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Abstract. Single-crystal neutron scattering experiments have been performed to study magnetic
excitations in CeNi0.9Co0.1Sn, in which the pseudo-gap of CeNiSn is suppressed by the doping.
In CeNiSn there are two inelastic excitation peaks at ¯hω = 2 and 4 meV, which correspond
to dynamic antiferromagnetic correlations. In CeNi0.9Co0.1Sn the 2 meV peak is smeared out,
whereas the 4 meV peak becomes very weak and broad, but preserves the same quasi-one-
dimensional character as that for CeNiSn. These results suggest the strong relation between the
antiferromagnetic correlations and the pseudo-gap formation.

1. Introduction

Gap formation at the Fermi level is often seen at low temperatures in heavy-fermion or
valence-fluctuation compounds, such as CeNiSn [1], CeRhSb [2], Ce3Bi4Pt3 [3], SmB6 [4]
and YbB12 [5]. Among them, CeNiSn is characterized by a very narrow and anisotropic
gap of a few kelvins. Since the narrow gap is thought to originate from strong electron
correlations, CeNiSn attracts much attention and has been studied intensively.

Earlier experiments are summarized as follows. CeNiSn crystallizes in the slightly
distorted ε-TiNiSi-type structure [6], which is illustrated in figure 1. The narrow and
anisotropic gap was inferred from many physical properties [1, 7]. For instance, the specific
heat divided by temperature(C/T ), which increases toC/T ' 0.19 J mol−1 K−2 at
T = T1 = 6 K, abruptly decreases belowT1, showing the gap formation below this
temperature [8]. The tunnelling conductance also suddenly decreases belowT1 [9]. At
much lower temperatures (T < 1 K), (C/T ) becomes constant (about 40 mJ mol−1 K−2),
indicating that the gap formation is not complete and there remains a finite density of
states at the Fermi level [7]. Electrical resistivity measurement [10] shows that the gap
is anisotropic; that is, it closes at least along thea axis. Since the gap is anisotropic and
incomplete, it is called a ‘pseudogap’.

There appears another characteristic temperatureTcoh > T1 in the bulk experiments.
For example, the magnetic susceptibility along the easya axis (χa) shows a peak around
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Figure 1. The crystal structure of CeNiSn. Two unit cells along theb axis are drawn. Four Ce
positions in the unit cell are represented bydµ, whered1 = (x, 1

4 , z), d2 = (x̄ + 1
2 , 3

4 , z + 1
2),

d3 = (x̄ + 1, 3
4 , z̄ + 1) andd4 = (x + 1

2 , 1
4 , z̄ + 1

2) (x = 0.48, z = 0.20). Ni and Sn atoms are
almost in the samea–c planes,y ' 1

4 or 3
4 .

Figure 2. Static susceptibilities along the three directions,χa , χb andχc. The open and closed
circles stand for CeNi0.9Co0.1Sn and CeNiSn (after [7]), respectively.

Tcoh = 12–20 K and decreases below it [7]. This peak behaviour is attributed to the
development of antiferromagnetic correlations, namely, the coherence in the Ce lattice.
Thus the temperature,Tcoh, is called he ‘coherence temperature’. The development of the
antiferromagnetic correlations was, in fact, observed in neutron-scattering spectra. From the
single-crystal inelastic neutron-scattering experiments [11–13], there appear two inelastic-
excitation peaks belowTcoh: h̄ω = 2 meV, Q = (0, 1, 0) and (0, 0, 1); and h̄ω = 4 meV,
Q = (Qa, n + 1

2, Qc), whereQa and Qc are arbitrary andn is an integer. From theQ-
dependence, the 2 and 4 meV peaks are regarded as the three-dimensional and quasi-one-
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Figure 3. Constant-Q scans on thea∗ axis at Q = (Qa, 0, 0), Qa = 3
2 , 1.3 and 1.1. The

open and closed circles stand for data taken atT = 2 K in CeNi0.9Co0.1Sn and CeNiSn [13],
respectively. The broken line represents the magnetic contribution from which the phonon
scattering has been subtracted. The full line is a guide for the eye.

dimensional dynamic antiferromagnetic correlations, respectively. (The former (0,1,0) and
(0,0,1) are forbidden nuclear reflections, and thus are also antiferromagnetic in nature [11].)
Since the pseudo-gap formation takes place in the temperature region within which the
antiferromagnetic correlations are well developed, it is desired to clarify the relation between
the antiferromagnetic correlations and the pseudo-gap formation.

The pseudo-gap in CeNiSn is known to be sensitive to substitutions in the Ni sublattice:
substitutions of small amounts of Cu, Pt and Co at the Ni sites suppress the pseudo-gap [1].
Among them, the Co-doped system has been widely studied with polycrystalline samples by
measuring the specific heat [1], magnetic susceptibility [14], high-field magnetization [14],
and nuclear spin relaxation ratio, 1/T1, of NMR [15]. The suppression of the pseudo-
gap is most apparently evident from the NMR measurement, in which 1/T1 follows the
Korringa law at low temperatures such asT < 10 K in the 10% Co-doped sample. The
specific heat divided by temperature,C/T , at low temperature becomes rather small and
its behaviour rather flat (about 0.1 J mol−1 K−2 for a 10 sample). These results indicate
that the system becomes valence-fluctuating and metallic. The magnetic susceptibility and
high-field magnetization also become small, confirming the valence-fluctuating character
and the absence of the magnetic anomaly at low temperatures.

In this work, we have performed the neutron inelastic-scattering experiments in pseudo-
gap-suppressed CeNi0.9Co0.1Sn. Our aim is to clarify the variation of the dynamic
antiferromagnetic correlations in the pure and doped samples. This will enable us to
experimentally reveal the relation between the pseudo-gap formation and the dynamic
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Figure 4. Constant-Q scans on theb∗axis atQ = (0, Qb, 0), Qb = 3
2 , 1.4, 1.3, 1.2, 1.1 and 1.

Open circles stand for the data taken in CeNi0.9Co0.1Sn atT = 4 K, whereas the closed circles
stand for data taken in CeNiSn [13] atT = 2 K. The broken line represents the phonon-subtracted
magnetic contribution. The full line is a guide for the eye.

antiferromagnetic correlations. The excitation spectra in pure CeNiSn were reported in the
previous study [13] and a few selected CeNiSn spectra will be reproduced for comparison.
Part of this report was published earlier [16].

2. The experimental procedure

A single crystal of CeNi0.9Co0.1Sn was grown by the Czochralski method using a tungsten
crucible under an argon gas atmosphere of 5–10 Torr. The pulling speed was 10 mm h−1

and the rotation speed 5 rpm. The purities of the starting materials Ce, Ni, Co and Sn were
99.99%, 99.998%, 99.998% and 99.999%, respectively. Details of the crystal growth were
reported in [17]. The volume of the CeNi0.9Co0.1Sn single crystal was 1.7 cm3.

Inelastic neutron-scattering experiments were performed on the ISSP triple-axis
spectrometer GPTAS installed at JRR-3M JAERI (Tokai). Pyrolytic graphite (002)
reflections were used for the vertically focusing monochromator and analyser. Neutrons with
a second-order wavelength were removed by a pyrolytic graphite filter. The experiments
were carried out either in theEi - or in theEf -fixed mode with the fixed energy of 13.7 meV.
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Figure 5. Constant-Q scans on thec∗ axis atQ = (0, 0, Qc), Qc = 3
2 and 1.1. The open and

closed circles stand for data taken atT = 2 K in CeNi0.9Co0.1Sn and CeNiSn [13], respectively.
The full line is a guide for the eye.

Collimations of 30’–40’–40’–80’ or 30’–80’–80’–80’ were employed. These configurations
give the energy resolutions at the elastic position as1h̄ω = 0.9 meV for 30’–40’–40’–80’
and1h̄ω = 1.3 meV for 30’–80’–80’–80’ in full width at half maximum. The sample was
mounted in a closed cycle4He refrigerator or the Orange cryostat with the [100] or [001]
direction vertical, so as to measure the scattering in the(0, k, l) or (h, k, 0) plane.

Inelastic neutron-scattering spectra were corrected for background and absorption, and
were scaled to absolute units of cross section [13]. They are given as the scattering
function S(Q, h̄ω) = (ki/kf)(d2σ/d�dEf). The absorption was corrected by numerically
calculating the absorption factors. The scattering intensity was converted to absolute units
by a calibration using the calculated and observed intensities of the acoustic phonons of
the standard copper crystal and CeNiSn. For the background correction, we considered the
following possibilities: (i) scattering by air, the cryostat and the sample holder; (ii) a tail
of the incoherent elastic scattering; (iii) the incoherent inelastic scattering by the phonon;
and (iv) double scattering due to the coherent phonon and the incoherent elastic scattering.
The background (i) was estimated by measuring the scattering intensity without the sample
and (ii) was measured using a vanadium standard. The backgrounds (iii) and (iv) were
numerically calculated and found to be negligible at low temperatures, such asT = 4 K.
After the correction, we think that the spectra contain the magnetic excitation and coherent
inelastic scattering by the phonon.

The phonon scattering appears as peaks in the excitation spectra. We distinguished the
phonon peaks from the magnetic excitation by measuring the spectra at room temperature.
This procedure utilizes the large temperature dependence of the phonon intensity, which
follows the Bose factor, 1+ n(h̄ω) = 1/(1 − e−βh̄ω), whereβ = 1/(kBT ). We found
that the peaks appear at ¯hω > 5 meV for theQ range of the present study and thus
do not seriously contaminate the low-energy magnetic excitation. Furthermore, using
the temperature-dependence, phonon contamination at low temperatures can be roughly
estimated from the spectra at room temperature. We subtracted the estimated contamination
from the spectra containing the phonon peak and obtained magnetic contributions, which
will be presented by broken lines in following figures.
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3. Experimental results

3.1. Static susceptibility

The static susceptibilities,χα (α = a, b, c), of the single-crystalline CeNiSn and
CeNi0.9Co0.1Sn are shown in figure 2. The data for CeNiSn are reproduced from [7]. Those
for CeNi0.9Co0.1Sn were taken in the present study using a vibrating sample magnetometer
under the magnetic field ofH = 1 T. As seen from figure 2,χα in the two samples are
almost the same for all the directions, except for the rapid increase in CeNi0.9Co0.1Sn at low
temperatures. Since no magnetic anomaly was reported in the polycrystalline sample at low
temperatures [14], this increase can possibly be attributed to the impurity contamination and
thus is not intrinsic. The similar values ofχα suggest that the anisotropy is not changed
by the doping, namelyχa > χb > χc. A difference between CeNiSn and CeNi0.9Co0.1Sn
appears in the temperature variation ofχa aroundTcoh: the peak behaviour, observed in
CeNiSn, cannot be seen in CeNi0.9Co0.1Sn. Since the peak behaviour can be attributed to the
development of the antiferromagnetic correlations, this suggests that the antiferromagnetic
correlations are suppressed by the doping.

3.2. Inelastic excitation spectra on the reciprocal lattice axes: anisotropy of the magnetic
fluctuation

The scattering function on the three reciprocal lattice axes is related to the diagonal terms
of the generalized susceptibility, Imχαα(Q, h̄ω), as

S(Q, h̄ω) = (γ r0)
2V

(2µB)2π

1

(1 − e−βh̄ω)

∑
α

(
1 − Q̂2

α

)
Im

[
χαα(Q, h̄ω)

]
(1)

whereγ, r0, V andµB are the gyromagnetic ratio of a neutron, the classical electron radius,
the volume of the sample and the Bohr magneton [13, 18]. The unit scattering vectorQ̂
is defined asQ̂ = Q/Q. To investigate the diagonal terms first, we observed the spectra
on the reciprocal lattice axes. Shown in figures 3–and 5 are several constant-Q scans
observed in CeNi0.9Co0.1Sn on thea∗, b∗ andc∗ axes, which correspond to Im[χbb(Q, h̄ω)+
χcc(Q, h̄ω)], Im[χcc(Q, h̄ω)+χaa(Q, h̄ω)] and Im[χaa(Q, h̄ω)+χbb(Q, h̄ω)], respectively.
We also plot the spectra in CeNiSn observed at a few selectedQ positions for comparison.

From figures 3–5, one finds that the scattering intensity on thea∗ axis is much smaller
than those on theb∗ andc∗ axes. It can be shown that each diagonal term, Imχαα(Q, h̄ω), is
positive for positive ¯hω. Thus, if theQ-dependence of the magnetic excitation is neglected,
this result means that Imχbb(Q, h̄ω), Imχcc(Q, h̄ω) � Imχaa(Q, h̄ω). Namely, the low-
energy magnetic fluctuation is restricted along thea axis. In addition, the scattering intensity
in CeNi0.9Co0.1Sn is almost the same as that in CeNiSn for eachQ position except for the
positions where the inelastic peaks were observed. Thus we can conclude that the anisotropy
of the low-energy magnetic fluctuation is not changed by the doping. This result is consistent
with the anisotropy of the static susceptibility.

3.3. Suppression of the inelastic excitation peaks

Figures 4(f) and 5(b) show the constant-Q scans of CeNi0.9Co0.1Sn atQ = (0, 1, 0) and
T = 4 K, and atQ = (0, 0, 1.1) andT = 2 K, respectively. By comparing them with the
spectra of CeNiSn atT = 2 K, also shown in figures 4 and 5, one finds that the 2 meV peak
is suppressed in CeNi0.9Co0.1Sn. Figure 4(a) shows the constant-Q scans atQ = (0, 3

2, 0)

for CeNiSn (T = 2 K) and CeNi0.9Co0.1Sn (T = 4 K). The 4 meV excitation peak is also
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Figure 6. Constant-E scans alongQ = (0, Qb, 0) (circles) andQ = (0, Qb, 1) (diamonds
and squares). Filled symbols stand for the scans in CeNiSn at ¯hω = 4.25 meV, atT = 2 K
(diamonds and circles) andT = 25 K (squares) [13]. Open symbols stand for the scans in
CeNi0.9Co0.1Sn ath̄ω = 4.5 meV andT = 4 K.

suppressed by the doping. However, the suppression of the 4 meV peak is not complete and
there remains a broad and weak peak. TheQb-dependence of the broad and weak 4 meV
peak is also shown in figure 4. Apart fromQb = 3

2, the peak disappears and the spectrum
becomes rather flat. To confirm thisQb-dependence, we performed constant-E scans along
Q = (0, Qb, 0) andQ = (0, Qb, 1), at h̄ω = 4.5 meV andT = 4 K. The resulting scans
are shown in figure 6. The scans for CeNiSn at ¯hω = 4.25 meV, atT = 2 and 25 K are
also shown in figure 6 for comparison. The scans for CeNi0.9Co0.1Sn apparently show two
peaks atQb = n + 1

2. Since the peak positions along theQb direction are exactly the same
as those for CeNiSn, we can conclude that the weak and broad 4 meV peak, observed in
the constant-Q scan atQ = (0, 3

2, 0), is a reminiscent of the sharp 4 meV peak for pure
CeNiSn. The peak becomes broad in theQb direction, indicating that the correlation length
becomes shorter: the correlation length in CeNi0.9Co0.1Sn is estimated asξb = 0.4b Å,
which is about a half of that deduced in CeNiSn. From the above results, we can conclude
that the corresponding antiferromagnetic correlations are suppressed, but still remain at least
for h̄ω = 4 meV. Note that the constant-E scan for CeNi0.9Co0.1Sn atT = 4 K is almost
the same as that for CeNiSn atT = 25 K (see figure 6). This suggests that the doping has
an effect similar to that of rising temperature on the antiferromagnetic correlations.

3.4. Anisotropy and dimensionality of the dynamic antiferromagnetic correlation

To investigate theQc- and Qa-dependences of the 4 meV peak for CeNi0.9Co0.1Sn, we
performed constant-Q scans atQ = (0, 3

2, Qc) and (Qa,
3
2, 0) (Qa, Qc = 1

4, 1
2, 3

4 and 1).
The results are shown in figures 7 and 8, respectively. As shown in figures 7 and 8, the
spectra atQc 6= 0 (figure 7) and atQa 6= 0 (figure 8) are almost the same as that at
Q = (0, 3

2, 0). To confirm theseQa- andQc-dependences, we performed constant-E scans
over a wideQ range in addition to the region investigated by the constant-Q scans. The
reason that we measured the wideQ range is thatS(Q, h̄ω) and hence Imχαα(Q, h̄ω) are
not necessarily periodic functions with periodsa∗, b∗ and c∗ [13]. The constant-E scan
along theQc direction in CeNi0.9Co0.1Sn (T = 4 K) is shown in figure 9, together with
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Figure 7. Constant-Q scans atQ = (0, 3
2 , Qc), Qc = 1, 3

4 , 1
2 and 1

4 in CeNi0.9Co0.1Sn, at
T = 4 K. The broken and full lines are the phonon-subtracted magnetic contribution and a
guide for the eye, respectively.

the corresponding data in CeNiSn (T = 2 K). The Qc-dependence in the two samples is
almost the same and is well approximated by the square of the form factor of Ce3+ [19],
f (Q)2, which is shown by the full line in figure 9. TheQa-dependence for CeNiSn and
CeNi0.9Co0.1Sn, shown in figure 10, is also the same: it shows a rapid decrease at largeQa

and is well approximated byf (Q)2(1−Q̂2
a) (dotted line), where(1−Q̂2

a) is the orientational
factor of Imχaa(Q, h̄ω). Except for the orientational factor and form factor, the scattering
function alongQa and Qc is almost constant; that is, the 4 meV peak can be observed
for arbitraryQa andQc. As already shown in figure 6, the constant-E scans along theb∗

axis in CeNiSn and CeNi0.9Co0.1Sn show the sameQb-dependence except for the intensity
and peak width. Since theQ-dependence in CeNiSn and CeNi0.9Co0.1Sn is the same for
eachQa, Qb or Qc direction, the dynamic antiferromagnetic correlation with ¯hω = 4 meV
in CeNi0.9Co0.1Sn has the same characteristics as those deduced in CeNiSn [13]. These
are summarized as follows: (i) the polarization of the fluctuation is along thea axis, that
is, Imχaa(Q, h̄ω); and (ii) the antiferromagnetic correlation is quasi-one-dimensional along
the b axis and only exists between the moments that are related through the translational
symmetry operations. The real-space spin-configuration of the antiferromagnetic correlation
is also the same as that deduced in CeNiSn, which is depicted in figure 11 by reproducing
from figure 17(a) of [13]. These results show that the dimensionality and anisotropy of the



Neutron scattering study of CeNi0.9Co0.1Sn 7135

Figure 8. Constant-Q scans atQ = (Qa,
3
2 , 0), Qa = 1, 3

4 , 1
2 and 1

4 in CeNi0.9Co0.1Sn, at
T = 4 K. The broken and full lines are the phonon-subtracted magnetic contribution and a
guide for the eye, respectively.

4 meV antiferromagnetic correlation are not changed by the doping.

4. Discussion and conclusions

The most pronounced result that we observed in the present study is the suppression of the
antiferromagnetic correlations by the Co doping: the 2 meV peak disappears within our
experimental accuracy, whereas the 4 meV peak becomes very weak and broad. Since there
exists no quantitative theory that describes the effect of Co doping on the antiferromagnetic
correlations in CeNiSn so far, we will briefly discuss it qualitatively.

The photoemission study showed that the Ni 3d band is located close to the Fermi
level and hybridizes with the conduction electron band, which consists mainly of the Sn 5p
states [20]. Thus the doping with Co impurities decreases the conduction electron number
and results in lowering of the Fermi level,εF, towards the Ce 4f level,εf . Since the
Kondo temperature,TK, is proportional to exp[−(εF − εf )], the Co doping will strongly
enhanceTK [14]. As a result, the magnetic moments of Ce are rather quenched via single-
site Kondo fluctuation at higher temperatures and the system becomes a valence-fluctuating
one. Then even at low temperatures the single-site Kondo fluctuation prevails and the
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Figure 9. Constant-E scans alongQ = (0, 1
2 , Qc). Closed circles stand for the scan in CeNiSn

at h̄ω = 4.25 meV andT = 2 K [13], whereas open circles stand for the scan in CeNi0.9Co0.1Sn
at h̄ω = 4.5 meV andT = 4 K. The full line stands for the square of the form factor,f (Q)2 [19].

Figure 10. Constant-E scans alongQ = (Qa,
1
2 , 0). Closed circles stand for the scan in CeNiSn

at h̄ω = 4.25 meV andT = 2 K [13], whereas open circles stand for the scan in CeNi0.9Co0.1Sn
at h̄ω = 4.5 meV andT = 4 K. The dotted and full lines stand forf (Q)2(1− Q̂2

a) andf (Q)2,
respectively, wheref (Q) is the form factor [19] and(1 − Q̂2

a) the orientational factor of
Imχaa(Q, h̄ω).

antiferromagnetic correlations cannot develop. In addition to the effect described above,
the Co impurities also behave as impurity scatterers and introduce randomness into the
periodic lattice. These scatterers will destroy the coherence in the ground state, which
may also suppress the antiferromagnetic correlations in the Ce lattice. However, since the
anisotropy and dimensionality of the magnetic fluctuation are almost unchanged in the Co
doped system, it is suggested that the ligand field around Ce is not strongly affected by the
doping. This implies that the potentials produced by the Ni and Co atoms in CeNi0.9Co0.1Sn
are similar. In this case the periodicity of the potentials may not be strongly destroyed. Thus
the dominant origin of the suppression of the antiferromagnetic correlations may possibly
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Figure 11. A schematic illustration of the real-space antiferromagnetic correlation of the 4 meV
excitation. Magnetic moments are drawn as arrows. Closed circles indicate four Ce positions
in the unit cell. The definition ofµ is given in the caption of figure 1. Moments of the same
arrow couple antiferromagnetically along theb axis. Moments of the different arrows have no
correlation to each other. This illustration is reproduced from [13].

be the change in the conduction electron number.
In conclusion, the effect of the partial substitution of Co for Ni on the magnetic

excitations in CeNiSn was investigated in the energy range 2–7 meV by performing
neutron-scattering measurements on the single-crystalline CeNi0.9Co0.1Sn. The low-energy
magnetic fluctuation is dominated by the easya axis component, Imχaa(Q, h̄ω), and
the anisotropy shows little variation with the doping. On the other hand, the inelastic
excitation peaks at ¯hω = 2 and 4 meV, observed in pure CeNiSn, are strongly suppressed
in CeNi0.9Co0.1Sn. Since the peaks are regarded as the dynamic antiferromagnetic
correlations, this result suggests the strong relation between the pseudo-gap formation and
the dynamic antiferromagnetic correlations. The former 2 meV peak is suppressed within our
experimental accuracy, whereas the suppression of the latter 4 meV peak is not complete and
there remains a weak and broad peak around 4 meV. TheQ-dependence of the remaining
peak was carefully investigated. As a result, we found that the corresponding dynamic
antiferromagnetic correlation is quasi-one-dimensional and its polarization is along the easy
a axis, which are the same as those in pure CeNiSn. The effect of the doping on the dynamic
antiferromagnetic correlation appears only in the shorter correlation length and broader line
width, not in the anisotropy and dimensionality.
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