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Abstract Spin excitations in the Kondo semiconductor CeNiSn have been studied in a wide Q- 
range and i n  the energy range of tw = 1.2-7 meV by means of single-crystal neutron scattering. 
The magnetic fluctuation at low temperatures in this energy range is dominated by the easy n-axis 
component Imf'". Below the coherence temperature of 20 K, two dynamic antiferromagnetic 
correlations develop as excitation peaks at tw = 2 and 4 meV. The 4 meV excitation appears 
31 Q = (Qa, 1 t n, e,) where Q, and Qc are arb i t rq  and n is an integer, which indicates 
that the correlation is quasi-one dimensional along the b-axis. The 2 meV excitation appexs 
around Q = (0.0, I )  and (0, I, 0). which shows the-dimensional Q-dependence. These two 
excitations reflect the nature of the Kondo coherent state of CeNiSn. 

1. Introduction 

Heavy-fermion or valence-fluctuation compounds exhibit a wide variety of ground states. 
Most of them show metallic ground states, which are paramagnetic, antiferromagnetic 
or superconducting. However, there are several exceptions which show insulating or 
semiconducting ground states exhibiting gaps or pseudogaps in electronic excitation spectra, 
so called Kondo insulators [I] .  The mechanism of the gap formation has been intensively 
investigated theoretically and experimentally. CeNiSn [2, 31 and CeRhSb [4] attract special 
attention because of their very small pseudogaps of a few K, which are an order smaller 
than those of other insulating compounds, for example, SmBs [5], YbBt2 [6] and Ce3BidPt3 

Since large single crystals can be grown, CeNiSn has been extensively studied on 
its thermal, transport and magnetic properties. CeNiSn crystallizes in the orthorhombic 
6-TiNiSn structure [SI. From the temperature dependence of specific heat, magnetic 
susceptibility and thermoelectric power, Takabatake etal [2,3] inferred that the pseudogap 
with a gap energy TA = 6 K is formed in the Kondo coherent state with an onset temperature 
Tcoh = 12-20 K. The magnetic susceptibility along the a-axis, which is larger than those 
along the 6- and c-axes, and the thermoelectric power show peaks at TcOh. The Kondo 
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coherence is also manifested in the increase of C,/T at low temperatures, where C,,, is the 
magnetic contribution of the specific heat, reaching 0.19 J mol-' K-' at TA, the value of 
which indicates that CeNiSn is a moderately heavy-fermion system like CeRuzSiz [91. As 
the temperature is further lowered below TA, C,/T shows a strong decrease, implying the 
opening of the pseudogap. The pseudogap formation in the spin excitation was observed in 
the measurement of the temperature dependence of the nuclear spin relaxation rate l / T l  of 
'I9Sn as deviation from TLT = constant. Below TA, l / T ,  varies as T3.  This temperature 
dependence led Kyogaku et al to propose the V-shaped state density centred at the Fermi 
level [lo, 111. 

To study the spin excitation of CeNiSn, several neutron scattering experiments were 
performed on polycrystalline and single-crystal samples. For high energy transfers h 
up to 60 meV. experiments on poIycrystalline samples showed that the spectral weight 
I m x ( l i w ) / h  can be fitted by a broad quasi-elastic Lorentzian curve with r = 2-4 meV 
half width at half maximum (HWHM), and no inelastic peak originating from a crystal- 
field excitation was observed [12, 13, 141. This does not rule out the presence of a crystal 
field, which should split the J = 5 multiplet into three doublets. In fact, the crystal field 
results in anisotropy in uniform and dynamic magnetic susceptibility. A pseudogap spectrum 
corresponding to TA was sought on a polycrystalline sample in energy transfers down to 
h = 0.8 meV [14]. However, the spectral weight J m x ( h ) / h  does not show any 
pseudogap behaviour in low h, where a strong decrease of the spectral weight is expected. 
The pseudogap should appear in an energy range lower than 0.8 meV. and remains to be 
studied. 

Two groups of investigators have performed neutron scattering experiments on single 
crystals in  an energy range h = 1-7 meV. The spin excitation at a general wave number 
Q in the reciprocal space has the broad quasi-elastic features as observed in experiments 
on polycrystalline samples. Among these featureless spectra, the singlecrystal experiments 
showed that there are two excitation peaks localized in Q space. Mason et aI [ 151 found that 
an excitation peak at Fw = 2 meV around Q = (0.0.1) develops below Teah in measuring 
the (h ,  0, I )  scattering plane. Recently Kadowaki et aI [I61 measured the (h ,  k ,  0) and 
(0, k, I )  scattering planes, and found that a stronger excitation peak at h = 4 meV around 
Q = (Q., 4, Qc), for arbitrary Q. and Q,, also evolves below Tmh. We note that the 
presence of two magnetic fluctuations with peaks at non-equivalent wave numbers has been 
observed in the metallic Kondo compounds CeCu6 and CeRuZSiz [17]. The wave-number 
dependence of these excitations shows that the 2 and 4 meV excitations can be regarded 
as three-dimensional and quasi-one-dimensional dynamic antiferromagnetic correlations, 
respectively. Since the excitation energies a e  of the same order as ksTCoh, we think that 
both the excitations are related to the formation of the Kondo coherence but not directly 
to the pseudogap observed in bulk properties. However, it should be noted that there may 
be an alternative viewpoint in which the two excitations are nothing but the pseudogap 
which is Q dependent because the spectral weight at Q = (O,O, 1) and (0, $, 0)  shows 
the pseudogap-type behaviour. Irrespective of these viewpoints, the quasi-one-dimensional 
character and the pseudogap-type spectral weight of the excitations are quite unique to 
CeNiSn, and such a spectrum has not been observed in any other heavy-fermion or valence- 
fluctuation compounds. Thus these features will be a clue to clarifying the origin of the gap 
formation. 

In this report, we present extended data of the inelastic neutron scattering experiments 
in a wide Q-range of the (h ,  k . O ) ,  ( h ,  k , h )  and ( O , k , l )  scattering planes. We will pay 
attention to the anisotropy of magnetic fluctuation and related crystal field. Constant-Q 
scans at various wave numbers are shown in absolute u n i h  in the hope that they will be 
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quantitatively accounted for in future. Some of the data have been published in a brief 
report 1161. 

2. Experimental procedure 

The single-crystal sample was grown by the Czochralski method [IS] using a tungsten 
crucible in an induction furnace under an argon gas atmosphere of 5 Torr. The pulling 
speed was IO mm h-’ and the rotation speed 5 rpm. The purities of the starting materials 
Ce, Ni and Sn were 99.99, 99.99 and 99.999%, respectively. The growth direction was 
nearly parallel to the b-axis. The crystal was 0.9 cc in volume. 

Inelastic neutron scattering experiments were performed on the ISSP triple-axis 
spectrometer 4G-TAS installed at M - 3 M  JAERI (Tokai). A pyrolytic graphite (002) 
reflection was used for the vertically focusing monochromator and analyser. Neutrons with 
higher-order wave-lengths were removed by a pyrolytic graphite filter. The experiments 
were carried out in either the Ej- or &-fixed mode with the fixed energy of 13.7 meV. For 
most of the scans, collimations 30’40’40’-8G‘ were employed. The energy resolution of 
the configuration with Er = 13.7 meV was 0.9 and 1.1 meV (full width at half maximum, 
FWHM) at b = 0 and 4 meV, respectively. Scans requiring a high energy resolution were 
performed with the &fixed mode, E: = 13.7 meV, and the collimations 20‘-40’40’-40‘. 
This configuration gives an energy resolution of 0.4 meV (FWHM) at b = 4 meV. The 
sample was mounted in a liquid ’He cryostat, a closed-cycle 4He refrigerator, or an Orange 
cryostat with the [loo], [OOl] or [lo?] direction vertical so as to measure the scattering in 
the (0, k, I ) ,  (h ,  k, 0) or (h. k ,  h )  scattering plane. 

Inelastic neutron scattering spectra are corrected for background and absorption, and 
are scaled to absolute units of cross-section. They are given as the scattering function 
S(Q, b) = (ki/kr)(d*u/dQdE& The absorption was corrected by absorption factors 
calculated by numerical integration. The scattering intensity was converted to absolute 
units by a calibration using a comparison between calculated and observed intensity of the 
acoustic phonon of the standard copper crystal. The volume of the CeNiSn crystal was 
estimated by measuring the intensity of the acoustic phonon around Q = (0,2,0) and by 
comparing it to the formula of the phonon cross-section valid in the h + 0 limit [19], It 
is consistent with the volume estimated from the weight of the sample within 5%. 

For the background correction, we considered four possibilities: (I) scattering by air, 
the cryostat and the sample holder; (IQ a tail of the incoherent elastic scattering; (ID) the 
incoherent inelastic scattering by the phonon; (IV) double scattering due to the coherent 
phonon and the incoherent elastic scattering. The first background (I) was measured as the 
scattering intensity under the same experimental conditions without the sample. The second 
background (II) was measured using a vanadium standard under the same spectrometer 
configuration. The third and fourth backgrounds @I) and (IV) were calculated numerically, 
where the phonon scattering cross-section was approximated by the acoustic approximation. 
Backgrounds @I) and (W) were far smaller than the observed intensity, and thus were 
neglected. An example of these four backgrounds and a spectrum of a constant-& scan taken 
at Q = (0, $, 0) and T = 2 K are shown in figure I .  One can see that the observed specmm 
has a sufficient signal-to-noise ratio. Since all conceivable backgrounds are subtracted from 
the data, we think that the corrected data contain the magnetic excitation and the coherent 
inelastic scattering by the phonon. 

The coherent phonon scattering appears as peaks in inelastic spectra. In all the data 
shown in this report, the phonon peaks exist in an energy range above 5 meV and do 
not cause serious contamination to the magnetic excitation. To distinguish these phonon 
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Figure 1. Example of mnsmt-Q scan and four 
backgrounds. The o p n  circle stands for the conslant- 
Q SpCEtNm. which is not corrected for background, at 
Q = (0, E, 0) and T = 2 K. The four lines rcpresent lhe 
backgrounds: ( I )  scattering by air, cryostas and sample 
holden, (Ill a tail o f  the incoherent elastic scattering; 
(111) the incoherent inelastic scanering by the phonon, 
(IV) double scattering due IO the coherent phonon and 
the incohered elmtic scamring. 

Figure 2. Constant-Q scan on the a'-axis at Q = 
(Q,, D. 0). Q, = a. 1.3 and 1.1. Open and clued 
circles stand for data taken at 7 5 2 (4  Tcnh) and 25 K 
(> T d ) .  respectively. Broken line represents magnetic 
conlribulian in which phonon scattering is subtracted. 
Solid line is guide 10 the eye. 

peaks from the magnetic scattering, we used the difference of the temperature dependence 
between the phonon and the magnetic scattering. The phonon intensity shows the strong 
temperature variation due to the Bose factor (1 + n ( h ) )  = 1/(1 - e-0""'). whereas the 
magnetic scattering has negligibly small temperature dependence. The estimated magnetic 
contribution will be shown by broken lines in the excitation spectra in the next section. 

3. Experimental results 

The scattering function of the magnetic excitation can be written using the magnetization 
operator M ( r ,  t) as a pair correlation function 

S(Q, hiw) = - hmQp)Sua('Q> h) (1) 
@ 

Q = -  - ' M z ( t )  = 1 drexp(-iQ, r ) M " ( r .  I) Q 
where y and ro are the gyromagnetic ratio of a neutron and the classical electron radius, 
respectively. Alternatively the scattering function is expressed using the generalized 
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susceptibility. 

where V stands for the volume of the sample. Equation ( 3 )  is also utilized to evaluate the 
wave-number-dependent susceptibility x"p(Q) by the KramereKronig relation 

CeNiSn 
30'.40.4V-80'€1= 13.7meV 

Figure 3. Constant-Q scan on the b'-axis a1 Q = (0, Qa. 0), Qe = 4, 1.4, 1.3, 1.2, 1 .1  and 1. 
Open circle. triangle and closed circle denote data taken at T = 2, 15 and 25 K, respeclively. The 
solid line is a guide to the eye. The broken line in (a) Stands for phonon-subtracted magnetic 
contribution. 'The dashed-and-dotted line in (d) is a fit of the Lorentzian funclioo to data at 
T = 2 K. which is described in section 4.4. 

3.1. Spectra on the a*-, b'. and c*-axes 

When Q is along the a*-, b"- or c*-axis, equation ( 3 )  becomes simple, 

for Q = ( Q , ,  0,O) 
for Q = (0, Qi, 0) 
for Q = (O,O, Qd 

W x b b ( Q ,  LiW) + x"(Q, h ) l  
W x c c ( Q ,  b) + x""(Q. rW)l 
Im[x"'(Q, b) + xbb(Q,  Wl 
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Figure 4. Constant-Q sozn on the c*-axis at Q = 
(0.0. e,), Q, = :, 1.3 and 1.1. The open and closed 
circles stand for data taken at T = 2 and 25 K, respectively. 
The solid and broken l i e s  are a guide to the eye and 
phonon-subtracted magnetic contribution, respectively. 

It is worth noting that the three diagonal elements of ImxCL'(Q, rw) are real and positive, 

(7) 
for any Q and h > 0. Spectra of several constant-Q scans on the three axes are shown in 
figures 2, 3 and 4. From these figures one can see three characteristics. Firstly, the spectra 
on the a*-axis are much smaller than those on the b'- and c*-axes. If the Q dependence of 
the magnetic excitation is neglected, this feature means that ImXbb(Q, h), Imx"(Q, b) 
<< ImxUO(Q,  h), that is, the magnetic fluctuation is restricted along the easy a-axis. 
Secondly, there are the two Q-dependent magnetic excitations at b = 2 and 4 meV. The 
2 meV excitation appears at Q = (0,O. 1) and (0,1,0), whereas the 4 meV excitation at 
Q = (0, i ,  0). Thirdly, at general Q magnetic excitation spectra are flat and featureless, 
as observed on polycrystalline samples. This Q-independent part is often referred to as the 
single-site contribution. In the subsequent subsections, we will show more detailed data on 
these characteristics. 

3.2. Anisotropy of the magneticfluctuation 

The anisotropy of the magnetic fluctuation, Im xaa(Q, b), is connected to that of the Q- 
dependent susceptibility, x""(Q), by equation (5). x""(Q) can be compared to the uniform 
susceptibility xc:. We carried out the integration of equation (5) for the constant-& scans of 
figures 2, 3 and 4, which give xbb(Q) t xcC(Q), x"(Q) + xu"(&) and x""(Q) + xbb(Q), 
respectively. The resultant Q-dependent susceptibility is shown in figure 5. To perform 
the integration (S), the spectral weight I m x  (Q, h)/h was extended above 6 meV by 
assuming a Lorentzian function A / [ ( h ) *  t- rZ] with r N 4 meV. A simple extrapolation 
of the uniform susceptibility (31 to finite Q, (x. + xp)f(Q)', where f(Q) is a form factor 
of Ce3+ [ZO], is also plotted in figure 5. This extrapolation is based upon two assumptions: 
the magnetic moment operator can be represented by the dipole approximation 

Im[x""(Q, W l ,  M x b b ( Q ,  h ) l .  Im[x"(Q, h ) l >  0 

M$ -gflBf&?) x e x p ( - i Q .  W," (8) 
P 

where J," is the angular momentum operator of the J = multiplet; there is no magnetic 
correlation between different sites, (J," JF,) = 0, which is reasonable for the single-site 
contribution. 
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Ob (,.I.".) oc (,.I.".) 
Figure 5. The ~ ~ " e - n u m b e r . d e ~ e " d ~ ~ t  susceptibility calculated by applying the Krarners- 
Kronig relation (5)  to the constant-Q scan shown in figures 2, 3 and 4: (a) xbb(Q) f x"(Q) for 
the scan on lhe a*-=is; (b) ~ " ( 9 )  t xR"(Q) for the scm on the b*-axis; (c )  x"(Q)+xbb(Q) 
for the scan on the c*-axiS. The open and closed circles denote data at T = 2 and 25 K, 
respectively. To perform the integration (5). we exuapolpolated the constant-Q spectrum above 
6 meV using the Lorentuan specval weight. The broken line is the simple extrapolation of 
uniform susceptibility to finite Q. that is, f (@ha t xo) or f (Q)'x. (a = x .  y ,  z), where 
xu is the measured uniform susceptibility 131 and f(Q) is the Ce3+ form factor. 

Figure 5(a) clearly shows that the Q-dependent susceptibility xhb(Q) + xCC(Q) falls 
considerably short of the uniform susceptibility. This implies that the assumption of the 
Lorentzian above 6 meV is not correct in the integration (5). that 'is, there are larger 
spectral weights above 6 meV for ImXbb(Q,hO) and ImXCC(Q, Tw). These spectral 
weights suggest the presence of crystal field excitations in the high-energy region. Since 
the calculated xbb(Q) and x"(Q) are quite small, the data points shown in figures 5@) 
and 5(c) can be mainly attributed to x""(Q). They are Q dependent along the 6'-axis 
and show appreciable anisotropy in the Q space, i.e., xyy(O, Q b ,  0) > xau(0,O. Qc).  If 
the Q dependence is averaged, the magnitude of the calculated xu"(&) is consistent with 
the uniform susceptibility f (Q)2~. ,  which is also shown in figure 5(b) and (c). This 
consistency leads us to conclude that the spectral weight of Im x""(Q, h)/h is localized 
in the quasi-elastic energy range. We note that it also gives confidence in the procedure for 
estimating the non-magnetic background. 

These experimental results can be expressed in terms of the crystal field splitting. Matrix 
elements of J," in the ground doublet, which becomes the excitation continuum if the 
hybridization sets in, give the dominant contribution to Im x""(Q, h). On the other hand, 
matrix elements of J! and J:, which determine I m x b b ( Q , h )  and ImXeC(Q,hO), are 
much smaller in the ground doublet and should be large between the ground and excited 
doublets. 
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3.3. 2 meV excitation 

The 2 meV excitation was reported in detail in [15]. A constant-Q scan shows a pseudogap 
spectral weight at Q = (0.0, l), with a peak at 2 meV. The excitation peak develops below 
15 K, which is in accord with Tcoh. Although the peak energy does not depend on Q ,  the 
spectra lose intensity and become broadened when Q departs from (0.0,l). We confirmed 
this excitation by a constant-Q scan at Q = (0.0, 1.1) as shown i n  figure 4(c). However, it 
should be noted that the pseudogap-type spectrum was not confirmed in the present study, 
because the energy resolution of the scans of the present study, which is 0.9 meV (FWHM), 
is much larger than that of [15], being 0.25 meV (FWHM). A new finding of the present 
experiment is the fact that the 2 meV excitation also appears at Q = (0, I .  0), which is 
shown in figure 3(!3 It clearly shows temperature dependence. Since Q = (O,O, 1) and 
(0. 1,O) are forbidden nuclear reflections, the 2 meV excitation can be regarded as dynamic 
antiferromagnetic correlation along the a-axis. We note that antiferromagnetic orders that 
produce (0,O. 1) and (0, I ,  0) reflections are such that the magnetic unit cell coincides with 
that of the lattice structure, and that the four moments in the unit cell are anti-parallel. A 
possible antiferromagnetic spin arrangement will be discussed in section 4. 

T J Sat0 er a1 

3.4. 4 meV excitation 

The most remarkable feature of the constant-& scans on the a*-, b*- and c*-axes, shown 
in figures 2, 3 and 4, is the pronounced peak at Tw = 4 meV and Q = (O,,;,O). The 
temperature dependence of the spectrum is shown in figure 3(a). The peak intensity at 
Tw = 4.25 meV is plotted as a function of temperature in figure 6. The 4 meV peak 
develops gradually below 20 K, which is associated with Tmh. 

. . . . .  

Figum 6. The temperature dependence of peak intensity 
of lhe 4 meV excitation lakeen at Q = (0.3.0) a d  
fim = 4.25 meV. The solid line is a guide to lhe eye. 

0 5 1 0 1 5 2 0 2 5 3 0 3 5  
Temperature (K) 

Above 20 K the spectrum does not show much StTucture. The spectral weight at T = 
2 K shows a pseudogap-type spectrum which loses weight below 3 meV. 

To investigate the Q dependence of the 4 meV excitation, we performed a number 
of constant-Q scans. The 4 meV excitation peak was observed in any constant-& scan 
at Q = (Q., $ + n, Q,), where n is an integer. It should be noted that the modulation 
k = (0, i ,  0) is close to the modulation vectors of antiferromagnetic structures in the 
isostructural compounds CePtSn and CePdSn [21]. Several constant-Q scans in  the (0, k, I ) ,  
(h, k, 0) and (h,  k ,  h )  scattering planes are shown in figures 7, 8 and 9, respectively. These 
spectra are essentially the same as that at Q = (0, z ,  0). This Q dependence strongly 
suggests that the 4 meV excitation depends on neither Q. nor Q,, that is, the excitation 
is quasi-one-dimensional along the 6-axis. The spectrum at Q = (2,  i ,  0) (see figure 10) 
is much smaller than that at Q = (0, 5 , O ) .  This indicates that the 4 meV excitation is 
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Figure 7. The constant-Q scan at Q = (0, {, e,), 
Q, = 1, a .  4 and a .  The open and closed circles 
denote data a1 T = 2 and 25 K. respectively. The 
broken line stands for phonon-subvacred magnetic 
contribulion. 

m 

15 

0 1 2 3 4 5 6 7  
ndmeVJ 

Figure 8. The constant-Q SCM a1 Q = (Q" ,  2.0). 
Q U - - I , 4 3 2  3 1 and a .  The open and closed circles 
denote data at T = 2 and 25 K, respectively. 

attributable to Im x""(Q. Tw) ,  in agreement with the discussion in section 3.2. When Qb 
departs from 2 (see spectra at Q = (0,1.4,0) and (0,1.3,0j  in figures 3(b) and 3(cj) the 
4 meV excitation becomes broadened and weak. These results lead us to conclude that the 
4 meV excitation is not a mode such as crystal field excitations, but should be regarded as 
dynamic antiferromagnetic correlation characterizing the Kondo coherent state of CeNiSn. 

To confirm the quasi-one-dimensional character and the anisotropy of Im xu"(&. h j ,  
we performed constant-E scans at Tw = 4.25 meV in a wide range of Q-space through 
(0,4,0j, (O,$,O) and (0, 4, 1) along the a*-, b*- and c*-directions at T = 2 and 25 K. We 
examined a wide Q-range, because Im x@(Q. Tw)  is not necessarily a periodic function 
with periods a", b" and c', which will be discussed in section 4. Spectra of the constant- 
E scans are shown in figure 11. Scans along Qb (figure 11(aj) show peaks at &, = f 
and i, The width of the peak AQb = 0.2 b' (HWHM) corresponds to a short correlation 
length tb = l / ( Z n A Q b )  = 0.86. On the other hand, S(Q, Tw) of the scan along (0, i, Q,) 
(figure 1 l(b)) is almost constant except for a small periodic modulation. S(Q, liw) along (eu, $,O) and ( Q , ,  2.0) (figures ll(c) and l l (dj j  decreases with increasing Qn.  It also 
exhibits a small periodic modulation. Those small modulations suggest the existence of 
weak three-dimensional correlations. If the small modulations are neglected, one finds 
that the variation of S(Q. tiW) along the c*-direction is well approximated by the form 
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Fiwre 9. The c0nsmt-Q scan at T = 2 K and F i p  10. me constant.Q scan at Q = (2.1,O). The 
open md closed circles denote data at T = 2 and 25 K. 
respectively. The solid and broken lines are a guide to 
the eye and phonon-subtracted magnetic contribution. 
respectively. 

Q=(Q,,.l .QA. Q. = e,= I ,  f . 4  and f .  

factor f(Q)*, whereas S(Q,rW) along the a"-direction by the orientational factor of 
Imx'"(Q. h) and the form factor, that is, ( I  - Q;)f(Q)*. Those approximate functions 
are shown by the dashed-and-dotted and broken lines in the figures. In the scan along 
the a*-direction, deviation from (1 - Q:)f(Q)' is seen for Q,, > 2. In fact, a constant- 
Q scan at Q = (2, 4.0) (figure 10) shows a small but finite peak at h = 4 meV. 
It comes from contributions of ImXbb(Q, h), Im x"(Q. rW) and xob(Q, h) + 
Imxb"(Q. h)]. By neglecting the small modulations and the deviation at large Q, as a 
zero-order approximation, we conclude that the 4 meV excitation has three characteristics. 
(1) It is quasi-one-dimensional. (2) It is mainly attributed to magnetic fluctuation along the 
a-axis. Imx""(Q, rW). (3) Imx"'(Q. rW) is a periodic function with periods a', b* and 
c*. Real-space antiferromagnetic correlation associated with the 4 meV excitation will be 
discussed in section 4. 

The appearance of the weak three-dimensional character of S(Q,  h) of the 4 meV 
excitation depends on the energy resolution of the experiment. This was pointed out by a 
recent report of Mason er al [22]. They performed experiments with a high resolution and 
clearly showed three-dimensional modulation of the 4 meV excitation. To see the origin of 
this modulation, we carried out a constant-E and two constant-& scans with a high resolution 
of 0.4 meV (FWHM) at fw = 4 meV, which is about one-third of the low resolution of 
1.1 meV (FWHM) of the spectra in figures 3. 7, 9, 10, 11, 14 and 15. A high-resolution 
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. ‘ I . ”  2‘ 
i i 2% 

1.1 s.5 0 0.5 1 1.5 2 2 5  
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Figure 11. Constant-E scan at T I  = 4.25 meV through (0. f.0). (0. $,a) or (0. f .  I). (a) 
Scan along Q = (0. Qb.0)  (open circle) and Q = (0, a b ,  I) (triangle and closed circle). (b) 
Scan dong Q = (0. f .  Qc) .  (c) Scan along Q = (e,. i ,  0). (d) Scan along Q = (e., t.0). 
The open circle and triangle denote data at T = 2 K. whereas the closed circle stands-for 
data at 7 = 25 K. Dashed-anddotted and broken lines stand for f (Q)’ and f(Q)’(I - Q:),  
respectively. where f (Q) is Ce’+ form factor. The solid line is a guide to the eye. 

constant-E scan at Fm = 4 meV along Q = (0, i, Q,) is shown in figure 12. It clearly 
shows the periodic modulation of S(Q, b) with period c’, which is rather ambiguous in 
the low-resolution data shown in figure ll(b). Figure 13 shows the constant-& spectra 
taken at Q = (0. i, 0) and (0,;. 4). which correspond to the maximum and minimum of 
the constant-E scan of figure 12. By comparing them with the low-resolution spectra in 
figures 3(a) and 7, it is evident that the high-resolution spectrum exhibits a sharper spectral 
shape, smaller weight below 3 meV and sharp cut-off below the peak. One also sees that 
the peak energy depends on Q; the peaks are at Fm = 4.0 and 4.7 meV for Q = (0, f , 0) 
and (O,i,f),, respectively. This slight Q-dependence of the peak energy is the origin of 
the modulatton of the constant-E scan. Note that except for the slight Q-dependence, the 
general features of the excitation spectra in the constant-& scans do not depend on Q,. 
Thus we conclude that the quasi-one-dimensionality found by the low-resolution scans is 
essentially correct, although we have not carried out extensive measurements with the high 
resolution. 

3.5. Spectra for general Q 

Finally we show results of several constant-Q scans at general Q-vectors. Spectra at 
Q = (0, 1.3, Q,) and (e,, 1.3, O), where Q a ,  Qc = z, and 1, are shown in figures 
14 and 15. For the c*-direction, all the spectra at T = 2 K c Teoh exhibit a weak and 
broadened 4 meV peak, which cannot be seen in the spectra at T = 25 K > Tcoh. On the 
other hand, for the spectra along the a*-direction, the weak and broadened 4 meV peak 

1 1 3  
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Qc (r. 1. U,) 

Figure 12. Constant-E scan at T = 2 K and = 
4 meV dong Q = (0, 4, Q,) wilh the high resolution 
of 0.4 meV (FWHM). The solid line is a guide 10 the 
eye. 

Figure 13. Constanl-Q scan with rhe high resolution 
of 0.4 meV (FWHM) at fw = 4 meV. (a) Spectrum at 
Q = (0. f .  0) and T = 2 K. The solid and dashed lines 
are fiu lo the specVal weight function of equ3tiOn (14) 
and the inelastic Lorentzian function (15). respectively. 
(b) Spectrum at Q = (0, 4. 2 )  a d  T = 2 K .  The solid 
Line is a guide IO the eye. 

can be observed at small Q.. It disappears at large Q. as Q. = 1, where the spectra are 
structureless and do not show a temperature difference. This Q-dependence reflects the 
fact that the spin fluctuation is almost restricted along the a-axis. Shown in figure 16 are 
constant-& spectra at Q = (0, 1, Qc),  where Q, = i, 1, and i. These spectra are also 
structureless, except for the 2 meV excitation for Q, = $. which is reminiscent of the peak 
at Q = (0, 1.0). 

4. Discussion 

In this study, we have measured and presented a number of constant-& spectra to reveal the 
overall features of magnetic excitation of CeNiSn. To date, there exists no theoretical work 
which accounts for the pseudogap behaviour on the basis of a microscopic model calculation. 
We hence have not performed any serious quantitative analysis, but have shown aII data in 
the absolute scale for the convenience of a future analysis. Accordingly, in this section we 
will further discuss the excitation spectra solely from an experimental viewpoint. 
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CeNiSn 3v4~40-80' E, = 13.7mev 

2 0  

Figure 16. Constant-Q scan at Q = (0. 1. Q c ) ,  Q, = I .  3 1  7 

and 4. The open and closed circles stand for data at 
T = 2 K and 25 K. respectively. The solid line is a guide 00 1 2  3 4 5 6 1 

do) (meV) to the eye. 

4.1. Crystalfield 

Although the crystal field splitting has not been determined, it definitely affects the 
anisotropy of the magnetic susceptibility and temperature dependence of the resistivity, 



8022 

and should be clarified for the microscopic understanding of CeNiSn. The anisotropy of 
magnetic fluctuation discussed in section 3.2 shows that the easy axis is along the a-axis. 
This easy axis has been thought to be brought about by the structural property in which 
Ce atoms, surrounded by distorted hexagonal prisms of Ni and Sn, form zigzag chains 
along the a-axis [2, 31. Along this line, Alekseev et al [I31 proposed that the crystal field 
approximately follows trigonal symmetry Dlb where the a-axis is the symmetry axis, and 
that threedoublets are I*!), (a l i f ) t b  IF;)) and (-b I f i )+a  I?:)). Theexperimental 
results of section 3.2 show that the matrix elements of J; within the ground doublet are 
much larger than those of J," and J,'. This indicates that the ground doublet is either I&;) 
or (a I hi) + b I ~ i ) )  with Ibl >> lal. Further study is required to distinguish between 
15;) and I 5;). 

4.2. Real-space spin configuration of ant:~erromgnetic Correlation 

The &-dependence of the scattering intensity of the 2 and 4 meV excitations 
provides information on the real-space spin configuration of the corresponding dynamic 
antiferromagnetic correlations. Within the dipole approximation (8), the pair correlation 
function is approximated by 

T J Sat0 et al 

x (J$,,+RJ$,',+E(')) (9) 
where R (R') and d, (d,,) are positions of the unit cell and Ce sites in the unit cell, 
respectively: R=n,a+nbb+n,c ,  wheren,,nbandn, areintegers; dp = x a + y b + z c ,  
where 0 < x ,  y,z c. 1. There are four Ce sites in the unit cell, and their positions dp 
are indexed by f i  (/I = 1 , 2 , 3 . 4 )  as shown in figure 17. We note that (M$MYP(t ) )  
is generally incommensurate in the reciprocal lattice space because of the phase factor 
exp[-iQ . (d, - 4,)] in (9). This is the reason why we examined the constant-E scans in 
a wide Q-range. 

There are two dynamic antiferromagnetic correlations with different frequencies hiwz = 2 
and rWq = 4 meV. Since they have different Q-dependence, we discuss the real-space spin 
configurations of the two correlations separately. 

As discussed in section 3.4, the dynamic antiferromagnetic correlation with rW4 has hvo 
features: quasi-one dimensional and periodic in the reciprocal lattice space. The periodicity 
is satisfied by a requirement on the spin correlation 

(J$, ,+RJ&+E(~))  = 0 for P # fi'. (10) 

The quasi-one-dimensional Q-dependence along the b-axis implies 

The real-space spin configuration of the correlation (IO) and (1 1) is schematically depicted 
in figure 17(a). 

As shown in section 3.3, the 2 meV excitation appears at Q = (0.0, I) and (0, 1,O). To 
uniquely determine the spin configuration of this antiferromagnetic correlation, more data at 
equivalent Q-vector are required. Hence we will just show the simplest spin configuration 
which is compatible with the experiment. Since (0, 0, 1) and (0, I .  0) are forbidden 
nuclear reflections, we consider a short-range order of a collinear antiferromagnetic order 
which has the same unit cell as the crystal structure and zero total moment within the 
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CeNiSn 

! U  I -  
y l t  y=a 4 Y b $  Y.: 

Figure 17. Schematic illustration of red-space antiferromagnetic correlations of the 4(a) md 
2(b) meV excitations. Several near-neighbouring magnetic momens which chmcterire the 
short-range order are drawn as m w s .  Closed circle s m d s  for four Ce positions d& in unit 
cell: di = (x, a,.), dz = (?+ 4. a,.+ f). d, = (i+ 1, a , :+  1) and 4 = ( x t  f. a,i+ i) 
( x  = 0.48, y = 0.20). (a) The short-range order of the 4 meV excimioion expressed by equations 
(IO) and ( 1 1 )  is represented by four kinds of mow. Moments of the same mow couple 
antiferromagnelically along the b-axis. Moments of lhe different arrows have no correlation to 
each olher. (b) The short-range order of the 2 meV excitation expressed by equation (12) and 
(a, ud?, u d , , q )  = (1. - I .  -1. I ) .  Moments in unit cell are drawn. 

Figure IS. Comparison of spin excitation at Tw = 0 h e e n  observation of 1/fi by NhR 
experiment [ I  I] md extrapolation of S(Q, fim + 0) from Fw > 1 meV by neutron scattering. 
I / ( T ] T )  and S ( Q , t i  + O)/T  a x(Q)/rq are plotted as a function of temperature. For 
neutron smltering, representative data at Q = (0. $, 0)  (U < T < 3M) K) and Q = (0.1.2.0) 
(2 < T < 25 K) are used. 

unit cell. There are three independent antiferromapetic configurations in the unit cell: 

the spin correlation is assumed to be expressed by 
(uddltud2,Uddl ,U&) = (1, 1, -1, - I ) ,  (1, -1, -1, I), (1,-1, 1, -I), where Ud,, M Jj , , .  If 

(J~ , ,+RJ~ , , ,+R , ( ' ) )  ud,cud,,, e x p W  - R'IK] exp[iozt] (12) 

(M;M:,&)) becomes 
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where q = IQ-G/ and G = (0.0, 1) or (0, 1,O). Thus the scattering intensity is determined 
by (f(Q))21F~(Q)12. We calculated (f(Q))ZIFM(Q)12 at Q = (0,O. 1) and (0, I ,  0) for the 
three configurations. They are ( ( f ( O , O ,  1))21F~(0,0, 1)12. ( f ( 0 .  1, O))*IFM(O. 1, O)lz) = 
(O,O), (13.8, 14.5) and ( 1 6 0 )  for (bd,,c&,qf3,ud,) = (1. 1, -1, -1). (1, -1. -1, 1) and 
(1, -1, 1, -l), respectively. It is evident that the intensities of the 2 meV excitation 
observed at Q = (0.0, 1) and (0, 1,O) agree only with the (1, -1, -1.1) configuration, 
which is illustrated in figure 17(b). 

4.3. Spectral weight function 

The inelastic peaks appearing at TW = 2 and 4 meV show the pseudogap-type spectra. The 
spectral weight function of the 2 meV excitation is well discussed by Mason et al [15]. 
Thus we have attempted to fit the spectral weight only for the 4 meV excitation. The 
following two functions are used for the fitting: 

Equation (14) was used in 1151 for the asymmetric spectra of the 2 meV excitation, whereas 
the Lorentzian with a finite peak energy (15) has been adopted for the quasi-elastic scattering 
of several heavy-fermion and valence-fluctuation compounds [23]. We fitted the constant-Q 
scan at Q = (0, i ,  0) and T = 2 K to the resolution-convoluted S(Q, b) based on (14) 
and (15). The fitted curves are shown in figure 13(a) by the solid (function (14)) and dashed 
(function (15)) lines. The observed spectrum is well approximated by both the functions 
except for the slight asymmetry, which can be reproduced only by function (14). The 
optimum parameters are 4 = 3.8 f 0.1 meV, rl = 0.7 f 0.14 meV; T w o  = 4.2 f 0.6 meV, 
r2 = 0.6 * 0.1 meV. 

4.4. Pseudogap of the order TA 

The pseudogap in the magnetic excitation of the order TA is most beautifully exhibited in 
the temperature dependence of IjTr a T 3 ,  observed in the NMR experiment [ 10, 111. In 
a crude approximation, I/TI is related to the magnetic fluctuation at ib --t 0 [24], more 
specifically; 

Thus we can check the consistency between the NMR and neutron experiments. This 
comparison also enables us to guess the form of the spectral weight for the pseudogap of 
the order TA. If the spectral weight can be approximated by a Lorentzian, then one has 

(17) 
Im x (Q, W rQ 

Tu0 a x ( Q ) ( b ) 2 + r ; '  

Extrapolated to T i  -+ 0. equations (16) and (17) provide a relation 
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To obtain the temperature dependence of the right-hand side of equation (18), it is sufficient 
to replace the summation with one term ~ ( Q ) / T Q  at a representative Q where the 
spectrum shows only the quasi-elastic features. We used the spectra at Q = (0, 12.0) 
for 2 < T < 25 K and at (0, 1.5,O) for 25 < T 4 300 K. These data were fitted 
to the Lorentzian (17). Figure 3(d) shows the result of the fitting for the spectrum at 
Q = (0. 1.2,O) and T = 2 K. The spectrum is well approximated by the Lorentzian. shown 
by the dashed-and-dotted line in the figure. The temperature dependences of x(Q)/rQ 
and ] / ( T I T )  are plotted in figure IS. One can see that the NMR and neutron scattering 
agree well above 10 K. However, they show remarkable difference below 10 K, which 
implies that the Lorentzian form of the spectral weight, equation (17), is not applicable for 
the extrapolation b -+ 0 in (16). The strong decrease of l / ( T , T )  at T << TA indicates 
that x Q I I m x ( Q ,  F u ~ ) / l i w ] r , - ~  vanishes at T = 0. Therefore, if the Q-dependence is 
neglected, we can expect at T << TA 

as the pseudogap spectral weight. Thus we think the pseudogap behaviour in the energy 
range liw < kBTA remains to be studied with a higher energy resolution. 

5. Conclusions 

The spin excitations in CeNiSn were investigated in the wide &-range and in the energy 
range of liw = 1.2-7 meV by means of neutron scattering. The magnetic fluctuation 
at low temperatures in this energy range is dominated by the easy a-axis component 
ImxUn.  Below the onset temperature of Kondo coherence, TCob = 12-20 K. two dynamic 
antiferromagnetic correlations develop as excitation peaks at b = 2 and 4 meV at the 
special Q-positions. whereas at general Q-positions the spectra are quasi-elastic and do 
not show a difference between above and below Tea. The 4 meV excitation appears at 
Q = (e,, 4 + n ,  Qc)  where Q, and Q, are arbitrary and n is an integer. The Q-dependence 
shows that the antiferromagnetic correlation is quasi-one dimensional along the 6-axis. The 
2 meV excitation appears around Q = (O,O, 1) and (0, 1,0), and its &-dependence is three 
dimensional. Unique features of these excitations, as compared to other metallic Kondo 
compounds, are the pseudogap-type spectral weight at the special &-positions in which 
spectra lose weight rapidly below the excitation peaks. We think that the 2 and 4 meV 
excitations reflect the nature of the Kondo coherence in CeNiSn. The magnetic excitation 
can exhibit another pseudogap-type spectrum in a wider Q-range in the pseudogap energy 
scale of kBTA = 0.6 meV. Thus the low-energy magnetic excitation remains to be studied 
with a higher energy resolution. 
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