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~Abstrad.  We repon the observation of a low-energy contribution to the cross section of 
scattering of slow neutrons near the forward direction in the normal state of U& at low 
temperatures. The results point to the existence of a weak component in the imaginary pan 
of the dynamical wavevector-dependent susceptibility which may be represented approximately 
in a one-pole model with a wavevector-dependent relaxation frequency r(q). In the low-q range 
of the measurements. r(q) is up to an order of magnitude lower than the nearly q-independent 
characteristic frequency of a previously studied and weU established dominant component of 
the dynamical susceptibility. The new low-frequency contribution is interpreted in terms of the 
effect of low-lying fermion quasi-particles in the presence of suong spin-orbit coupling. 

1. Introduction 

The low-energy and long-wavelength properties of highly degenerate Fermi systems are 
conventionally represented in terms of fermion quasi-particle and hole excitations. Near 
the Fermi level and at low temperatures, collisions between these excitations are assumed 
to be effectively suppressed in the norm1 state by the Pauli principle, so that the effects 
of residual interactions, although not necessarily weak, may be treated in a self-consistent 
field manner, i.e. in terms of the Landau Fermi-liquid model [I]. 

When the quasi-particles carry a charge, the applicability of this microscopic picture may 
be checked, in minute detail, by the study of phenomena associated with the quantization of 
cyclotron motion in a magnetic field, under the condition that the cyclotron radius is much 
greater than the effective quasi-particle 'dimension' but smaller than its mean free path. 
For either charged or neutral quasi-particles, the microscopic predictions of the Fermi- 
liquid model may also, in principle, be investigated by means of the scattering of slow 
neutrons from the local magnetic fields generated by long-wavelength fluctuations in the 
quasi-particle spin density. 

The signature of the Fermi-liquid state in this case may be found in the wavevector 
dependence of the rate of decay of spontaneous spin fluctuations at long times. In the 
absence of collisions, the ballistic transport of spin by the~quasi-particles may be expected 
to bring about the decay of a component of a spontaneous fluctuation of wavevector q w over 
a time comparable to that required for a quasi-particle to travel over a wavelength 2x/q, 
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and hence at a rate of the order of uFq,  where UF is the characteristic quasi-parrick Fermi 
velocity. 

The interaction between quasi-particles in this collisionless regime does not change the 
qualitative q dependence of the spin relaxation rate but suppresses the magnitude of the 
linear coefficient by the reciprocal of the Stoner enhancement factor, defined as the ratio 
of the overall spin susceptibility to that obtained when the quasi-particle interactions are 
formally neglected. For an isotropic homogeneous system the final relaxation rate is then 
of the order of uFq(1 + F l ) ,  where F{ is the isotropic and spin antisymmetric Landau 
parameter. 

This elementary picture may be expected to apply for a simple Fermi liquid when the 
total spin is conserved and collisions can be ignored. Collisions with other excitations 
or defects lead to diffusive rather than ballistic transport by the quasi-particles and hence 
in the low-q limit to a quadratic rather than a linear fluctuation relaxation spectrum. Non- 
conservation of spin in the presence of strong spin-orbit coupling on the other hand can lead 
to a relaxation of the spin density locally against the lattice without long-range transport at 
low q. Even if the total spin is not conserved, however, some components of a spontaneous 
fluctuation of the magnetization of wavevector q may, presumably, still be expected to 
decay slowly in the collisionless Fermi-liquid region as q -+ 0 if the effective magnetic 
moment carried by a quasi-particle is noi vanishingly small. 

This slow quasi-particle component of the spin relaxation process has indeed been 
identified experimentally in liquid 3He [2], in paramagnetic d metals with strongly exchange- 
enhanced susceptibilities NisGa [31 and %€?el 141 and in the d metals with small spin 
polarizations such as MnSi [5,6], Ni3AI [7] and ZrZnz [8], systems whose behaviour in the 
normal state at low temperatures, long wavelengths and low energies seem to be in general 
accord with the Fermi-liquid model. In f-electron heavy-fermion compounds, in which the 
spin-orbit coupling is strong and the f electrons are in a highly correlated, nearly localized 
state, however, the magnetic fluctuation spectrum appears to be dominated by the effects 
of local non-Fermi-liquid relaxation processes (see [9] for a recent review of the field), and 
the very existence of a slow quasi-particle component might be called into question. 

In this paper we present experimental evidence that a finite part of the overall spectrum 
of magnetic fluctuations in one of these materials, Wt3, at long wavelengths and low 
frequencies in the normal state may indeed exhibit properties not unlike that anticipated by 
the Fermi-liquid model, but as modified by the coupling of the fermions to the dominant 
non-Fermi-liquid component of fluctuations in the local magnetization. These findings 
complement the earlier work in this system [lo, 111 and are qualitatively consistent with the 
observation, via quantum oscillatory phenomena, of a well defined Fermi surface of heavy 
excitations which account, within the framework of the Fermi-liquid theory, for the linear 
coefficient.of the specific heat in the normal state 1121. 

N R Bernhoefi and G G Lonzarich 

2. Experimental detaik 

The sample of UPt3 was selected from ingots originally purified for the study of the de Haas- 
van Alphen effect [12] and subsequently used in a series of thermodynamic and transport 
measurements 1131. The mean free path of charged quasi-particles, as inferred from the 
magnetic field dependence of the amplitude of the de Haas-van Alphen oscillations, is in 
excess of 1000 A in the low-temperature limit of the normal state. As attention was focused 
on forward scattering averaged over spin and crystallographic orientations, a polycrystalline 
sample (more readily obtained in a highly ordered and pure form than a single crystal) 
could be employed. It was in the shape of a cylinder 40 mm long and 10 mm in diameter, 
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composed of grains typically 1-2 mm in-dimension. 
The energy- and momentum-resolved neutron scattering cross-section was measured by 

means of a time-of-flight technique on the IN5 spectrometer at the European High-Flux 
Reactor, Institut Laue-Langevin, Grenoble. The high available flux at long wavelengths, 
the low background at small~scattering angles near the forward direction, the simultaneous 
detection over wide angle and energy lransfer, and the high resolution made this spectrometer 
ideally suited to the aims of this study. At selected temperatures, the cross section 
dZo/(dS2dE) was measured for unpolarized 3.3 z! 0.1 meV incident neutrons scattered 
at a polar angle 6 (the angle between the incident and scattered beams) in the range 
4" < 6 < IS", averaged over the azimuthal angle in the range 0" < r$ < 360°, with energy 
transfer -1.5 meV< E .= 4 meV. The scattering wavevector q(8, E) may be evaluated for 
each 6 and E via the simultaneous energy-momentum conservation condition 

q(6, E)'=~;[Z+E/EN -2cos8(1+E/E~)"'] (1) 

where EN and hkN are the energy and momentum, respectively, of the incident neumns. 
The scattering wavevector qo = q(8,O) at zero energy transfer was thus in the range 
0.09 A-' < qo < 0.33 A-', and well below the typical dimensions of the Brillouin zone (the 
average radius of which is 0.75 A-'). The resolutions of the elastic scattering wavevectors 
and of the energy transfers are in the ranges 0.014.05 A-' FWHM and 0.05-0.2 meV 
FWHM, respectively. 

The focus on scattering near the forward direction rather than in the neighbourhood 
near a reciprocal-lattice vector not only permits the use of polycrystalline rather than 
singlecrystal samples but also tends to maximize scattering from fluctuations associated 
with the spin and orbital moments of electrons relative to that of the density of nuclei. 
Further, to highlight contributions of thermal excitations in the electron system, e.g. of 
activated quasi-particle and hole pairs, we consider the difference scattering relative to that 
observed in the low-temperature limit. The results discussed below represent the scattering 
relative to the background at 1.3 K at a temperature of 10 K which is high enough to 
have a significant thermal activation of low-lying magnetic fluctuations and lies in the 
heavy-fermion 'coherent' state below the-maximum of the temperature-dependent magnetic 
susceptibility. 

To minimize noise a carefully shielded cryostat with low background scattering was 
employed and, in some data sets, incident neutrons with wavelengths above the Bragg cut-off 
have~been used to suppress elastic nuclear multiple-scattering processes. The results of these 
tests at long wavelengths are consistent with those presented here with AN = 5.0 f 0.1 A. 
The absolute calibration of the cross section was performed by monitoring the elastic 
nuclear incoherent scattering from a sample of purified vanadium outgassed under ultra- 
high vacuum 

3. The cross section 

The scattering of neutrons through the interaction of their magnetic moment with a space- 
and time-varying magnetic field B(r, t )  may be usefully expressed in terms of the power 
specmm of such fluctuations [14]. For an unpolarized plane-wave beam and an isotropic 
body in the Schrodinger-Pauli model, the probability per atom, incident flux, solid angle 
Q and energy E of neutrons scattered from initial momentum hk to a final value of 
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Ak‘ = A(k + q) with increase in energy E =Eo can be expressed as 
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where y~ is the neutron gyroscopic factor (-1.913). a is the finestructure constant 
(1/137), c is the speed of light, n is the number of atoms per unit volume, and 
(IB(q, w)J2) = (B(-g, -0) . B(q,w)) is the appropriate power spectrum of field 
fluctuations defined as the Fourier transform in T and t of the asymmetrized autocorrelation 
function (B(T’, 0) . B(r’ + T ,  f)) in which T‘ is averaged over the volume of the system. 

Contributions to B(T, t )  arise from fluctuations in the electron spin density, atomic 
orbital currents and spatially extended transverse currents. In our chosen conditions with 
low incident neutron energy and small scattering angle to the forward direction the dominant 
contribution may he expected to be due to spin and associated orbital moment fluctuations 
for which one may write in an isotropic model 

where q = 141 and Im[x(q,o)] is the imaginary (absorptive) part of the generalized 
magnetic susceptibility. 

When the low-frequency properties of the generalized susceptibility may be modelled 
approximately by a single imaginary pole we may write for sufficiently small w and q 

where x is the static susceptibility, z~mea~ures the relative weight of the low-frequency pole 
and r(q) is the pole frequency or effective relaxation rate [ 15,161. When (4) is employed to 
model the quasi-particle contribution in the collisionless regime of the Fermi-liquid theory 
(w < Y F q ) ,  the relaxation rate may be expressed in leading order in q as 

r(q) = Y X - ’ ~  (5) 
where y is a q-independent parameter and q << kF. where kF is the characteristic Fermi 
wavevector. For a homogeneous isotropic Fermi liquid in which spin is conserved overall, 
z = 1 and y = Z v ~ x ( 1  + F{) /Jc  = Zp2k$/n3, where p is the magnetic moment of 
the quasi-particles. Since kF and f i  are not renormalized by particle and spin-conserving 
interactions, y is here an invariant depending only on bare parameters. As discussed in 
section 5, this conclusion no longer holds when spin conservation breaks down. 

For an anisotropic system with strong spin-orbit coupling, such as UPt3 which 
crystallizes in a hexagonal structure, the generalized susceptibility is in general a tensor 
with an anisotropic wavevector dependence. In the long-wavelength and low-frequency 
limit, the effect of anisotropy on the cross section, averaged over spin and crystallographic 
orientations, may be taken into account in UFts by replacing the scalar susceptibility x in 
(4) by a suitable average over the tensor components. 

4. Results 

The central results of this study are shown in figure 1 in which is plotted the difference 
cross section I(0, E) = A[dzo/(dC2 dE)] at 10 K relative to the background at the reference 
temperature TO = 1.3 K as a function of neutron energy transfer at elastic wavevectors 0.1 1, 
0.18, 0.25 and 0.33 A-’. The cross section is averaged over crystallographic orientations, 
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Figure 1. Energy- and momentum-resolved scattering cross-section A[d'a/(dQdE)] for 
3.3 meV incident neutrons measured by the time-of-Eight method in the forward direction from 
UFQ where E is the energy bansferred to the neutron. The data are the differences ktweea 
the MSS seerion, averaged in the manner described in the text, at IO K and th?t at 1.3 K. In 
fm? left Lo right average elastic scattering wavevector~increases as 0.1 1 A-', 0.18 .&-I, 
0.25 A-l and 0.33 A-I, and the origins have been shifted by 2 5  meV in the abscissa and 
1 mblsrlmeVlavemge atom in the ordinate. The solid lines are fits using the cross section 
convolved with the instrumental resolution and the single-pole model for x(q. 0) given by (4) 
and (5) with pole weight L 2 0.18, the bulk average susceptibility x e' 2.0 Y cgs [I71 and 
h y  ̂ I 0.5 &eV A-'. 

the azimuthal angle of scattering and over ranges in wavevectors k0.05 A-' about the 
central values, just given. To interpret these findings we consider first an approximate form 
of the difference cross section in a one-pole model for x (q, w )  at low q and w. From (2)-(4) 
and the assumption that the dominant temperature dependence arises from the Bose factor 
in (3). we find, for E well below E N  N 3.3 meV (so that k'lk 2: 1 and q N 40) and well 
above kBTo, 

where uo is a constant given- by. (2) and (3). Thus, Z(8, E) has essentially the form of 
a Lorentzian with a HWHM of r(q0) times the normalized Bose factor of characteristic 
energy ksT N 1 mev. Furthermore, .the central peak intensity Z(8.0) varies inversely as 
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r(q0). Hence, a wavevector-independent relaxation rate would produce an identical set of 
spectra, while a rate decreasing with decreasing qo should exhibit spectra which narrows in 
energy and intensifies at the origin as qo falls. 

The spectra in figure 1 display the latter type of behaviour. The possibility that x ( q .  w )  
in UPt3 may be modelled at low q and w by a single pole with a q-independent linewidth 
is hence ruled out This is the key conclusion of this study. 

At the lowest value of qo the HWHM of the spectrum is 0.5 meV and hence is dominated 
by the Lorentzian in (6) rather than by the Bose function: at the highest qo, however, both 
factors are important. The behaviour of the spectra and variation in P(q0). by a factor of 
between 2 and 3 over the experimental qo range, are not inconsistent with that expected 
qualitatively from a contribution from quasi-particle excitations within a Fermi-liquid model 
(5). A fit of the spectra to this model with x set equal to 2 x lo4 cgs [17] yields estimates 
for z and A y  of 0.18 and 0.50 peV A, respectively to a precision of 15%. The fits, shown 
by solid lines in figure 1, are based on the full expressions for the cross section defined by 
(2)-(4) and convolved with the spectrometer resolution function, the energy width of which 
is only 0.07 meV at the elastic position and hence is small compared with r(q0) in the 
experimental range. 

These studies are complementary to and supplement previous neutron scattering 
measurements in this compound [10,11]. In particular, they pertain to a previously 
uncovered region in energy-momentum space in which the weight z for the low-energy 
Lorentzian is only approximately 20% of the total to be expected from an integration of the 
full Im[x(q. w)/(7rw)] over all w. The existence of this weak component is not inconsistent 
with the presence of a higher-energy part of the spectrum measured in earlier experiments 
having a characteristic energy, weakly q dependent at small q ,  of the order of 5-8 meV 
[9]. This part of the spectrum lies mostly outside the energy window in our difference cross 
section in figure 1 which is determined by the normalized Bose factor in (6). 

5. Discussion 

The imaginary part of the generalized magnetic susceptibility at low q and w in UPt3 
appears to be characterized by a very-low-frequency component of small weight (z = 0.18) 
with a dispersive relaxation rate (roughly represented by W ( q )  2: (2.5 meV &q in the 
experimental range), and a more dominant higher-frequency part [lo, 111 with a weakly 
q-dependent characteristic energy at low q (of the order of 5 meV). The impossibility of 
understanding our low-frequency data in terms of the latter higher-fequency component 
alone is graphically illustrated in figure 2 (see caption). 

These findings differ from those observed in a number of d transition metals close to 
ferromagnetic instabilities at low temperatures in which the low-q, w form of Im[x(q,o)] 
is well represented by the model (4) and (5) but with a strongly wavevector-dependent static 
susceptibility ~ ( 4 ) .  z of order unity and A y  in all cases in a narrow range between 2 and 
3 peV A. The ratio y / z  is comparable to that obtained for UPt3, but the individual values 
are about five times greater. The dominance of the quasi-particle component of Im[x(q. U ) ]  

at low q,  w in the former materials is consistent with approximate conservation of the total 
spin, i.e. the presence of relatively weak spin-orbit coupling. The value of y in this limit 
and in the simplest model given in section 3 depends on.only p~ and kF and hence may be 
expected to be weakly varying among similar d systems. Indeed, this model yields estimates 
of y close to that actually observed, for values of Fermi wavevectors (about 0.8 A-‘) of the 
order of that calculated for the dominant d sheets of the Fermi surfaces in these materials. 

The importance of spin-orbit coupling in the f systems leads us to consider a minimal 
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Figure X The difference cross section of figure 1 averaged over the experimental wavevector 
range 0.10 A-' < g < 0.33 A-'. A single-pole model for Jm[x(q. o)] with unit weight 
(r = 1) and a q-independent relaxation frequency hT = 6 meV (broken line). employed 
to describe~the previous intermediate-frequency data, fails to account for the low-frequency 
part of the cross section. The solid line shows for~contrast the predicrion for L 2 0.18 and 
W(q)  2 (2.5 meV A)g. (Note $aI in both cases the cross section includes the thermal 
attenuation factor as in (3).) 

description of Im[x(q, o)] at low q. w in terms of a low-frequency Fermi-liquid or 'slow' 
component plus an intermediate-frequency non-Fermi-liquid or 'fast' component. To 
arrive at this picture we begin with two initially independent elements of the generalized 
susceptibility, rr(q,o) and p(w)  as the starting slow q-dependent part and fast q- 
independent part, respectively. To obtain the final susceptibility, these are then coupled 
in a mean field manner via a molecular fieId parameter A taken to be independent of q and 
w. This intermediate-level description might be inferred formally from an examination of 
the low-frequency action [18] resulting from a successive integration of the high-frequency 
degrees of freedom down to the frequency scale of interest (i.e. in UF't3, down to a frequency 
characteristic of the weakly q-dependent dominant component). The parameters defining 
a(q, o) and P(w) at this level of description may be already strongly renormalized relative 
to those of the starting non-interacting system. 

The susceptibility of the composite system in the simplest mean field approximation is 
then 
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For sufficiently low q the low-o part of (8) (i.e. the renormalized slow part for an assumed 
hypothetical homogeneous system) may be obtained by replacing p ( o )  by p = p ( o  = 0) 
and employing the Fermi-liquid expansion 

N R Bemhoeji and G G Lonzarich 

where 01 = or(0,O) and M is the coefficient defining the initial relaxation rate yoor-’q. Then 
Im[x (q, w)]  reduces to (4) and (5) with x ,  z and y defined as 

ff + p -k 2Aap 
1 - A2uB X =  

7. = 1 - f3 /x  

y = yo(a + p + 2Affp)/ff. 

(11) 

(12) 
The renormalized coefficient y can he smaller than yo if the coupling parameter A is negative 
(antiferromagnetic). T&g fiyo N 2.5 peV A as in the d systems, for example, a good 
description of the UPt3 spectra is obtained for A < 0 with the starting parameters defined by 
ry N x / 2 ,  @/or N 1.6 and (1 - A2ffp)-’ N 10. For an overall description of both the slow 
and the fast components the w dependence of p ( o )  must be included. It may be modelled 
by a function p(w) whose imaginary part has a broad peak at a characteristic frequency only 
slightly higher than the renormalized value of the order of 5 meV. To avoid overcounting 
the slow Fermi-liquid contribution represented by a(q, o), we require Im[p(o)/w] + 0 as 
o + 0 [19]. 

A two-component model with some of the above features has been presented and 
described in microscopic terms in [IS]. In the latter work the slow (intermediate ‘fermion’) 
component is small due to the assumed weak overlap between the ‘fermion’ and bare 
electron states and, before mean field coupling is carried out, the susceptibility is dominated 
by the fast (intermediate ‘spin fluctuation’ in the language of [18]) contribution. Therefore, 
terms other than p(o) in the numerator of the right-hand side of (8) could in this case be 
neglected. Self-interactions within the ‘fermion’ system itself may in practice, however, 
lead to a smaller difference between oc and p than this model assumed. We also note that 
in a more realistic treatment of a two-component intermediate model for a lattice it is also 
necessary to take account of a mean field feedback from components of the magnetizztion 
induced at q‘ separated from q by a reciprocal-lattice wavevector. This effectively alters 
the form of a(q, o) to be used particularly in the term A’.zOr(q,w)p(o) from that defined in 
(8). A more consistent treatment appropriate for a lattice requires the introduction of yet 
more parameters which cannot at this time be independently determined. 

6. Conclusions 

Our key finding is that the low-q, o form of h [ x ( q ,  U ) ]  in UPts cannot be understood in 
terms of a single-pole model with a wavevector-independent relaxation spectrum. A minimal 
description consistent with firstly the present measurement at low energies (determined by 
the thermal cut-off of about 1 meV) and secondly previous studies [lo, 1 I] at intermediate 
energies (below about 10 meV) may be based on a ‘slow’ component with a dispersive 
relaxation rate and a ‘fast’ contribution with a weakly wavevector-dependent characteristic 
frequency. The ‘slow’ component in h [ x ( q , o ) ]  accounts, via the Kramers-Kronig 
relation, for approximately 20% of the total static susceptibility and has a relaxation 
specmm not inconsistent with that expected within an elementary Fermi-liquid model. This 

and 
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interpretation is not as unambiguous as that obtained in d transition metals in which a well 
defined quasi-particle component with a strongly dispersive relaxation spectrum consistent 
with microscopic Fermi-liquid theory accounts for essentially all the static susceptibility as 
q + 0. The difference between the behaviours of the f systems may be attributed in part 
to the strength of the spin-orbit interaction which leads to the existence of a strong and 
dominant non-Fermi-liquid component even in the limit of long wavelengths. 
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