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Abstract. Magnetic order and fluctuations in the
heavy Fermion systems UPt;, U,Zn,; and
URW,Si; have been studied by neutron scattering.
Single crystalline samples and triple-axis neu-
tron-scattering techniques with energy transfers
between 0 and 40 meV and energy resolutions
between 0.1 meV and 4 meV have been employed.

UPt; developes an antiferromagnetically or-
dered moment of (0.02 +0.005) pg below Ty = §
K which doubles the unit cell in the basal plane
and coexists with superconductivity below T, =
0.5 K. The magnetic fluctuations are relaxation-
al, and enhanced at the antiferromsgnetic zone
center in a low-energy regime. The characteristic
zone-center relaxation energy is 0.3 meV. The
temperature- and field-dependence of the antifer-
romagnetic order in the superconducting phase
suggest a close relation between these two pro-
perties in UPt;. U,Zn;; has a broed spectrum of
magnetic fluctuations, even below Ty = 9.7 K,
of which the transverse part below 10 meV is
strongly enhanced at the antiferromagnetic zone

center. The system has an anomalously extended
critical region and the antiferromagnetic phase
transition seems to be driven by the tempera-
ture-dependence of an effective RKKY interac-
tion, as anticipeted theoretically. URu;Si; a
strongly anisotropic heavy Fermion system, has a
high-energy regime of antiferromagnetically-cor-
related overdamped magnetic fluctuations. Below
Tn = 17.5 K weak antiferromagnetic order, p =
(0.04 = 0.0)pp, with finite correlations along the
temgomlcms,developulongwnhalow—m
gy regime of strongly dispersive singlet-singlet
excitations. Below T, = 1 K antiferromagnetism
coexists with superconducnmy A phenomeno-
overdamped magnetic fluctuations of heavy Fer-
mion systems is proposed. Our experimental re-
sults are compared to the anomalous bulk proper-
ties of heavy Fermion systems, and to magnetic
fluctuations in other metallic magnets.
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1. Introduction

Correlations in many body systems are at the
root of all magnetic phenomena. For this reason
many important probleins in magnetism remain
controversial after decades of scientific effort.
One of the most fundamental of these problems
is understanding the combination of the strong
stomic correlations characteristic of d and f elec-
troms, and the translational degree of freedom as-
sociated with a metallic environment.

This cardinal difficulty manifests itself in sev-
enal interesting fields of metallic magnetism, not-
sbly in the study of transition metal magnets,
mixed valence »ystems, Kondo systems and most
recently in so-called heavy Fermion systems.

The heavy Fermion systems present particu-
larly challenging manifestations of the long-
standing problems in our understanding of me-
tallic magnetism. The experimental study of
magnetic fluctuations in heavy Fermion systems
is the subject of this thesis. To put heavy Fer-
mion systems and in particular our work into a
broader context we will briefly discuss some im-
portant concepts in metallic magnetism.

LL Conserved Local Moments

in Metals

There is an important limit in which the correla-
ted atomic states and the metallic Bloch states, to
a large extent, can be treated independently. This
situation occurs when the energies associated
with the two lowest lying valencies of the loca-
lized states bracket the Fermi levels associated
with both valence state. Furthermore the interac-
tion energy between localized electrons and the
conduction electrons must be much smaller than
the separation of the lowest lying valence state
from the Fermi level.

This limit is realized in most rare earth metals
and leads to the existence of electrons, whose
properties are essentially similar to those of the
strongly localized 4f states of the free rare earth
ion [1,2]. In this case the dynamics of the If elec-
trons is governed primarily by atomic correla-
tions arising from the central coulomb potential,
intra electronic coulomb repulsion, the Pauli
principle and spin-orbit coupling. In a low ener-
gy regime of order 0.1 eV the combined spin and
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orbital moment of the 4f electrons is thus a con-
served quantity. This is shown directly by inelas-
tic magnetic neutron scattering experiments in
which the dipolar excitation spectra are found to
be singular in the whole Brillonin zone [3]). In
many ways these systems are similar to insulating
magnets, but there are important distinctions
concerning the influence of the crystalline envir-
onment.

In both cases the anisotropic environment lifts
the rotational degree of freedom associated with
the free atom. This may be modelled by a single-
ion spin-Hamiltonian operator which operates
on the Hund’s rule ground-state multiplet and
has the point-group symmetry of the rare earth
ion site. This is the so-called crystal field opers-
tor. In magnetic salts the few parameters of this
Hamiltonian can be related to the electrostatic
fields of the ionic environment by the operator
equivalence technique in the point charge model
[4).

Ir met. 4 the crystal field operator represents
the surprisingly simple effect on the local mo-
ment of the screened electrostatic fields of neigh-
bouring atoms, and the interactions with conduc-
tion clectrons [5,6]. Of the latter, the crystal field
operator conventionally only involves those
which are independent of the crystal field state of
the neighbouring atom since, by definition, the
crystal field operator is a single ion operator. In
some the point charge model gives a rea-
sonable first estimate of the parameters in the
crystal field operator of a metal. In most cases,
however, a first principle calculation cannot be
performed and the parameters must be treated as
phenomenological parameters to be determined
experimentally.

Through the combined effect of the Pauli ex-
clusion principle and the Coulomb interaction of
the conduction electrons with the 4f electrons of
each rare earth iom, the conduction electrons also
induce an effective interaction between the loca-
lized moments. This is the so-called RKKY ex-
change interaction [7). In most cases it is de-
scribed by the Heisenberg bilinear exchange
operator, in which the many-body nature of the
problem is concentrated.

In some cases the conduction electrons and
also magnetoelastic effects, can give rise tv more



complicated interactions which are anisotropic
(8}, and may involve more complex combinations
of spin operators than the simple bilinear form.
In any case the fact that the conduction electron
dynamics do not enter explicitly, but oaly
through a small set of parameters, is a beautiful
simplification which forms the basis of our near
compiete understanding of rare earth magnetism
[9,0).

1.2, Itinerant Electron Magnetism
When the clear distinction between localized and
itinerant electrons cannot be maintained the in-
tricate nature of metallic magnetism is exposed.
In this case the magnetic properties of the metal
are governed by quasiparticles which form bands
with s finite bend width, and non-divergent mag-
netic fluctuation spectra in parts of the Brillouin
2one result.

Traditionally itinerant magnetism is separated
into several categories. It is fair to say that these
categories are most clearly identified by the the-
oretical development associated with them. It is
often harder, and sometimes even meaningless,
to categorise a given experimental system in
terms of one of these limiting theoretical models.
Nevertheless many important physical ideas are
coptained in these models. We shall briefly dis-
cuss some of those which are related to the heavy
Fermion systems.

L2.1L The Anderson Model

A theoretical development of importance to the
entire field of metallic magnetism was initiated
by the experimental study of the occurence of
magnetic moment on iron group ions dissolved
in non-magnetic metals [11). It resulted in the
development of the Anderson model (12,13]. This
model, in its original form, describes a 3d impur-
ity state subject to on-site Coulomb repulsion of
states with opposite spin and to interactions with
a free electron band.

A localized moment occurs if the 3d level is
placed well below the Fermi level, as compared
t0o A= 7 <V2> p(ep). Here <V2> is a measure
of the strength of the 3d electron-free electron
interaction, and p(ey) is the Fermi surface density
of states. On the other hand the doubly occupied
singlet 3d state which is placed the energy U
above the singly occupied 3d state must be simi-
larly well above the Fermi level.

The crossover between the magnetic and non-
magnetic state of the iron group impurity ion is
found to be highly non-linearly dependent on the
3 energy scales of the problem. The Anderson
model has subsequently been found to be a rather
general model of the central problems of itiner-
ant magnetism.

In particular the occurrence of magnetic mo-
ments in a concentrated metallic magnet, in
which there are stromgly correlated localized
states on each site of the lattice, may be discussed
in terms of an extended version of this model,
the Anderson lattice model. Our discussion of
the occurrence of conserved local moments in
(1.1) was implicitly based on such a model. The
situation is however more complicated in & con-
centrated magnetic system, since the Fermi level
depends on the valence of the magnetic ion, as
does the localized moment [14,15).

12.2. Magnetism in Transition Metals

In magnetic 3d metals the partially occupied 3d
levels are so extended that they have significamt
overlap and form bands, the Fermi surface of
which is readily observable by the de Hasas-van
Alphen effect [16,17).

In this case the so-called Hubbard Hamilto-
nian (18] is usually the theoretical starting point
for describing the magnetic properties. In its
simplest form, it describes a single tight-binding
band of clectrons whose spin degeneracy is lifted
by Coulomb interactions between electrons loca-
lized at the same site.

The Stoner theory is essentially a Random
Phase Approximation (RPA) to the magnetic
fluctuations in the Hubbard model (19,20). In
this theory the dipolar excitation spectrum asso-
ciated with the narrow 3d band is enhanced due
to the Coulomb repulsion of 3d electrons occupy-
ing the same site.

When the product of this intersction energy
and the Fermi surface density of states exceeds a
critical value, the metal is ferromagneticat T =
0. In the ferromagnetic state the spin degeneracy
of the 3d band is lifted, creating a gap, A, be-
tween bands associated with each spin state. The
transverse response in the ferromagnetic state
correspondingly has a long wavelength spin wave
regime. At higher momentum transfers the band-
width of the 3d electrons however give contin-
uous excitation spectra, the so-called Stoner con-
tinuum,
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Antiferromagnetism can also occur in Stoner
theory [19,21). The ground state which is realized
depends on at which Q the enhanced generalized
susceptibility diverges. This in turn depends on
the non-interacting susceptibility associated with
the band structure and in particular the Fermi
surface. It seems that antiferromagnetism in gen-
eral occurs in bands close to half filling. Antifer-
romagnetism with a generally incommensurate
modulation, O, often denoted a Spin Density
Wave (SDW), can result when Q is & characteris-
tic vector of the Fermi surface giving rise to an
enhanced non-interacting susceptibility corre-
sponding to this modulation. Such s model was
proposed by Overhauser tc account for the in-
commensurate SDW in chromium [22,23,24].

The magnetic excitations in the Stoner model
of itinerant antiferromagnetism have a low ener-
gy regime with a spinwave-like response which
crosses into a continuum at higher momentum
transfers. Only in the case of Fermi surface
nesting is the long wavelength response however
truly singular. In general the imaginary pant of
the enhanced generalized susceptibility is finite
in an itinerant antiferromagnet even in the long
wavelength regime and spin waves thus have a
finite lifetime [21]. We shall return to this point
in3.

Stoner theory gives a correct picture of the
ground stete properties but cannot account for
finite temperature properties [19]. In particular
the ferromagnetic transition temperature is over-
estimated by up to an order of magnitude. In the
simple Stoner theory the only temperature de-
pendence of the response arises from the
broadning of the Fermi-Dirac distribution func-
tion at the Fermi level. It seems that the deficien-
cies of the Stoner theory at finite temperatures
arise because the renormalization of the ground-
state associated with the thermal excitation of
magnetic fluctuations is not taken into account.

This is done explicitly by Moriya in the so-
called Self Consistent Renormalization (SCR)
theory of itinerant magnetism [19}, and by several
others in related theoretical approaches [25). The
SCR theory has had considerable success in pre-
dicting and accounting quantitatively for a large
variety of experimental results [19]. Most notably
the SCR theory can account for the Curie Weiss
susceptibility of an itinerant magnet without in-
voking the concept of localized moments. More
detailed experimental studies of magnetic fluc-
tuation in weak itinerant ferromagnets observed
by neutron scattering and the associated mass en-
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hancement of conduction electrons observed by
the de Haas-van Alphen effect have also been
successfully analysed in terms of the SCR and
related theories [25).

L.2.3. Itinerant f-Electron Systems

A somewhat different approach is usually taken
to describe f electron metallic magnets in which
the simple atomic Hund’s rule ground-state mul-
tiplet is not approximately conserved in the me-
tallic environment (1.1). The f electrons (especial-
ly the 4f electrons) are certainly also much more
localized than d electrons, and the interatomic
correlation energies much larger than the f elec-
tron band-width. The physical description of
such systems tend to distinguish between loca-
lized f states and conduction electron bands, al-
though ultimately this is not possible.

The Anderson Lattice model is usually the ba-
sis for describing these systems. As discussed
earlier this model can describe the interaction of
localized f clectrons, subject to strong interato-
mic Coulomb repulsion, with a band of free con-
duction electrons. In general if the two lowest
valence states f and f-! are close in energy and
close to the Fermi levels associated with ioniza-
tion level, a so-called intermediate valence sys-
tem results [14]. In such systiems neither the one,
nor the other valence state of the f shell is the
ground state at T = 0. Real charge and spin
fluctuations result, and give rise to a narrow band
of predominantly f character situated close to the
Fermi lcvel, a large linear electronic contribution
to the specific heat, and a non-magnetic ground
state. The situation occurs most often in com-
pounds of cerium, thulium, ytterbium, samarium
and europium [26,27]. At high temperatures the
Curie-Weiss susceptibility of these compounds
can be accounted for as a combination of contri-
butions from each of the competing valence
states. Neutron scattering shows that the spin
fluctuation spectra in these compounds are very
different from those of metallic magnets with
conserved local moments. The spectra are relaxa-
tional, with typical relaxation energies of the or-
der 50 meV and often temperature-independent
in a large temperature range.

In the limit when the competing valence states
have larger separation in energy, real charge fluc-
tuations are suppressed, and the so-called Kondo
limit results [15]. In this limit the conduction
electron - local moment interaction may be mod-
elled by a spin Hamiltonian, the so-called Kon-



do Lattice Hamiltonian which may be obtained
from the Anderson Lattice Hamiltonian in the
Kondo limit by the Schrieffer-Wolf transforma-
tion [28).

The single-site version of the problem, the
Kondo problem, has been solved exactly theor-
etically [29]). The single impurity Kondo systems
are characterized by a logarithmic incressing re-
sistivity for decreasing temperatures due to the
formation of a compensating conduction electron
spin polarization around the impurity spin. A
single energy scale kgTx governs the single im-
purity problem. In particular the spin fluctua-
tions are relaxational with this characteristic en-
ergy scale.

The Kondo lattice problem is more compli-
cated since an effective local moment interaction,
the RKKY interaction, is also induced by the
interactions with conduction electrons. This
leads 10 a competition between the formation of a
magnetically ordered ground state and a corre-
lated singlet ground state. This has been studied
theoretically in a two impurity model by Jones
and Varma [30], and in a simplified Kondo lat-
tice model by Coleman and Andrei [31].

We briefly mention that many of the ground
states of itinerant magnetism discussed here find
their simplest description within Landau’s Fer-
mi liquid theory. This general phenomenological
theory describes the low temperature properties
of an interacting Fermi system in terms of a set
of parameters characterizing the quasiparticles,
or dementary excitations of the system [32,33].

13. Heavy Fermion Systems

The classical concepts of itinerant magnetism
gained renewed interest in the beginning of the
eighties when a group of metallic magnets with
particularly provoking properties was discovered
[34).

Low temperature electronic specific heat en-
hanced by up to 3 orders of magnitude was what
first aroused the interrst of investigators in these
materials. They were «:.ied beavy Fermion sys-
tems since this large low temperature electronic
entropy, in a Fermi liquid description, corre-
sponds to a quasiparticle mass similarly en-
hanced over the free electron mass.

Table 1.1 liste most of the heavy Fermion sys-
tems and some of their typical anomalous pro-

Table 1.1. Some characteristic properties of the most widely studied heavy Fermion systems. Literature references
are given in paranthesis after each number. Numbers separated by a slash in one column correspond 10
measurements in the basal plane and along the unique c-axis of anisotropic structures.

Compound ¥0) X(©) e Ben o Tn T.
[m}/mole-K’)  [10-2 emw/mole] (T (K} (nsl K] (K)
CeAl, 1620 [35) 36 [35) 2.63[35] - 39[36] + + +
CeCuy 1300 (37] 27 [38) 2.65(38) - 45[38) + + +
UA|, 142[39) 44[40] 3.1 [40] 245 (40] + + +
UAuPy, 725 [41) + . .
UCd, 840 (42] 3.84 [42) 3.45(42) -23 [42) 5 [42) +
UCu, > 250 [43] see ref[44] 09[57]  152[43) +
UProgsPdoos)y  S00[45) 14/5.9 [45) 28 (45)  44190(4S]  O6[S8] 6 [45) +
Up.9sThygsP1, 430 [46) 0.65 [47) 7 (41 +
UiZay, 500 [48) 9 [8) 3.3 (49)  -95-130(49] 0.81(321)  97[48) +
CeCu,Si; 1000 [50]) 11.8/19.8{51) 2.75/2.54 [51] -175/0 51} + + ~0.65 [50}
UBe,, 1100 (43) 15[43) 3.1 [43) - 53(43) + + ~0.9 (43}
UPy, 450[52)  BSS446[S3]  2572.4(53)  -39.151(S3) 002(22.2) S (%41  05([52)
URu,S8i, 180 [55) 1.2 /49 (55) +/3.5(55] +/-65 [55) 0.04(42.1) 175(5%) ~1 [55)
UpyThogsBey;  1100(36) 04(36)  0.6([S6]
Na 1.5[59} 0.024 (60] + + + + +
8 Risg-M-2731



perties. Sodium is included as a reference. Para-
magnetic, Antiferromagnetic and Superconduc-
ting ground states occur, often with an extreme
sensitivity to the introduction of non-magnetic
impurities. Heavy Fermion systems have until
now been found exclusively among metals con-
taining either cerium or uranium. Cerium and
uranium are the lightest magnetic elements of
the 4f and 5f series, respectively. There is a gen-
eral consensus of agreement that the heavy Fer-
mion properties are related to the participation of
4f or 5f electrons in metallic properties.

We have already mentioned that cerium in
some compounds has intermediate valence.
When it does, it fluctuates between the magnetic
4f! and the nonmagnetic 4> state. In the ele-
mental fcc metal cerium the reduction of the unit
cell volume by 20% below about 100 K is usually
associated with the delocalization of the 4f elec-
trons which then form narrow bands{61}). Cerium
is also known to give rise to the single impurity
Kondo effect when introduced as ar impurity in
metals, for example in the L3, Ce B system
[62].

The magnetism of the actinides has not been
studied to the same extent as that of the rare
earth systems [63). Although the magnetic pro-
perties of both series are governed by f electrons,
there are many important differences. Even the
L-S coupling scheme is questionable for the acti-
nides, and intermediate coupling may be necess-
ary [64]. The 5f states become increasingly local-
ized for the heavier elements and metals with
actinides heavier than americium are believed to
have conserved local 5f moments. This is sug-
gested by a sharp increase of the lattice parameter
for the heavier elemental actinide metals at amer-
icium. The contituously increasing trend of lat-
tice parameters towards the lighter elemental ac-
tinide metals is however similar to the elemental
transition metal series [63]. The 5f states of ur-
anium are indeed somewhat more delocalized
than the 4f states of the heavy rare earths and for
uranium-uranium separations less than the so-
called Hill limit [65), d = 3.25-3.5 A, they form
bands leading to paramagnetic uranium com-
pounds. for uranium-uranium separations larger
than this limit, as is for example the case in the
uranium based heavy Fermion systems, most sys-
tems have a magnetic phase-transition, but sing-
ular magnetic response in the whole Brillouin
zone is the exception rather than the rule in in-
elastic magnetic neutron scattering experiments

Risg-M-2731

[66). Only in the singlet ground state system
UPd,, which undergoes quadropolar transitions
at 5 K and 7 K {67] does it seem that the 5f
electrons are confined to a single valence state,
5f2, and give rise 1o a conserved local moment
[68].

In most magnetic uranium systems the magne-
tic excitations are more reminiscent of transition
metal magnets with broad spectra showing the
existense of quasiparticle bands with large 5f con-
tributions. Only at the zone centers of magnetic-
ally ordered systems are singular responses in
general observed [66]. Also the comparison of
magnetism in uranium systems to transition me-
tal magnetism however has its restrictions. In
particular, beyond the Hill limit direct 5f-5f
overlap is expected to be negligible and 5f-6d
hybridization is responsible for the development
of magnetic quasiparticle bands. Furthermore
spin orbit coupling is larger than crystal field
effects in 5f systems, contrary to the case for the
transition metals.

Experimental and theoretical work on heavy
Fermion systems has been concentrated on eluci-
dating the nature and the origin of the low tem-
perature paramagnetic or weakly antiferromagne-
tic state with the characteristic large electronic
entropy. Analogies to almost all types of metallic
magnetism have been proposed. Particularly pop-
ular has been the idea of heavy Fermion systems
as concentrated Kondo systems. The experi-
mental justification for this picture is the occur-
ence at high temperatures of a Curie-Weiss sus-
ceptibility, which is usually associated with a
paramagnetic local moment system, and the si-
multaneously increasing resistivity with decreas-
ing temperature. The resistivity maximum ob-
served in most heavy Fermion systems at lower
temperatures is then associated with the increas-
ing correlations of conduction electron scattering
processes from neighbouring local moments.

From theoretical work there is also some sup-
port for these ideas, in particular from the work
on the two-impurity Kondo problem mentioned
previously. No doubt the theoretical description,
and with it the rigorous understanding of heavy
Fermion systems, is at an early stage, and still
allows for exciting experimental discoveries.

14. The Scope of This Work

This thesis presents an experimental neutron
scattering study of the magnetic order and fluctu-



stions in three heavy Fermion systems, UPy,,
U,Zn;; and URy,Si,. The emphasis is on the ex-
position of qualitative features of the magnetic
fluctuations in these systems, which we believe to
be of importance in our understanding of heavy
Fermion behaviour.

Our choice of experimental systems has also
been governed by this criterion although the re-
latively short time available for our work made
the sample availability an important issue too.
Although we attempt to relate our neutron scat-
tering data to the anomalous bulk properties of
heavy Fermion systems, we do not give a thour-
ough review of these, nor do we discuss the many
theoretical advances made recendy in detail.
This is because we wish to concentrate on the
direct results of our experimental contribution.
We refer the reader 1o recent experimental
[34,49) and theoretical [69] reviews, and will aiso
give frequent references to original work in the
following chapters.

After a short introduction to magnetic neutron
scattering, the thesis is organised as 3 indepen-
dent chapters concerning each of the uranium-
based heavy Fermion systems which we have stu-
died.

Chapter 2 concerns UPt; and focuses on the
low energy magnetic fluctuations and proximity
10 antiferromagnetism of this compound. We
also show experimental results proving a close
relation between the antiferromagnetic and
superconducting properties of UPt;.

Chapter 3 describes our results of neutron scat-
tering from U,Zn,;. We regard this compound as
a typical heavy Fermion antiferromagnet (T, =
9.5 K) and have the most complete discussion of
this phenomenon here. We also describe a model
which we have developed for the magnetic fluc-
tuations of heavy Fermion systems and with suc-
cess spplied 1o the low energy magnetic excita-
tions in UZ Zn".

In Chapter 4 we present and discuss our ex-
perimental results on the heavy Fermion antifer-
romagnet and superconductor URu,Si;. Apart
from demonstrating the coexistence of antiferro-
magnetism and superconductivity in this com-
pound, our result show a facinating and compli-
cated combination of crystal field effects and iti-
nerant magnetism in URu,Si,.

We have attempted to separate the description
of our experimental work from the analysis and
discussion of it. Furthermore esch chapter hss a
summary and Chapter 5 contains the conclusions
of our work,

10

LS. Magnetic Neutron Scattering
The neutron is a neutral spin ¥ perticle with a
dipolar moment of 5-104 py. It interacts weakly,
primarily through short range nuclear forces
with the atomic nucleus, and through dipolar
forces with the spia and orbital moment of the
electrons [70,20). The latter interaction makes
neutron scattering a unique tool for providing
detailed microscopic information on the magne-
tic excitations of electron systems. The scattering
cross section associated w'ch this interaction can
be written [20):

a4 k1
woE = LG W)y
| Fon() I? -(n(Aw) + 1) Im{xk (w)}
an
where hx = h(k; - ko) is the momentum transfer,

and hw = N(k;? - kV2m is the energy transfer
from the neutron to the sample. The mass of the
neutron m = 167 - 1077 kg, sets the scale of
energy transfer conveniently in the meV regime
for momentum transfers of order 1 AL, In fact the
quasiparticle mass in heavy Fermion systems is
within an order of magnitude of the neutron
mass which makes neutron scattering from these
particularly informative as compared to scatter-
ing from band electrons of normal metals.

Formula (1.1) is discussed in mathematical de-
tail in Appendix A.3. Here we shall only mention
a few points which are of importance for under-
standing our experimental work.

Since the dipolar interactions are weak the
scattered neutron intensity it a practical experi-
ment in most cases may be assumed to be linearly
related to the cross section (L1). If the resolution
of the experiment is furthermore sufficiently
good, the scattered neutron intensity is essential-
ly proportional to the scattering cross section
(1.1). (See Appendix A.1 concerning the effect of
finite experimental resolution).

The first line of (1.1) is slowly varying with x
and bw and primarily of importance when nor-
malizing scattered neutron intensities 1o measure
the absolute value of the cross section giving rise
to the scattering (see Appendix A).

In the second line [F (x)f? is the magnetic
formfactor of the spin and orbital density [20). It
is cssentially the squared Fourier transformed
density normalized 10 1 at x = 0, and it falls off
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at larger » with a characteristic half width which
is inversely proportional to the spatial extent of
the scattering spin and orbital moment density
[71). For the 5f electron of uranium this half
width is typically 3 A-1. For s and p electrons it is
however only a fraction of an A-1. In our experi-
mental work x is typical of the order 1 A-! and we
therefore are primarily probing the part of the
spin and orbital moment localized within an Aor
80.

We have expressed (1.1) in terms of the com-
plex generalized susceptibility x, (w) associated
with spin and orbital moment [72). For the 4f
and 5f electrons the spin-orbit coupling is strong
and confines the spin and orbital moment to a
definite relative orientation given by Hunds
rules in an energy regime below ~ 0.1 eV. x,(w)
is then the response function associated with the
resulting effective moment. Note however that
our experiments do not distinguish spin and or-
bital moment nor do they directly access the
strength of the spin-orbit coupling.

The superfix L to x,(w) in (1.1) indicates that
magnetic neutron scattering probes the response
of the projection of the moment densiry on the
normal plane to the scattering vector x». This
property o1 the dipolar interaction may be us.d
to determine the polarization of the magnetic
fluctuations. Polarized necutron scattering in-
volves stricter selection rules enabling a complete
determination of the pola-ization of the magnetic
fluctuations [73,20]). This is utilized experiment-
ally in 3.2.1 and 3.2.3, but will not be discussed
further here.

The magnetic neutron scattering is covenient-
ly related to the bulk susceptibility by (1.1). The
bulk susceptibility is simply the real part of the
generalized susceptibility in the limit xu0 — 0.
Since x,(w) is an analytical funrtion the real and
imaginary parts are related by the Kramers Kro-
nig relation. In particular:

xount = Real{x}(0)} = 3 / 2 Im{xe))
(1.2)

The superscript || indicates that obviously a bulk
susceptibility measurement is related to the gen-
eralized susceptibility along the direction of the
applied field.

Another rigorous mathematical relation asso-
ciated with (1.1) is the so-called total-moment
sum-rule:
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='Tv:E

dw(n(hw) + 1)Im{Trxq(w)}

(1.3)

which simply relates the total magnetic neutron
scattering to the size of the moment giving rise to
the scattering. (1.2) and (1.3) are useful to make
contact with bulk measurements. They both re-
quire normalization of the scattered neutron in-
tensity as described in Appendix A.

The magnetic neutron scattering cross section
has an explicit temperature dependence given by

(n(hw) + 1) = (1 — exp(—phw)) ™!
(1.4)

where B is the inverse thermal energy. This is the
so-called detailed-balance factor. It should be dis-
tinguished from the temperature dependence of
the spin dynamics which is contained in x,(w).
The detailed balance factor accounts for the rela-
tion between dissipation and fluctuations
through the so-called fluctuation-dissipation the-
orem of which (1.1) essentially is an example.

For |hw} > > 1/B there are two limits of the
detailed balance factor depending on the sign of
the energy transfer:

pdim(n(hs) +1) =1

padim _(n(hw) +1) = 0=

for positive energy transfers much larger than the
thermal energy the spectrum of the magnetic
neutron scattering cross section is thus given dir-
ectly by the imaginary part of the generalized
susceptibility. For negative energy transfers
much larger than the thermal energy the detailed
balance factor and thus the magnetic neutron
scattering cross section vanishes. Physically this
is because negative energy transfer corresponds
to the neutron receiving energy from the sample.
Obviously only energy quanta up to roughly kyT
are available, so scattering with negative energy
transfers significantly larger than kyT does not
occur. For [ho| < kgT the temperature and ener-
gy dependence of the scattering cross section
(1.1) is significantly influenced by the detailed
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balance factor. The scattering is enhanced at en-
ergy transfers of the order kT and below. This
may be thought of as due to the increasing popu-
lation of excited states in this energy regime. In
particular we have

. kpT
pigo(n(he) +1) = 3=
if Im{x,(w)} is non-divergent as w — 0, the di-
vergence at h» = 0 is of course removed in the
neutron scattering cross section (11), since in
genenal Im{x, ()} = -Im{x,(-w)}.

Finally we estimate the absolute size of the
magnetic neutron scattering cross section (1.1).
From (1.3) the integral of the two last terms in
(L1) arising from the scattering from the spin of
an electron is wug?. Inserting in (1.1) we find that
the total scattering cross section associated with
the spin of an electron is roughly (Vi ? =
7.3-10:2 b. This is only about an order of magni-
tude less than that associated with nuclear scat-
tering. Whether or not magnetic scattering is ob-
servable however depends on to what extent the
magnetic fluctuations associated with spin and
orbital moment are spatially and temporaly cor-
related. In normal metals where the energy scale
of spin flip excitations may be taken s ¢ ~ 10V
thermal magnetic neutron scattering is infeas-
ible. On the other hand in rare earth magnets
where the energy scale of magnetic fluctuations is
set by the RKKY interactions magnetic neutron
scattering is readily observable. Heavy Fermion
systems also in this aspect represents a borderline
case which is an experimental challenge.

R
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2. Antiferromagnetism and Superconductivity

in UPt,

Both experimental and theoretical work have
shown that UPy, is close to an antiferromagnetic
instability. Susceptibility measurements reveal a
negative Curie Weiss temperature of -200K
[74,75), and the susceptibility does indeed go
through a maximum at around 20K but without
a phase transition occurring. Inelastic neutron
scattering showed that the bulk susceptibility
maximum was associated with development of
antiferromagnetic correlations in quasielastic
magnetic fluctuations which extend beyond 10
meV [76]. Of theoretical work we mention band
structure calculations by Norman et al. [77]
which indicate that the ground state of UP, is
antiferromagnetic with an ordered moment of 0.8
Kp.

The clearest manifestation of the proximity of
UPt, to antiferromagnetism was found when
doping the compound with Pd or Th. Such com-
pounds were found to undergo a phase transition
at Ty ~ 6K [78,46,79] which by neutron scatter-
ing was shown to bring the compound into an
antiferromagnetic state [47,58). The ordered mo-
ment is about 0.6 pg for both dopants, close to
that predicted by band structure calculations of
pure UPt, [77). Most remarkably, only doping of
the order 5 atm% was needed to invoke this
phase transition.

It was surprising that the antiferromagnetic or-
der obtained in the doped compounds had an
associated modulation in the basal plane of the
hexagonal structure, whereas neutron scattering
showed antiferromagnetic correlations of quasi-
elastic scattering along the hexagonal c axis in
the pure compound.

In the light of these experimental results we
performed low energy elastic and inelastic mag-
netic neutron scattering experiments to study
magnetic fluctuations of pure UPt; for modula-
tions at which doped samples order. We found
that even our pure high-quality single crystals of
UPt; developed antiferromagnetic order below
5K though with an exceedingly small ordered
waoment of just (0.02+:0.01) pg.This was
previously suggested by muon spin relaxation
measurements [80].
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We also found that the low-energy magnetic
fluctuations were strongly enhanced at the corre-
sponding antiferromagnetic zone centers, and
that despite the absence of large anomalies in the
heat capacity these fluctuations evolve arvund
Ty reminiscent of critical scattering, albeit with
an anomalous extended critical region. Some of
these results have previously been published
(81,82].

The superconductivity of UPt; has also been
studied extensively and both experimental
[83,84,85,86,87] and  theoretical  work
{88,85,90,91,92] suggest that it is not of the con-
ventional BCS singlet type. The proximity of
antiferromagnetism has led to suggestions that
magnetic fluctuations play a role ir establishing
an effective attractive electron-electron interac-
tion, and that the distinct symmetry of such in-
teractions as compared to that of phonon media-
ted interactions, leads to the anomalous super-
conducting gronnd state. Any relation between
microscopic magnetic properties and supercon-
ductivity are thus highly interesting since they
lend support to these ideas.

In a very careful polarized neutron scattering
study by C. Stassis et al. [93] it was shown that
the moment induced by an applied field is predo-
minantly f like and does not change through the
superconducting phase transition in the heavy
Fermion superconductors UPt;, UBe; or
CeCu,Si;. This is contrary to the case in V,Si
where the spin contribution from d bands to the
susceptibility was found to vanish at T, [94). The
null result in the heavy Fermion systems is sur-
prising when considering that the entropy
change at the superconducting phase transition is
enhanced as is the electronic contribution to the
specific heat, which is thought to arise from mag-
netic fluctuations of 5f electrons.

We have studied low energy magnetic fluctua-
tions and the small ordered moment of pure UPt,
through the superconducting phase transition,
and found evidence of a relation between the
antiferromagnetic and superconducting proper-
ties of this compound.
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2.1. Sample and Experimental
Technique

UPt; has the hexagonal Ni;Sn structure (space
group P6,/mmc) with one non-symmetry given
parameter which determines the position of the 6
Pt atoms in the unit cell [95] the lattice para-
metersarea = 5.753 Aandc = 4890A &t T =
4.2 K. We express momentum transfers in units
of a* = 4n/a/3 = 1.261 A1 and c* = 2m/c =
1.285 A1, Experiments were carried out for mo-
mentum transfers in the (h0l) and (hk0) plane.

Four approximately cylindrical (d ~ 6 mm, !
~ 50 mm) ingots of UPt; were grown for us by
E. Bucher et al. [96]. using the float-zone me-
thod. The crystals had their ¢ axis along the cy-
linder axis.

In the light of the extreme sensitivity of UPt,
to doping and impurities our samples were ana-
lyzed for chemical impurities by inductive
coupled plasma mass spectrometry, which
showed that the general impurity level is below
10 ppm. Specifically the weight percentages of
various elements are: Pd < 1 ppm, Th < ] ppm,
Rh ~ 1 ppm, Al < 10 ppm, 211Pb, 11%8n < 10
ppm, V ~ 1 ppm. Most of the single crystalline
material was however found to have stacking
faults giving rise to substantial resolution-limi-
ted nuclear scattering from the forbidden (001)
reciprocal lattice point. Streaks of nuclear scat-
tering along a* demonstrated the disordered na-
ture of these stacking faults.

The 4 ingots were parted into several pieces. In
experiments where low mosaic distribution was
important only one single crystal was in the neu-
tron beam. For probing weak magnetic fluctua-
tions and for accurate measurements of the tem-
perature and field dependence of the ordered mo-

ment 4 - 5 single crystalline specimens were
brought into the beam 50 a3 10 incresse the total
scattering. The crystals were aligned so that their
crystallographic axis coincided typically to with-
in 0.5° in the scattering plane and within 2° per-
pendicular to the scattering plane.

In most of our experiments a significant con-
tribution to the background was incoherent scat-
tering. It was crucial to minimize the contribu-
tion to this type of scattering from the sample
mount. This was done by keeping the sample
mount well out of the beam and shielding it by
neutron-absorbing cadmium. The samples were
glued to the copper holder with low temperature
varnish.

In experiments related to the superconducting
phase transition, AC susceptibility was measured
simultaneously with the neutron scattering ex-
periment on a small UPt;, single crystal similarly
mounted but placed outside the neuiron beam.
The superconducting transition was in this way
found to occur at T, = 0.5 K. The AC suscept-
ibility evolved within 0.05 K a1 T)y.

Measurements of magnetic fluctuations in the
normal state were done in a standard pumped
3He cryostat, while measurements in the super-
conducting phase were performed in an Oxford
instrument 3He-*He dilution cryostat with a coo-
ling power of 250 uW at 100 mK.

The neutron scattering « xperiments were per-
formed at triple-axis spectrometers at the H; cold
source of the DR3 reactor at Risg National La-
boratory. PG (002) crystals were used as mono-
chromators and analyzers. The monochromator
was vertically focused, and the analyzer, in in-
elastic experiments horizontally focused, thus re-
laxing the momentum resolution while main-
taining good energy resolution. The acceptance
angle of our focusing analyzer was typically 5°.

Table 2.1. Experimental configurations used in experiments on UPs;. The column denoted “crystal(s)” siates which
crystals were in the beam. Each crystal is identified with a letter.

Config.# Reactor Instrument Crystal(s) E;[meV] Collimation Monoch Analyzer Filter AE[meV)
1 Riss-DR 3 TAS7 ABCDE .1 20-open-open-open  PG(002) PG(002) focused Be 0.2
2 Riss-DR 3 TAS7 ABCDE 374 20°-30"-open-open  PG(002) PG(002) focused Be+BeO 0.1
3 Riss-DR 3 TAS6 D 447 60°-36-52"-66 PG(002) PG(002) Be+2PG 015
4 Riss-DR 3 TAS?7 E 447 20-open-53°-66°  PG(002) PG(002) Be+2PG 015
s Riss-DR 3 TAS7 ABCD 5 20°-open-open-open  PG(002) PG(002) 2Be ~0.2
6 Riss-DR 3 TAS7 ABCD s 20’-open-24-open  PG(002) PG(002) 2Be ~0.15
14 Risg-M-2731



PG, Be and BeO filters were used to suppress
higher order neutrons. We also used the Be and
BeO powder filters to modify the shape of the
incoherent energy resolution. When using a fo-
cused analyzer, the energy resolution of the ana-
lyzing system is somewhat coarser than that of
the monochromator. In particular, the energy ac-
ceptance function can have non-gaussian tails.
This makes the discrimination towards elastic
scattering at small energy transfers worse than
can be obtained with a conventional collimated
crystal analyzer. By placing a powder filter in the
scattered beam and choosing the fixed energy of
the analyzer slightly sbove the cutoff of the filter,
the energy acceptance of the analyzing system
has an essentially infinitely sharp cutoff towards
higher neutron energies. In this way the discri-
mination towards elastic scattering at small posi-
tive neutron energy transfers is given by the bet-
ter energy resolution of the monochromator.

In the following chapter, the experimental
configuration adopted for each set of data will be
stated by reference to Table 2.1.

2.2. Experimental Results

Our experimental results are described in four
sections dealing with the low temperature mag-
netic fluctuations, the weak antiferromsagnetic
order, the antiferromagnetic phase-transition,
and finally the superconducting phase-transition.
Discussion and analysis is concentrated in Chap-
ter23.

2.2.1. Low Temperature Magnetic Fluctuations

Figure 2.1 shows low-temperature constant q
scans at ¢ = (¥201) and g = (001). (%201) is an
antiferromagnetic Bragg point of the doped com-
pounds. At (00]) the scattering probes antiferro-
magnetic fluctuations of neighbouring hexagonal
basal planes. A previous neutron scattering ex-
periment found that fluctuations of this nature
dominated at energy transfers of hw ~ 8§ meV
{76). The data of Figure 2.1 were taken with con-
figuration # 1 of Table 2.1. The temperature de-
pendence of the scattering (2.2.3) and the de-
crease of the scattering at higher momentum
transfers leads us to conclude that we are probing
magnetic fluctuations.
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Figure 2.1. Constamt q scans in UPt; at momentum
transfers (Y:01) and (001) and T = 1.9 K. The solid
lines are the result of a model of the generalized sus-
cepibility of UPt; similar to that described in 3.3.1.

From the figure we find that there is an en-
hanced low-energy quasiclastic response in pure
UPx; at the antiferromagnetic zone centers of the
doped systems. In particular, in the energy re-
gime below hw = 2 meV the quasielastic scatter-
ing at (¥201) is much stronger than that at (001).
As was shown in [76], at higher energies the pic-
ture is reversed.

The energy resolution of this experiment, AE
~ 0.2 meV (FWHM), does not allow us to de-
duce a characteristic energy scale for the fluctua-
tions at (3201), only to say that the associated
relaxation energy Al' <. AE = 0.2 meV.

Similar low energy response was found at sym-
metrically equivalent reciprocal, lattice points
and with associated integrated intensities in si-
milar ratios as was found for the antiferromagne-
tic Bragg peaks of the doped compounds. In par-
ticular no low energy response was found at
(:200) which is symmetrically equivalent to
(%201). This shows that the fluctuations probed at
(¥:01) are polarized along the direction in which
the uait cell is doubled.

To study the detailed q dependence of the en-
hanced magnetic fluctustions close to (/201), we
performed the constan: energy scans shown in
Figure 2.2. The enhanced low energy response
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Figure 2.2. Constant energy scans in UPy; at kes =
0.5 meV and at temperatures T = 19K and T = 30
K. The dashed line is the background level as mea-
sured for neutron energy gain.

shows up as peaks at reciprocal lattice points cor-
responding to doubling of the unit cell in the
basal plane. The fact that this q dependent qua-
sielastic scattering has the translational sym-
metry of the reciprocal lattice of UPt; shows that
it indeed arises from the sample and not from a
spurious process. From the width of the peaks in
Figure 2.2 we deduce that the antiferromagnetic
fluctuations in this low energy regime are corre-
lated over roughly S unit cells. The figure also
shows the same scan taken at T = 30 K. The
correlations are found to vanish at higher tem-
peratures and the overall level of scattering in-
crease. We shall return to this point in 2.2.3.

We can calculate the amount of moment parti-
cipating in these fluctuations by normalizing the
magnetic scattering to that of longitudinal acous-
tic phonon scattering (Appendix A), and estima-
ting the energy and momentum integrated in-
tensity of the response at (¥201). From Figures 2.]
and 2.2. We obtain <m’q > ~ (0lpp/U-stom).
We cannot, however, from the data of Figure 2.3
get a reliable estimate of the real part of the stag-
gered susceptibility at (102) since the insufficient
energy resolution doet not allow us to access the
low-energy region with largest contributions to
the Kramers-Kronig integral of formula 1.2.

To determine the energy scale associsted with
these fluctuations we increased the resolution of
our spectrometer by reducing the energy to
which the analyzer was tuned (configuration # 2
of Table 2.1). We also used a BeO filter to shar-
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pen the energy cutoff of the analyzing system ss
described above.

Figure 2.3 shows the result of this measure-
ment. The top frame shows raw data at two mo-
mentum transfers and temperatures. for ho >
0.15 meV the data at q = (0.30) is indistinguish-
able from the fast neutron background as mea-
sured with the analyzer turned away from reflec-
tion. There is thus no significant magnetic con-

Figure 2.3. Constant g scans in UPt; a2 (05301, T
=05KandT=5Kand (030)atT =05K

a) Shows the raw data. The elastic peak is nuclear
peak is a fust principle calculation, based on Refer-
ence [150], of the asymmetric response of the specially
filtered spectrometer configuration used (E (BeO) =
3.765 = E; + 0.03 meV). The broken line is the
1o the eye.

b) The inelastic magnetic scantering at (0.53 0 1)
deduced by subtracting the background as measired
at (0.3 0 1). The procedure is detailed in the text. The
lines through these data are resolution correcied Lor-
entzian relaxation spectra with r(,_530,,(0.5K) =
(0.3120.03) meV, T'p530 5 (5 K) = (043+0.03)
meV.
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tribution to the count rate at this momentum
uransfer (compare Figure 2.2) and we may use
this scan as a measure of the g-independent nu-
clear incoherent scattering which builds up be-
low 0.15 meV. Contamination of the antiferro-
magnetic-zone-center energy scan from elastic
magnetic Bragg scattering at (:01), to be discus-
sed in 2.2.2, was avoided by displacing the mo-
mentum transfer to (0.53 0 1). The displacement
is negligible as compared to the correlation
length of the antiferromagnetic fluctuations, as
may be seen from Figure 2.2

Subtracting the data at q = (0.3 0 1) as the
incoherent contribution below ho = 0.15 meV,
and the fast neutron background of 48 counts/
hour sbove ho = 0.15 meV from the dataat q =
(0.53 0 1), we can thus deduce the energy depen-
dence of the magnetic part of the scattering at the
sntiferromagnetic zone center. This is shown in
the bottom frame. Comparing this data to that of
Figure 21 w= thus find that the tighter energy
resolution resolved a finite energy scale for the
low energy magnetic fluctuations of hw ~ 0.3
meV. We also note that the scattering decreases
substantially between S K and 0.5 K. The de-
crease is essentially accounted for by the detsiled
balance factor (1-e-8») I which occurs as a factor
to the imaginary part of the generalized suscept-
ibility in the scattering cross section (see formula
L1). The generalized susceptibility thus evolves
very little between 5 K and 0.5 K. This will be
further discussed in 2.2.3.

Since Bragg peaks strong enough to get an ap-
preciable phonon intensity in this high resolu-
tion experiment cannot be reached we could not
directly normalize these data 3o as to obtain an
estimate of the staggered susceptibility. From the
normalization of the coarser resolution data of
Figure 2.1 to phonon scattering combined with
the value of the relaxation energy determined
from Figure 2.3 we can, however, determine
Rc(xq =(%0 ‘)(0)} = (4 + l)-lO'z emu/mole-U.

2.2.2. Wesk Antiferromagnetism With Finite
Correlation Length

All our samples of nominally pure snd supercon-
ducting UPt; had also elastic antiferromagnetic
scattering at (Y401) with typical widths in energy
and momentum transfer only slightly larger than
thet of the nucleur Bragg peaks. This scattering
developed rapidly below Ty = 5 K as will be
discussed in 2.2.3. Furthermore, it decreased st
larger momentum transfers similar to the ure-
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Figure 2.4. Elastic scans along the c* and a* axis
through the elastic antiferromagnetic peak at (V201
in pure UPy; at T = 17 K The filled circles and
measured at T = 30 K > > Ty = § K The trian-
gles are a measure of the instrumental resolution ob-
tained by removing the filters, thus admitting nuclear
Bragg scattering from (10 2).

nium 5f formfactor observed in UOQ, [97), which
leads us to conclude that the scattering is magne-
tic.

Figure 2.4 shows scans along crystallographic
directions through the (¥0I) antiferromagnetic
peak. The data was taken with configuration # 3
of Table 2.1. Similar peaks were found at sym-
metry related reciprocal lattice points and with
integrated intensity ratios similar to those found
in the antiferromagnetic thorium [47) and pal-
ladium [58) doped compounds.

The associsted antiferromagnetic structure is
shown in Figure 2.5.2. We can exclude domains
of the type 2.5b since no antiferromagnetic
Bragg scattering was observed at (¥200). (¥201)
and (V200) are symmetrically equivalent Bragg
points, and only the polarization factor of magne-
tic neutron scattering (20) can thus explain that
the scattering at (200) vanishes. It vanishes be-
cause the scattering vector, » is parallel to the
antiferromagnetically ordered moment here,
which shows that the ordered moment is parallel
1o the antiferromagnetic modulation of it (Figure
2.5.0).

The filled circles in Figure 2.4 are dsta taken
st T = 30 K which shows that the antiferromag-
the flat incoherent nuclear background. Also
shown is the instrumental resolution ss measured
by removing the Be filter admitting scattering of
second order neutrons from the (102) Bragg peak.
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Figure 2.5. Schematic view of the kexagonal structure
of UPt, Q and @ denote uranium atoms in the
basal plane, and displaced c/2 along the c axis. (a)
shows the antiferromagnetically ordered structure of
pure and doped UPy;. (b) shows a related structure
with the same isotropic bilinear Heisenberg exchange
enevgy whick is, however, not observed as magnetic
order nor as short-range correlated magnetic fluctua-
tions.

Only one single crystal was used in this experi-
ment 5o as to be abie to determine the correlation
length associated with the antiferromagnetic or-
der accurately. We immediately note that the
antiferromagnetic scattering is slightly broader
than the resolution in both crystallographic dir-
ections. Fitting the data to a Lorentzian, appro-
priately corrected for the finite instrumental re-
solution, yields inverse correlation lengths x.» =
32103 A, x,. = 3.810-3 AL

Energy scans through this peak yielded widths
below 100 peV i.c. somewhat smaller than the
incoherent scattering but not quite as small as
observed in scans through nuclear Bragg peaks.
The width in energy scans is however roughly
consistent with finite spatial correlation length

broadening the energy scan due to the correla-
tion between energy and momentum resolution
in a triple-axis spectrometer. We thus do not
have evidence for a finite energy scale associated
with this antiferromagnetic scattering.

The fact that the antiferromagnetic scattering
is comparsble in strength to the nuclear incoher-
ent scattering shows that the ordered moment is
indeed very small. We have normalized the anti-
ferromagnetic scattering from our crystals origi-
nating from 4 different ingots. Table 2.2 summa-
rizes the result. Within experimental accuracy all
our nominally pure UPt, crystals had an antifer-
romaguetically ordered moment of (0.02 =
O.MS) -

We employed two different normalization pro-
cedures 1o access systematic errors:

Normalization to weak nuclear Bragg peaks
not affected by extinction. The accuracy of this
method depends on the knowledge of the struc-
ture factor associated with these, which is strong-
ly dependent on the non-symmetry given posi-
tional parameter of the structure, and on the sto-
chiometry of the sample. We attempted to reduce
systematic errors by adding scattering and struc-
ture factors from several weak reflections.

Normalization to longitudinal acoustic pho-
non scattering on the other hand can be done
close to strong nuclear Bragg peaks which mea-
sure the total scattering length of the unit cell.
The accuracy of this method is limited by sys-
tematic errors in taking into account the differ-
ent resolution effects on phonon scattering and
Bragg scattering (see Apr: ~lix A).

As can be scen from  able 2.2 we obtained
consistent results for .he two methods which
strengthens the belief in the absolute accuracy of
the normalization procedures used.

Table 2.2. Comparison of weak antiferromagnetic order in single crysialline pure UPy; from 4 different ingots.
The ordered momenst has been normalized both o Bragg scatiering from weak nuclear Bragg pecks and 10
phomon scattering from strong wuclear Bragg peaks. The column (001) indicates whether or not this forbidden
Bragg peak was present due 1o defects.

Crystal Ingot (001) Date EfmeV Measured TwK Nommalised T/K g
A 1 No Mar-87 5 (¥:01) 5 (101) Bragg 1.8 0.02+0.01
B 2 No Feb-87 447 (:01) 5 (101) Bragg 1.7  0.04+0.01
B 2 No Feb-87 137 (%401);(¥:02);(%/;01) 5 (101) Bragg 1.8  0.02+0.01
c 2 Yo Ju87 137 (:02) S (102)Bugg 16 0.01:001
All 14 Yes Aug-87 137 (:01) 5 (002)phonon 2.2  0.03+0.01
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2.2.3. The Antiferromagnetic Phase Transition

Figure 2.6.a shows the temperature dependence
of the intensity of the antiferromagnetic peak at
(%401). The data was collected with configuration
# 4 of Table 2.1. The temperature-independent
count rate at high temperatures arises from inco-
herent nuclear scattering. There is a clear break
in the intensity as the temperature decreases be-
low Ty = 5 K very much reminiscent of a phase
transition although, as described in 2.2.2, the
correlation length associsted with the antiferro-
magnetic order does not diverge even as T — 0.
The temperature dependence of the peak intens-
ity is certainly unusual. It continues increasing
linearly with decreasing temperature down to T
~ Ty/10. The evolution below the supercon-
ducting transition at T, = 0.5 K ~ Ty /10 is
described separately in 2.2.4.

From Figure 2.3 we found that the low energy
quasiclastic magnetic scattering at (1201) de-
creases markedly between 5 K and 0.5 K. We
have followed this temperature dependence more
closely in Figure 2.6.b. It shows the temperature
dependence of the quasielastic antiferromagnetic
zone center response at an energy transfer of 85

Figure 2.6. Temperature dependence of (a) the elastic
peak intensity at (¥201) and of (b) the quasielastic
magnetic scattering at (0.52,0,0.99) with an energy
transfer of hw = 85 peV.
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2eV. The dats was taken with the same confi-
guration as that used for the high resolution en-
ergy scans in Figure 2.3 (configuration # 2 of
Table 2.1). The momentum transfer was dis-
placed slightly from (¥:01) to avoid contamina-
tion from the elastic scattering which grows ra-
pidly below 5 K. The broken line in this figure
indicates the incoherent nuclear scattering which
dominates the background at this low energy
transfer. It was measured at (0.301) see Figure
23.

The scattering peaks at Ty = 5 K and de-
creases concomitantly with the incressing order
parameter. Not. however that, although one
might associate this scattering with critical scat-
tering, the decrease in intensity below Ty = S K
is roughly accounted for by the detailed balance
factor, which is proportional to T for T > hw/kp
~ 1 K. This means that our data is consistent
with a roughly temperature-independent gener-
alized susceptibility below Ty = 5 K.

2.24. The Superconducting Phase Transition

We studied both the magnetic fluctuations and
the elastic antiferromagnetic peak as a function
of temperature through the superconducting
transition at T, = 0.5 K. The low energy magne-
tic fluctuation spectrum at antiferromagnetic
zone centers is largely unaffected by the super-
conducting phase transition. Indeed in spite of
intense efforts we have not been able to docu-
ment any modification in the response at finite
energy transfer down to about 0.1 meVat T.

The temperature dependence of the elastic
antiferromagnetic peak, however, has an anomaly
at T, which is related to the onset of supercon-
ductivity. We measured the temperature depen-
dence of the antiferromagnetic peak through T,
with an accurscy of a few %. The data was taken
with configuration # 5 of Table 2.1. The poss-
ibility of applying a field was essential to identify
anomalies at T, as related to the superconducting
transition. To pack the most possible of our cy-
lindrical UPt, crystals into the center of a verti-
cal field split coil magnet, the cylinder axis of the
crysials was chosen vertical corresponding to

~ scattering in the (hk0) plane. We studied the (1

% 0) reflection which is symmetrically equiva-
lent to (¥101), and has a similar cross-section. We
ohtained a count rate of antiferromagnetic elastic
scattering of 80 counts/min on an incoherent nu-
clear background of 12 counts/min. To obtain
the peak intensity to within a few % we thus
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Figure 2.7. Measurements of the antiferromagnetic
peak intensity of UPt; as a function of temperature
and  field around the superconducting phase
transition. From top to bottom is shoun:

Temperature (in) dependence of the N2 nuclear
Bragg peak (210) and the nuclear incoherent back-
ground.

Temperature dependence of the antiferromagnetic
Bragg peak through T, at 3 different fields.

Temperature dependence of the AC susceptibility
measured simultaneously at the same 3 fields.

typically counted for S hours at each tempera-
ture. Data in a field was obtained after cooling
the sample through T, in this field. The tempera-
ture scans were all done upon heating since this
is quickest in a 3He-*He dilution cryostat. No
hysteresis as a function of field or temperatures
in the properties we studied were observed.

The temperature dependence of the (1¥0)
peak intensity through T in 3 different fields is
shown in Figure 2.7. There is a maximum in the
antiferromagnetic peak at T, in zero field. Data
previously published by us [82] are consistant
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with the present zero field data although the
smaller dilution refrigerator used in that experi-
ment did not allow us to reach temperatures low
enough to discern the maximum clearly.

Data in a small applied field of 0.75 T is simi-
lar to that in a field of 2.5 T. It shows that the
increase of the antiferromagnetic peak intensity
ceases below T ~ 0.5 K, even when T, is sup-
pressed by the application of a field. The super-
conducting transition temperature in a field may
be seen from the diamagnetic response in the AC
susceptibility which was measured simultaneous-
ly at each field and is shown at the bottom of the
figure. At the top of the figure is shown that the
A/2 scattering from the (210) nuclear Bragg peak,
which was measured by removing the Be filters,
is temperature independent. Also the incoherent
nuclear background is shown to be temperature
independent in this temperature regime. This
proves that the changes in the intensity as a func-
tion of temperature at (1¥20) indeed are due 10
variations in the antiferromagnetic scattering
cross section. The second order nuclear scatter-
ing was however found to decrease about 5%
when applying a field of 2.5 T. This is presum-
ably because the large forces which the field exer-
ted on the insert of our cryostat moved the sam-
ple slightly in the beam. For this reason we nor-
malized our magnetic scattering data at different
fieldsat T = T, although the intensity here only
varied a few percent as 2 function of field.

As shown in 2.2.2 the correlation length asso-
ciated with antiferromagnetic order is finite even
at the lowest temparatures. It is therefore impor-
tant to determine whether the decrease in the
antiferromagnetic peak intensity below T, is ac-
companied by a change in this correlation length.
To investigate this we measured the ratio of elas-
tic antiferromagnetic intensity in zero field above
and below T, at momentum transfers displaced
from the (1¥:0) pesk in the longitudinal direc-
tion. The data was taken with tight collimation
sfter the sample (configuration # 6 of Table 2.1)
to resolve the finite correlation length, and thus
be sensitive to changes in it,

Figure 2.8 shows the result of this investiga-
tion. The resolution of the spectrometer was de-
termined by removing the Be filters and thus
messuring the nuclear N2 scattering from the
(210) nuclear Bragg peak. This data is shown with
filled circles. The open circles show the sntifer-
romagnetic scattering which is clearly not resolu-
tion limited. The peak is even somewhat broader
than those of Figure 2.4. This is due to the larger

Risg-M-2731
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Figure 2.8. Top frame: 0-20 scan through the antifer-
romagnetic Bragg peak at (1 %2 0). The instrumental
resolution as measured by second order nuclear Bragg
scattering is also shown.

Bottom frame: The relative decrease tn intensity at
selected points of this scan betweer: T = 0.5 Kand T
~ 01K

effective mosaic associated with the 4 approxima-
tely aligned single crystals used in the present
experiment.

The ratio of background corrected antiferro-
magnetic scattering above and below T, in zero
field at various points through the longitudinal
scan is shown in the bottom frame. The data
shows that the shape of the antiferromagnetic
peak is modified much less than is the overall
scale factor by the superconducting phase
transition. Our data are consistent with the line
shape of the elastic antiferromagnetic peak being
the same above and below T..

The magnetic fluctuations of UPt,; are over-
damped below Ty = 5 K to the lowest energies
of about hw = 0.2 meV which have been probed
(Figures 2.1-2.3). The energy scans at (/2 0 1) of
Figures 2.1 and 2.3 are perfectly described as aris-
ing from magnetic fluctuations with an associa-
ted generalized susceptibility of the form

Xol'
Fy = iw

Xe(w) = 21

Risp-M-2731

This was also the case for single crystal neutron
scattering data at enery.~s of order 10 meV. The
absence of resonances in the excitations of the
spin degree of freedom associated with the urani-
um Sf electrons suggests that these are in fact a
part of the conduction electron system. They are
not, as in conventional rare earth magnetism,
placed several eV below the fermi level, and es-
sentially decoupled from the conduction electron
system.

Nonetheless, RKKY type interactions between
spin and orbital moment density localized at ur-
anium sites clearly is responsible for the enhan-
cement of this Stoner type response at high sym-
metry points in reciprocal space. A simple model
taking this into account along with the over-
damped nature of the magnetic fluctuation is dis-
cussed in 3.3.1. Such a model can account for rhe
low energy magnetic fluctuations in UPt;. In
fact, the lines through the data of Figure 2.1 are
the result of such a model calculation. However,
it cannot in its simplest form account for the
cross-over between the two different types of
antiferromagnetic correlations of the spin fluc-
tuations at high and low energies.

As is shown in Appendix C the entropy asso-
ciated with a generalized susceptibility of the
form (2.1) is large and gives rise to a linear term
in the specific heat y x T of similar magnitude
to that observed in UPt, and other heavy fesmion
systems. In particular the strong q-dependence of
the relaxation energy I'; around aatiferromagne-
tic Bragg points gives rise to low temperature
deviations from the simple linear electronic con-
tribution to the specific heat as has been shown
by several authors [98,99,100]), and which is ob-
served experimentally [52].

The itinerant nature of the quasiparticles giv-
ing rise to the enhanced heat capacity was recent-
ly demonstrated most clearly by the observation
of the de-Haas van-Alpen effect from quasiparti-
cles with large effective masses in UPt, [101] and
CeCuq [102].

The proximity of UPt, to antiferromagnetism
doubling the unit cell in the basal plane, is evi-
dent from the low-energy magnetic fluctuation of
this compound, Figures 2.1-2.3, The staggered
susceptibility corresponding to these fluctuations
is Re{xg=qs 0 (0} = (421)10-2 emu/mole-U,
enhanced by a factor of five over the q=0 bulk
susceptibility. It seems that the addition of pal-
ladium and thorium impurities disturbs a deli-
cate balance which prevents the development of a
large ordered moment in pure UPt;.



It is remarkable that the low-energy magnetic
fluctuations are polarized along the direction in
which the unit cell is doubled as is the very small
ordered moment in the antiferromagnetic state.
Figure 2.5 illustrates spin configurations corre-
sponding to two different orientations of spins
with respect to the modulation direction associa-
ted with them. The fact that, even in the short-
range correlated antiferromagnetic fluctuations,
only the longitudinal fluctuations occur at low
energies, suggests that the short-range interac-
tions between the spin densities of uranium
atoms are strongly anisotropic. Isotropic bilinear
RKKY interactions do not distinguish the two
configurations of Figure 2.5. It is interesting to
note that anisotropic two ion interactions resolve
the frustration associated with the antiferromag-
netic interaction between moments in the hexa-
gonal basal plane.

The extreme sensitivity of the antiferromagne-
tic properties of UPt, to doping poses the ques-
tion whether the weak antiferromagnetism with a
finite correlation length in nominally pure UPt,
is an intrinsic effect. As stated in 2.1 our samples
are chemically clean to the level of 10 ppm. Their
major deficiency is the occurrence of stacking
faults in some of the ingots giving rise to Bragg
scattering at the forbidden (001) reflection and
rod-like nuclear scattering along the a* axis. Al-
though they were grown by the same technique it
is suggestive for an intrinsic effect that 4 ingots
have similar antiferromagnetic properties as may
be seen from Table 2.2. In particular, similar
antiferromagnetic prope:ties were found in crys-
1als with different defect structures as monitored
by the presence or absence of the forbidden (001)
Bragg peak. We also note that the Néel tempera-
ture of our superconducting samples, Ty = S K,
is higher than that of the most lightly doped
U(P1,4 Pd,); compound with x = 2% for which
bulk measurements yield clear signatures of a
magnetic phase transition at 3.5 K, and no super-
conducting phase transition. These experimental
facts suggest that antiferromagnetic order is in-
trinsic to UPt; but obviously cannot be conclu-
sive.

Footnotes and comments in various publica-
tions [103] have claimed that there exist nominal-
ly pure UPt; crystals which do not order antifer-
romagnetically. Actual data disproving antiferro-
magnetic order has, however, to our knowledge
not been published and we caution that it is in-
deed not trivial to observe such a weak ordered
moment by neutron scattering.
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The antiferromagnetic phase transition at Ty
= 5 K is marked by anomalies in other bulk
properties. As shown in Figure 2.6, the low-ener-
gy antiferromagnetic zone center respoise has a
maximum at Ty, which corresponds to the imagi-
nary part of the generalized susceptibility rough-
ly ceasing to evolve below this temperature. We
certainly believe this inelastic scattering to be an
intrinsic bulk property of pure UPr; since it cor-
responds to so large a fluctuating moment. We
also mention that both dp/dT and 3p/6H have
maxima at Ty = 5 K [104]. The result that the
generalized susceptibility ceases to evolve below
Ty is consistent with no big anomalies occurring
in the heat capacity at Ty [105). There is only a
vanishing entropy change related to the phase
transition.

Whether or not the antiferromagnetic order is
an intrinsic property, our results concerning the
temperature dependence of the antiferromagnetic
order through the superconducting phase
transition directly show that magnetic and super-
conducting properties of UPt, are indeed closely
related.

Recenily, measurements of the flux dynamics
in UPt, with a high Q torsional oscillator indica-
ted the existence of several phases with distinct
flux lattice dynamics in the H-T plane [87]. Our
data on the temperature- and field-dependence of
the antiferromagnetic peak intensity of Figure
2.7, and also preliminary field scans at constant
tempersture in the superconducting phase, sug-
gest that the antiferromagnetic peak intensity has
a monotonic dependence on field and tempera-
ture. Below T, = 0.5 K there is a local minimum
forH, T - 0Oand aplateaufor H > 0.75 T, T <
0.5 K. The E-phase of reference [87) thus roughly
coincides with the region of H, T space in which
the antiferromagnetically ordered moment is re-
duced by about 5%. The low count rate associa-
ted with the antiferromagnetic scattering does
however not permit us to identify phase boundar-
ies clearly.

Two qualitatively different explanations of the
different phases observed in the flux dynamics of
the superconducting state were given in Refer-
ence [87). They could be due to structural phase
transitions in a flux lattice of anisotropic flux
lines driven by the field dependent flux line
density. They could however also involve a
change in the microscopic nature of the super-
conducting state. In the former case we would
expect the antiferromagnetic order parameter
only to depend on the flux line density and not
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on the deta‘led structure of the flux lattice. Our
data in which the antiferromagnetic intensity at
the lowest temperatures only evolves below 0.75
T < H, clearly is not a simple function of the
flux line density. We have two possible interpre-
tations of cur observations.

The applied field causes a transition between
superconducting states with distinct micro-
scopic properties which influence the antiferro-
magnetic order differently. These phases are then
presumably related 1o those observed in Refer-
ence [87).

The field dependence observed could however
also be related to the finite correlation length of
the antiferromagnetic order. Assuming a triangu-
lar flux lattice the field at which the flux line
separation equals the correlation length of the
antiferromagnetic order is H = 0.5 T. Close to
the field above which the antiferromagnetic in-
tensity ceases to evolve at the lowest tempera-
tures. The fact that the correlation length, as
shown in Figure 2.8, does not evolve in the
superconducting phase then suggests that this
length scale is given by static disorder.

Further inelastic neutron scattering experi-
ments studying the low energy magnetic fluctua-
tions as a function of field and temperature in the
superconducting state are hoped to clarify the
documented relation between antiferromagnet-
ism and superconductivity in UPt;.

2.4. Summary

We have shown that pure UPt; has a strongly
enhanced low-energy response at reciprocal lat-
tice points corresponding to the antiferromagne-
tic order which is realized in lightly doped U,
Th,Pt; and U(Py,, Pd,); compounds. The low-
energy response is enhanced at different recipro-
cal lattice points than is that at energy transfers
of order 10 meV but has a similar relaxational
nature. It is polarized along the modulation dir-
ection which suggests that strongly anisotropic
RKKY interactions are important.

All our chemically pure UPt; single crystals
developed antiferromagnetic order below Ty = 5
K with an ordered moment of (0.02 = 0.005)ug
and a roughly isotropic correlation length of 300
A. The antiferromagnetic order is similar to that
observed in doped compounds although Ty = §
K is higher than that of the most lightly doped
compounds. The ordered moment has an anomo-
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lous mean-field-like temperature dependence
down to T/10. Ty is marked by a maximum in
the quasiclastic antiferromagnetic-zone-center
neutron scattering below kT, and also by re-
sistivity measurements. This suggest that, al-
though the small ordered moment may not be an
intrinsic property of UPt;, it is a signature of a
change in the electronic properties of UPt; at Ty
= SK.

Our measurements of the antiferromagnetic
order of nominally pure UPt; in the supercon-
ducting state provide proof of a close relation
between antiferromagnetic and superconducting
properties in UPt;. They suggest that the applica-
tion of a field in the superconducting state cre-
ates a transition between distinct superconduct-
ing states with different influence on the weak
antiferromagnetic order.
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3. Magnetic Fluctuations in a Heavy Fermion

Antiferromagnet, U,Zn,,

Large competing interactions are what character-
ize heavy Fermion antiferromagnetism. The hea-
vy fermion antiferromagnets typically remain
paramagnetic down to below 10% of the Curie-
Weiss temperature (see Table 1.1) deviating from
linearity of x! versus T at temperatures around
6., [34,106]. The ordered state is characterized
by large bulk susceptibilities, showing that most
of the unpaired spin density continues fluctua-
ting in the antiferromagnetically ordered state.
Neutron scattering is the ideal tool to elucidate
the nature of the magnetic fluctuations which de-
spite strong correlation only condense partially
and at low temperatures, into long range static
order.

This chapter describes such a neutron scatter-
ing study of the heavy Fermion antiferromagnet
U,Zn);. The uranium intermetallic U,Zn,; and
its thombohedral R3m structure has been known
since the late fifties [107, 108,109). Misiuk et al.
[120] discovered that the susceptibility of the
compound is of the Curie-Weiss form, with p g
~ 3ug and O¢cy ~ -200 K, but it was Ot et al.
[48] who discovered the antiferromagnetic phasc
transition at Ty = 9.7 K, the large electronic
linear contribution to the heat capacity (y = 540
mJ/mole-U K2) and the anomalous low-tempera-
ture resistivity maximum at about 20 K, and thus
put the compound into the context of heavy Fer-
mion systems. The antiferromagnetic nature of
the phase transition was subsequently confirmed,
and its associated magnetic structure determined
by neutron powder diffraction [1l1]). Polarized

and unpolarized neutron scattering from poly-
crystalline material {112,13] has shown the exis-
tence of inelastic magnetic scattering with a for-
mfactor similar to that of insulsting UOQ, [97).
The associated state-density pesks at 10 meV
> > kgTy and is hardly affected by the phase
transition. Magnetotransport measurements,
Lowever, have shown that the phase transition is
marked by large anomalies in the hall coefficient
and magnetoresistance [114).

We have performed single-crystal elastic, in-
elastic, polarized and unpolarized neutron scat-
tering to elucidate the magnetic order and fluc-
tuations in UzZn". Some of our work has
previously been published [115]).

The remainder of this chapter is organized as
follows. After describing the experimental condi-
tions we present the experimental results along
with the first unbiased steps of analysis. Then we
discuss the results and finally summarize and
conclude.

3.1 Sample and Experimental
Technique

Our U,Zn,; single crystals were found in melts
produced at 1050°C from the appropriate
amounts of uranium and zinc. The measure-
ments were performed in the (h0l) plane of the
rhombohedral (space group R3m [109)) crystal.
We use hexagonal indices, with a* = 4% / /3a
= 0.811 A and c*2w/c = 0.479 A, 1o label
points in reciprocal space.

Table 3.1. List of spectrometers and configurations which were used for experiments on U:Zn,

Config# Reactor Instrument E/meV  Collimation Monoch Analyzer Filter AE [meV)

1 Risg-DR3  TASI 5 60°-33-62’-67" PG(002) PG(002) Be 0.2
2 Risg-DR3  TAS3 14.56 60’-40°-60° PG(002) + PG +
3 ILL IN20 13.7 40°-60°-60°-60° Heussler Heussler PG 10
4 Risg-DR3  TAS6 7.5  60°-36’-52-104 PG(002) PG(002) = 04
5 BNL-HFBR H7 14.8 40°-40°-80°-80° PG(002) PG(002) PG 1.5
6 BNL-HFBR H7 30 40°-40°-80-80° PG(002) PG(002) PG 4

7 Riso-DR3  TAS1 5 60°-33-62° PG(002) + Be +
8 Risg-DR3  TASI 5 60’-15°-28’ PG(002) + Be +
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Our samples display macroscopic sixfol¢ sym-
metry, which implies that they consist of perfect-
ly aligned twins related to each other by reflec-
tion through the (001) plane. A small single cry-
stal (2%2x2mm?) which we used in structural
studies [116] furthermore had broad peaks corre-
sponding to a hexagonal modification with cp,
= % Cryom This structure is related to the
rhombohedral structure by a different stacking
sequence along the ¢ axis {108). This was however
not the case for the big crystal (5 %7 x8 mm3)
which we used in inelastic scattering experi-
ments. .

The neutron scattering experiments were pre-
dominantly performed at cold-source three-axis
spectrometers at Risg National Laboratory, but a
polarized thermal neutron scattering experiment
was carried out at IN20, Institut Max von Laue-
Paul Langevin, Grenoble, France, and a thermal
neutron scattering experiment was done at
Brookhaven National Laboratory, Upton, New
York. Standard triple-axis techniques [20,73)
were employed, the details of which are listed in
table 3.1. We shall refer to this table and explain
our reasons for the choice of each configuration
when describing our experimental results in the
following chapter.

3.2. Experimental Results

The presentation of our experimental results is
organized as follows. The first 3 chapters are de-
voted to low temperature (T ~ 2 K 9.7 K) pro-
perties, discussing the antiferromagnetic order,
its associated magnetic fluctuations and their po-
larization. Then follow elastic and inclastic data
which characterize the antiferromagnetic phase
transition.

3.2.1. The Antiferromagnetic Order

The antiferromagnetic state is characterized by
antiferromagnetic Bragg scattering at reciprocal
lattice points in the (hOl) plane of the type (3p 0
3m) + (101) and (3¢ 0 3q) = (101) where p and g
are integers {ll1). The two sets of reflections with
magnetic modulation vectors (i01) and (101) cor-
respond to magnetic scattering from each of the
two twins of the rhombohedral structure. The
antiferromagnetic scattering from a given twin
occurs at forbidden Bragg points of that twin
which are however allowed Bragg points of its
twin, The scattering from each twin was found to
have equal strength for both the magnetic and
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nuclear scattering, indicating that the twins are
of equal size.

The antiferromagnetic scattering was resolu-
tion limited. A typical rocking curve through the
(102) reflection measured with configuration # 1
of Table [3.1]) had a full width at half maximum
of 0.007 A for both the magnetic and nuclear
scattering.

The magnetic and nuclear unit cells are identi-
cal. Figure 3.1 shows the corresponding colinear
structure. The structure corresponds to the spin
densities of the two uranium atoms in a unit cell
being opposed to each other. The magnetic struc-
ture factor of this structure assumes the same
value for all allowed antiferromagnetic reflec-
tions, and the structure is unique in the sense
that the whole twin contributes equally to each
ant:ferromagnetic peak.

To within an experimental accuracy of about
10°, the magnetic moments lie in the basal plane,
since the magnetic scattering in this unpolarized
neutron scattering experiment was found to be
roughly proportional to P = ¥%(1 + sinZa),
where a is the angle between the scattering vector
» and the c* axis.

Figure 3.2 shows the integrated intensity of a
number of antiferromagnetic reflections in the
(h0l) plane divided by the planar polarization fac-
tor, P. Our small single crystal of (2 x 2 x 2)mm3
was used in this experiment to avoid extinction
and multiple scattering. The data were taken
with spectrometer configuration # 2 of Table 3.1
which has a large acceptance angle for the scat-
tered neutrons. This makes the Lorentz

Figure 3.1. Antiferromagnetic structure of U,Zny;.
One of the 3 domains which are related to each other
by 120° rotation of the ordered moment in the basal
plane is shown. The wwo structural twins correspond
to reflection in a normal plane to the ¢ axis.
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Figure 3.2. Form factor of the antiferromagnetically
ordered moment in U,Zn;; derived from w integrated
difference intensities in an unpolarized neutron scat-
tering experiment. The filled and unfilled symbols
correspond 1o data from each of the two structural
rwins.

factor 1/sin26, where 26 is the scattering angle, a
good approximation of the variation with 26 of
the sensitivity of the spectrometer to an w scan
through a Bragg peak. The data has thus been
corrected by this factor and, furthermore norma-
lized to the sum of 26 weak nuclear Bragg peaks.
The structure factor sum was calculated on the
basis of the positional parameters determined in
a seperate structural study of the same crystal
[116]. The structure factor sum is only weakly
dependent on the positional parameters.

To within experimental accuracy the data lie
on a smooth curve and thus confirm that the
ordered structure indeed only has one non-zero
value of the magnetic structure factor.

The steady decrease of the scattering at larger
momentum transfer shows that the ordered mo-
ment has a finite spatial extent around the urani-
um atoms. The curve through the data is the
squared formfactor measured for U4+ in UO,
[97]. Since this curve roughly describes the ob-
served variation of the antiferromagnetic scatter-
ing we conclude that the spatial extent of the spin
density in the metallic magnet U,Zn,; is similar
to that in the insulator UO,. The size of the or-
dered moment extrapolated to Q = 0is (0.81 =
0.05) pg in agreement with previous powder dif-
fraction data [111].

Below Ty, in-plane anisotropies orient the or-
dered moment along the easy directions in the
basal plane. Macroscopic three fold symmetry is
obviously nut hroken at Ty. It is however broken
microscopicaliy in domains of the colinear anti-
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ferromagnetic order. By applying a field in the
basal plane we can break macroscopic three fold
symmetry and determine the moment orienta-
tion within the domains. This is most conveni-
ently done in a polarized neutron scattering ex-
periment.

We performed such an experiment at IN20 In-
stitut Laue Langevin using configuration # 3 of
Table 3.1. The measurements were done on our
large single crystal in the (hOl) plane with a field
applied in the vertical direction. This is a real
space a direction. We measured the ratio of non-
spin-flip and spin-flip magnetic Bragg peak in-
tensity at (102) and (201) as a function of applied
field. The nuclear scattering from the other twin
at these reciprocal lattice points was subtracted
by measuring difference intensities between T =
1.5 K Ty. The reflectivity of the magnetic and
nuclear Bragg peaks are of the order 104 cm-! at
the wavelength of 2.4 A used, so we may neglect
secondary extinction [117]. We minimized the
multiple scattering contribution to the two Bragg
peaks in concern by choosing the neutron wave-
length that gave the smallest peak intensities.
The compensating vertical flipper current was
optimized at each field and the flipping ratios as
measured on the nuclear (003) peak were typical-
ly 20. The measured intensities were corrected
for the finite flipping ratio. The result of the
measurement is seen in Figure 3.3. Because field
hysterisis can be expected in domain effects the
crystal was cooled through Ty in each of the
applied fields.

To interpret the data, note that in a vertical
field the non-spin-flip scattering arises from spin
components along the appied field, whereas spin
flip scattering is from spin components within
the scattering plane and perpendicular to the
scattering vector. Table 3.2 expresses this quanti-
tatively for the two reflections in question.

Figure 3.3 thus shows that the total amount of
ordered moment along the applied field de-

Table 3.2. Contributions to the scattering in the non-

spin flip and spin flip channels from spin components
along various symmetry directions.

(102) (201)

non-spin
flip s? s?
spin flip 0.42S2 +0.5852, 0.9282+0.08 §2,
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Figure 3.3. Flipping ratio of antiferromagnetic Bragg
scattering in U Zn;, at two antiferromagnetic Bragg
points as a function of the vertical field in which the
sample was cooled through Ty. The sample was
mounted in the (A0I) plane and the field was thus
applied along an a-direction. The magnetic part of the
intensity in each flipping channel was determined by
subtracting the intensity measured t T = IS K >
Ty from that at T = 1.5 K The flipping ratios
associated with various moment configurations in the
basal plane are indicated in the figure.

creases as a function of the field. This is the be-
haviour expected for an antiferromagnet. As we
shall see later the typical anisotropy enmergies
within the basal plane are nearly 2 orders of mag-
nitude larger than the energy associated with the
applied field. We therefore interpret the decrease
in the amount of ordered moment along the ap-
plied field as a domain effect in which the do-
mains with the largest spin components along
the applied field are disfavoured relative to those
with larger components perpendicular to the
field.

Because the nuclear scattering at (201) is nearly
an order of magnitude larger than the magnetic
scat’ering here, the procedure for determining
the magnetic part of the scattering by subtracting
intensities from below and above Ty is probably
questionable for this reflection. In particular ex-
tinction release when lowering the microscopic
symmetry can give a small temperature depen-
dence even of the nuclear scattering. Neverthe-
less from the flipping ratio at (201) for H -> 0,
where $2 = $2., and from Table 3.2, we get S/
$2 ~ 40 showing, in consistency with previous
results, that within experimental accuracy the or-
dered moment lies in the basal plane.

Risg-M-2731

On the figure are indicated the flipping ratios
at (102) and (201) corresponding to macroscopic
three fold symmetry, (i.c. the zero field state) and
the high field state corresponding to antifero-
magnetic moment orientation along the a and a*
directions respectively. The flipping ratios mea-
sured at (102) are seen to be consistent with the
high field state having moments along the a*
direction perpendicular to the applied field. The
fact that the magnetic flipping ratio at (201) does
not become as small as would be expected is pre-
sumably due to a2 nuclear contribution w0 the
temperature dependence of the non spin flip scat-
tering as discussed earlier. In reference to our
discussion of domain effects, we conjecture that
the zero field state corresponds to an equal distri-
bution of the three domain types with ordered
moments zlong a*.

3.2.2. Magnetic Fluctuations in the Ordered
State

The low temperature magnetic excitation spectra
of U,Zn;; are broad in energy, and extend to en-
ergies far beyond kgTy.

Figure 3.4 shows cnergy scans taken at the
antiferromagnetic zone center (102) and at a high
symmetry non-zone-center point (3/2 0 3/2) in
the ordered phase. The scartering is magnetic as
is shown later by our polarized neutron scarter-

Figure 3.4. Constant q scans at the antiferromagnetic
some center (102) (@) and a2 (3/20 3/2) (O), T = 2
K. The dashed line indicates the background mea-
sured for neutron energy gain. The full lines result
from a model described in (3.3.1).
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ing data (3.2.3). It is in fact also clear from the
temperature dependence of the scattering at Ty
that it arises from excitations of the spin and
orbital moment of the unpaired 5f electrons
(3.24).

Note that to within experimental accuracy
there are no peaks in the scattering, which shows
that the response function, surprisingly for a
magnet in its ordered state, is non-divergent in
the energy regime studied and in particular down
to the limits of small momentum and energy
transfer given by the resolution of the experi-
mental setup; AE = 0.4 meV = kg Ty/2, Ax =
010 A-. Both values are full-width at half
maximum. Ax is the resolution of momentum
ransfer perpendicular to the scattering plane
which is the direction of coarsest momentum re-
solution.

As we shall see later, the integrated intensity of
an energy scan such as that at (102) shown in
Figure 3.4, is comparable to integrated intensi-
ties of resolution-limited spin waves in rare earth
systems. So the intensity of inelastic magnetic
scattering in an antiferromagnetic heavy Fer-
mion system such as U,Zn,; is the width of the
spectrum over the energy resolution, i.e. typically
more than an order of magnitude smaller than
peak iniensities of magnetic excitations known
from rare earth magnetism. Furthermore, since
the information on the spin dynamics of the hea-
vy Fermion systems comprises peak widths and
line shapes, heavy Fermion magnetism is a sub-
stantial experimental challenge for neutron scat-
terers and their instruments.

The data of Fig. 3.4 were for this reason taken
with an unconventional experimental configura-
tion namely configuration # 4 of Table 3.1. With
this configuration we got reasonable count rates,
while being able to follow the response to ener-
gies of the order kgTy. Since the neutron source
was a H, moderator cooled to 25 K [118], we
could neglect the flux of A/2 neutrons reflected by
the PG(002) monochromator in our inelastic ex-
periments.

The magnetic scattering is clearly strongly en-
hanced at the antiferromagnetic zone center,
(102) as compared to (3/2 0 3/2). Figure 3.5 illu-
strates this enhancement further. It shows con-
stant energy scans at ho = 1 meV and ho = 3
meV through the antiferromagnetic zone center
(102). The scans were taken along the ({ 03-0)
direction which is dominated by low-energy ex-
citations from only one of the two twins, making
the interpretation of the data somewhat simpler.
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Figure 3.5. Constant energy scans through the antifer-
romagnetic zonc center (102) at (a) hw = 3 meV and
() ho = I meV. The data were taken T = 2 K
along the ({ 03-0) direction. The broken line shows a
resolution limited aniiferromagnetic spin wave re-
sponse with a velocity of 37 meV A. The full line is
the result of a model calculation described in 3.3.1.

Note first of all that the peak gets broader and
weaker as the energy transfer is increased. The
broken line is the intensity profiles which a con-
ventional gapless linearly-dispersive antiferro-
magnetic spin-wave response would give rise to
in the spectrometer configuration used for the
present experiment. The spin wave velocity and
the strength of such a response were fitted to give
the best possible agreement with the data. This
was obtained with a spin wave velocity of 37 meV
A. Clearly a resolution-limited spin wave re-
sponse cannot account for the magnetic excita-
tions in this region of energy and momentum
transfers. The line which fits the data, better ar-
ises from a model calculation we will return to in
33.
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Figure 3.6. Constanmt energy scans along (k 03-h) tn the ordered phase of U Zn;at T = 2 K. The solid lines are
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perspective view.

Figure 3.6 summarizes the low-energy magne-
tic excitations in the ordered phase. It shows the
scattered neutron intensity as a function of mo-
mentum and energy transfer in a2 3d perspective.
There is clearly appreciable scattering above
background at ho = 4 meV. This pan of the
scattering was studied in A thermal neutron ex-
periment at the tripie axis spectrometer H7 of
Brookhaven National L.aboratory.

Figure 3.7 shows constant g-scans probing
fluctuations with the same modulation as the or-
dered state, at (201) and probing the homogen-
eous magnetic fluctuations at (003). The data
were taken with configuration # S of Table 3.1.
The dashed line indicates the background as
measured by turning the PG(002) analyzer crys-
tal out of its reflection, There is some contribu-
tion to the scattered intensity by phonons, but
since the momentum transfer is small and the
resolution volume is large the scattering is domi-
nated by diffuse magnetic scattering. This was
confirmed, e.g. for the (003) scan, by the scatter-
ing at hw = 8 meV decreasing as a function of
momentum transfer ‘,ag c*, then remaining
roughly constant between (003) and (006). Pre-
sumably multiphonon scattering becomes com-

Risg-M-2731

parable to the magnetic scattering for larger mo-
mentum transfers.

Figure 3.7. Constant q scans at (201) and (003) in the
ordered single domain state of UZn;, at T = 2 K
and H, = 2 T. The broken line is the background as
measured with the analyzer turned away from reflec-
tion. The dosted line is the calculated contribution to
the intensity from inelastic scattering of the N2 nex-
mofthnay‘iltmdincidembmmdownwﬁ’, =
14.8 meV. The full lines are guides to the eye.
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Due to the thermal population factor in the
DOULTON SCAMTEring Cross section neuiron energy
gain processes with energy transfers significantly
larger than kaT = 017 meV are not possible.
The fact that the count rates on the peutron ener-
gy gain side are in fact well above the analyzer
turned background is due to high-energy scatter-
ing of the A\/2 neutrons reflected by the mono-
chromator. The dotted line is the calculated con-
mbution to the intensity arising from such pro-
cesses.

Another effect one should be aware of when
studying this data is that the incident beam
through the scan contains a varying amount of
first and second order neutrons, which both con-
mbute to the count rate of the incident beam
fission monitor. At thermal sources using
PG(002) monochromators, the correction factor
varies from about 2 at an incident energy of 13
meV to close to 1 for incident energies above 30
meV [119]. Correcting the data of Figure 3.7 for
this effect thus enhances the scattering below en-
ergy transfers of ho = 5 meV.

The data were taken at T = 2K and in a verti-
cal field, H, = 2T, which is enough to create
essentially a single domain state as can be seen
from Figure 3.3. By the procedure described in
Appendix A we have normalized the data to
acoustic phonons around the strong (006) nuclear
reflection. Calculating the bulk susceptibility
from the Kramers-Kronig relation (1.2), we ob-
tain for the bulk susceptibility xpqx = 0.5 emw/
mole-U in reasonable agreement with the value
0.75 emu/mole-U for the suscepuibility found in
bulk measurements on U,Zny; [49].

At the high energy end of these scans the fea-
tures characteristic of the antiferromagnetically
ordered state can no longer be discerned. To fol-
low this incoherent high energy magnetic scat-
tering we choose configuration # 6 of Table 3.1
whose energy resolution of about 4 meV is better
suited in this energy regime. Figure 3.8 shows
the extension of the energy scans probing antifer-
romagnetic and ferromagnetic fluctuations to 40
meV. Constant energy scans in the regions of
momentum transfer studied were flat but in-
creased sharply at momentum transfers of 6 x a*
= 49 A-L. This shows that there is probably a
significant contribution of multiphonon scatter-
ing in the energy scans of Figure 3.8. Neverthe-
less, the energy dependence of the scattering is
dominated by magnetic scattering and the data
thus gives a rough estimate of the fall off to high
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b ® {201)
o {30C)

T=2K_ H,=2T

EQ* 30 meV -]

£0°-40°-80°-80°
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Figure 3.8. High emergy scans at an antiferromagne-
tic zone center, (201), and at a zone boundary, (300),
of UxZn;; i us single domain antiferromagnetically
ordered state T = 2 K, H, = 2 T. The broken line is
the background as measured vnth the analyzer turned
oway from reflection. The full lines ave guides to the
eye.

energies of the fast uncorrelated magnetic fluc-
tuations. Converting the energy scan at (300) to
absolute units and calculating from the imagi-
nary susceptibility the bulk susceptibility, yields
Xpux = 0.6 emw/mole-U, close to the bulk sus-
ceptibility of 0.75 emw/mole-U.
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3.2.3. Pelarization of the spin fluctuations

The polarization of the magnetic excitations rela-
tive 0 the symmetry directions of the ordered
state were studied in an inelastic polarized neu-
trom scatiering experiment [73] on the triple axis
spectrometer IN20 at a thermal neutron beam at
the institute Laue Langevin Grenoble, France.

Figure 3.9 shows coastant energy scans at he
= 2 meV through the antiferromagnetic Bragg
point (201). The data were taken with configura-
tion # 3 of Table 312t T ~ 2 K well below T),.
Spin flip and non-spin flip are measured relative
to the neutron spin quantization axis defined by
a smmall horizontal guide field oriented along the
scattering vector throughout the scan All mag-
netic scattering is therefore in the spin flip chan-
nel along with 2/3 of the nuclesr spin incoberent
scateering and the unpolarized beckground,
whereas nuclear coherent, isotope incoherent and
1/3 of the nuclesr spin incoberent scattering is in
the non-spin flip channel [73) The enhsnced
antiferromagnetic  ZONC-Ceniecr reSponst OCCurs
oaly in the spin flip channel which proves that it
1s indeed magnetic scattering.

Having shown this, we turn 10 the vertical
field configuration in which the magnetic scat-
tering is separated into the part polarized along
the field, which scatters neutrons while conserv-
ing their spin, and the part polarized in the scat-
tering plane which flips the neutron spin in the
process of scattering. Figure 3.10 shows constant
energy scans through the antiferromagnetic
Bragg point (201) and (102) for both spin flip and
non-spin flip scattering. The data was taken in
the single domain state at T = 2K, H, = 2T.

Figure 3.9. Polarizarion resolved constant emergy

scan at ho = 2 meV through (201) m a horisontal
Sreld.
l"lm f'ldd ’ E;:137mvl
100 = o Spin fip 40-60™-60~-60"

INTENSITY lcts.pe&Omin)
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Note first of all that within the limits set by sta-
scans are similar to the unpolarized showing en-
hanced noa-resomant low eaergy response at the
antiferromagnetic zooe centers. There is, how-
ever, a different amount of scattering im each
channel Table 3.3 shows the polarization com-
muwhﬂmnibmmthemud-ﬁdd

spin flip snd non-spin flip channels at various
synmemcdly equivalent  antiferromagnetic
Bragg points in the (hOl) plane:

As discussed in 3.2] the vertical field of 2T
essentially selects a single domain with moment
oriented along the a* direction. Referring 10 the
hexagonal besal pisne snd the ordered moment
donga’wemythsmx',.,x',.ndx'.s
longitudinal, out-of-plame transverse, and in-
plane transverse susceptibilities, respectively. In
other words, Table 3.3 shows that the non-spin
flip channel measures transvetse inplane magne-
tic excitations, while the spin flip channel mea-
sures 2 combination of longitudinal and trans-
depends on the orientation of the scattering vec-
tor x relative to a* and c*, such that the spin flip
channel measures predominantly transverse out
of plane scattering at (201) and longitudinal scat-
tering at (105). Equal contributions of these two
kinds occur in the spin flip channel at (102).

Retuning to Figure 3.10 we conclude that the
transverse inplane scattering is stronger than the
transverse out-of-plane scattering at e = 2
meV. As stated in Table 3.3 the magnetic non-
spin-flip scattering is identical at (201) and (102),

Table 3.3. Magnetic form factor [10] and the contri-
bution 10 spin flip and nom-spin-flip scattering, in &
Sield perpendicular 10 the 8*-c* plane, of each gemer-
alized suscepnibility component. With x™, we mean
the imaginary part of the generalized swsceptibility
along the direction v. Recall that 3* L a and that a

thus is parallel to the applied field.

(k) Q[A-) |F, (QF spin flip non-spin flip
W02 126 095  058x,+042x7, x;
@n 169 086 0087 +092x7, x
10s) 253 omn 090, +0.0x7, x;
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Figure 3.10. Polarization resolved comsiamt emergy
scans through two antiferromegneric zone centers of
UxZn;; in its single domain antiferromagnetically or-
dered siste t T = 2 K and in a verticel faeld of H,
= 2 T. The broken hne 15 the horizonsal field mon-
spin flip scastering, whick 13 a measure of the non-
mapnetic background. The full lines are puides s0 the
o

apent from the magnetic form factor which de-
creases by only 10% from (102) 10 (201). This si-
milanty is reflected in the experiment.

Comparing the spin flip scatrering at (201) and
(102) the wansverse out-of-plane scattering at
(201) is clearly peaked at the antiferromagnetic
zope center, but at (102), where it is "diluted’ by
some longitudinal respomse. the resultant spin
flip scattering is almost q independent. This sug-
gests that the longitudinal scatiering is much less
q dependent at these energies.

The distinct natre of the longitudinal scatrer-
ing is further elucidated by the data of Figure
3.11. It shows that the longitudinal spin flip scat-
tering at (105) is not enhanced at the antiferro-
magnetic zone center at low energies but to with-
in our experimental uncertainty is independent
of energy below hw = 15 meV. The enhanced
antiferromagnetic zone center response is clearly
only present in the transverse response which is
dominating at (201). From the energy scan at
(201) we furthermore conclude that *he energy
scale associated with out of plane transverse scat-
tering (spin flip scartering at (201)) is significant-
ly larger than that of the inplane transverse re-
sponse.

Normalizing and integrating the spectna of
Figure 311 is associated with some uncertainty
because the background is comparable to the sig-
nal. We note, however, that the amount of mo-
ment participating in the two types of transverse
response is similar, wheress the real part of the

32
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Figure 311. Vertical field polarization resolved com-
stamt ¢ scanms in the single domain antiferromagnetic-
ally ordered state of UZn;; T = 2K H, =2 T.
The thin broken line s the analyzer turned back-
ground. The lines through the data at ¢ = (20]) are
Lorentzian relaxation responses, appropriasely correc-
ted for background, fimite emergy resolution and the
varying contribution of A nentroms o the mowisor
Count rate.

staggered susceptibility at (201) is about 30% lar-
ger for wansverse inplane than the transverse
out-of-plane component

3.2.4. The Antiferromagnetic Phase Transition

Figure 3.12 shows the iemperature dependence of
the integrated intensity of the antiferroraagnetic
Bragg peak (102) through the antiferromagnetic
phase transition a1t Ty = 9.7 K. The data was
taken with a fixed energy of 5 meV in configura-
tion # 7 of Table 3.1. There was no hysteresis at
Ty and the curve resembles that of a mean field
model with s = V2 except, as could be expected,
for the critical region.

This was investigated further with configura-
tion # 8 of Table 3.1 in which a good momentum
resolution was obtained to distinguish the static
long-range ordered component from critical fluc-
tuations. The insert of Figure 3.9 shows the nor-
malized intensity versus reduced temperature at
temperatures close to Ty in a double logarithmic
plot. From the slope we derive the critical expo-
nent of the order parameter B = 0.36 =0.02.

To establish the relation of the magnetic fluc-
tuations reported in 3.2.2 to the antiferromagne-
tic phase transition, we followed the antiferro-
magnetic 200€ center scattering at energy trans-
fers of order kyTy as a function of temperature
through Ty. This was measured with configura-
tion # 4 of Table 3.1 and is shown in Figure
3.12.b. The data should be compaered to the low
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Figure 3.12. Elastic and inclastic data characterizing
the antiferromegnetic phase transition &t Ty, = 9.7
K. The 10p frame shows the development of the order
parameser ot (102) compared 10 an s = 1/2 mean field
calculation. The inset shows a dowble logerithmic piot
of normealized squared magnetivation versus morme-
bzed semperature in the crivical region. The bonom
Jrame shows the semperature dependence of the anti-
Jerromagnetic zome censer, (102), quasielastic magne-
Bc scatiering at an ewergy ansfer of heo = 0.75
meV.

temperature magnetic excitstion spectrum of
Figures 34, 3.5 and 3.6 which was taken in the
same configuration. The low-temperature, low-
energy scattering is strongly enhanced at Ty and
in particular much more than is accounted for by
the thermal factor (1-e#™)- (indicated in the fig-
ure with a dotted line). This term enters the mag-
Detic scattering cross section as 8 factor 10 the
imaginary part of the generalized susceptibility
(see formuls (1.1)). The excitstion spectrum is
thus modified at these energies by the develop-
ment of the order parameter as one would expect.

Riss-M-2731

This development was follcwed in more detail
by messuring the low-energy response, such as
shown in Figures 3.4 and 3.5, at a selection of
temperatures around T);. Figure 3.13 shows a re-
presentative set of coastant-E and coastant-q
scans at 3 different temperatures. The data show
that the peak in Figure 312.b arises as the spec-
trum which is rather broad above and below Ty
concentrates st low energies for T close w Ty,
The correlstion length of these antiferromagnetic
fluctustions, which one may deduce from the
constant energy scans, on the other hand contin-
uously increases as the temperature is lowered.

Figure 3.13. Constant he = 2 meV and constant q
= (M02) scans ot semperatures above and below T,
scrbed in 3.3.1.

he:2meVi T:2K
€03-0) -

T
l
-0

i S

¢« 8 & B
L

g 8 Bo

INTENSITY [cts./730min]
&

1235 -1 1 3 S

0
as 075 1
Clrlu)

33



The most striking feature of the magnetic fluc-
tustions in U,Zny; is the absence of propagating
spin wave modes in the ordered state at ene1gics
of the order kyTyy. Clearly the spin density which
develops static long-range order below Ty is a
pant of the continuous oconduction-clectron siate
density since even low-energy dipolar excitations
decay into the clectron hole pair continvum.

From magnetic form-factor measurements of
the ordered moment (Figure 3.2) and the magne-
tic fluctuations [112] it is, however, clear that the
spin density is essentially localized about the ur-
anium atoms as if it arises from atomic 5f elec-
uoms. It is important to keep this experimental
fact in mind, but also to realize that obviously
the (time averaged) spin density is largely unaf-
fected by even qualitative changes in the dyna-
mics of the electrons giving rise to it, essentially
because it is not a phase-sensitive property. In-
clastic magnetic neutron scattering is, however,
sensitive to spatial and temporal phase cober-
ence, and tells us that even low-energy and long-
wavelength magnetic fluctuations have only
short-range phase correlations.

In weak itinerant ferromagnetism it is general-
ly found both experimentally [120] and theoretic-
ally [19] that there exists a low energy and long
wavelength limit in which spin waves can prope-
gate essentially without damping. This is, in its
most fundamental explanation, because the ferro-
magnetic order parameter commutes with the
Hamiltonian. Returning to the present level of
abstraction, we can also say that in the itinerant
ferromagnet up and down spin bands are shifted
equally but in opposite directions by the ex-
change field, leaving 2 gap in which spin excr-
tions have no continuous set of states to which
they can decay, and thus they propagate with
long-range coherence.

Antiferromagnetism on the other hand s a
much more complicated ground state whose cor-
rect theoretical description has still not been
found [121). In particular since the staggered
magnetization does not commute with the Ha-
miltonian, no true singularities occur in the mag-
netic response function of metallic antiferromag-
nets [21]. This can be stated in simpler terms in
that the staggered exchange field does not neces-
sarily produce a gap in the metallic spin flip exci-
tation spectrum (21]. This situation should be
contrasted to that of antiferromagnetism arising
from nesting of the Fermi surface associated with
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several bands as in chromium. In this case well-
defined spin waves with velocities of the order v,
the Fermi velocity, generally result [122].

Itinerant antiferromagnetic order in a2 metal
can, but need not necessarily, produce a gap in
the continwous electron hole pair excitation spec-
tum. From Figure 34 - 36 it would seem that
this is indeed not the case for UZny;.

The ordered magnetic structure of U, Zny; is
simple (see Figure 3.1) and is obtained when the
spin density of each uranium atom prefers to be
antiferromagnetically aligned to its nearest
neighbour along the ¢ axis, and its three nearest
neighbours in the basal plane. This is in contrast
fo an itinerant antiferromagnet like chromium
where the wave vector of the incommensurate
spin density wave is determined by distances be-
tween specific parts of the Fermi surface.

The q-dependence of the magnetic fluctuations
in U,Zay, is also strictly commensurate being en-
hanced 2t the antiferTomagnetic zome centers
(Figure 3.4). It scems then that short-range inter-
actions dominate spin correlztions in U,Zn,;.
Auerbach et al [123] have found that these anti-
ferromagnetic correlations can be described by
the Anderson lattice model, and that ’three di-
mensionality and umklapp processes »hides the
cfiect of the Fermi vector’. One may also describe
the antiferromagoetic correlations as due to
short-range RKKY interactions. Although there
are no simple 5f electrons, the localized nature of
the spin density, which is found experimentally,
justifies the concept of a conduction-electron
mediated interaction between such neighbouring

The energy spectrum of magnetic fluctuations,
at Jeast 10 within the accuracy ro which it is mea-
sured, is simple and within scale factors similar
a1 different momentum transfers. Quite simple
functional forms can thus model the generalized
susceptibility. We have writien down such a3
model, which provides us with a convenient
parameterization of our data

3.3.1 Model of the Generalized Susceptibility
of U Zay,

Our model is stated within the RPA where the
effect of interactions between entities with separ-
ate degrees of freedom on the susceptibility of the
full system, x4 (w), is given by

Xe' (@) = x5! (w)-J 3D
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Xe{es) represents orbi mt'h
cepribility of the spin and orbital n -m! neg-
ity assocised with 3 sing

lecting the interaction of this with acighbouring

uramiem sites. We neglect any q-dependence to
this term sad choose the form

Xo(w) = —:‘

- (32

kich is 2 simple noa-resomant respomse func-
tion with oaly onc encrgy scale, I It bas been
found to provide a good description of excitation
specta in Kondo and mized valence systems
[124] a5 well 23 in heavy fermion systems [125}. x,
is the real part of the susceptibility and the ener-
"‘*.r“mwmthem
density (¢ associsted with the spin
described by (3.2) (sce also Appeadix C).
The imtra-site inseraction is represented by the
fowrier-tramsiormed RKKY bilinear exchange
astant ] Inserting (3.2) im (3.1) we obeain:

3.3)

Xg(w) = r'x:rb

l" =L - x.-") G4

s observed experimentaly the spectral form of
Xq () is the same a5 that of x (w), but the relaxa-
tion frequency now depends on J, such that it
becomes small whenever the modulation cf the
fluctustion is favoured by the exchange iterac-
tion. The model has an inswability towards anti-
ferromagnetic order with an associated module-
tion q, when I —> o(lzsl.ln‘h“"n‘::
mmm“
what more complicated since there are more than
one atom in a uait cell (3.1) thus becomes a ma-
trix equation and generates both optical and
We have spplicd this model o the .
excitations ia U;Zoy,. We spproximeted the ex-
interactions as ranging only t the 4 near-
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cal for these, given by ], . We averaged contribu-
ﬁomﬁmmhdthemmdwl !me:
although the low energy response was domi
by scattering from the one of the two twins to
which the satiferromagnetic Bragg point we were
near corresponded.

All our deta at T = 2K were fitted simultan-
cously o the model by varying its three pars
of Figures 3.4 3.5 and 3.6 are o
mchaﬁnednoﬁﬁlmmththopnmﬂsa
“ X = 06 2 Ivl;—-O‘lIRVI
nhand [ = 23 meV. Note that xJ; = 024 is
descrmined direcly by the s whereas the sbso
lute scale of each was determined from bulk sus-
ceptibility data. The model gives an excellent de-
iption of our dsta with a minimum of adju-
mmnsm""“"
The model, as fitsed to the data, thus reveals
the tyns haracteristics of a system with strong
Pl e The single site relaxs-
tioa rate, AT and the exchange coupling J, are
large competing energy scales that result in a sig-
nificandly smaller encrgy scale Wl'q,

3.3.2. Temperature Dependence of
Parameters

Encouraged by the good description of the low
dets, which our model offered, we
soaiyzed smiler sers of dwa taken 3t tempern
tares varying from well sbove Ty (25K) and into
the ordered phase, in an artempt w0 ehucidate
what is driving the phase transition. At each tem-
we 1 constant g scans at (102)
and (3/2 0 3/2) and 3 constant encrgy scans at |
meV, 2 meV and 3 meV. Typical data are shown
in Figure 3.13.
'ewmmmlmmmm‘
dependence of the bulk susceptibility a5
measured in Reference [48]. This is related to the
perameters of our model by

Re {x¢=0(0)} = x. - T+_4:.'|T:| 43

fixing a scale factor st T = 2K we thus reduced

meters to 2.
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The result of this analysis is shown in Figure
3.14. The temperature dependence of x,, shown
in the top frame, is essentially that of Xq=0(0) =
Xbalk [48] since the denominator of (3.5) varies
very little in the temperature range studied.

As shown in Appendix C we expect that
I' =)y, where vy is the coefficient of the linear
term in the specific heat. And indeed the increase
of I at Ty by roughly a factor of 2.5 corresponds
to the reduction of -y at Ty by a factor of 2.7 [48).

The most interesting result is that the RKKY
exchange parameter J, in the whole temperature
interval studied increases as T is decreased. Since
Xo remaias constant from 15K to 10K, it actually

Figure 3.14. Temperature dependence of the model
parameters obsained from fits described in the text.
Different symbols correspond to different experimenial
runs. Where no error bars are shown, the errors are
comparable to, or smaller, than the symbols. The solid
limes are guides to the eye.
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seems as if it is the increasing effective RKKY
coupling J; which drives I', to zero at Ty mak-
ing the system unstable towards antiferromagne-
tic order with a modulation given by q_.

It is interesting 1o compare our results to re-
cent theoretical work on the two impurity Kondo
problem [30]. It is found that antiferromagnetic
correlations between two RKKY coupled local
moments persist even when these are fully
screened by the conduction electron band in
which they are embedded. This may be interpre-
ted as the effective RKKY coupling scaling to
larger values along with the energy scale associa-
ted with local moment screening.

3.3.3. Polarization of the magnetic fluctuations

Although we believe that the above simple model
contains many of the qualitative properties of
magnetic fluctuations in heavy fermion systems,
our polarized-neutron scattering experiment
made it clear that in fact the dynamics is more
complicated than previously anticipated.

First of all, in the light of the ordered moment
being strongly reduced as compared to the fluc-
tuating moment, it is surprising that transverse
fluctuations dominate at low energies. This is in
contrast to URu,Si, (4.2.2) where the magnetic
excitations below 30 meV are purely longitudi-
nal. Figure 3.11 shows that the longitudinal re-
sponse in the ordereed phase of U,Zn,; is feature-
less below 15 meV. In this aspect the fluctuations
are thus similar to those of Heisenberg antiferro-
magnets where the longitudinal response va-
nishes at T = OK. The results suggest that the
energy scale associated with the reduced moment
is much larger than kgTy and the phase
trapsition involves only this smaller effective
moment.

From Figures 3.7 and 3.8 we find that indeed
there is a significant amount of the magnetic
fluctuations that are largely independent of gq.
Above IS5 meV our single-crystalline energy scans
show that the magnetic fluctuations are uncorre-
lated and that the spin density of the magnetic
sites thus fluctuate independently.

Returning to the transverse response Figure
3.11b shows that what we were previously analyz-
ing as arising from isotropic fluctuations is reaily
composed of in-plane and out-of-plane compo-
nents with different energy scales. Crystalline
anisotropies previously largely neglected when
discussing magnetic fluctuations of heavy fer-
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mion systems, thus apparently are comparable in
strength to the RKKY interactions in U,Zny;.

There are obvious extensions of our model
which could take this planar anisotropy into ac-
count. The data which are presently available,
however, do not allow for a meaningful introduc-
tion of more assumptions and parameters. We are
in need of a more rigorous theory from a funda-
mental starting point.

3.3.4. Critical properties at Ty

The critical exponent of the order parameter p =
0.36+0.02 is close to the value expected for
three-dimensional short-range coupled x-y mag-
nets. This is consistent with our knowledge of
the magnetic fluctuations of U,Zny;; the system
has planar anisotropy with a characteristic energy
for out-of-plane fluctuations of 3 meV ~ 3 kgTy
(Figure 3.1Lb). Furthermore, the magnetic struc-
ture arises from antiferromagnetic coupling be-
tween nearest neighbours as do the antiferromag-
netic correlations of the magnetic fluctuations
which have the same symmetry in reciprocal
space. These observations are consistent with
short-range interactions being dominating.

Our investigation of the temperature depen-
dence of the magnetic fluctuations through Ty
shows that as expected in a second-order
transition the fluctuations are strongly enhanced
at low energies close to q, at Ty. It is interesting
that the temperature scale over which this critical
scattering evolves (Figure 3.12) is of order Ty. In
the Heisenberg antiferromagnet critical scatter-
ing typically evolves within a fraction of Ty
[127]. The extended range of criticality is typical
for systems with competing interactions, which
order at temperatures low compared to energy
scales characterizing their dynamics. This is, for
example, the case in singlet-ground-siate systems
where the critical temperature depends on the
ratio of the exchange coupling to the crystal field
splitting (see 4.3.2).

3.4. Summary

We have shown that the magnetic fluctuations of
the heavy fermion antiferromagnet U,Zn;; are
coupled to the electron hole pair continuum at
energies of order Ty = 9.5K.

Risg-M-2731

In the ordered state the overdamped transverse
response is enhanced in the neighbourhood of
the commensurate antiferromagnetic zone cen-
ter, q,. There is a planar anisotropy with a char-
acteristic energy for out-of-plane antiferromagne-
tic fluctuations of order 3 meV. The anisotropy
does not give rise to resonances in the fluctua-
tions.

The longitudinal response is not enhanced at
q, but featureless below 15 meV. Above 20 meV
the magnetic fluctuations are independent of q
and they extend to about 40 meV. The antiferro-
mangetic phase transition proceeds as a conven-
tional soft mode transition, but it is the tempera-
ture dependence of the RKKY exchange rather
than that of the single-site dynamics which
drives the system critical.

The emperature range over which the system
is close to criticality is of order Ty, which along
with the large energy range of spin fluctuations
suggests that competing interactions are respons-
ible for reducing Ty and 4 substantially as
compared to 6, and p.g. In the physical picture
provided by the two impurity Kondo problem we
think of this competition as being between the
screening and the RKKY exchange which con-
duction electrons hybridized with a lattice of 5f
electrons give rise to.
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4. Weak Antiferromagnetism with Strong,
Coexisting Propagating and Overdamped

Excitations in URu,Si,

URu,Si; constitutes an example of the cross-over
between a low-energy regime of conserved local
moments, and a high-energy regime of itinerant
magnetic fluctuations, which lends itself to a de-
tailed study by cold- and thermal-neutron scat-
tering. This chapter describes such a study,
which we find interesting because it provides in-
formation that helps us to understand heavy Fer-
mion magnetism in the broader context of metal-
lic magnetism.

URu,Si, is usually called a heavy Fermion sys-
tem although many of its bulk properties
[55,128,129,130,131,132,133] are markedly different
from most other heavy Fermion systems (Table
L1). It has a large electronic heat capacity, which
is approximately linear in T just above Ty = 17.5
K, and corresponds to y = 180 mJ/mole K? [55].
A little furthcr above Ty, at T ~ 30 K, there is,
however, a maximum in the electronic specific
heat [129], which is very much reminiscent of a
Schottky anomaly, a signature of conserved local
moments in an anisotropic environment, well
known from rare earth magnetism [1,2].

Below Ty the heat capacity, apart from an ex-
ponential term which shows the presence of a
gapped spectrum, has a linear term in the specific
heat, y ~ 50 mJ/mole K? [55]). This is certainly
much larger than that of a normal metal, but
nearly an order of magnitude smaller than elec-
tronic specific heat terms in other heavy Fer-
mion antiferromagnets (see Table 1.1).

Also the bulk susceptibility of URu,Si,
[55,129,128] shows both features of crystal field
magnetism, a Schottky anomaly at T ~ 50 K and
large axial anisotropy, and features of heavy Fer-
mion systems, a large valueof y as T -> 0.

The temperature dependence of the resistivity
of URu,Si, is qualitatively similar to other heavy
Fermion systems, increasing below room tem-
perature until a low temperature maximum, fol-
lowed by a decrease by more than an order of
magnitude [134,128,129]). The maximum in the re-
sistivity, however, occurs at T ~ 70 K, higher in
temperature by nearly an order of magnitude
compared to other heavy Fermion systems, and
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furthermore the resistivity is strongly anisotro-
pic, and largest in the normal plane to the easy
magnetic axis.

The inelastic magnetic neutron scattering
from a powder sample by Walter et al. [135]
showed that the phase transition at Ty = 17.5 K
was accompanied by the development of a gap in
the magnetic excitation spectrum, another fea-
ture which distinguishes this compound from
other heavy Fermion systems.

The main interest in URu,Si; has, however,
not so much been the magnetic properties as the
fact that the compound, despite these, undergoes
a phase transition to a strongly anisotropic super-
conducting state below T, = 1 K [55,128,129]. It
seems that the magnetic and superconducting
properties are closely related in this compound
[136,132].

We are primarily concerned with the magnetic
properties of URu,Si, in their own right. We pre-
sent a complete exposition of our single crystal-
line elastic and inelastic neutron scattering data,
parts of which have already been published [137].
Our investigations focus on the phase transition
at Ty = 17.5 K and on the nature of the low-tem-
perature magnetic fluctuations in URu,Si,.

The chapter is organized in 3 main parts: Sam-
ple and experimental technique, the obtained ex-
perimental results and finally analysis and dis-
cussion.

4.1. Sample and Experimental
Technique

The measurements were performed on a 5 cm
long cylindrical single crystal with a diameter of
0.5 cm, grown by a specially adopted Czochralski
method {138]. The as-grown crystal was annealed
for 7 days at 1000°C. URu;,Si, has the body-cente-
red tetragonal ThCr,Si, structure with lattice
parameters a = 4.124 A, c = 9582 Aat 42 K.
Our crystal had an a axis along the cylinder axis,
and the measurements were performed with mo-
mentum transfers in the (h0)) and (hk0) planes.
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Our crystal was found to have a substantial
amount of stacking faults mainly along the tetra-
gonal c* axis, giving rise to weak temperature-in-
dependent nuclear rod-like scattering along this
axis. Similar effects, which may even be of inter-
est in their own right [139], were found in an-
other cylindrical single crystal grown along the
c* axis.

The neutron-scattering experiments were per-
formed at the cold-neutron source at the DR 3
reactor of Risg National Laboratory and at the
thermal-neutron source at the NRU reactor of
Chalk River Nuclear Laboratories.

We have employed standard triple-axis neu-
tron scattering techniques, with choices of ex-
perimental configurations to suit our purposes.
In general, the cold source experiments were per-
formed varying the incident neutron energy with
a vertically focussed PG(002) monochromator
and using a PG or Be filter in the scattered beam
to reduce the energy window of the detection
system (0 the lowest order (002) reflection of a
PG analyzer.

In the thermal beam experiments we used a flat
Si(111) monochrom~tor and a PG analyzer. In this
configuration, sinck (222) is a forbidden reflec-
tion of silicon, there was a negligible flux of »/2
neutrons after the monochromator. Also the \/3
contents of the incident beam could be neglected
due to the high energy cut-off of the thermal
source. We could thus operate without a filter, or
with a sapphire filter before the monochromator
to reduce the fast neutron flux, which mainly
creates background.

In Table 4.1 the details of each experimental
configuration is summarized. We will refer to
this table when necessary by the number in the
first column.

4.2. Experimental Results

This chapter is a hopefully unbiased description
of the actually obtained experimental results
along with the parts of the data-analysis which
may be done with a minimum of assumptions.

We describe the magnetic ground-state proper-
ties and the low-temperature excitations from it,
the development of short range antiferromagne-
tic correlations in the high-energy overdamped
response, and finally the antiferromagnetic phase
transition at Ty = 17.5 K.

4.2.1 Antiferromagnetic order

Figure 4.1 shows elastic scans along the a* and c*
directions through the forbidden nuclear (100)
and (102) Bragg peaks. The data were taken with
spectrometer configuration # 1 of Table 4.1. The
main criteria for the choice were a good energy
resolution and a minimal A\/2 contamination of
the beam. The dashed line in Fig. 4.1.a,b indi-
cates the nuclear incoherent background mea-
sured at T = 60 K, well above the phase
transition at Ty = 17.5 K. As discussed more
thoroughly in 4.2.5 the scattering develops rapid-
ly at Ty. We have found similar scattering at
reflections (h0l), where A+ = 2n+ 1,k = 0. The
scattering decreases at high momentum transfers.
These observations are consistent with an ap-
proximately static and long range (although not
infinite, see later) antiferromagnetic correlation
of the c axis components of the magnetic mo-
ment density located at the uranium sites. The
correlations are such that the moment density
associated with each U site is opposed to its 4 U
neighbours displaced above and below it along
the c axis (see the inset of Figure 4.11).

Table 4.1. List of spectrometers and configurations which were used in experiments on URu,Si,.

Config. # Reactor Instrument E/meV  Collimation = Monochromator  Analyzer Filter AE/meV
1 Risg-DR3 TAS6 447  60°-49°-52’-66' PG(002) PG(002) Be+PG 0.15
2 Risg-DR3 TAS6 146  60-36"-52°-66 PG(002) PG(002) PG 1.0
3 AECL-NRU N5 124 40°-60°-60°-80° 8i(111) PG(002) + 1.0
4 AECL-NRU NS5 21 40’-60°-60°-80° 8i(111) PG(002) + 1.9
5 Risgs-DR3 TAS7 447 20’-open-53'-60’ PG(002) PG(002) Be+Pg 0.19
6 Risg-DR3  TAS7 5 20’-open-open-open  PG(002)  PG(002)focused Be 0.26
7 Risg-DR3  TAS7 5 20"-open-53'-60° PG(002) PG(002) Be 0.19
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Figure 4.1. Elastic scans along the c* and a* axis through the antiferromagnetic peaks at (100) and (102). The
closed circles are taken without filters as a measure of the instrumental resolution. The top insert is a scan across

the tails of scattering of (a).

Figure 4.2 shows the integrated maguetic in-
tensity of a selection of these antiferromagnetic
peaks in the (k0!) plane, divided by their associa-
ted polarization factor. (The magnetic part of the
scattering was found by subtracting the T = 30
K incoherent and higher order nuclear scattering
from the low temperature data.) The polarization
factor associated with spins polarized along the ¢
axis is the squared basal-plane component of the
unit vector parallel to the scattering vector.
These data are a measure of the form factor, i.e.
the squared fourier transformed of the magnetic
moment density associated with the antiferro-
magnetic peaks. The form factor is found to de-
crease as a function of momentum transfer with a
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characteristic half width comparable to that
found in UOQ, [97].

To characterize in more detail the nature of
the antiferromagnetic correlations we return to
Fig. 4.1. First of all we note that the scans are
taken at various temperatures below 5 K. As we
shall see later the evolution of this antiferromag-
netic scattering has however essentially ceased at
these temperatures which are all well below Ty
= 17.5 K. We may thus regard the data of Fig. 4.1
as a measure of essentially ground-state

properties.
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Figure 4.2. o integrated difference of elastic scatter-
mgat T = 5 Kand T = 30 K at forbidden nuclear
reflections (hOl), h + 1 =2n + 1, h = 0. The differ-
ence intensity has been divided by a c* axis dipolar
polarization factor as discussed in the text. O is the
half scattering angle and \ is the neutron wavelength.

The resolution of the spectrometer for elastic
scattering at (100) and (102) has been measured by
performing similar scans with an unfiltered neu-
tron beam containing a significant amount of A/2
contamination. The scattering in these scans,
also shown in Fig. 4.1, is resolution-limited
Bragg scattering of A\/2 neutrons from the (200)
and (204) nuclear reflection respectively. Com-
paring the line shapes observed with the filtered
beam to these data we conclude that the antifer-
romagnetic peak is almost resolution limited in
the basal plane, whereas the scans along the c*
axis clearly have a non-gaussian line shape.

Caution is necessary when interpreting these
experimental facts. The approximate symmetry
of the spectrometer about a vertical plane con-
taining the scattering vector in an elastic scatter-
ing process, implies that the principal axes of the
resolution function in momentum space are par-
allel and perpendicular to the scattering vector.
Furthermore, the momentum transfer perpendic-
ular to the scattering vector is most strongly cor-
related with the energy transfer. This means that
a low-energy isotropic response, due to the finite
energy resolution, will appear broadened along
the perpendicular direction to the scattering vec-
tor.
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In Figure 4.1, we have, however, observed si-
milar lineshape anisotropies around two different
antiferromagnetic peaks namely (100) (a),(b), and
(102) (c)(d). It is thus clear that the anisotropy is
related to the crystalline directions and not to the
transverse and longitudinal direction relative to
the scattering vector.

The inset at the top of the figure further eluci-
dates the rod-like nature of the scattering. Itis a
scan in the perpendicular direction, (1+ £00.1),
across the tails of the peak in Fig. 4.1 (a). The
solid line through the points has the resolution
width. It is clear that the tails of the peak along
c¢* have a rod-like character, remaining almost
resolution-limited along in-plane directions.

To quantify correlation lengths and the size of
the ordered moment, we assume an exponential
decay of correlations along the c* axis:

(shsh‘,r) = exp("‘l T,)

The corresponding Fourier-transformed corre-
lation function is {149].

sinh(x;c)

S22 ) = (S*)?
(Sg5-q) = (57) cosh(x.c) ~ cosq,c

To compare with the measured neutron intensi-
ties we folded the corresponding cross section
with the measured experimental resolution. Fur-
thermore, we added the independently measured
flat nuclear incoherent background and a resolu-
tion-limited gaussian describing the weak A\/2 nu-
clear Bragg scattering. The lines through the data
of Fig. 4.1 are the results of least squares fits of
this model to the data. The correlation lengths
deduced from scans around (100) and (102) are
within the experimental accuracy identical;
k(100) = (9.8+0.4) - 103 A « (102) = (8x1)-
103 A,

Applying the same formalism to the scan along
the a* direction we deduce inverse correlation
lengths of x, (100) = (3.220.2) - 103 A, «, (102)
= (1.7+0.3) - 10-3 A-L. The correlation anisotropy
is thus about a factor of 4. From looking at the
data it is however clear that since the antiferro-
magnetic scattering along a* is just barely broad-
er than the resolution widths, the determination
of the inplanar correlation length is somewhat
uncertain.
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The size of the moment involved in these cor-
relations was obtained by normalization of the
magnetically scattered neutron intensity to the
intensity associated with the known cross section
of the nuclear (101) Bragg peak. The fact that
K100)] ~ K101)] allowed us to neglect the variation
of the spectrometer-resolution function in this
comparison. We found from Fig. (4.1).a

<$> = (0.04 = 0.01)pg.

To access the energy scale associated with the
antiferromagnetic scattering, we performed ener-
gy scans at various momentum transfers dis-
placed along the ¢* axis from (102) 2t T = 4.2 K.
All these scans had an energy width below
100peV which is close to that of 2 Bragg peak.
Any finite energy scale related to this antiferro-
magnetic scattering is thus more than an order of
magnitude less than that of the zone center spin-
wave gap (see 4.2.2).

Focusing now our artention on magnetic excita-
tion in the energy range 1 - 10 meV these were
studied with triple-axis neutron spectroscopy
using configurations 2, 6 and 7 of Table 4.1. Con-
figuration # 2, in which E; = 14.6 meV, gave
count rates of the order 50 cpm in the most in-
tense magnetic excitations. To study lifetimes of
the excitations the better energy resolution of
configurations 6 and 7 were however needed re-
ducing the typical count-rates by roughly a factor
of 10.

Figure 4.3 shows typical constant Q scans at 6
different momentum transfers. First of all we
note that, in contrast to the spin fluctuations of
UPt; and U,Zn,;, the present excitations are un-
derdamped or resonant since, by inspection of
Fig. 4.3, clearly <w>2/<w?> < < L The peaks
are in fact close to resolution limited.

Figure 4.3. Energy scans through low energy propagating magnetic excitations. The 3 scans w the left illustrate
the formfactor of the response since the reciprocal lattice points are symmetrically equivalent. The scans o the
right at 3 antiferromagnetic zome centers illustrate the axial polarization factor.
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The left and right panels correspond to re-
duced momentum transfer @ = (0.600) and q =
(100) respectively. We see immediately that the
response at the antiferromagnetic zone-center, q
= (100) peaks at roughly half the energy of that
of the response at q = (0.600). The resonance
energy thus depends on the associated modulas-
tion symmetry; the fluctuations are dispersive.
The dispersion along with the finite q resolution
of the spectrometer is responsible for the assy-
metric brosdning of the peaks at the antiferro-
magnetic zone center to higher energies. This is a
purely experimental artifact.

The reduction of the intensity when increasing
the total momentum transfer in the left part of
the figure is consistent with the inelastic scatter-
ing being of magnetic origin. Phonon scattering
on the other hand would increase in intensity
with increasing momentum transfer. The rate of
decrease versus Q is found to be roughly consis-
tent with the variation of the squared U form-fac-
tor in the insulating oxide UO, found in Ref.
[97])- Note that in the left series of scans the or-
ientation of the scattering vector remains along
the a* direction.

In the right side of the figure, however, the
component of the scattering vector along c* is
increased between the symmetrical equivalent
antiferromagnetic zone centers (100), (102) and
(003) We find that the intensity decreases and
finally vanishes when the scattering vector is or-
iented along c¢*. Since the scattering at (003) ar-
ises from basal plane magnetic fluctuations, we
conclude that there are indeed no such in this
energy window. We may thus characterize the
excitations as longitudinal with respect to the or-
dered moment.

The dispersion relation has been measured
along high symmetry directions in the (A0l) plane
[141] and is shown in Figure 4.4. Our energy
scans were very complicated close to (200) which
has the full nuclear structure factor 38.8 b. Our
data indicate the existence of some hybridized
exciton-phonon modes here. To distinguish
clearly between phonon and exciton scattering
we however lack a polarized neutron scattering
experiment.

The integrated intensity did not vary in a sim-
ple way (eg. Vg, see A.3.2) along the dispersion
branches. In particular the inelastic scattering
completely disappeared for momentum transfers
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Figure 4.4. Dispersion of magnetic (filled circles) and
phonon (open circles) excitations along (3/200), (100
and (1+100) at T = 4.2 K. Half-filled circles denote
a hybridized exciton-phonon mode. The Iines are
gudes to the eye.

increasingly displaced from the antiferromagne-
tic Bragg point along the c¢* axis as shown in
Figure 4.5. The inset shows the integrated in-
tensity and excitation energy versus momentum
transfer along c*.

4.2.3. Overdamped response

We now turn to the low-temperature magnetic
excitations at energies well above the propagating
excitations just described. Figure 4.6 shows con-
stant q scans at four different reciprocal lattice
points. The data were taken with the experi-
mental configuration #3 of Table 4.1. With this
configuration we could resolve the cross section
associated with the propagating response and still
obtain an appreciable count rate from the high-

Figure 4.5. Energy scans at T = 4.2 K in URu,Si,
Jor momentum transfers displaced along the c* axis
from the antiferromagnetic zone center (100). The in-
set shows the excitation energy and integrated intens-
ity of these scans versus (. The lines in this figure are
guides to the eye.
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Figure 4.6. Low temperature energy scans at 4 differ-
data are guides to the eye. The broken line is the
background as measured with the analyzer turmed
away from reflection. The peaks in (b) and (c) arise
from a spurious process presumably involving third
order neutrons.

energy continuum response to which this chapter
addresses itself. The fast neutron background, as
measured with the analyzer tumed away from
reflection, is indicated with a broken line in the
figures.

Figure 4.6.a shows a constant q scan at the
antiferromagnetic zone centre q = (100). Apart
from the low-energy zone centre excitation, dis-
cussed in the previous chapter, the count rate
from 5-20 meV is clearly well above background.
To investigate the origin of this scattering we
performed a similar scan, Fig. 4.6.c, at (300). The
translational symmetry of the uranium lattice en-
sures that the magnetic scattering has the same
spectrum here. Apart from a spurious process in-
volving higher order neutrons, the level of scat-
tering at (300) has decreased significantly as com-
pared ‘o that at (100). This observation is consis-
tent with the scattering at (100) being primarily
of magnetic origin. The decrease in the scattering
at larger momentum transfer is then caused by
the finite spatial extent of the magnetic moment
density, through the magnetic form factor. Pho-
non scattering, on the other hand, is proportional
to the squared momentum transfer and thus in-
creases with increasing momentum transfer.
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In Fig. 4.6.d we show an energy scan at q =
(003.5). Due to the dipolar nature of the magne-
tic neutron scattering the only coatribution to
the magnetic scattering at this mementum trans-
fer arises from the spin components in the basal
plane of the tetragonal structure. We conclude
that to within experimental accuracy there is no
magnetic scattering from basal-plane spin com-
ponents in the investigated energy region. With
respect to the tetragonal uranium lattice q =
(003.5) is symmetrically equivalent to q =
(100.5). As we shall see later the scattering at (100)
decreases by a factor of 2 when moving to (100.5).
Had the scattering therefore been isotropic one
would expect the q = (003.5) scan to be similar
to the (100) scan, albeit reduced by a factor of 2.
The complete absence of scattering at q =
(003.5) therefore shows that there is a strong ani-
sotropy of the high-energy response, similar to
that of the low energy exciton response, i.e. the
scattering arises from magnetic fluctuations or-
iented along the ¢ axis and the ordered moment.
It is termed longitudinal with respect to the or-
dered moment.

Turning now to the dependence of the high
energy response on the location of the reduced
momentum transfer in the Brillouin zone, Fig.
4.6.b shows an energy scan at @ = (101). Since
this is an allowed nuclear Bragg peak of the
body-centered tetragonal structure, the magnetic
scattering here arises from in-phase fluctuations
of the magnetic moment densities associated
with each uranium atom. Apart from the higher-
order spurious process at an energy transfer of
around 10 meV, there is very little magnetic scat-
tering in the window from 5-20 meV. The spec-
trum of Fig. 4.6.a is thus specific for fluctuations
of the same symmetry as the static antiferromag-
netic order described in 4.2.1.

Figure 4.7 shows a constant energy scan at an
energy transfer of ho = 17 meV. Momentum
transfer is varied along the (10f) direction
through the antiferromagnetic zone centre (100).
Since these data were taken in an energy regime
with no sharp features in the response we relaxed
the energy resolution of our instrument by using
configuration #4 of Table 4.1. The scan connects
the previously discussed energy scans at tae top
of Fig. 4.6. The high energy response decreases
monotonically when varying momentum transfer
from probing antiferromagnetic, (100), to ferro-
magnetic, (10+1), fluctuations. From the width
of the peak in this scan we conclude that the
correlation length associated with the magnetic

Risp-M-2731
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Figure 4.7. Constant hw = 17 meV scan in the or-
dered phase of URu,S1, through the antiferromagne-

tic zone center at (100).

fluctuations probed in Fig. 4.6.a is only about
one lattice unit.
To illustrate the cross over from the low-ener-

gY propagating response to the high-energy over-

damped response, Fig. 4.8 shows data from both
regions of energy and momentum transfer taken
with configuration #3 of Table 4). The data are
displayed in a 3d perspective as a function of
energy transfer, and momentum transfer along
the (100) direction. The data should be studied
with reference to the dispersion relation of ihe
propagating sxcitation shown in Fig. 4.4. The
peak at hw ~ 2 meV corresponds to the divergent
response at the minimum zone centre energy. At
slightly higher energies (hw ~ 4 meV) a double
peak structure emerges, corresponding to the two
equivalent directions of propagation (10{) and
(100). The asymmenry in the data at hw = 4 meV
is due to a resolution effect. Finally, above 5 meV
the continuous spectrum of antiferromagnetical-
ly correlated spin fluctustions emerges. The data
of Fig. 4.8, in which both a divergent and a con-
tinuous part of the spectrum is resolved, proves
that the broad part of the response does .ot arise
from unresolved sharp features such as fast spin
waves.

Finally, we note that similar high-energy fea-
tures have been observed at other high-symmetry
points in the (h0l) plane, but are currently not as
well documented as the scattering described in
this chapter.

Figure 4.8. Perspective view of the scanered neutron intensity versus energy transfer and momentum transfer
along (108). The data are taken in the ordered phase of T = 5 K. The asymmetry in the double peak structure is
due to a resolution effect. The solid lines are guides to the eye.
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4.24. Development of Antiferremagnetic
Casrclations below T ~ 30K

We tara mow to the tempersture dependence of
mentioned in the introduction, 4.1, URn,;Si;, has
an anomalous resistivity maximum 8 T ~ 0 K.
In the Komdo lattice picture of heavy Fermion
systems, such a resistivity maximums is usually
associsted with the ounset of correlations in scat-
vering of comduction clectroms from magnetic
Buctuations. One might expect there to be a rela-
tion between such correlations and correlations

Figure 4.9. Encergy scans @ the antiferromagnetic
zone center ot 3 differems semperatnres. The broken
Bne is the background as measured with the anclyner
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in the magnetic fluctustions dee to the active
role of the conductioa cectroms in establishing
RKKY interactions. To stady sech effects we
measured the amtiferromagnetically correlated
overdamped magnetic fluctuations as a fuaction
of emperature above and below T ~ 100 K.

Figure 4.9 shows the eaergy scam at (100) taken
at 3 different temperatures. As discussed in detail
in 4.25 the low-energy propagating respoase be-
comes beavily damped when heating sbove the
phase raasitioa &t Ty =17.5 K. From Fig. 49b
1t is, however, evidemt that the high-cnergy re-
spomse remains almost umaffected by this
transition 0 temperarures a5 high as 40 K. We
mym&a&sﬁambwﬂem

been the case one would expect the high-caergy
scattering t0 be qualitatively changed at the 175
K phase transition.

At T = 80 K there is some decresse of the
scattering below 10 meV. We note that the um-
dency of decressing low-emergy scattering with
temperature, in fact indicates that the imaginary
part of the generalized susceptibility in this ener-
gy regime decreases more rapidly than UVT. This
1s because the detailed balance factor, which oc-
curs as a factor to the imaginary part of the gen-
eralized susceptibility in the neutron scattering
cross section (L1), is proportional to the tempers-
ture T, for energy transfers much smaller than
the thermal energy.

To determine the qualitative behaviour of the
antiferromagnetic correlations discussed in 4.2.3
versus temperature we have measured 2 charac-
teristic points in q, e space as a function of
temperature. The result is shown in Fig. 4.10.
This figure shows the scattered neutron intensity
at an energy transfer of 8 mev and at q = (101)
and q = (100). The two q points, ss discussed in
4.2.3, correspond to fluctuations of ferromagnetic
and antiferromagnetic symmetries, respectively.
From the figure it is clear that, whereas the
fluctuations at q = (101) with decreasing tem-
perature decrease in approximate correspondence
with the detailed balance factor, (1 - exp(-Bhw))],
the scattering at q = (100) is slightly enhanced at
temperatures below ~ 100 K. This was also no-
ted in the context of Fig. 4.9. we summarize that
the antiferromagnetic correlations discussed in
4.2.3 develop at temperatures of the order 100 K,
"'5XTN.
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Figure 410. Scattered nemtron intewsity wversus tem-
pereture ot an energy trawsfer of 8 meV end momen-
tum transfer (100) (®) and (1) (O). The broken line
1s the enalyzer-turned background. The full bines ave
guides s the eye.

4.2.5. The Antiferromagnetic Phase Transition

The weak elastic antiferromagnetic peaks which
were shown in 4.2.1 appear a1 temperatures below
the phase transition at Ty = 17.5 [55]. Figure
4.1} shows the temperature dependence of the in-
tegrated intensity of 6-20 scans through the anti-
ferromagnetic peak at (100) The data were taken
with configuration # 5 of ““able 4.1. This experi-
mental setup provides firs' »f all a minimal con-
tent of A\/2 neutrons, whiva give rise to nuclear
Bragg scattering from (200). Furthermore, the
energy resolution of 0.2 meV provides an effec-
tive discrimination against the large inelastic
cross section studied in 4.2.2. As we shall see
later in this chapter, above Ty, this inelastic
magnetic scattering is heavily damped and ex-
tends all the way to ho = 0. Within the resolu-
tion volume of this experiment the inelastic scat-
tering extrapolated to hw = 0 throughout the
temperature region studied, however, only con-
tributes 2 count rate corresponding to less than
5% of the low temperature antiferromagnetic
peak intensity. The temperature-dependent scat-
tering studied here is a distinct, approximately
elastic component of the antiferromagnetic zone
center scastering even in the immediate vicinity
Oan.

The integrated intensity of Figure 4.11 deve-
lopes continuously in the whole temperature re-
gion, and in particular does not vanish until well
above Ty, the temperature at which there is an
abrupt anomaly in the specific heat.

Risg-M-2731
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Fgure 411. Intcgrased elastic magnetic scatiering ot
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perpendicular o the sconering plane in this exper:-
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As shown in Figure 4.1 the correlation length
of the antiferromagnetic order along the tetrago-
nal c-axis remains finite to the lowest tempera-
tures. The data of Figure 411 were taken with
this normal 1o the scattering plane, which is
the direction of coarsest momentum resolution.
The momentum resolution was thus 0.1 A full-
width- at-half-maximum along the direction of
finite correlations. Despite this, it is clear from
Figure 4.1 that the integration of the elastic scat-
tering along c* is incomplete, and an evoluton of
the correlation length along this axis also affects
the integrated intensities of Figure 4.11.

To separate the temperature dependence of the
correlation length and the size of the ordered
moment we performed scans through the antifer-
romagnetic peak, along the direction of finite
correlaiions, c*, in the temperature range 0.57
K-60 K. These data were collected with the ¢*
axis in the scattering plane and with the same
configuration (# 1) as used for Figure 4.1. Also
this configuration is only sensitive to the central
elastic component of the magnetic scattering, due
to the energy resolution of 0.2 meV. We deduced
the ordered moment and the inverse correlation
length as a function of temperature from these
scans with the formalism discussed in 4.2.1.

The result of the measurement and subsequent
analysis is shown in Figure 4.12. The inset of the
lower frame shows a scan at T = 60 K, constitu-
ting the incoherent nuclear background of the
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Figure 412. Temperature dependence of the antiferro-
magnetically erdeved moment and its associoted corre-
latson lengeh slong c* dwough the antiferromagnetic
phase trensition &t Tyy = 17.5 K The dosa has been
deduced from transverse scans through (100) of whick
& represemtative selectoon i3 showon tm the tnset.

measurement, ascan st T = 25 K, well above the
phase transition, and ascan 1 T = 4.7 K, below
length evolves continuously in the whole tem-
persture range, and in particular remains finite
even well above Ty. The ordered moment, on
the other hand, is temperature independent from
25 K to Tyy and then increases rapidly below Ty

The finite value of S? even well above Ty. can
be seen directly in the inset of the bottom frame.
It shows that there is tempersture dependent
scattering above the T = 60 K nuclear incober-
ent background, and that at 25 K this scattering
is independent of momentum transfer along c*.

The fact that the correlation length of this elas-
tic, antiferromagnetic scattering does not diverge
at Ty, suggests that it is not responsible for the
anomaly in the specific heat (55] which is clear
evidence of a real phase ransition.

The heat capacity anomaly is, however, accom-
panied by the abrupt development of the low-en-
ergy propagating excitations. This is illustrated
by Figure 4.13. The data of Figure 4.13.a were
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takea with a focusing amalyzer (comfiguration 6
of Table 4.1) which ensured a good energy-reseln-
tom along with a cosrse g-resciution. in Figure
4130 the amalyzer was fiu (configeration 7 of
Table 1). The dass taken : differest configers-
toas have been normalized as described in the
figure caption_ All the energy scans are takes at
= (1 0.4 0) where the imensity of the magnetic
excitation is largest sbove T)y.

Figure 413 shows that the excitation develops
from a broad hump of aatiferromgactically cor-
reisted bheavily damped scatering in the para-
magnetic phase 0 28 almost resolution lirxited
pesk which is largely umafiecsed by the supercon-
ducting phase transitios 8 T = 12 K

Fgwre 4.3. Constant-g scans at ¢ = (1.0,4.0) in (@)
the pavemagnetic, (b) the antiferromegnetic, and n
(c) the supevconductrion phase. The fixed finel energy
was 5 mel. (o) was measwred with a hovivonsally
Jocusing anslyser. In (B) and (c) the collimation was
60°-60°-53"-66". The data saken with different analy-
ser configurations have been normalized, and plonsed
50 equivalent cross sectiows correspond w0 the seme
height over the background. The solid lines = (a) - (c)
are fus a3 described 1 the sext, and (d) - (f) show th
temperature dependence of the dhree povemesers ob-
seined from fus 10 data similar 10 (a). The kines

through these points are guides to the eye.
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We have summarized a series of scams similer
w0 Fig. 413.a 23 a fanctioa of temperature in the
right sile of the figure. Here we show the tem-
perature dependence of the amplitude, A, dump-
ing ' (FWHM), and first mossent, A, of a resolu-
oom- and beckgroumd-corrected Loreatzian re-
spoase which describes our data well. The abrupt
temperature dependence of I' and A &t Ty oc-
counts for the amomaly in the hest capacity at
this temperamre, but is surprising in light of the
small ordered moment associated with the phase
ramsition (Figure 4.12).

4.2.6. The antiferremagnetic Ovder in the
Sepercenducting Phase

As is cvident from Figure 412 there is no big
effiect on the antiferromagnetic order when enter-
ing the superconducting siate. Figure 414 shows
the (10F) scans giving rise to the two low tempera-
ture points in Figure 4.12. At the bottom of the
figure is shown the difference in intensity
through the scan in the superconducting phase
(T = 0.57 ~ TJ2) and in the normal phase (T =
16 K ~ L6 T,). From this data we may place an
upper bound of 10% on the change of intensity in
any point of the scan upon entering the super-
conducting phase.

Figure 4.14. Elastic scan along the c* axis through the
antiferromagnetic peak a (100) below and above the
superconducting phase transition. The botiom frame

shows the difference betvoeen the o scans.
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We have also studied the low emergy propegs-
tng excitations through T, both at @ = (100) and
qQ = (10.40), the 'wo minima in the basal plane
dispersion relation (Figure 4.4). The data for q
= (10.40) is shown in Figure 413bc. To within
the experimental accuracy of ~ 15%, there is no
change in the energy, 'nkhonnt-snyofdns:
€xCitations upoa catering the superconducting
phase.

It is dear from 4.2.2 that the low energy magne-
tic excitation spectra in URR,Si, at low tempers-
tures bear striking similarities to those of con-
ventional rare earth systems. The analysis of such
systems has come very far treating the 4f elec-
troas as essentially perfectly localized and subject
1o interatomic correlations constricting their mo-
tion to the Hund's rule ground-state multiplet
(42]. Also many of the bulk properties of
URu;,Si; seem w0 be governed by the same under-
lying physics as is known from rare carth mag-
netism [M3]. We mention briefly the strongly
anisotropic susceptibility and its Schottky like
anomaly at T ~ 70 K [55), and the high field
magnetization data which show step like magne-
tization increases in fields around 35 T [131).
There are however, as shown in 4.2.3, features
in the high energy magnetic response which cer-
tainly cannot be contained within conventional
spin wave/crystal field theories, nor have they to
date been observed in the excitation spectra of
systems we think of as conserved local moment
magnets (L1). Features in the bulk properties
such as the heavy Fermion linear specific heat
term (y = 180 mJ/mol K2 [55]) and the increas-
ing resistivity with temperature decreasing from
Tfoom temperature, also suggest that we cannot
accomodate the properties of this compound
within this tractable physical model. We however
belicve that despite these important discrepan-
cies we can use the conserved local moment mod-
el as a mean of parameterizing dispersion rela-
tions and gap energies and conveniently relating
these to some key bulk properties (143,144]. To
some extent this can even be done without rely-
ing on assumptions known to be doubtful.
Subsequently we will discuss the points in
which this model definitely falls short and with
these the high energy magnetic response and its
relation to the anomalous bulk properties of the
compound. Finally we will discuss the magnetic
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fluctuations in URn,Si; in the light of the intro-
duction to this thesis.

431 Applying Crystal Ficld theery to URw,Si,

Oane can argue that the resonant low-energy spin
response shows that there exists dipolsr mo-
ments whose size is an approximately conserved
quantity in the motion of the unpaired 5f elec-
trons. The moments, however, have a high ener-
gy channel of decay (Figure 4.8).

There is a large transition matrix element asso-
ciated with the low energy resonant response.
From an energy scan at (100), the antiferromag-
netic zone center, we deduce (see Appendix
A32)

gppl<Oifi>| =3 = Dpy

If we must reconcile this value with an ordered
moment almost 2 orders of magnitude smaller,
the ground state must be a singlet. This then
immediately means that an even number of elec-
trons must be accomodated in 5f states of the U
atom. An uneven number would give rise 10 a
Kramers-doublet ground-state with a sizeable
moment. Of the two ionization levels in which U
most frequently occurs, U4+, U3+, we must
therefore choose the U4+ which has a 5f2 confi-
guration. The Hund’s rule ground state is 3H,.
From group theory we get the level scheme and
associated possible dipolar transitions in tetra-

Table 4.2. Allowed transitions between the corystal
field states of a J = 4 multiplet in tetragonal point
group symmetry. The states are labelled by their asso-
ciated irreducible representations. O3 denotes the
quadropolar operator.

A |2a,] B | B, | 2E

A ]2 | 0 | A
A | F 0} | J*-
B, | 0} I R
B, o | ) J*-

E |1+ |3+ |1+ [ 1+ 104

50

gonal symmmetry:the 2] + 1 =2-4 +1 =9
levels split into 5 singlets A), 2 X A, B), B, and
two doublets 2 x E with the above allowed
transitions.

To elucidate the symmetry of the excited state
we note that it is connected to the ground state
by a longitudinal, or J?, wransition (see Figure
4.3). From Table 3.2 we see that it must then also
be a singlet, since the doublet, E, is only connec-
ted to the singlets by transverse, J*+-,
ransitions. On the other hand from the absence
of transverse magnetic response, as is evident
from the neutron scattering data (Figures 4.3 and
4.6) and the bulk susceptibility [55}, which is
temperature independent along the a axis, we
conclude that the two doublets, E, must both be
at energies well above 30 meV. From our know-
ledge of the high energy response, we would not
expect the transverse response to be resonant, but
rather spread out over a large energy range, and
thus difficult to observe by thermal neutron scat-
tering.

From the comlination of experimental and
group theoretical results we may now set up a
model of the generalized susceptibility. First we
write down the “bare” or single site susceptibility
of one uranium ion. The Lehman representation
of the response function is [145)

X" (w) = (.'Ilua)2 lim Z(P“a e | 17| )

Er+hw+le (n'

where p and r index cigenstates of the system
EE, are the associated energies and g = 4/5 is
the Landé factor of the *H, multiplet. (For ease
of notation, whenever an expression contains hw
the limit of it with ho substituted by hw + ie for
e —> 0+ is understood).

In a low energy and temperature regime we
may restrict ourselves to contributions to the
longitudinal susceptibility from transitions from
the ground state. Denoting by A the energy of the
first excited singlet we obtain

a?tanh E!A— (m]_m ~ W‘—T)

2Aa?tanh Eé

A (fw)'j

xH(w) =

where

a® = (gup)’ (017" 1) .

Risp-M-2731
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The response function has poles athw = + A.

From Figures 4.3 and 4.4 it is clear that there
is a significant dispersion of this transition below
Ty, 50 we introduce an RKKY interaction para-
metrized by the Fourier transformed exchange
integrals: ], for intersublattic coupling and J, for
intrasublattice couplings.

In the RPA the resultant interacting suscept-
ibility is given by

2Aa?tanh 22

W 4.0

Xy (W)=
where
A
A: = A(A - 2a% tanh ﬁT(J, + J;))

gives the associated poles, or the dispersion rela-
tion, of the propagating singlet-singlet transition.

We have used the fact that the site symmetry
of the longitudinal response upon entry to the
antiferromagnetically ordered state is not broken
as it is for the transverse response. (i.e. x;w) =
X2%(w) where 1 and 2 label the 2 sublattices of the
antiferromagnetically ordered state). And that
the surroundings of the uranium site have inver-
sion symmetry (i.c. J; is real). The longitudinal
response in an inversion-symmetric antiferro-
magnet thus has the fascinating feature that the
symmetry of the response in reciprocal space is
unchanged at the phase transition. This is in
contrast to the transverse antiferromagnetic re-
sponse eg. of MnF, [146]. This basic symmetry is
carried through in the experimental dispersion
relation, Figure 4.4, supporting the interpreta-
tion of the response as longitudinal.

Since A2, is a Fourier series with the transla-
tional symmetry of the lattice it can be brought
to fit the measured dispersion relation by includ-
ing interactions of sufficiently long range. We
can estimate the range of interactions directly by
studying Figure 4.4 and the body-centered tetra-
gonal structure shown in the inset of Figure 4.11.

Along the (3/2 0 {) direction the interactions
between body-centered atoms and atoms in the
basal planes displaced c/2 above and below cancel
for symmetry reasons. Only interactions between
atoms displaced immediately above and below
each other by the distance ¢ contribute, Since the
dominant modulation in the dispersion relation
along this direction from Figure 4.4 is found to
have a period of 1 r.Lu, we conclude that the
interaction between neighbours separated 2-c
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along the c axis is negligible compared to the
interaction between neighbours displaced by the
distance ¢. The experimental result that the exci-
tation cnergy is larger at (3/2 0 /2) than (3/20 0)
shows that this interaction is ferromagnetic. The
modulation of about 2 meV along (3/20 () is a
measure of the strength of this interaction.

The dispersion along the (1 0 {) branch is lar-
ger than that along (3/2 0 {). This shows that the
interactions between nearest neighbour atoms in
basal planes separated by c/2 is antiferromagne-
tic.
Finally, the dispersion relation in the basal
plane (1+{ 0 0) shows that there are competing
long range interactions between atoms displaced
along a. In particular, the interaction among
nearest neighbours in the basal plane is antiferro-
magnetic since there is an overall increase in the
excitation energy between (100) and (200). The
local maximum in the dispersion relation for  ~
V4 r.lu. shows that the interactions between
neighbours displaced 2a along the a-axis are anti-
ferromagnetic and comparable in strength to the
nearest neighbour interaction. The local mini-
mum in the dispersion relation at a low sym-
metry point in the basal plane, (1.4 0 0), is a result
of the competition between these two interac-
tions. H. Lin et al. [147], have obtained reason-
able fits to the dispersion relation including 7
nearest neighbour exchange constants.

The two level model predicts the energy-inte-
grated scattered intensity to vary as VA, (this is
seen by taking the imaginary part of x, (w) as is
done in Apendix A.3.2). From Figure 4.5 it is
however clear that the integrated intensity falls
off much more rapidly than does the inverse of
the peak position in energy scans at momentum
transfer (10€).

Also the bulk susceptibility shows that a two-
level model is oversimplified even at tempera-
tures below 100 K. The bulk susceptibility in the
paramagnetic region is a monotonically decreas-
ing function of temperature, through its depen-
dence on the population difference of the 2 le-
vels. In a 2-level system the susceptibility reaches
its maximum at Ty or just above. A crystal field
systern with 2 excited states which are connected
by a dipolar operator, however, displays a sus-
ceptibility maximum when the population differ-
ence between these two states is maximal. The
peak at T ~ 50 K ~ 3 x Ty in the bulk suscept-
ibility of URu,8i, [55] thus indicates that at least
3 dipolar-active singlet states govern the magne-
tic propertics below T ~ 150 K. We may in fact
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estimate the third singlet state to be close to 150
K, where the inverse susceptibility starts to devi-
ate markedly from the Curie Weiss law [S5).
From Table 4.2 a possible low energy crystal
field scheme is A, - (J2) - A, - (J?) - A,, with no
allowed dipolar transition between the ground-
state singlet and the highest lying singlet state.
The highest lying singlet can thus only be ob-
served by neutron scattering as transitions from
the excited state A, which must furthermore
have an appreciable population. The cross sec-
tion corresponding to the transition between the
two excited states thus would only be appreciable
in a temperature interval from about 50 -150 K.
We have not made an exhaustive search for a
cross section of this nature.

4.3.2. The Phase Transition at Ty = 17.5K

When we turn to the phase transition whose
manifestation by neutron scattering is shown in
4.2.1 and 4.2.5, we encounter further complica-
tions, whose explanations however do not neces-
sarily preclude description within the crystal
field picture. The large change in the energies of
the lowest lying excitations, best illustrated by
Figure 4.13.f, must clearly be responsible for the
A-like anomaly in the heat capacityat T = 17.5K
I55). Indeed the low entropy change of 0.2 R In2,
deduced from the heat capacity data, agrees well
with the phase transition being related to the
shifting of an excited singlet state beyond reach
of thermal population. Clearly, however the small
ordered moment of ~ 0.04 g cannot give rise to
so large a shift, since it enters the mean-field
Hamiltonial as an off-diagonal term and thus is a
second order effect. These remarks may be put
on firmer footing within the 2 level scheme.
From (4.1) we see that the static susceptibility
diverges giving rise to a finite expectation value,
<§.> atq = q,when

A’. =0 L4
A = 2a®tanh ﬂTA(J,, +7;.)

in the limit pA > > 1 we get the RPA criterion
for ordering in a 2 level system:

2a%(J,, + 7!
7’= a(’p 1.)21

A

the critical temperature is then given by
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tanh A__ 2
2kpTN =" (42)

the ordered moment at T = 0 is easily calculated
by diagonalizing the 2 % 2 matrix of the mcan-
field Hamiltonian in the basis of the eigenstates
in the paramagnetic phase:

m, = a/l-—? A4

1

1- (%)’
putting this back in (4.2) we obtain

A =2k5Tx -Aunh\/l - (-"—:i"-)2

putiing in the experimentally determined values
mg, ~ (0.04 = 0.0Dpg, a = (3 + Dpp (Appen-
dix A.5), Ty = 17.5 K, we obtain

A=(15*1)meV

a value about 5 times larger than the estimate of
the singlet-singlet splitting in the paramagnetic
phase of about 3 meV one may deduce from Fig-
ure 4.13.f.

In summary we cannot get a consistent de-
scription of the size of the ordered moment, the
transition matrix element, the critical tempera-
ture and the paramagnetic transition energy
within a simple 2 level model. Crystal field dyna-
mics, despite of its conceptual simplicity, can
however be extremely intricate in its experi-
mental manifistations, and resonant levels can be
unobservable by neutron scattering due to selec-
tion rules or vanishing population differences.
There might therefore very well be room for a
consistent description of the phase transition at
17.5 K within crystal field theory. For example
we mention that sharp A like anomalies of the
order 5-106 in the thermal expansion coefficients
are observed at Ty [130). This is indeed quite
understandable since, as can be seen from Table
4.2, the singlet levels are coupled by the quadro-
polar operator O72. The phase transition could
therefore be an induced Jahn-Teller quadropolar
transition of which 2 were found in the interme-
tallic UPd; at 5 K and 7 K [67,68). In this com-
pound the anomalies in the thermal expansion
were an order of magnitude bigger than those
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observed in URu,Si, . One could however ima-
gine that modulated quadropolar effects have
varying influences on the thermal expansion
which is a homogeneous, or g = 0, probe. We
have no diffraction evidence for lattice rearrange-
ments at Ty but can certainly not rule out that
there is such an order parameter. The small anti-
ferromagnetic moment would then be a side ef-
fect of this main order parameter.

The elastic antiferromagnetic scattering shown
in 4.2.1 and 4.2.5 is indeed very puzzling. First of
all the fact that the correlation length associated
with the antiferromagnetic scattering remains fi-
nite to the lowest temperatures (Figure 4.1) is at
odds with an interpretation of it as the order
parameter of a phase transition.

Secondly, the temperature dependence of both
the ordered moment and its associated correla-
tion length is anomalous. Even well above Ty
there is a small amount of elastic scattering along
the ¢* axis which decreases between 25 K and 60
K. This corresponds to a small ordered moment
in the basal planes which is however uncorrelated
with neighbouring planes displaced along the c-
axis. Between 25 K and Ty, there is a rapid, but
continuous increase of the intraplane correla-
tions. The phase transition is marked by the on-
set of a mean-field-like increase of the size of the
finite range correlated antiferromagnetic mo-
ments.

These features bear some similarities to the
so-called central peaks of rare earth magnetism.
These are low-frequency long-wavelength fluc-
tuations which appear at phase transitions in
singlet ground state systems [148,142]. Such low
frequency modes are known to be sensitive to
crystalline imperfections. Our crystal did, as
previously mentioned, have stacking faults along
the c* axis giving rise to weak tzmperature inde-
pendent rod-like scattering along this axis. We
observed quantitatively similar antiferromagne-
tic peaks in two URu,Si, single crystals, grown
along and a an a ¢ axis respectively. We cannot,
however, rule out that the elastic antiferromagne-
tic scattering is dependent on stacking faults and
impurities.

4.3.3. The High Energy Response

Whereas a large part of the low temperature sus-
ceptibility arises from the big dipolar matrix ele-
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ment between the ground state and the excited
singlet states, the low temperature linear specific
heat term of y = 50 mJ/mol K2 [55] is a signa-
ture of a continuous density of states which can-
not be reconciled with the resonant responses
characteristic of crystal field systems ir. their
ground state. These give rise to exponential
terms in the specific heat which are in fact also
observed (138] in URu,Si,. As shown in 4.2.3
there are overdamped excitations above the crys-
tal field excitations, which presumably are re-
sponsible for the linear specific heat term in
URu,Si,. The characteristic energies of this re-
sponse, I, is roughly an order of magnitude
above that of the overdamped response of eg. U,
Zn;; (3.2.2). The specific heat y of URu,Si, is
about an order of magnitude lower than that of
U,Zn); . I'"! and y thus roughly scale for these
compounds, as predicted for example by the sim-
ple calculation of Appendix C.

The high energy response in URu,Si, corre-
sponds to a large susceptibility. As shown in Ap-
pendix A.5 Im(x(o(10meV)) ~ 3 - 102 emw/
mole-unit cells. Converting to a fluctuating mo-
ment by integration of the spectrum we estimate
the amount of moment participating in these
fluctuations to be 0.6 pp/unit cell. So the over-
damped response has an associated fluctuating
moment comparable to that of the low-energy
resonant response at (100). Also it has the same
axial anisotropy as the low energy response.

In the lack of a rigorous theoretical framework
in which to discuss the response we speculate
that it is the signature of the hybridization of the
f electrons with conduction electrons at the Fer-
mi level. This speculatdon is based on the re-
sponses seemingly inheriting the anisotropy and
form factor characteristics of the f electrons, but
the continuous spectitum characteristic of con-
duction electrons in a metal.

The resistivity data further supports this idea
{134]. It is largest and most strongly temperature
dependent in the basal plane of the tetragonal
structure, i.e. in the normal plane to the tetrago-
nal ¢ axis along which the dominant part of the
low energy magnetic fluctuations are oriented.
Also it is interesting to note that the antiferro-
magnetic correlations build up just above the
temperature at which the basal plane resistivity
passes through a maximum followed by a low
temperature decrease by over an order of magni-
tude.
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4.4. Summary

Our work on URu,Si, leaves the impression of a
compound which constitutes 2 mixture of many
interesting physical properties, superconductiv-
ity, crystal field effects and strong conduction
electron-f electron hybridization. It seems to be a
borderline case between localized and itinerant
magnetism which was also the conclusion of Pal-
stra [136].

We have hardly discussed the superconducting
properties of the compound which are highly in-
teresting [55]; for example there is a large aniso-
tropy of the upper critical field Hc,. It is largest
and has an unusual concave behaviour for fields
in the hard magnetic tetragonal ab plane. Also
the change in entropy at the superconducting
phase transition is large and of the order of the
entropy associated with the large linear term in
the specific heat. There are thus strong indica-
tions that the superconducting properties are re-
lated to the anomalous magnetic properties of the
compound. We have, however, to within experi-
mental accuracies of typically 10%, found no ef-
fect on the static or dynamic magnetic properties
when entering the superconducting phase.

The magnetic properties are strongly influ-
enced by crystal-field-like effects on f electrons
with strong spin-orbit coupling. The very small
ordered moment of (0.04 = 0.0l)pg which deve-
lops at Ty = 17.5 K, but does not attain infinite
range correlations even in the superconducting
phase, could be a side effect of an induced quad-
rupolar transition between singlet levels unob-
servable by neutron scattering.

In our opinion the most interesting result of
this work is the discovery of a high energy over-
damped response in a metallic magnet with a low
energy regime of approximately conserved local
moments. This response has the form factor, ani-
sotropy and antiferromagnetic correlations of the
low-energy crystal-field-like response, but the
continuous density of states characteristic of a
conduction electron band. This is the magnetic
response which relates URu,Si, to the other hea-
vy fermion compounds.

It is fascinating that a low energy regime of
conserved local moment dynamics can coexist
with magnetic fluctuations which show that the
same 5f electrons acquire some itinerant proper-
ties, most notably a finite bandwidth. We spec-
ulate that the extent of participation of the 5f
electrons in metallic properties is strongly depen-
dent on the degeneracy of the crystal field

s4

ground state of their lowest lying valence level.
To be specific, singlet states presumably “sur-
vive” the conduction electron hybridization and
viral interconfigurantional fluctuation of the
uranium atoms due to their inert magnetic pro-
perties and give rise to the low energy propaga-
ting excitations of URu,Si,. Whether or not the
phase transition at Ty = 17.5 K is directly rela-
ted to these considerations, or can be described
within crystal field theory for the low-energy
conserved- local-moment regime remains an
open question.
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5. Conclusion

We have studied three heavy Fermion systems
experimentally by a variety of neutron scattering
techniques. The specific results for these systems
were summarized in 2.4 (UPt;), 3.4 (U,Zny;) and
4.4 (URu,Si;). Here we shall sum up results of a
. qualitative nature which may have a more gener-
al validity in the physics of heavy Fermion sys-
tems.

The magnetic fluctuations of uranium-based
heavy Fermion systems can be characterized as
exchange-enhanced relaxational fluctuations.
The 5f electrons loose their characteristic free-
ion singular dipolar excitation spectra due to the
interconfigurational fluctuations induced by the
metallic environment. We have argued that the
continuous low-energy magnetic fluctuation
spectra give rise to the characteristically large
linear specific heat terms in heavy Fermion sys-
tems. The localization of 5f electron density
around uranium atoms and the associated atomic
correlation of these electrons causes some charac-
teristic features of conserved local moment sys-
tems to survive. For example, the spatial correla-
tion of both magnetic fluctuations and magnetic
order in heavy Fermion systems can be derived
from RKKY exchange interactions between spin
and orbital moment localized at uranium sites.
We have put forth a simple phenomenological
model which relies on this analogy of the magne-
tic fluctuations in these itinerant f electron sys-
tems, and those in conserved local moment sys-
tems.

Crystalline anisotropy has also been found to
play a similar role on the relaxational magnetic
fluctuations of heavy Fermion sys'ems, as it is
known to do on the singular magnetic response
of conserved local moment nagnets. In U,Zn,,
we have explicitly shown that different relaxation
energies are related to the two transverse modes
of the ordered state. A related, important result
on this system was the observation that longitu-
dinal magnetic fluctuations in the ordered state
were not exchange enhanced.

Crystalline anisotropy might very well be an
important factor in determining the occurance of
heavy Fermion behaviour. URu,Si, was thus
found to have a high-energy relaxational magne-
tic excitation spectrum similar to that of other
heavy Fermion systems, but a crossover to a re-
gime of propagating singlet-singlet excitations at
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lower energies. The fact that these inert magnetic
singlet states “survive” the strong conduction-
electron hybridization makes some of the bulk
properties of this system bear similarities to con-
served local moment systems.

The heavy Fermion systems are close to an
antiferromagnetic instability. Despite large va-
lues of the Curie Weiss temperature, 8, many
heavy Fermion systems do not order amiferro-
magnetically, and those that do generally have
Néel temperatures an order of magnitude below
6. Our experiments show heavy Fermion sys-
tems with an anomalously large temperature
range, of order Ty, in which the systems are close
to criticality. Furthermore, the q averaged energy
associated with the relaxational magnetic fluctua-
tions is of the same order as kg8, Our inelastic
neutron scattering data from U,Zn,, at tempera-
tures around Ty may be interpreted as the
RKKY exchange driving the system critical ra-
ther than the increasing “bare” single site sus-
ceptibility as is the case in conventional antifer-
romagnets.

Two of the systems we have studied were
shown to develop anomalously small antiferro-
magnetically ordered moments at low tempera-
tures. (UPt3 : p = (0.02+0.005) pg, Ty = SK;
URu,Si;: p = (0.0420.01) pg, Ty = 17.5 K) In
URu,Si,, the phase transition also involves the
abrupt development of the singular magnetic ex-
citation spectrum of this compound. The antifer-
romagnetic phase transition in UPt; is associated
with a broad peak in the temperature dependence
of the antiferromagnetic zone-center inelastic
magnetic neutron scattering at emergy transfers
below kgTy. In both systems the correlation
length associated with the antiferromagnetic or-
der remained finite to the lowest temperatures.
Furthermore, the antiferromagnetic order had an
anomalous mean-field-like temperature depen-
dence until well below Ty. These minute ordered
moments may be dependent on impurities and
defects, but then the absence of a larger ordered
moment, despite the documented proximity to
criticality, is the important question that these
experiments pose.

Superconductivity is another ground state fre-
quently adopted by the heavy Fermion systems.
Our experiments have provided proof of a direct
relationship between antiferromagnetic and su-
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perconducting properties in UPt; . This supports
the many suggestions for purely electronic super-
conductivity in these systems.

The experimental and theoretical work on hes-
vy Fermion systems has shown that we are in-
deed far from a complete understanding of metal-
lic magnetism. With the experience gained from
investigations of heavy Fermion systems, experi-
ments on systems closer to the limits we believe
to understand could be the next step towards a
first principles description of metallic magnet-
ism.
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M= E.ud (A.m)
d
We may thus write
.l(o) = io/V M. (A.ll)

where u, is the vector of unit length along the displacement associated with the mode s. Inserting this
in (A.6) we get

\;—1%- = JEJJ (A.12)
finally inserting this in (A.2) we get
(a?x?z)“,, = t! (2:.),3 (KMIM) | F() I cos? 5,
> P+ Dy, it —a-7) (A 19
where
F(x) = zd:sdexp(—wd) exp(ix - d) (A.14)

and B, is the angle between x and u,.

We have not quantitatively stated what we mean by the long wavelength limit. How small q it is
necessary to go to for (A.13) to be a good approximation to the cross section depends on the symmetry
of the excited phonon mode, the crystal structure, the variance of atomic masses within a unit cell and
their associated scattering lengths. Scattering from high symmetry phonons in simpie structures
presumably follows (A.13) closely in an appreciable part of the Brillouin zone. In general it is a good
practice to measure the same phonon as a function of q so one may extrapolate the integrated intensity
toq=0.

We now calculate the quantity f(xo, E,) of Al, the monitor-normalized scattered intensity origina-
ting from coherent creation of the phonon mode, s, at the reciprocal lattice point 7.

I(ko, E;) = ki / dxdE

k, (27)® (x-1m)?
o A Gl SR S 1 L7 M 2. co8®
ki 20, M.eu | F(r) " -cos” B,

XZML'LQ&( _w,(q)) b(k—gq-7)

‘UJ(Q)

xR(x,,E, x,E) (A.15)

Neglecting slowly-varying factors in integrations and summations
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(27)3 (x - im)?
- 2v, M

(n(hoy(ra) 1)
- ! F(K) !2 -cmz_B_.——u;(To

(ke E) = Ky

)Y / dxdE & (% - w.(q)) & —q— 1)R(Kq, Eo,x, E)
q

(A.16)

Transforming the q summation to an integration by introducing the q state density V/(27)?

) (27)3 (k- 1m)®

) o = k'
I(x,. E,) S Tw, Mg

(n(fw,lr,)) + 1)
“’J("‘o)

IF(") l'.’.cos‘.?'d.

V_
(2

xh /dqR(xo,Eo,q+r, hw,(q)) (A.17)

where N = V/v, is the number of unit cells in the crystal giving rise to the scattering.

This is a function which is strongly peaked whenever x,,, E, lie on the dispersion surface given by
ha, (x,). Integrating this peak as a function of energy at fixed x, one may experimentally determine the
volume of the resolution function:

P " 2 —1
/dEI(NO, E) - (hh} /2”1 (A!cgu) ! F(N) ".’ f‘OSz 13,(1)(?1;;1,(:{,,)) + l)

hw,(k,) m

xky N -B(ko, hwy(n,)) {A.18)
where m is the neutron mass and

B(ro E,) = /dqu R(ko, Ey + E,q + 7. huy(q))
~ /dqu R(Eo, Equ+ T,f’l;d,(q) - E)

= /dqu R(k,,E,.q.E) (A.19)

We have neglected the variation of the resolution function over the extent of the energy integration.
(A.18) enables us to relate the energy integrated phonon intensity to N - B(x, E; ) which, as we shall see
later, occurs as a product to the monitor-normalized scattered intensity of eg. diffuse magnetic scatter-
ing. A similar formula may be deduced for the integrated monitor normalized scattered intensity as a
function of momentum transfer at fixed energy transfer:

[ i, + xi, hoi(xo))

(P2 (M) ™ () o, n () + 1
(Ko m

1

1 N (K A.20
XTTrhant 1N Bleheslin) (20

where V xhw,(%,) is the slope of the dispersion surface in the direction of the
integration, k.
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A.3. Magnetic Scattering
In terms of the generalized susceptibility, the magnetic scattering cross section may be written [20]

& k(1)
B - _é(ir,) | Fm(re) |2 exp(—2W (x))

(n(hw) + 1);’%lm{x.t(w)} (A21)

1, = 0.54 - 10 m is a constant, |F () is the magnetic formfactor which satisfies: {F(0)F = 1,
exp(-2W(x)) is the Deby Waller factor, N, is the number of magnetic unit cells, pg = 9.27 - 10-2¢ JT
is the Bohr magneton. Im denotes the imaginary part and

Xaw) = 3 (Bap — Rakp)Xp0(w) (A22)
af

is the part of the generalized susceptibility arizing from dipolar operaior components in the normal
plane to x. a and B denote the three cartesian components. The generalized susceptibility is defined as
[20).

x@) = lim, [ dtexp((iot - 142200 (A23)
apepy — (8B)’ i Toapy oB
o2 0) = P2 ([sa0. %)) (A.24)
sa = Zexp(—iu -R)Shk (A.25)
R
where
A(t) = exp(—Ht/h)A exp(Ht/k) (A.26)

g is the Landé factor of the effective spin Sg, is the Hamiltonian operator of the scattering system,
x°? (w) has units J/T?/magnetic unit cell.
he formula is written in the form most suitable for atomic electrons with an effective spin operator
given by g and Sg. The formula also holds for itinerant magnets when care is taken to define Sg' as an
appropriate spin density operator. [20,151].
Inserting (A.21) in (A.l) and neglecting the variation of the slowly-varying factors over the extent of
the resolution function we get

2
I, Eo) = ks (%"o) | Fn() lzexp(-2W(n))(n(Eo)+1)%"Zz‘;

x / drdE Im {x&_((E + E,)/R)} R(ko, E0x, E)  (A27)

We treat 3 cases of magnetic scattering starting from this formula.
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A.3.1. Broad Magnetic Response
If the susceptibility varies slowly as compared to the resolution function, we may move it outside the
integration in (A.27):

2
I(ro,E)) = (%rn) | Fm(x) |2 exp(—2W(x))

(n(E0) + 1);:781": (3 (Eo /W)

Xk! ‘Nm ‘B("o,Eo) (A28)

where B(x,, E) is defined in (A.8). So from (A.7) we see that diffuse magnetic scattering is convenient-
ly normalized to the integrated long wavelength acoustic phonon intensity.

A.3.2. Resolution Limited Inelastic Response: Renormalized Singlet-Singlet Transition

As an example of normalizing resolution limited inelastic magnetic scattering we calculate [ (x,, E,)
from a renormalized singlet-singlet transition.

As discussed in 4.3.]1 the generalized susceptibility of the renormalized singlet-singlet for small BA
may be approximated by

. . 2A [ (0]J7 |1) |2 tanh(BA/2)
where <0]Jz|1> is the transition matrix element,
Ax = A(A - 2Jx(gpp)? | (0] J7 |) | tanh(8A/2)) (A.30)

where A is the splitting of states [0> and [1> and ], is the Fourier transformed exchange constant.
Taking the imaginary part we get

Im {x§ (@)} = A{6(Axk — hw) — §(Bx + Aw)} (A31)
where
A= S (awa)? |01 1) [ tanh(85/2) (A.32)
This is the only component to the susceptibility, so
Im{xk)) = Tbes - Ruko)lm {x&w}
= (1-&)Im{x¥ W)} (A.33)

Inserting the excitation creation part of (A.31) in (A.27) we get
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2
Tk E) = K (l,.) | Fm(x) |” exp(~2W(x))
x(n(E.) + ) (1- &2)A
Tuy

/ dxdES(Ax — E) - R(x,, E,, %, E)

= & (1") | Fn(x) I? exp(—2W(x))
x(n(E,) + 1)1_va(1 - &3)A
THp

x / dxR(%,.E,, %, Ax) (A.34)

As in the phonon case we obtain a number which only depends essentially on the volume of the
resolution function by performing an energy integration. Making the usual approximations we get

/ dE](x,,E)
~ (%r,,)2 - | Fn(x) | exp(—2W (x))

x (n(Eq) + 1)}%(1 ~&%)A
xkj - Nm - B(Ko, Ar.) (A.35)

A convenient form which may be immediately compared 10 (A.18) for normalization.

A.4. Bragg Scattering

The nuclear Bragg scattering cross section is

afads (2') E*’(" 7) | Fn(7) |* 8(E) (A.36)

where the nuclear unit cell structure factor is given by
Fn(7) =D bgexp(ir - d)exp(-Wy(r)) (A.37)
d

From (A.1) we get the monitor-normalized intensity around the Bragg peak, 7.

(2")

I(x,, E,) | Fn(r) |?

L}

k; / drdES(x — 7)5(E) - R(%o, Eo, %, E)

(2*)

}]

| Fn(7) I? ki - R(%o, Eo, 7,0) (A.38)
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So we obtain the obvious result that one may measure the instrumental resolution by mapping out the
intensity around a Bragg peak. As compared with the various types of inelastic scattering, which are in
general extended in several dimensions of momentum and energy space, Bragg peak intensity measures
the value of the resolution function of a point. Good knowledge of the resolution function is therefore
required when attempting to relate inelastic and Bragg scattering directly. Nuclear Bragg scattering is
on the other hand ideal to normalize other elastic cross sections. Often the more reliable quantity to
compare is the integrated intensity along a direction passing through the Bragg peak

/dxi('r + &k,

=N- (2:)3. | Fn(7) 2 -k - /d:cR(‘r + xk,0,7,0) (A.39)

Such integrals can be calculated numerically in the general case using the formalism of [150] or
approximately in certain limiting cases [156].

A.5. Normalization of Inelastic Magnetic Scattering In URu,Si,

We normalize the data of Figure 4.6.a to the phonon scantering of Figure A.l. Table A.l illustrates the
calculation of the factor characterizing the semsitivity of the experiment kNB(x, E) of (A.18) or
rewritten

_ 25‘.:,(.;,) fdEI(Ko,E) - (Mcen/m) (A.40)
2l | Fn(so) |2 - cos? B, - (n(hw,(x,)) + 1)

k]NB(“o, hwl("'o)) =

Figure A.1. Longitudinal acoustic phonons close to two strong nuclear Bragg peaks in URu,Si;. The data were
taken ar T = 77 K. The broken line is an estimate of the background. The solid lines are guides to the eye.

300

200

100

INTENSITY lcts. pr. 2x10% mon ~ 170 sec |
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Table A.1. The following constants have been used in the above calculation: a* = 1.527 AL c* = 0.6576 A,
(M pm) = 2(M /m) + 4(MpJm) + 4(Mg/m) = 2-238 + 4-101 + 4-28 = 992, h[2m = 2.072 meV A,
kg = 8.62:10-2 meV/K.

X Fa %, cos?p  AEZin(EVmon (b 2m wyx) kgT=18  (1-exp(-Bhas, ()}  k¢N-Blxs, han(K,))
[r.ln) [b) (A1) [unity) [meV) [meV] [meV] {meV) [unity) [meV/b)
(20%) 388 3.06 1.0 1.44-104 194 3.52 6.90 2.50 2.7-104
(0.104) 8.46 2.63 10 252105 143 33 6.90 2.68 25104

The spec*rometer sensitivity changes only very little between (200) and (004) since }(200)] ~ K004)).
This is also borne out by the last column of Table A.1. The magnetic scattering of Figure 4.6.a, which
was taken at a monitor of 2-107, is separated into the sharp excitonic response and the overdamped high
energy response. This separation is physically interesting and also natural from a technical point of
view because the two parts of the response are influenced differently by resolution effects. The resolu-
tion limited response is normalized by (A.35). We determine the value of A by

[ dET(xo, Eyxp}
(3ro)? | Fm(x) |? exp(=2W (x))(n(E.) + 1)(1 - &3)

1
X% N - B(ro, Alx.)

1.24-10"*meV -x-pp
(1-054)*6-0937-1-1-1

1 2
——— =24 (A.41)
X26-10"mev/b B

We can now calculate the transition matrix element corresponding to the exciton cross section from
A32.

R
-
1~
"¢
x
S

gps 101211}

|
\

£
[

= 3up (A42)

where A, and A have been taken from Figures 4.4 and 4.13.f, respectively. Both the Debye-Waller
factor and the thermal population are close to 1 at T = 5 K. Furthermore we have without significant
loss of accuracy neglected the variation of the spectrometer effectivity between the present momentum
transfer (100) and that at which the phonons were measured. We have utilized that N, = N in this case
since the magnetic unit cell is equivalent to the nuclear unit cell.
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The high energy overdamped response is normalized using A.28:

I(x, ) - Tuh
(4r0)* - | Fm(x) |2 exp(—2W (x))(n(hw) + 1)

1
X% N - B(x, )

Imxy(w)

I(x, hw) - xpsd, _ 1
@3 -0.54)%5.0932.1.1 2.6-10-*meV/b
= 1.92-10%1(x,hw) - u3 /meV (A43)
from Figure 4.6.a
Im{x(100)(10meV)} = 1.92-10%(100/2- 10")p3 /meV
= 1.0ud/meV
= 3-10"%emu/mole (A.44)

The total moment sum rule (1.3) enables us to make a crude estimate of the amount of moment
participating in the quasielastic magnetic fluctuations. Since the response is polarized along ¢*

45
I r00)@) = Trxg=toofs) (A-45)

We have not measured the detailed q dependence of the quasielastic response in the whoie Brillouin
zone, but from Figure 4.7 estimate is te occupy about (3)* ~ 10% of this volume, so finally

72

(MY = 10%% /_:du(n(hu)ﬂ)lm{nxq(u)}

(0.6up)? (A.46)
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Appendix B: The Generalized Susceptibility of
Exchange Enhanced Overdamped Magnetic
Fluctuations

The RPA formula for the interacting susceptibility of a non-Bravais lattice can be written [152]

Xy (@) = x.(w) + xo(w)T(g) x4 (w) (B.1)

where the matrices are indexed after each site in the unit cell. x,(w) is the diagonal matrix of non-interacting
susceptibilities associated with each such site. J(q) is defined as

{J(@);; = Y. J(R+d; —d;)exp(q - (R+ d; — d))
R

where R are all Bravais lattice vectors and d; is the displacement vector to the i'th site, within the unit cell.
J(q) is hermitian and thus has real eigenvalues, J;;(g). The eigenvectors of J(q),U, constitute a unitary
transformation that diagonalizes (B.1). If each site is equivalent, i.e. x,(w) = x,(w)1. The resulting diagonal
interacting susceptibility is

- o(w)
{XQ}.'.' “1- x::‘-’)“t Jiq)

Note that in the antiferromagnetically ordered phase the assumption of site equivalency only holds for
the longitudinal response. For the transverse response the cartesian structure of x,(w) becomes impor-
tant due to the broken symmetry. To avoid further phenomenological parameters in this simplified
model we, however, choose to ignore these complications.

The generalized susceptibility, whose imaginary part is a factor in the magnetic neutron scattering
cross section is

where

xgw) = Y {xgl)}, ="xqWe
ij
= éTiq(“)"'
= Y{xqw}, 11 (B.2)
et = (1 1,
e = U'e

and Ut is the hermiuian conjugate of U.

In the special case oi a 2-sublattice model J(q) has the form:
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s Jq+|1'q| 0 )
3= ("7 s

and

21 1 1
U—-\;‘i_ %9 _itg

where ¢ is the phase angle of ', which is complex in structures which do not have inversion symmetry

Jq = Jq | -explidq)

from this we calculate

< _rrt 1 =_l_ l+¢':‘q
e—U(l) ﬂ(l_el‘q

and for inserting in (B.2),
| & |2= 1+ cosdq

and finally we obtain

o) = Xo(w)(1 £ cosdq)
xa) = X T e 174D

Inserting xo(w) = xoI'/(T — iw) we get

_ XoT(1 £ cos ¢q)
xg(w) z*: -—‘“-—qu* —

x,I‘(l:I:coség) )
z*: Igs +u? (Tqs + )
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where
Pz =T(1-x.(Jgx | Jgq )
In particular the imaginary part of the generalized susceptibility occurring in (1.1) is
Xolw(1 & cosé

Imixg)} = ¥~

9 (B.4)

and the bulk susceptibility is

Re {XFO(O)} = Xo- z ero*'(l + c"’3¢g=0) (B.5)
x =0,

B.1. Application to the magnetic fluctuations in U,Zn;,
In our model for U;Zn,; we include only an intrasublattice coupling to the 4 nearest neighbours (see
Figure 3.1) so for ¢ = (hkl), where h, k and ] are coordinates in the reciprocal lattice,

L0 eiE 4 EOB) 4 i f(2hE) | i)
Jq=1 c.c. 0

where J; is negative for antiferromagnetic coupling. We get:

gP=I P (+2 [ cosB(-h+k-D) +eosB(2h+k-1)
+ cosdE(h+2k+1) +cos2xh
+ cos2xk + cos 2x(h + k) ]]

2z pi 4] . 2z ax
cos é =”,gn(1;)coc,1+wl3(h k) +cos 3 (2h+E) + cos 4L (h + 2k)
7 FAUFA

The imaginary part of the generalized susceptibility and the bulk susceptibility are now determined by

insertion in (B.4) and (B.S), respectively.
In particular, we calculate some of these properties at the antiferromagnetic zone centre

J:;=(mz) =4|J,|

1
co8 $g=(102) = 2

_ Xor“'(l x %)
Im {Xq=(loz)(w)} - ; [P(l - Xo-4 I J! I)]: +w?
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Note that this response diverges when 4 x {I’| = 1. The factor of 4 accounts for the four nearest
neighbours to which each uranium atom is coupled. At g = 0 we get

| Je=o I= 4] J5 |

C(B¢'=o =-1

Re {x¢=0(0)} = x0 - #
1+4x,]J: |

The factor of 2 in the expression for the bulk susceptibility arises since Xq(@) is the generalized
susceptibility for a magnetic unit cell consisting of 2 uranium atoms. Note that the antiferromagnetic
exchange coupling reduces the bulk susceptibility as one would expect.
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Appendix C: The Contribution of Magnetic
Fluctuations to The Low Temperature Specific
Heat

In contrast to the rigorous relations beteeen the generalized susceptibility and both the bulk suscept-
ibility (1.2) and the total fluctuating moment (1.3), relating the generalized susceptibility to the free
energy associated with the magnetic fluctuations requires knowledge of the Hamiltonian of the fluctua-
ting system.

An approximative expression for the free energy associated with a relaxational magnetic fluctuation
spectrum is [98,99,100]

L ol T.(9)/*
Fyy = %-/0 d“’Fuc(ﬂh“’)wz Y r”(q)z (Cl)
where
Fase(fhw) = 8 n[1 = exp(—Bhw)] C2)

is the free energy of a harmonic oscillator and I',(q) is the relaxation frequency of the magnetic
fluctuations with a modulation q and polarization v. The contribution from zero-point fluctuations is
omitted since our interest is the low temperature dependence of F,¢

(C.1) is quite general, in particular we mention that if the low q expansion of I' (q) contains a term
proportional to g, Fy; gives rise to the famous so-called paramagnon contribution to the specific heat
T3In(T/T,g) [98,99,000]. Here we shall only calculate the thermodynamic properties of a q independent
relaxation response.

First of all in the high temperature limit of (C.1) we obtain

i P =3 Jm Pl ) =39

where the factor of 3 arises from the three modes of polarization, v. (C.1) thus associates one degree of
freedom with each polarization mode. In the case of magnetic fluctuations in an isotropic system with
ground state degeneracy 2] + 1, a prefactor ¥5 In(2] + 1) should be applied to (C.1) to give the correct
high temperature limit of the free energy. Obviously in a complicate anisotropic system with un-
known ground state degeneracy the prefactor to (C.I) is also unknown. It is however enough for our
purpose here to note that the prefactor is of order 1.

For the simple q independent relaxation response the integral (C.1) may be calculated analytically:

N [*® TN VL
Fy = 5 [ awm0-eE 0

3N /“ -2was 1
= dzln(l —e ) —
B Jo 1

- + z,
= ;%V_ [-;-ln2a1r +a(ina -1) - Inl'(a+ l)] (C3)

where N is the number of unit cells in the sample, a = BhI’/27 and
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I‘(z):/ et t*"ldt  [Rez > o
0

is the gamma function. Tk last equation in (C.3) is due to reference [153).
In the low temperature limit: a = Bhl/2w — = we can expand (C.3) using Stirlings asymptotic
series for ['(a + 1) [154). We get

__ N __z N (C4)
Fir = =482 = "2 87T

We may now calculate the entropy and heat capacity from F;. Since we have already assumed ghI'/2w
-+ o it is also reasonable in most cases to neglect the temperature dependence of I, and we obtain ($
= llkBT)Z

T T
s
C' —T—: =
J aT S =T

where

H_Nk% _ 2.25meV - J/mol K2
AT AT(in meV')

the magnetic fluctuations with relaxation energies I in the 1 - 10 meV range thus correspond to values
of y in the range 0.1 - 1 J/mole-K2 (Table LI) [155].
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