various anomalous
properties at ambient pressure. In their theory, the pseudogap formation at the Fermi level
is attributed to the anisotropic hybridization of the quasi-particle and conduction bands. The
inelastic-excitation peaks in neutron scattering are also described as particle–hole excitations
across the hybridization gap. The hybridization will become larger under pressure because
of the reduction of the lattice constant. Thus within the hybridization-gap picture, the width
of the hybridization gap, and thus the inelastic-excitation energy ¯hω0, will increase under
pressure. This is consistent with our experimental results shown in figure 4(a). We note
that the pseudogap width, deduced from the electrical resistivity, decreases under pressure,
which is opposite to the case for ¯hω0. This behaviour may originate from the fact that the
resistivity is rather affected by the density of states in the vicinity of the Fermi level. Thus
the bottom of the hybridization gap, which will appear as a pseudogap in the resistivity,
may collapse under pressure, while the width of the hybridization gap becomes large. As
described above, the Fermi-liquid approach can qualitatively explain the behaviour of the
inelastic-excitation peak in CeNiSn under high pressure. A quantitative calculation of the
density of states under high pressure is highly desired for a conclusive understanding of the
different behaviours of the resistivity and neutron scattering.

4. Summary

Neutron inelastic-excitation spectra of CeNiSn under hydrostatic pressure up to 11 kbar
were reported. The 4 meV peak of the antiferromagnetic correlation, observed at ambient
pressure, shifts to a higher-energy region and its intensity becomes smaller with increasing
pressure. This pressure dependence of the intensity indicates that the antiferromagnetic
correlation is suppressed under high pressure. Since the pseudogap in the resistivity also
collapses under pressure, this result strongly suggests that the antiferromagnetic correlation
has a close relationship with the pseudogap formation. The position of the inelastic-
excitation peak shifts to a higher-energy region, while the pseudogap width, deduced from
the electrical resistivity, becomes smaller, suggesting that they seem to reflect the density
of states in different energy regions.
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