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Abstract

UPt3, URu3Si, UNi2Al3 and UPdpAls form a special group among the uranium alloys
because they exhibit heavy fermion character, magnetic order and superconductivity.
This main interest in the study of this group of compounds resides in the sirnultaneous
occurrence of magnetism and superconductivity at low temperature. Such a state could
potentially involve an unconventional superconducting pairing mechanism, different from

that contained in standard BCS theory.

In this thesis, the magnetic states of three of these materials (URu2Si2, UNizAls and
UPd2Al3) is investigated with neutron and the relatively new resonant magnetic X-ray
scattering techniques. The work presented here on URuj3Si; follows an earlier effort that
demonstrated the applicability of the resonant X-ray technique to this weak magnetic
system. Access to reciprocal space was extended in order to confirm the multipolar form
of the resonant X-ray cross-section and to explore the limits of the technique compared to
neutron scattering. The situation with the newly discovered UNizAls and UPd2Alz was
different since their magnetic structure and phases needed first to be established. This
task was achieved using two magnetic probes (neutron and X-ray scattering). Several
magnetic order parameters in the normal and in the superconducting phase were also
rﬁeasurcd. The incommensurate magnetic order found in UNipAl3 by neutron scattering
constitutes the first observation of long range order in this compound. Other
measurements on this compound provided some clues about the evolution of the

magnetic structure in high magnetic fields.
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Introduction

Discovered nearly 20 years ago, heavy fermion (HF) materials have low temperature
properties which place them in a class of their own. The properties of ordinary metals
can usually be well understood by considering non-interacting or weakly-interacting
conduction electrons. In HF materials, this picture is not adequate because large electron-
electron correlations develop at low temperature [Fisk (1986)]). The observation of
magnetic order and even superconductivity in these "strongly correlated metals”

stimulated a strong interest in the study of this unusual state.

The mechanism leading to the creation of the HF state is rather compiex, but some basic
concepts can help identify its roots. In general, HF alloys are obtained by mixing an
JS-electron atom (Ce, Yb, or U) with a metal [Grewe et al. (1991)]. In actinides (of which
U-alloys are members), the soft bonding of the f-electron, caused by relativistic effects in
the inner electronic shells, leads to valence configurations nearly degenerate in energy
and to wave functions with greater spatial extent than those in the non-relativistic case
[Lam ez al. (1974), Chan er al. (1974) and Desclaux er al. (1984)]. These effects are
important in the creation of the HF state since the incorporation of this in a metal
amplifies the delocalization of the f-electron wave function and eventually leads to
hybridization with the conduction bands. This contrasts with rare earth metals where the
valence f-electron wave function is localized or with transition metals where the d-
electron wave function extends approximarely over the whole crystal and is itinerant. In
HF materials, the f-electron wave function falls in the wide region between these 2

extremes.



There are three criteria to help identify the creation of the HF state [Fulde et al. (1988)):
(1) a large linear term (y) in the specific heat when compared to ordinary metals, (ii) a
large Pauli-like spin susceptibility, and (iii) a Sornmerfeld-Wilson ratio (%/v) = 1. These
three conditions reflect a large increase of the density of states at the Fermi level
associated with the correlations. HF get their name from Fermi liquid theory where the
renormalized mass of the quasiparticles is proportional to the density of states at the

Fermi level: m* =y = g(Ep).

The mixed behavior of the f-electron wave function (localized vs. itinerant) and the
presence of fluctuations at the Fermi level lead to peculiar magnetic properties. At high
temperatures HF materials have a large Curie-Weiss susceptibility which suggests that
the paramagnetic moments are localized and of conventional size. At low temperatures
the saturated moment in the ordered phase is often much lower in value than the
paramagnetic one (typically an order of magnitude). This screening of the magnetic
moment, due to the interactions with the conduction band, has some similarities with the
Kondo effect. In the HF case, however, the magnetic impurities are not dilute, like in a
normal Kondo system, but form a lattice leading to coherence effects at low temperature

[Fulde er al. (1988)].

Among all the HF materials known to date, UPt3, URu3Si2, UPdyAls, UNizAlj together
with UBe13 and CeCu3Sis constitute the 6 known heavy fermion superconductors (HFS}
[Loewenhaupt et al. (1993), Grewe et al. (1991)]. Besides superconductivity, all of them
develop magnetism at a temperature 2bove the superconducting state, a phenomenon
which usually interferes with superconductivity [Steglich ez al. (1979)]. As the ordering

in UBe13 is controversial [Kleiman et al. (1990)], the present thesis is mostly related to



the magnetic state of the first 4 compounds of this series known as the wranium-based

HFS.

The magnetic state of the HFS is of particular interest because it can help address
fundamental questions related to the formation of superconductivity. The fluctuations at
the Fermi level associated with the HF character may produce a Cooper pairing
mechanism different from the standard electron-phonon interaction (BCS-type) [Hayden
et al. (1992)] The decrease of the magnetic order parameter as it enters the
superconducting phase [Aeppli er al. (1989)] and the presence of two superconducting
transitions which merge when the magnetic moment vanishes upon external pressure both
suggest the creation of an unconventional superconducting state in UPt3 [Hayden ez al.
(1992)]. In contrast, both the antiferromagnetic (Tn=17.5K) and the superconducting
(T.=1.2K) phases seem to coexist apparently unaffected by each other down to the lowest

temperature in URu2Siz [Mason et al. (1990)], and this is also interesting.

The magnetic state of both UPt3 and URu3Siz has been intensively studied over the last
few years [Aeppli eral. (1994)]. However, the weakness of the ordered moment found
in these materials (=10-2 up) is an important experimental limitation for a detailed
investigation of the coexisting phases between superconductivity and magnetism. The
interest in the U-based HFS increased recently with the discovery of the two new
isostructural UT2Al3 (T=Pd, Ni) HFS compounds! with magnetic moments an order of
magnitude larger. The existence of magnetic moments of conventional size within the

superconducting phase constitutes a remarkable property associated with the new HES.

1yt is interesting to note that nickel, palladium, and platinum all belong to the same family in the periodic
table.



In this thesis, we are motivated to study of the magnetic order of the U-based HFS using
diffraction techniques. First, we applied a recently developed X-ray diffraction technique
to detect magnetism. Direct photon-electron scattering leads to very small magnetic
cross-sections, but when the incident X-ray energy is tuned to match an absorption edge
of the magnetic atom, enhancements of many orders of magnitude are possible. This
technique, called Resonant Magnetic X-ray scattering, constitutes a new, interesting
probe for magnetic systems. We performed a detailed analysis of charge and magnetic
Bragg peak intensities of URu2Si2 to demonstrate the properties of the Resonant
Magnetic X-ray cross-section and to show whether or not quantitative information (like

the moment size) can be obtained.

Second, we used both Resonant Magnetic X-ray scattering and standard neutron
diffraction techniques to study the magnetic order and the magnetic phases of the new
UT»2Al3 (T=Pd, Ni) HFS compounds. In order to make some comparisons with UPt3 and
URu38i2, magnetic order parameters were measured in the normal and in the
superconducting phase. The results presented here on UNizAls constitute the first
observation of long range order in this compound and the first incommensurate ordering

among the HES.

This thesis is divided in three chapters. Chapter 1 describes the general physics
associated with the scattering cross-sections for both neutrons and X-rays. Emphasis is
put on the mechanism leading to magnetic scattering for each probe. Chapter 2 gives a
more detailed account of the experimental conditions associated with experiments
performed at nuclear reactors and at synchrotron radiation facilities. Finally, the
experimental results related to the magnetic state of the uranium-based HFS are presented

in Chapter 3.



Chapter 1

Cross-Sections for Neutron and X-ray
Diffraction

Since the early days of Brockhouse and Shull2, neutron scattering has been acknowledged
as an important tool in the study of condensed matter. It can be used to find the atomic
spacings in a crystal lattice and to study the lattice vibrations (phonons). Also, because
the neutron has a magnetic moment, neutron scattering can be used to study magnetic
structures (arrangements of the moments in a material) and magnetic excitations (spin

waves, magnetic fluctuations).

X-ray scattering is also known as a very important technique in crystal structure
characterization. Until recently, X-rays were not appreciated as a magnetic probe3.
During the last 10 years, however, as large scale synchrotron sources became available, it
was found that X-ray diffraction could be used as a new tool to study magnetism in
condensed matter. In the following, we will describe the different physical processes

leading to magnetic neutron and X-ray diffraction.

Neutrons and X-rays are diffracted from matter because of their wave-like character.

Following basic concepts in quantum mechanics, the wavelength (L) of the radiation is

related to its momentum (p) by: p = kk, where |E| = 2m/A is the associated wave-vector.

21994 Nobel Prize Laureates
3 except for magneto-optic effects [Vettier (1993)).



In the scattering event shown in Fig. 1-1 a), the incident radiation, identified by its wave-

vector k;, scatters off the sample after some of its momentum, Q =k, -k, has been
transferred to the sample. The momentum transfer Q, the incident wave-vector k;, and

the scattered wave-vector kr define the scattering plane of the event.

a) b)

Figure 1-1: Scattering event in (a) real and in (b) reciprocal space.

In addition to momentum, energy can also be transfered in the event. The energy
rransfer, Aw = E, —E,, can be either positive or negative depending on the capacity of
the sample to give or take energy from the scattering probe. The scattering is said to be
elastic when the scattered particle has the same energy as the incident one (Aw=0) and

inelastic otherwise (Aw=0). The conservation of energy for neutrons and X-rays are:

hz
2m

X-ray:  Aw=E, ~E, = he(k;, — k)

neuron: A®=E, ~E, = —(k! -k}) (1.1)

For elastic events (Aw=0), when the momentum transfer Q matches the repeat distance d

of the periodic structure IQI = %t = (hx’)2 + (ly')2 [see Fig. 1-1 b)], coherence effects



give rise to a high intensity count rate known as the Bragg peak. Bragg scattering occurs
at well defined angles when the condition, A = 2dsin(0), is satisfied [see Fig. 1-1 a), for
elastic scattering 0=0;=8¢]. In general, Bragg intensities from a particular lattice are

obtained by*:

1=C L(28)£,|S©Q)f (1.2)

where C is an arbitrary constant and L.(20} is the Lorentz factor which for linear scans in
1

2sin @ [sin(6 — o)

reciprocal space can be written as L(26)= where o is the angle

between the wave vector Q and the scan direction [Lebech et al.(1975)]. Although not
essential at low temperatures, we added for completeness the Debye-Waller factor
f, = €9 which accounts for thermal effects [Price er al. (1986)]. S(Q) is the structure

factor defined as:

unit

Gdj .
S(Q) = ZA-, e R (1.3)

The sum over the unit cell accounts for the whole crystalline lattice. The factors Aj and

R; are the scattering amplitude and position of the atom “i" in the unit cell. The

expression for S(Q) [Eq. (1.3)) shows that diffraction intensities are related to the Fourier

transform of the crystal in the direction defined by the scattering vector Q.

4Other factors are needed to account for absorption in the intensity formula. These factors will be
introduced later when needed.



1.1) Master formula for particle scattering

The scattering amplitudes, defined as A; in Eq. (1.3), depend on the scattering potential,
v, existing between the scattering probe and the atomic targets in the sample. The
intensity collected in a solid angle dQ2 (at the detector) is proportional to the transition

probability W, _, between the initial state i and the final state f of the scatterer by3:

i—f

d’c W,
=—i=2f K(E ) 8(Aw+E. —E 1.4
v 1 pE;) 8(Aw+E, -E,) (1.4)

where to 27d grder, the transition probability (known as Fermi's Golden rule) is:

7 - 2
Y v Vig)v,
Wiy =2EK, V0o py+ 3@l Zﬁ/l @|w.)|

where
p(E,) is the final density of states of the scatterer,
v, is the wave function of the scatterer in the initial and in the final state,

V(q) is the Fourier transform of scattering potential and I the incident flux.

The expansion of Fermi's Golden Rule to second order is necessary for magnetic X-ray
scattering, while neutron scattering requires a first order expansion only. The 6-function
in Eq. (1.4) is added to account for energy conservation in the process; in this thesis we
are only dealing with elastic events and Aw=0. In the next sections of this chapter, we

will describe the scattering potentials, V , responsible for neutron and X-ray scattering.

SLovesey (1987) Chap. 1



1.2) The Neutron cross-section
1.2.1) Nuclear scattering

Neutrons interact with the atomic nuclei in matter through the action of strong or nuclear
forces. These interactions take place over a much smaller volume than typical condensed
matter length scales and the atoms can be approximated by point-like entities. The
interacting potential which describes this interaction is known as the Fermi pseudo-
potential, where the lattice is approximated by a series of Dirac-delta functions at the

nuclear sites:

Vr)= b &(r—R) (1.5)
m

The scattering length, b, has typical units in the range of the Fermi (fm). In practice, the
scattering length can be very different from one nucleus to the next and since common
alloys are prepared with "natural” elements, the random distribution of isotopes in the

lattice leads to the following cross-sections [Price ez al. (1986)]:

. . . -2
the coherent cross-section is proportional to |bl (1.6)

. . . =5 o2
the incoherent cross-section is proportional to |b2| - Ib]

The coherent cross-section, which gives the intensity of the nuclear Bragg peaks,
is proportional to the average of the scattering length at each lattice site of the unit
cell. The incoherent cross-section, proportional to the variance of the scattering

lengths at the lattice sites of the unit cell, is diffuse and contributes to the
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background level of an experiment. Besides isotopic incoherence, nuclear magnetism can
also contribute to incoherent scattering because some nuclei offer different scattering
amplitudes depending on the relative spin orientation between the incident neutron and
the nuclei spin (in absence of nuclear ordering, nuclear spins are random and the

scattering due to them is diffuse) [Collins (1989)].

As will be discussed in chapter 3, incoherent scattering is important with the nickel
compound, UNi2Als, since 58Ni (68%) and 6ONi (26%) have very different scattering
lengths and also 61Nij (1%) has a large nuclear spin incoherence [Sears (1986)]. These
facts explain the large background level observed in neutron powder experiments with

this element.

1.2.2) Magnetic scattering

Magnetic neutron scattering occurs when the neutron magnetic moment interacts with the
unpaired electrons of an atom via a dipole-dipole interaction. This interaction is

described by the general result from EM theory [Price et al. (1986)]:

V(R) = -G H = —y1,5- [V % {MFRTF}"' (—Ce) vleR>IBRj| amn

The scattering amplitude from Eq. (1.7) is proportional to: (yr,) = (ye2 / mecz) = 5.4 fm,
with rg the classical electron size and v the neutron gyromagnetic ratioS. Scatterings from

magnetic and nuclear origin [Eq. (1.5)] appear therefore with the same order of

6 Lovesey (1987) Chap.7
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magnitude. It can be shown that the elastic magnetic cross-section for magnetic
scattering is proportional to:

d’c

O |01 -0, P 8B, - ) a8

with the perpendicular component of the moment to Q being:
A ix.r, ] a - i o= .
(L:Ze ; Qx(sixQ)——_pri .
i 0

The role of this perpendicular component indicates that magnetic neutron scattering is
maximum when the scattering wave-vector Q is perpendicular to the magnetic moment
direction. The magnetic neutron form factor, f(Q) in Eq. (1.8), physically describes the
spatial extent of the atomic orbitals giving rise to the magnetic moment. In uranium, the

form factor of the 5f-orbital can be expanded:

f(Q) = <jo(Q)> + C2 <j2(Q)> + ... (1.9)

with

< jn(Q>=U% (1) j,(Qr) dr
0

where jm(Qr) is the spherical Bessel function and Usg(r) is the uranium 5f electron
density [Lander er al. (1991)]. Free ion calculations can be found in Freeman et al.

(1976), but to a good approximation: f (Q)=e Y with Qo a constant = 5.2 A-! for the

5f2 or 5f3 uranium valence configurations.
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Neutrons are therefore well suited for solving crystalline and magnetic structures.
Inelastic scattering will not be described here as it goes beyond the scope of this thesis.
Cross-sections due to phonons and magnons can be found in numerous textbooks [Price

et al. (1986), Lovesey (1989), Collins (1989)].

1.3) Elements of X-ray scattering

In their interaction with matter, photons (or X-rays for wavelengths in the keV range)
interact strongly with electrons. The cross-section describing the scattering of a X-ray
photon on an atom is usua'y written in the form [James (1962), Warren (1990) and

Jackson {1975)]:

ali 2

— = e~ f,(k ki ho)| 8(E, —E; +Aw (1.10)
[deE l—nf mcz ¢ ‘ ' ( ' )

- = . . . 2 .
where f,(k;,k,;ho) is the scattering amplitude per atom”. The factor (e’/mc?) =13 is
the classical electron radius squared and corresponds to the "classical" cross-section of a
single electron. Literally, the atomic scattering amplitude is therefore f times the single

electron scattering.

In the forward direction (Q=0), the scattering amplitude by an atom is proportional to Z,
the number of electrons per atom. When the scattering is not in the forward direction, the

scattering amplitude becomes sensitive to the spatial extent of the charge distribution and

the scattering amplitude becomes f;(Q)=p,(Q)E, &, where p,(Q) is the Fourier

This f-factor should not be confused with the £(Q) introduced as the magnelic neutron form factor even if
physically, both are related to the spatial extent of the scattering object.
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transfo:m of the charge distribution and &, - €, the Bragg-Thomson factor describing the

polarization dependence of the scattering amplitude (introduced here for completeness).

Because an atom can behave as an oscillator at well-defined frequencies, anomalous
dispersion corrections are needed to account for the energy dependence of the scattering,

Taking the incident X-ray as the driving force for the oscillators, anomalous corrections

can be separated into a real part Af, (in phase with the driving force) and an imaginary
part Af, (90° out of phase) both related by a Kramers-Kronig transformation [James

(1962)]. The total scattering amplitude, including the anomalous corrections, is written

as:

f (k, kiE)=f3(Q)+ Af (E)+iAf,(E) (1.11)

These anomalous corrections will become important in the following discussion and it is
necessary to make some comments at this point. The anomalous response at one

frequency needs to include contributions from all the other resonances ; (also called

absorption edges). The resulting sum forms a "continuum" described by :

®

1

- 2
Af.c((l)) = 2 J w, (dcizliim), d(l)i
(1.12)

Af () = 7w ) (dg/ dw),

where E = hwis the incident photon energy and the oscillator density is defined as

(dg/dw), = E—E-;E?u(m)i. As an example, James (1962) calculated the K-edge response
e

assuming a power law behavior for the oscillator density not too different from what is
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observed experimentally: (dgy /dw), = A,/0® if © > @, and (dg, /dw), =0 if © < @,

For a K-edge, the anomalous corrections therefore become (x = /o, ):

Af(x) = E& 1njx?
X
(1.13)

Af (x)=m g /x> if x>1
=0 if x<l1

The characteristic lineshapes for this case are shown in Fig. 1-2. Qualitatively, the

"continuum"” response is a superposition of these curves centered at each of the different

resonant frequencies.

Arb. Units

1

0.5 0.75 1 1.25 1.5
X= u)/(oo

Figure 1-2: Real and imaginary part of the anomalous dispersion corrections in the
vicinity of a resonance for K-edges [James (1962)].

In a more modern approach, the calculation of anomalous corrections requires the use of

relativistic wave functions in order to compute the oscillator strengths [Cromer-
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Lieberman et al. (1970)]. These calculations, found in GSASS, are quite satisfactory far
from an absorption edge. Ar edge however, the calculations lack some additional features

that could be present, like white-lines or excitons [Philips er al. (1980)].

In certain materials, like Ge (K-edge) or Ta (Lj-edge) [Brown (1980)], a pronounced
maximum appears in the absorption spectrumn directly at the edge energy (x=1), similar to
the one depicted in Fig. 1-3. As described by Cauchois er al. (1949), the maximum
("white line" or "ligne blanche") can originate either from the high density of final
unoccupied states involved in the transition as is likely to occur in metals or HF systems
or from the presence of many-body bound states or excitons as is likely to occur in

insulators.

4 T T
3 —"White.e-line"_._
region
&z
= 5
£ 1
< " ':
Af ¢ /i
0 } Tl -
.1 1 1 !
0.5 0.75 1 1.25 1.5

X= 0)/(1)0

Figure 1-3: White-line in an absorption spectrum (continuous line) compared to the
imaginary part from Fig. 1-2 (dotted line).

8GSAS stands for General Structure Analysis System, LANSCE, MS-H805, Los Alamos National
Laboratory, Allen C. Larson and R.B. Von Drecle.
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The large maximum present in the absorption spectrum (or in Af'), like in Fig. 1-3,
reveals a pronounced dipolar oscillator response at the resonant frequency [Brown
(1980)]. Based on analysis of white-lines in edge spectra [Rohler (1985)], we write that
the correction is additive to the "continuum"” and that the total anomalous corrections can
be written as:
Af = Af .+ Afy
and (1.14)
Af" = Af + Af,

For the white-line, we can assurne that the resonant spectrum is relatively sharp compared
to the resonant frequency in such a way that the Lorentzian approximation (Breit-Wigner

type) will hold near w/wgp=1 [see Fig. 1-4]:

(&)

A (@) = (C!J—(DO) (%) 5 and Afy, (@)= 1T
(=) +(%)

(- mo)z +(%)

- (1.15)

0.6 T T T

o o
b2 $u
]
1

Arb. Units
=

&
[ o]

_0.4 1 L 1

Figure 1-4: Real and imaginary part of anomalous corrections describing a white-line
(Lorentzian).
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Fig. 1-4 shows that at w/wg=1, directly at the resonant frequency, the value of Afy, = 0
while Af,; reaches its maximum. At resonance, the white-line correction will therefore
affect only the imaginary part of the response function and not the real part. This set of

arguments will be important in section 3.1.

At this point, only charge scattering has been considered and magnetic scattering has still
not yet been taken into account. In the next section, non-resonant and resonant magnetic

X-ray scattering cross-sections are introduced as corrections to the real and imaginary

parts of the atomic scattering amplitude f,(k,, k,;ho).
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1.4) Magnetic X-ray scattering

The discovery of magnetic X-ray scattering dates back to the early 70s when DeBergevin
et al. (1972) observed for the first time in a diffraction experiment on NiO, using the
CuKa. radiation from an X-ray tube, that photons can be sensitive to magnetism [Fig. 1-
5]. This observation confirmed a theoretical prediction by Platzman et al. (1970).
However, due to the prohibitive counting time, this method could not be used on a regular
basis to study magnetic materials. Magnetic X-ray scattering requires more intense

photon sources like synchrotrons.

lasec

4000 'S 12757 lzswe re3s, I 2007y
¢ 25'C 3000 < ;
; v 25°C
- : ; r. - Ay
-E . e '-".-..H‘- A000 :---'---—--f-———-—-—-————-_-.l'\_-._
g . -~ . A U ==
G - X o
v 27sc 2500 3500
. 13500 . 2s0%
3OO0
- » . M 3(m
) g 20 2] °%40 28'50 28'70 <] 28'gy

Figure 1-5: First observation of magnetic scattering in Ni0 using X-rays [from
DeBergevin et al. (1972)].

The magnetic X-ray scattering cross-section is calculated using the Hamiltonian of an
electron in a quantized electromagnetic field where the transiuon probability W,_, [Eq.
(1.4)] is expanded to second order. Elastic scattering events are described by terms in the
expansion where the incident photon is annihilated and an outgoing photon is created

with the same energy as the incident one. Such events are proportional to A?, the photon
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vector potential squared: A(T)= (%)(Ece”‘" +& c'e™"). After grouping the terms,

Blume (1985) found the single electron cross-section as:

d*c e Y
(dn’d‘E’)i-bf B [mz]

52 (f |( £ ;IP‘ —i(k’x E')'S,Je'“'"‘ln)(n(e 'hp"' +i(k x&)-s, Je‘*"'li)
-t =3

m< E-E +how,~il,/2

A

(IS iy 2.8 - i 2L (£]S ens i) B XE +.
2 4

mc

+... (1.16)

.

E. - - ik £ P e, =¢ -k | o
e iEx8) s e SR (2 5 e
E —E,—hw,—il.[2

8(E; - E, + ho, - hoo,.)

To extend the single electron picture to a many-electron atom in Eq. (1.16), the Fourier
transform of the charge distribution (p(Q)) and the “"continuum" anomalous corrections
(Af'c+iAf'), shown in Eq. (1.13), need to be added. The first term in Eq. (1.16)
corresponds to the charge scattering amplitude already introduced in Eq. (1.11),
f3(Q)=p,(Q) E,-§,. By analogy with Eq. (1.10), the total scattering amplitude in Eq.
(1.16) can be rewritten as f=f0+fma8+(Af . +iAf"c). The magnetic part, fM28, appears
therefore as a correction to the anomalous corrections and is a function of, T, the width of
the atomic resonance, s, the electron spin, P, its momenturn, g, the polarization of the
photon and its energy, . As non-resonant and resonant scatterings belong to different

scattering regimes, each case will be presented separately.
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1.4.1) Non-Resonant Magnetic X-ray Scattering

In the non-resonant case, when the photon energy is far from any atomic resonant

frequency (E, — E, << hw, or far from all the absorption edges in the compound), the

photon cross-section can be reduced to [Blume (1985)]:

dQYdE’
(Y
=l —
how

2 2
- 1- - = =
=[;1—2) Y p,(Q)s'.e—iu—z-(EL,(Q)-Aw,(Q)-B) 8(E, - E, + ho, - hoo.)
¢ > N

mc
Charge

(—df"—) =... (117
i=f

2

hao KX 5(E, - E, + hoy, —ho,.)

(flze‘lr"llﬂ E’.E _I-__(f|Zeir-n[ th L. A + Eg . E]I I)

mc?

2

)

Mq'mric

with,

-

A=%xE and B=F ><§+(f<- xé')(fc-é)-(f; xE)(R-E‘)——(fc' x'e')x(kx'é).

In the final step of Eq. (1.17), like before, the charge density has been introduced to
account for the spatial extent of the atomic charge distribution. As in Eq. (1.16), the first
term in Eq. (1.17) is the charge scattering. The non-resonant magnetic part, fMag=frnon-res,
appears as a correction of the order of hw/mc? to the "continuum” anomalous
corrections: f=fO+fnon-res4(Af . +iAf"c). At 3keV, fron-res js typically:

2
(h—('l) / Z2 =~ 107"(s)* smaller than charge scattering [from Blume (1985)].
mc
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The rather elaborate geometrical dependence of the non-resonant cross-section, contained
in the vectors A and B in Eq. (i.17), is a remarkable property that can can be used to
separate the orbital and spin part of the overall magnetic moment [Blume ez al. (1988)].
Also, because the scattering amplitude is a complex number, it is possible to use the
interference between the magnetic and charge parts of the cross-section to enhance the
magnetic intensity. This is particularily effective in a ferromagnet. The situation,
however, does not apply to most antiferromagnets because charge and magnetic

scattering do not occur at the same wave-vector.

1.4.2) Resonant Magnetic X-ray Scattering

Gibbs, Harshman er al. (1988) showed that when the incident energy of the synchrotron
X-ray beam is tuned to an absorption edge of a magnetic atom, magnetic scattering could
be dramatically enhanced. In Ho, this enhancement reached a factor 50 [Gibbs,
Harshman et al. (1988), Gibbs er al. (1991)], but enhancements as large as 6 orders of
magnitude, compared to non-resonant scattering, have been observed in UAs [Isaacs er

al. (1989)].

In their experiment, Gibbs, Harshman ez al. (1988) showed that when the X-ray energy is
tuned to the Ho-Ljj; absorption edge, the helical magnetic structure of Ho gives rise to

several magnetic harmonics all occurring at multiples of T (the helix periodicity) [Fig. 1-

6].
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Figure 1-6: Resonant magnetic X-ray scattering at the Lyjj-edge of Ho [from Gibbs ez al.
(1991)]. The * indicates the magnetic harmonic in T-units.

The presence of several harmonics at the Ho Ljj ;-edge was interpreted as being due to a
multipolar field expansion in the cross-section. In Ho, the Ljj-edge is a mixture of an
electric quadrupole transition and an electric dipole transition. For electric 2L-pole

transitions, the multipolar expansion of the (A -P ;) photon-electron interaction terms in

fmag=fres [Eq. (1.16)] can be written as [Hannon er ¢l. (1988)]:

fo(k; k3 h00) = £3(Q) + {7 (0) + (Af () + IAf . (@), (1.18)
where,
f°(Q) = p,(Q) &, - €, (the charge scattering)
Af () and Af o(w), the "continuum" anomalous corrections
and,

£™ () = 47 i [E; ¥ (k) ?I.M(fc)ii] Fpy(®)

M=-L
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with the oscillator response function?,

P,P,T", (aNb:EL)
F — 3 bt x
(@) ,Z.,,'Z(E‘—Eb-hm)—il'

The physical process leading to the detection of magnetism in the resonant case
(E,~E,=ho, and I'_ #0) is quite different compared to the non-resonant case.
Instead of being due to direct photoii- electron scattering [Fig. 1-7], the magnetism in the

resonant case is revealed through the creation of an excited state in the magnetic atom.
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Figure 1-7: Classical mechanism of X-ray scattering from an unbound electron [from
DeBergevin et al. (1981)].

The absorption of the incident photon by the magnetic atom promotes one of the core
level electrons to an unoccupied valence level where the unpaired electrons responsible
for the magnetism are lying. Due to the Pauli exclusion principle, the magnetic state
imposes some constraints on the allowed transitions. Information regarding the magnetic
state of the atom is eventually transferred to the polarization state of the outgoing photon

after the decay of the excitation [Fig. 1-8). The strength of the scattering is proportional

9The full description of the different parameters in F,(¢0) is found in Hannon er al.(1988).
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to the (virtual) oscillator response of the magnetic atom contained in the F , (®)10.
Enhancements of many orders of magnitude compared to non-resonant scattering are
possible for transitions involving an unfilled atomic shell or an atomic-like narrow band

as the final state [Hannon er al. (1988)].

EY. 23 50y,

E2. 2pay=dly,

2Py

Figure 1-8: Schematic view of a core-hole excitation at a resonance in Ho [Gibbs (1992)].

As only the first few terms are expected to be large in a multipolar expansion!!, electric
dipole (E1 or L=1) and electric quadrupole (E2 or 1.=2) are the most useful transitions
used in resonant scattering. In uranium, the Mpy (transition from a filled 3ds; core
electron to an unoccupied 5f5/; valence state) and the My edge (transition from a filled
3ds/2 core electron to an unoccupied 5f7/2 valence state), are both electric dipole
transitions (L=1) and in this case the corresponding scattering amplitude, including the

(2L+1)-harmonics, is given by [Hannon er al. (1988)]:

101 classical terms, this corresponds to the degree of polarizability of the charge distribution because a
dipolar oscillator response is related 1o the dielectric constant of the charge distribution. For further details,
see Jackson (1975), p.285.

Vyackson (1975) chap 9.
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f;dipolg(m) = %K{E; E; [F“(O)) +F, (m)] - i(é; X Ei) 'z [Fn(m) -F, ((D)] +.. (1.19)
ot (81 2)(E,-2) [2F,o(@) = Fyy ()~ F,, ()]} '

Rewritten as fg°,., = aF,+ifF, +F,, each harmonic can be identified by the

polarization dependence, in relation to the spin direction z, it contains.

In absence of magnetism, Eq. (1.18) and Eq. (1.19) must map onto the "regular” X-ray
scattering near an absorption edge. The Oth harmonic, aFg with F, = F, (®) +F,_, (®),
does not contain any z-dependence and has some similarities with the white-line
anomalous correction, Afwy and Af wp, already introduced in Eq. (1.14). Although
strictly speaking a white-line is not essential in the observation of resonant magnetic X-
ray scattering, the formalism introduced here can be used to describe the energy
dependence of the anomalous corrections directly at the edge [see DeBergevin (1992)].
The other two harmonics, the 18t (linear in Z) and the 2" (quadratic in 2) are associated
with magnetic scattering. The scattering amplitudes F, =F, (w)-F_ (®) and
F, =2F ,(0)-F,,(w)-F,_ (w) are difficult to obtain experimentally and need to be
calculated by modeling the density of states and the atomic wave functions involved in

the transition [Vettier (1994)].

If we now consider the case of total linear polarization for the incident radiation, we can

express fo-. . for two simple examples: a ferromagnet and an antiferromagnet. Usin
E-dipole g g

Eq. (1.18) and Eq. (1.19):
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ferromagnet

f(.'hugci»Maguﬁc = fo (Q) + frfd;poh(m) + (Afc(w)'*' iAfC (0)))
= ap(Q)+aF, + BF, + 1F, + (Af (@) + iz (@)  (1.20)
= ap(Q) + aAf +iatf +BF, + 1F,

In the last step of Eq. (1.20), F,=Af, +iAf,; is included in
A +iff =(Af + Ay ) +i(Af: + Afy,) according to Eq. (1.14). In ferromagnets,
charge and magnetic scattering occur at the same wave-vector. Because all the terms in
Eq. (1.20) are potentially c-numbers, an interference will exist between the magnetic
terms (F, and F,) and the charge terms. For a particular choice of geometry (y=0), the

scattered intensity is sensitive to a spin reversal operation.

simple antiferromagnet

fCAlrge = fo(Q)+fErfd1pok(w) + (Afc(w) + IAfC(CO))
= ap(Q)+ aF, + 1F, + (Af. (@) + iAf, (@)
= ap(Q)+0Af +iaAf + 9F, (1.21)

fMagmuc = lﬁFl

In simple antiferromagnets, charge and magnetic scattering can occur at different wave-
vector when the magnetic unit cell differ from the chemical unit cell. After making the
correspondence F, = Afy, +iAfy; and Af +iAf" = (AF, + Afy, ) +i(8fc + Afy, ) as before,
we find that the antiferromagnetic Bragg peaks are proportional to the 15t harmonic only.

For a special choice of geometry, y=0, F2 does not appear in the cross-section.
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To end this section, it is interesting to compare the resonant energy profiles obtained by
charge and magnetic scattering for the case of a simple antiferromagnet. Assuming a
lorentzian lineshapel2 for both Fg and F) and total linear polarization in the incident
beam, the only difference between the charge and the magnetic resonance profiles comes
from the presence of f0=ap(Q) in the real part of the charge scattering amplitude which
has no energy dependence [see Eq. (1.21)]. The total response, Ifi2, is plotted for each
case in Fig. 1-9. This comparison can offer a "test” to identify the origin of the scattering

although the presence of absorption can lead to a very different charge resonance profile.

04 T T —T
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Figure 1-9: Schematic difference between charge and magnetic resonance profiles for a
simple antiferromagnet. Scales are arbitrary.

12 In many compounds, like in Ho and in UAs, the resonance profiles do not have a simple lineshape
because of the superposition of electric-dipole and -quadrupole edges.



Chapter 2

Scattering Experiments at Neutron- and
Light-Sources

Neutrons and X-rays are different scattering probes. The absence of charge (or electric
field) enables the neutron to penetrate deeply into a sample. Typical neutron diffraction
experiments usually deal with samples representing only a small fraction of the
penetration depth and the neutron signal is averaged over the whole sample volume. The
situation is different with photons. With penetration depths reaching = 10-6 m in metals,

photons are limited in their ability to probe the bulk of materials.

“ Detector

Figure 2-1: Triple-axis spectrometer.

The spectrometer needed to perform neutron or X-ray diffraction, schematically shown in
Fig. 2-1, is fairly similar in principle. After its production by a source, the polychromatic

beam (white beam) is first directed on a monochromator which has the purpose of

28
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selecting a single wavelength using Bragg's law, A = 2d,,sin(0,,) where dy is the
monochromator lattice spacing. A beam monitor, inserted between the monochromator
and the sample, estimates the particle flux to normalize the counting time. The beam then
scatters off the sample and may or may not lose energy during the process. In diffraction
mode (no energy transfer), the detector arm is moved to close the scattering triangle by

imposing ki=kg [Fig. 1-1].

One of the main concerns in diffraction experiments, especially in the evaluation of
Bragg intensities, is contamination by higher order radiation (A/N-contamination).
Experimentally, Bragg's law allows higher order wavelengths to scatter at the same Bragg
angle if A/N = 2(d,,/N)sin(®,,) is satisfied (both at the monochromator and at the
sample). Some crystal structures, like Si(111) (diamond structure), can remove some of
these contributions by selection rules. A filter can also be inserted in the beam to remove

the unwanted wavelengths.,13

Along the whole beam path, collimating devices can be inserted to modify the divergence
of the beam and the resolution of the spectrometer. Collimation out of the scattering
plane is usually not restrained to help gain intensity. In the gaussian approximation, the

resolution function at the wave vector transfer Q, is given by [Cooper er al. (1967) and

Chesser et al. (1973)}:

R(Q, + AQ) = R, exp[~ (M, AQ? +2M,,AQ,AQ, +
+MuAQ + M, AQR))

13 There are nevertheless some advantages in keeping a certain level of A/N -contamination in the beam
[See section 3.2.1 A)).
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where R, and M describe the resolution of the spectrometer and depend on its particular

configuration. The resolution in the scattering plane is approximately an ellipse oriented
with its longer axis along the direction of the scattering wave vector. Typical resolutions
can be as good as AQ =107 A™ and AE =10 eV for X-rays at synchrotron sources, and
AQ=0.002A™ and AE = 0.5meV for thermal neutrons.
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2.1) The spectrometer at a neutron facility

After being produced by fission reactions in a nuclear reactor (like the 110MW NRU
reactor at Chalk River), thermal neutrons are moderated to energies typically of the meV
range or to speeds of the order of km/s. The thermal neutron gas (Maxwell-Boltzmann
distribution) has a kinetic energy peak at 3/2 kp300K=1.8A, which corresponds to
interatomic distances in matter. Thermal neutron wavelengths are therefore well suited
for diffraction from solids and liquids. This energy scale is also interesting because of its
correspondence with elementary excitations in solids, such as lattice vibrations (phonens)

and magnetic excitations.

The optics of a typical neutron triple-axis spectrometer usually deals with flat
monochromators and analysers. To collimate the beam, an arrangement of Cd-coated
blades (Soller slits) can be inserted before and after the sample. The plates separated by a
given distance can lead to typical divergences in the range of = 0.3°. Jaws (or beam
shapers) can also be inserted in the beam path, but have little effect on the divergence of

the beam, their main purpose being to reduce background.

To reduce higher order contamination in neutron scattering experiments the wavelength
can be set at a smaller value than the peak of the Maxwell-Boltzmann distribution
(<1.8A). The reduction of the higher orders comes from the fact that: EjyN = N2Ej and
the intensity associated with higher energy neutrons becomes small at large N (thermal
distribution of the neutron gas). Higher order contamination can also be greatly reduced
by the use of Pyrolitic Graphite (PG) filters »sed in transmission. This type of filter

requires that the experiment be carried out at some well defined wavelengths where a
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transmission window is found, such as 14.6 meV (first graphite window) and 34.1 meV

(second graphite window). PG-filters can help remove 27 and 37d order neutrons.

All the neutron diffraction experiments presented in chapter 3 were performed using 4He
cryostats that could cool the sample down to =2K. As neutron scattering experiments are
mostly conducted in the horizontal plane, heavy cryostats can be moved to satisfy the

experimental conditions without severe problems!4.

2.2) The spectrometer at a light source

Long being considered an undesired phenomenon with high energy accelerator rings, the
radiative emission by charged particles transformed the synchrotron into a remarkable
multipurpose machine in modern science. Compared to conventional X-ray tubes or
rotating anodes, synchrotron radiation offers remarkable beam characteristics in intensity

and spectral range for single crystal diffraction [Fig. 2-2).
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Figure 2-2: Typical photon flux vs. energy for a x-ray tube and at the NSLS X-17
beamport {from NSLS (1991)]

14Further experimental details about neutron scattering are found in Windsor (1987).
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In synchrotrons, X-rays are produced by the radiative loss experienced by the electrons
under acceleration [Jackson (1975), Winick (1980)]. In a synchrotron ring, bending
magnets provide the necessary centripetal acceleration for creating the emission.
However, because the electrons in the ring are relativistic (2.5 GeV at the National
Synchrotron Light Source (NSLS)), the emission characteristics are quite different from
the "classical” (non-relativistic) case. As shown in Fig. 2-3, the relativistic emission is
well collimaced, tangential to the ring [see the beamline orientations in Fig. 2-4] and

linearly polarized in the plane of the ring!5.
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Figure 2-3: Radiation emission pattern of electrons in circular motions. Case I non-
relativistic elecrons. Case II, relativistic electrons [from Winick (1980)].

In recently built synchrotrons, like the 6 GeV accelerator at the European Synchrotron
Radiation Facility (ESRF), not only has the energy of the circulating electrons been
increased but insertion devices are used to further improve the intensity and the spectral
range of the photon emiszion. Insertion devices, such as wigglers or undulators, reshape
the emission characteristics using a spatially varying periodic magnetic field [Attwood er

al. (1986)).

15The linear polarization of the incident photon beam is typically =90% [McWhan (1990)].



34

STREET

TECHHOLOGY

BROOMHAVEN AvEMUE

Figure 2-4: The X-ray and UV synchrotrons at NSLS [Winick (1980)].
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Figure 2-5: The optics of the Oak Ridge X-14 spectrometer at NSLS [Habenschuss ez al.
(1988)].

As seen in Fig. 2-5, X-ray spectrometers are usually operated in a vertical geometry
(perpendicular to neutron scattering case). This configuration offers the best resolution in
relation to the beam shape [Fig. 2-3] but represents a challenge when liquid-cryostats,
such as a dilution fridge, need to be moved. The X-ray experiments presented in chapter

3 were made at two different spectrometers, X-14 (operated by Oak Ridge) and X-22¢
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(operated by BNL). Both spectrometers share some common characteristics like the use
of a Ge(111) double focusing monochromator, but the X-14 spectrometer incorporates

more elaborate optics [Fig. 2-6].

Absorption of photons in matter typically goes like =Z3/E3 where Z is the atomic number
and E the photon energy [Luger (1980)). Experiments at the uranium M-edges are
considered low compared to typical synchrotron experiments (= 8 keV) and special care
is needed to reduce absorption to a minimum. As 3keV-photons are easily absorbed in
air (N3), flight path elements are required to be held under vacuum separated by thin Be-
windows or Kapton-windows. Flightpath elements need also to be brought as close to the
sample as possible (limited by the constraints of the scattering angles) to reduce any air
gap. Maintenance of a helium atmosphere via placing gas bags around the spectrometer
is also a good way to remove air absorption. At 3.7keV, the linear absorption coefficient

in air is typically 0.01cm-!, while in Helium it is 0.0002cm-1.

Absorption is also a concern in the construction of the beam monitor. In synchrotron
experiments, at 8keV for example, ion-chambers can be used to estimate the incident
photon flux and to contro! the piezo-alignment of the monochromator. These chambers
cannot be used at 3keV because of the gas which acts as the detecting element. A
construction similar to standard rotating anode experiments, using the rescattered
radiation from a Kapton sheet, was necessary for all the X-ray experiments presented in

chapter 3:
Kapton

| —-’% want P Main beam

Monitor detector
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After being scattered by the sample, the radiation was detected by gas proportional
counters (Ne, Xe). None of the experiments presented in chapter 3 required the use of an
analyser. Elastic events were selected by setting the discriminator windows over a small
energy range at the desired photon energy Ei=Ef. The energy window accepted by the
proportional counters helped control the background level and reduce higher order
contamination. However, because of their large stopping power, Xe detectors are more
susceptible to higher order saturation than Ne detectors. Thin Ne detectors (mixed with
COy) are nearly transparent to high energy X-rays and were used to improve the A-signal

at the uranium M-edges.

As we have seen, neutron and X-ray diffraction differ by the level of absorption each
probe experiences in matter. Since X-ray diffraction is more affected by such effects, an
understanding of absorption effects in the sample is required. Before presenting the
results obtained on the U-based HFS in chapter 3, the next two sub-sections give an

account of how absorption effects can be treated in X-ray scattering.

2.2.1) Bragg scattering with absorption

It is well known that when a beam passes through a sample, the intensity is depleted by
an exponential decay law 1=1,e™, where p is the absorption coefficient and t the
thickness of material. In diffraction experiments, some other considerations are
necessary because the scattering event is in reflection geometry. When the diffracting
planes are not parallel to the surface of the crystal, a correction is needed for the

asymmetry. In the thick slab approximation, when the crystal is thick enough so that no
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beam is transmitted, this asymmetric absorption can be calculated using the angles

defined in Fig. 2-6.

43

P

Figure 2-6: Asymmetric reflection [James (1962)].

If we define the entry angle as 8+ 8 = 6, and the exit angle as 8- 5 = 0,, the sums of the

beam paths inside the crystal can be written as:

_ o [~ M Mot o)
P Pujo c deiI‘l(ez) (2.1)

P, =0 2.2)
( sm(Bl)]
pll1+—"—==
sin(b,)
This is written for convenience as:
P =P i ! =P, B(W) A(S) (2.3)
T 1 I_‘_sin(6+5) o BH '
2 sin(8—d)

Clearly A(0)=1 is 8-independent when the reflection is symmetric (5=0°) [James (1962)].
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Real crystals are not monolithic but are made of mosaic blocks. The asymmetric
absorption correction, shown in Fig. 2-6, is valid for powders and mosaic crystals when
the absorption inside each mosaic block is small [James (1962)]. However, when the
reflected power is large, as for Bragg peaks at resonance [see section 3.1.2 B)], the
reflectivity of each mosaic block can be modified by primary extinction. Zachariasen
(1945) established a criterion to help determine the absorption regime of the mosaic

blocks:

~To Alf] ¢
A%

w (2.4)

where rg=2.82fm, A the wavelength, f the scattering amplitude of the reflection, tg the
effective thickness of the block (being at most the penetration depth if the block is larger),
and V the volume of the unit cell. In perfect crystal theory, there are two absorption
regimes depending of the balance between the intensity of the Bragg reflection and the
thickness of the mosaic blocks; when W>>1 the blocks are said to be in the strong
rcflected power limit ("thick crystals”) while for W<<1 the blocks are said to be in the

small reflected power limit ("thin crystals") [Zachariasen (1945) and Warren (1990)].
When the reflected power is small (W<<l), or when the mosaic blocks are thin,

absorption within the mosaic blocks can be neglected and the observed intensity from a

crystal is given by the Darwin function:

14+ c°

where the parameters, defined in Warren (1990), are:
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nsin(20) (8- 6,) Af" n
= = ,and g = ——~
DA(f, + Af) (f, +Af) 2D(f, + Af')

and D = r ANP (here N is the atom density and P a polarization factor associated with
the radiation). The parameter 1 has some connections with the angle 8 (sample rotation)

and 6y is the "refracted” Bragg pzak position.

It can be shown that in this limit, after integration over 1, the reflected power in the
symmetric case is only modified by a constant |, the absorption coefficient:
P I li§

— o {——dfe—=B fz 2.6
P IIO ne o =B (2.6)

which is the same result found with 8=0° in Eq. (2.3).

When the absorption within the blocks cannot be neglected (W>>1), whether the intensity
of the Bragg reflection is large (like when the incident energy is set to an absorption
edge) or that the mosaic blocks are thick, the observed intensity from a crystal becomes

more complicated because of optical effects. In this case, the full expression takes the

form:;

I =1 ! :
obs 0
g2+112+2_|22%(gcosé+l|sin A) ( '7)
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with Ze™ = (1+ic)2+(g+in)2. The integration of Eq. (2.7) over iy would give the
reflected power of the Bragg reflection but the final analytical form of B(u) is
complicated. To get some insight about this effect, Fig. 2-7 shows the intensity lineshape
of a "B-rock" (variable 1) for several values of u. Zachariasen (1945) estimated from Eq.
(2.9) that weak reflections are more likely to be reduced in intensity by primary

extinction compared to strong reflections.

1.2

I

Figure 2-7: Bragg intensity vs. 1} for different absorptions. The dotted line is the Darwin
solution [Eq. (2.2)] without absorption [ Adapted frorn Warren (1990)].

In addition to primary extinction, power loss due to diffraction can be important
(secondary extinction). In a mosaic crystal, the radiation already scattered by the blocks
at the surface can remove ar important part of the incident beam and reduce the flux
available for the blocks deeper in the crystal. Corrections in the strong reflected power
limit (W>>1) are complicated but in the small reflected power limit (W<<1) [Eq. (2.6)
and (2.3)]:
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lﬂi (2.8)

L}

T

r
PO

where the modified absorption coefficient, ' = .+ g |f|, contains a term proportional to
the strength of the reflection. Therefore, secondary extinction preferably reduces the
intensity of strong reflections compared to weak reflections. As both effects (primary
and secondary extinction) modify the intensities in different directions, the absorption

regime at resonance (when the reflecting power is large) is not trivial to estimate.

To end this section, it is worth mentioning that perfect crystal theory has another
interesting use in monochromator design. Often in the literature monochromators are
said to be "detuned" [Materlik et al. (1980)]. This procedure is quite useful to filter
higher order contamination and is essential when working at the vranium M-edges.
Double monochromators are usually set in the symmetric-symmetric geometry i.e. the
angle between the entry and exit rays make the same angle with the face of the crystal
[see Fig. 2-6 with 8=0°]. But when one of the two monochromators is slightly rotated
such that the reflection is just asymmetric (8 # 0°), the intensities are maximized at exit
angles depending on the incident wavelengths. By maximizing on A, all the other

wavelengths in the beam are greatly reduced as shown in Fig. 2-8.
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Figure 2-8: Reduction of the higher-order reflection by detuning the Si(111) reflection
[Heald (1988)].

2.2.2) Fluorescence and absorption corrections

When thin foils of a material are not available (as is the case with the HFS considered in

this thesis), indirect methods are needed to estimate the absorption coefficient 1. The

optical theorem!$ states that "the total cross section of a scatterer is equal to the

imaginary part of the forward scattering amplitude” [McWhan ez al. (1990)):

K =2AN3m(f(3=0),, =g )=2AN(Af")

This correspondence comes from the fact that optically, Af and Af" are both related to the

2

(2.9)

index of refraction, n=1-v, where v = %—:{—“—Nf (0) is the optical phase shift. In Prins'

formulation, the imaginary part of n (and so of f) is the absorption coefficient [James

(1962)].

167ackson (1975), p.453.
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Therefore, if the main absorption channel in a material comes from the absorption of the
atomic oscillators, the re-emitted photons (over the 4x solid angle) can give an account of

the absorption. The incoherently re-emitted radiation is the fluorescence.

After a core-hole has been created by the absorption of the incident photon, non-radiative
Auger emission and fluorescence emission are competing phenomena [Fig. 2-9]. Auger
emission is favored in low Z materials and decreases at higher Z. Fluorescence is
therefore more probable in high Z materials and constitutes a good decay channel with

uranium atoms.

Auger
electron

— ——-00-90——

M S
AN fluorescent
X-ray

Y Y
e —————

Figure 2-9: Auger and fluorescence emission after the creation of a core-hole [Adapted
from Heald (1988)].

In thick crystals, the fluorescent spectrum is altered by auto-absorption effects which
depend on the take-off angle of the emitted photon and the depth of the emission [see Fig.
2-10]. Troger et al. (1992) pointed out that measurements that try to minimize the take-

off angle are very sensitive to surface effects, and therefore less precise.
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Figure 2-10: Fluorescence from a thick slab [from Sparks (1980)].

Using the angles defined in Fig. 2-10, accurate geometrical corrections are possible and

for a thick slab [Heald (1988)]:

1 If H(E)
W(E)="1« : (2.10)
I (uT(E)'*'uT(Er)Smwsin ¢)

This geometrical correction [Eq. (2.10)] shows that a "raw"” fluorescence spectrum is not
a direct measurement of absorption. In this equation, L(E) is the absorption of the
fluorescing atom and pr(E) is the total absorption coefficient of all the atoms in the unit
cell (including the fluorescing atom). The other term in the denominator, WT(Ey), is the
auto-absorption factor. Near an absorption edge, only the absorption of the fluorescing
atom changes while the absorption of the other elements in the unit cell remain relatively
constant over the same energy range. When Eq. (2.10) is modified to describe the U-

based HFS it approximately becomes:
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Hy(E)
L(E)=C @.11)
)= By o + (B T

where |y is the uranium absorption coefficient and pma; refers to the other atonss in the
unit cell (other than uranium). Eg is the fluorescing energy and can be considered the
edge energy (E=3728eV at the Myy-edge). The angular correction was set to 1 since our

measurements were performed with y=§.

Using the calculated values for pt above and below the edge from Cromer-Lieberman's
algorithm, py(Es), was found by imposing a consistent overall scaling factor C over the
whole energy range in Eq. (2.11). Table 2-1 gives the total absorption coefficient near

the Mjy absorption edge for the U-based HFS studied in this thesis.

Mv-edge | pT(3700eV) | up(3728 €V) | uT(3750 eV) | V/pT(3728 €V) Lu(3728 eV)
E=3728¢eV|  (cm)) (cml) (cm-1) (A) (em1)
URu»Sip 11372.2 21500 13095.3 4700 15500
JPdyAly 10715.6 18400 12175.6 5500 12400
UNibAls 6021.9 29300 7636.6 3500 27900
=18500

Table 2-1: Absorption coefficients obtained from fluorescence curves for the U-based
HES. 1/ut(3728 V) is the penetration depth and py(3728 eV) is the estimated uranivm
white-line. The value in italic is the value reported by Langridge er al. (1994) from UAs.

Some concerns can be found in the literature about the accuracy of the fluorescence
method to evaluate the absorption for U-alloys. As mentioned by Tang et al. (1992),
there is some evidence that fluorescence methods are inconsistent with the total-electron-
yield in other U-based compounds (like UO3, USb, etc.). One possible explanation for
discrepancy may come from the strong concentration of the fluorescing element (here

uranium) which could increase multiple auto-absorption effects. For the U-based HFS
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compounds, this effect may have been important since the uranium mass concentration
represents: 48% in URu2Si2, 54% in UNizAlz and 44% UPdjAls. Fluorescence
techniques are known to work best when the fluorescing element is in small concentration
[Heald (1988)]. Nevetheless, ti:e (3728 eV) given by Langridge et al. (1994) seems

very similar to our measurement.

To conclude this chapter, the resonance profile at the (001) charge reflection of UPdaAl3
can help visualize the importance of absorption corrections (near the Myy absorption
edge). The observed intensity (Ixp) in Fig. 2-11 shows that the corrected lineshape is

similar to the resonance profile already calculated for charge reflections in an

antiferromagnet [see Fig. 1-9].
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Figure 2-11: Uncorrected and corrected (Ixp) resonance profiles at (001) charge

reflection of UPdyAl3. The inset shows the energy dependence of the absorption
coefficient (|L) extracted from a fluorescence measurement.



Chapter 3

Magnetic Structures and Phases of
Uranium-based Heavy Fermion
Superconductors

In previous chapters, we have seen how neutrons and photons can be used to study
magnetism in condensed matter. We particularily emphasized the conditions leading to
resonant magnetic X-ray scattering and how the cross-section differs from conventional
neutron scattering. In this chapter, both techniques are used to study the magnetic

structures and phases of URu2Siz, UPd»Al3, and UNipAls.

Our measurements on the magnetic state of URu3Si; follow earlier work by Isaacs et al.
(1990) who have shown, using resonant magnetic X-ray scattering, that even with a small
ordered magnetic moment (=10-2jp), a measurable signal can be obtained. Using the
uranium Mjyv-edge as the incident radiation energy, the (003) magnetic Bragg peak
appeared at a count rate of 8 cts/sec. This measurement was performed at only one
magnetic reflection. Using a two stage displex cryostat, we extended access into
reciprocal space and measured several charge and magnetic Bragg peak intensities. Our
measurement constitutes a good verification of the selection rules of the resonant X-ray

cross-section.

47
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We also wanted to establish the magnetic structures and phases of the new HFS UPdjAls
and UNi2Al3. To achieve this task we used both neutron and resonant X-ray scattering

techniques.

The UPd2Al3 sample available for the present thesis work was polycrystalline. It was
believed that the very small synchrotron X-ray beams (= 1mm?2) could be used to isolate
the single-crystallites at the surface to obtain single crystal properties. Using this
important feature and the special selection rules of the resonant X-ray cross-section,
experiments were performed on this compound which sought to determine the spin
orientation in the basal plane and address some important questions related to its

magnetic phases.

An extensive study of the magnetic state of UNizAl3 could be done following the
successful growth of a single crystal ai McMaster University. This material was known
to have a magnetic phase [Geibel ez al. (1991)] but neutron experiments on powders were
not sensitive enough to reveal the magnetic order. The incommensurate magnetic Bragg
peaks, found after an extensive search in reciprocal space on the single crystal, is the first
direct observation of long range magnetic order in this compound. It is also the first
incommensurate structure among the HFS compounds. Some additional measurements
about the evolution of the incommensurate order in high magnetic fields and an estimate

of the uranium valence in this compound are also presented.

Because we eventually want to compare the magnetic state of the new UT2Al3 (T=Ni,
Pd) compounds with the "classical" HFS (UPt3 and URu»Siy), it is worthwhile to
summarize here some of the remarkable magnetic properties shared by both compounds.

In addition to the very small ordered moment (=102 up), UPt3 and URu,Sis both have a
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characteristic linear magnetic order parameter which displays a change of slope at low
temperature. In addition the magnetic order they display at low temperature is
characterized by a finite correlation length which extends over hundreds of Angstroms
only in the ordered phase (250A in UPt3 and 450A in URu3Sis). The magnetic structures

and some features of interest from both compounds are shown in Fig. 3-1 and Fig. 3-2.
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Figure 3-1: a) Magnetic structure associated with the long range magnetic order in UPt3
[Goldman et al. (1986)]). b) Magnetic order parameter in the superconducting phase in
UPt3 [Aeppli er al. (1989)].
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Figure 3-2: a) Magnetic order parameter below 17K [Isaacs er al. (1990)). b) Finite
magnetic correlation length in URu2Sis [Isaacs er al. (1990)). ¢) Crystal and magnetic
structures of URu28Si2 [Broholm et al. (1991)].

3.1) Resonant X-ray cross-section in URu3Si>

In an earlier study of UAs at the uranium Mjv-edge, Isaacs et al. (1989) have shown that
the magnetic intensities obtained by resonant magnetic X-ray scattering were well
reproduced by the 18t harmonic of the electric-dipole cross-section [Eq. (1.19)]. To reach
this conclusion, these authors made measurements over 6 different magnetic reflections at
approximately the same Q-value. Thus, the measurement was not sensitive to a possible
Q-dependence in the X-ray cross-section. The question of whether a Q-dependence
(similar to a form factor) is present in the resonant X-ray cross-section is not an irrelevant
one, As mentioned by Wasedo (1984), this Q-dependence is intimately related to the
dipolar approximation invoked to describe the scattering process which may fail with M-
and N-edges. To investigate if the electric-dipole selection rule still holds for different O-

values and in an attempt to extract meaningful physical properties using the resonant
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technique (such as the moment size) a series of "polarized"!? resonant X-ray experiments

were performed on URu»Sis at the uranium Myy-edge.
3.1.1) Experimental setup and results

The crystal and magnetic structure of URu3Si2 have been well established by neutron
scattering [Broholm et al. (1991}]. As shown in Fig. 3-2 a}, URu»Si> has a body-centered
tetragonal ThCrSis structure with lattice parameters a=4.124A and ¢=9.5824A at 4.2K.
Below 17K, it undergoes a phase transition to an antiferromagnetic phase where the
magnetic moments, localized at the uranium atoms, point along the c-axis [see Fig. 3-2

o)l. Itis superconducting below T¢=1.2K.

f .

I'd

4]

photon
polarization

¢ =cos™ (k, §)

Figure 3-3: Scattering geometry of the X-ray experiments on URu3Siz at X-22¢. The
vectors ki and kg indicate the direction of the radiation in relation to the sample. The ¢

and n-polarization vectors refer to the photon polarization of the incident radiation in
relation to the scattering plane.

In the experiments performed at the NSLS X-22¢ beamline, the cleaved sample (which
was a few millimeters thick) was mounted on a Cu-block such that its c-axis was

perpendicular to the surface of the crystal [see Fig. 3-3]. The sample could be cooled

17With no polarizing analyser. This experiment was o-polarized due to the inherent polarization of
synchrotron radiation.
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down to =4K (below Tn=17K but above T.=1.2K) using a two stage closed cycle displex
refrigerator. Thermal conduction was improved by putting the sample in He exchange
gas inside a Be-hat. A mylar reflector shield was also necessary to reduce radiative
heating. The whole sample area was enclosed by an outer Be-can and held under

yacuuinn.

The set of accessible reflections, due to the limits imposed by the incident wavelength
(M1v-edge= 3.33A) and by geometrical limitations, included the magnetic (001), (003),
(005), (104) and tne charge (002), (004), (103) Bragg reflections. The radial scans at the
Miv-edge [Fig. 3-4] were collected in two different experiments referred to as 1991
(Nov. 1991) and 1992 (Aug. 1992) respectively. The measurements were made with a
Xe detector. Similar scans performed at the uranium My-edge did not reveal any

magnetic scattering.

After correction for a constant background, the 1991-(005) magnetic Bragg peak was
observed at a peak count rate of 28 counts/sec while the 1991-(003) reflection was
observed at 9 counts/sec [Fig. 3-4 b)). The latter value is in the range obtained by Isaacs

et al. (1990) on the same sample but at another spectrometer (X-14).

At the (001) magnetic Bragg reflection, the sensitivity of both 1991 and 1992
experiments were limited by the presence of a large temperature independent background
estimated at 7 counts/sec. This background, due to a rod of charge scattering along the
(00L)-direction, could not be seperated from the magnetic signal since no polarization
analyser was used. From the scatter of the points, the (001)/(005) ratio is less than 0.1 (or

(001)/(003) < 0.3).
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Figure 3-4: Raw radial scans through: a), b) the magnetic reflections and c), d) the charge
reflections of URu2Sip. Data 2) and ¢) were taken in Aug. 92 while b) and d) were
collected in Nov. 91[See Text]. Solid lines are the results of a gaussian fit. The charge
reflections in ¢) and d) are uncorrected for attenuation due to Al-foils in the incident
beam.

To estimate the integrated intensity at each reflection of Fig. 3-4, a normalized gaussian
lineshape was fitted to the data points. This lineshape accounts for the change in width as

function of the scattering wave-vector:



G(x)=A+(

)
D*\/E €xXp 2(

(x-C)*
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(3.1)

where A is a constant background, B the integrated intensity, C the center and D the

FWHM!8. The fit results for the charge peaks and for the magnetic peaks are shown in

Table 3-1 and Table 3-2 respectively.

(hkl) , (hkl) _

Charge IdIXIO 3 Idl FWHM || Charge JdeIO > .[dl FWHM
1992 | Cis/Mon | Ratio (A1) 1991 | Cts/Mon | Ratio (A1
(002) 8.08 1.1 0.00303 (002) 103.69 0.95 | 0.00634
(004) 7.47 1 0.00374 (004) 109.04 1 0.00466
(103) 0.45 0.06 | 0.00383

Table 3-1: Integrated intensities and FWHM from a normalized gaussian lineshape of the
1991 and 1992 URu3Sis charge peaks of Fig. 3-4. The intensity ratios have been

normalized to (004).
(hKT) y (hKI) P
Magnetic| JAX106 | fdI | puopny Magnetic| J9Ix105 | [dl | pyyun
1992 Cts/Mon Ratio (A1) 1991 Cis/Mon Ratio (A
©03) | 785 i 0.00527 | | (0D | NA. | <03 | NA,
(104) 153 0.19 | 0.00480 | | _(003) | 3.36 1| 0.00567
©05) | 9.03 2.7 | 0.00427

Table 3-2: Integrated intensity and FWHM from a normalized gaussian lineshape of the
URu28ip magnetic Bragg peaks for the 1991 and 1992 dataset of Fig. 3-4. The (001)
ratio was estimated from the scatter of the points [see text]. All the intensity ratios have

been normalized to (003).

The charge peak intensities in Table 3-1 are still uncorrected for the attenuation used to

prevent saturation of the detector. In 1992, two Al-foils were used while in 1991, only

one was used. As no direct measurement of the effective attenuator thicknesses were

performed, the standard "1-mil" per sheet is assumed:

18Bevington (1962).
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Ka/ _ cm? — g q = -3
0, = 429.1 /g P = 2.6941 /cm3 1 mil = 2.54x10"cm

Rt = (*94, )Pt = 5.87 for 2-mils attenuation

To correct for the Al attenuation, the Table 3-1 intensities need to be rescaled by:

Io/I=e"" =355.2 for the 1992 experiment, and I, /1=18.84 for the 1991 experiment.

The result of this correction is shown in Table 3-3.

(hkl) 1992 1991
Charge | x2Al foils| x1 Al foil

Comected | [d1x10-3 | fdrx10-3

for Al-foils
Cits/Mon Cis/Mon
(002) 2870 1953
(004) 2653 2054
(103) 160 -

Table 3-3: Integrated intensities of the 1991 and 1992 charge peaks (from Table 3-1)
corrected for Al attenuation.

The charge peak intensities in Table 3-3 are found to agree within 40%
(Iigez = 1.38xI{5e”).  This scaling factor could account for slight differences in the
experimental set-up between the two experiments (such as variable air gaps, slits opening,
etc.). However, when the same scaling factor is applied to the (003) magnetic reflection,
Iioss x5.91=1{%" is found instead. Clearly the magnetic intensities do not scale with
the same factor. The discrepancy may be due in part to the lack of precise knowledge of
the Al-foil thickness of the attenuator used in each experiment at the charge reflections.

In the following, we will normalize the intensities of the two experiments using the

intensity at (003) as the reference.
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It is worthwhile mentioning that our experiment also confirmed that the width of the
magnetic peaks is not resolution limited, in agreement with previous reports on this
compound [Isaacs er al. (1990) and Fig. 3-2 b)]. The correlation length along the c-axis,

&, defined for a gaussian convolved with a gaussian gives:

1

£, o N = 530 A (3.2)
rﬁzfag - rl%c:

when the width of 1991-(005) and 1991-(004) (acting here as the resolution) are
compared. This value is similar to the one reported by Isaacs er al. (1990): £ =450 A.

3.1.2) Calculated intensities

The calculated charge and magnetic intensities were modelled from Eq. (1.1) by:

L. = C L(20) A(8) B() [S(Q)* (3.3)

where the several correction factors already introduced in chapter 1 and 2 are:

L(20), the Lorentz factor [see Eq. (1.2)]

A(d) the asymmetric absorption correction with § = arctan(ha'/ lc'). a* and
c* are the lattice reciprocal wave-vectors for (h0l) reflections [see Fig. 2-7].

B(u) = Zi the absorption in the small absorption limit [see Eq. (2.6)].
1]

all
atxns

S(Q)= )& f, the structure factor with f, already defined by Eq. (1.18).
[4

and, C an arbitrary scaling factor that depends on the experimental conditions.
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Taking now account of the geometry of the experiment shown in Fig. 2-3, we write the

selection rules for each harmonics in fg_ ;. [Eq. (1.19)] as (if we assume total linear

polarization for the incident photon):

a=(§-§) —xrem, (3.4)

B= (E‘. xé})'f X%l - § =cos({)
r=(&,-3)(E-8) —me=ts o
In the latter part of Eq. (3.4), the angle { is the same as that already introduced in

Fig. 3-3.

A) Magnetic reflections

The magnetic structure factor S(Q) = 2iPF, depends on two parameters: the oscillator
strength F1 and the geometrical factor f [see Eq. (1.19)]. The factor of 2 comes from the
presence of two uranium atoms adding in phase within the magnetic unit cell. As shown
in Appendix A, when the resonant state has a very short lifetime, the X-ray cross-section
is sensitive to spin and orbital moments such that we can write Fj =5 F, with, s, a
constant which we relate to the "moment size" and, F, the overlap integral {see Eq.
(A.1)]. Using Eq. (3.3), the calculation for each magnetic reflection is presented in Table

3-4.

The level of agreement between the relative intensities observed experimentally [Table 3-
2} and the calculated ones [Table 3-4] is remarkable considering that the analysis only
contains the ISt harmonic of the electric-dipole X-ray cross-section, the Lorentz factor

and the asymmetric absorption correction.
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Calculated Magnetic (001) (003) (005) (104)
Intensities
Q/ar 0.052 0.157 0.261 0.241
9 10.01 31.42 60.32 53.49
B=k, 2 0.174 0.521 0.869 0.396
Magnetic S(Q) 035(Fs)  1.04(Fs) 1.74(Fs)  0.79 (Fs)
A(8) 1 1 1 0.436
]
B S ) /o )
L.(26) 29219 1.1239 1.1623 1.0456
Calculated Intensity 0.35(Fs)2  122(Fs)2  3.51(Fs)2  0.28 (Fs)2
Calculated ratios 0.28 1 2.9 0.24
Observed ratios <0.3 1 2.7 .19

Table 3-4: Calculated magnetic intensities of URu2Sip at Myy-edge using the 15t
harmonic of the electric dipole cross-section. The observed ratios were taken from Table
3-2.

These measurements seem to confirm that the cross-section is not sensitive to a Q-
dependent factor (like a magnetic form factor in neutron scattering) even at the M-edge.
In fact, this physical property is expected for the dipolar term in the multipolar expansion
and is verified when the spatial distribution of the inner shells is considered much smaller
than the X-ray wavelength [Wasedo (1984)]. This leads to anomalous corrections with a
very small Q-dependence [Warren (1990)]. Nevertheless, one can argue that if the
neutron-like magnetic form factor is introduced in the Table 3-4 analysis, the relative
intensity of (001), compared to say (003) or (005), would be enhanced to a level well

above the sensitivity of the present measurement.



59

To conclude this section, it is worth mentioning that the study of magnetic reflections
along the (OOL)-direction is impossible by neutron scattering in URu3Siz. The magnetic
neutron cross-section gives no intensity when the spin is along the Q-direction. The
electric dipole X-ray cross-section allows a study of magnetic reflections along this line
in reciprocal space. This shows the complementarity one can get using both scattering

probes.

B) Charge reflections

We calculated the magnetic Bragg peak intensities in the small reflected power limit.
This hypothesis was justified because of the small intensities at the magnetic reflections
of URuSis (10-2 pg). With the charge peaks, the situation is different because the
anomalous corrections become very large when diffraction is performed directly at
resonance [see section 2.2.1]. The difference can be understood using the criterion
established by Zachariasen (1945) [Eq. (2.10)] to identify the reflected power limit. This

criterion depends on the effective size of the crystallites tg. Using the Scherrer equation,
1/2

[In2/ 7]

I'(20)=2A
1, cOS(0)

{Warren (1990)] as the particle broadening width of the Bragg

peak, and using the value of I" = 0.004A-! from Table 3-1, we get tp=2500A as the lower

limit on the particle size of the mosaic.

Taking now A=3.33A (Mjy-edge), V=163A3 (the volume of the unit cell of URu»Sia),
and assuming f=0.1 for the magnetic reflections we get W=10-3 which confirms, to a
good approximation, that absorption effects were accurately considered in the weak
reflected power limit. However, for charge reflections at resonance, f is large and W=1

which correspond to an intermediate reflected power condition. For this case,
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Zachariasen (1945) has shown that the reflected power is P/Pg=tanh(W), and that some
particle size effects could be observable for strong reflections. Because of the difficulty
in applying accurate corrections in this case (see section 2.2.1), we begin the calculation

in the weak reflected power limit.

The total scattering amplitnde in URu2Siz from the U, Ru and Si atoms is given by:
£V =py(Q)+Afy +iAfy, ™ =pg (Q)+Af,, +iAf,, and % = pg,(Q)+ Af, +iAfg,.
where p(Q) is the form factor, Af and Af” are the dispersion correction evaluated at the
Miv-edge wavelength for each atoms. Most of the scattering amplitude parameters can
be found in standard tables'® and by using Cromer-Lieberman's program2? (for the

anomalous corrections). The only unknown contribution is the uranium white line at

resonance, Af ; [see Fig. 1-3 and related discussion in text].

McWhan et al. (1990) proposed an analysis for charge peaks at resonance where the

fluorescence is used to evaluate the absorption of the sample, and hence Af,. This

correspondence is based on the optical theorem which relates the total absorption

coefficient, |, to the imaginary part of the scattering amplitude Af by:

Hro = (2r AN} (Afy, +2AF, +2Af )x2

with A=3.33A, rg=2.82fm, and N is the atom density in URuzSis: N=1/(162.96A3)=
1.23x10%8m"3.

191nternational Tables for X-ray Crystallography, Vol. HI and in Warren (1990} p.369
205ee Chapter 1 for reference.
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N Below | Atedge Above
( /p ) edge edge
3700eV | 3728eV | 3750eV
U (cm?/g) 1097 3200 1494.4
Ru (cm?/g) 1316.4 1291.5 1272.4
Si (cm2/g) 552.2 541 5323
UTor (cm!) 11374.67 =21500 13098.10
Ay 22,954 69.19 31.691

Table 3-5: Evaluation of Af'y at My-edge from the total absorption curve (UTor)
published by Isaacs ez al. (1990) (obtained from a fluorescence measurement).

Table 3-5 describes in detail how Af' is extracted from the published fluorescence curve

[Isaacs er al. (1990)]. The total absorption at each energy is calculated by:

=30 %)

Uniz
Cell

where p; is the atomic density in the unit cell and (%) the atomic absorption obtained

by Cromer-Lieberman's program.

At edge, the total absorption coefficient is found when the uranium contribution is set to
(%) =3200 cm?/g. The corresponding Af'y value at 3728 eV is found by scaling the
U

(%) curve by a constant factor. The result of this procedure gives Af y=69.19, a value
U
similar to Af y=67 found in UAs by McWhan et al. (1990). The similarity between the

two compounds could indicate that the neighbouring atoms weakly affect the

polarizability of the uranium atoms in both materials.
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The anomalous dispersion corrections for all of the atoms needed in the structure factor

calculation are summarized in Table 3-6. Using these values and Eq. (3.3), the

calculation of the charge peak intensity is presented in Table 3-7.

U | Ru | Si
AF 47 3371 0357
AF 69.2 11.56 1.346

Table 3-6: Anomalous dispersion corrections Af' and Af” for U, Ru, and Si at the uranium
Miv-edge. The value for Af {y was obtained from a fluorescence measurement.

Scattering amplitudes

Charge scattering
Analysis Af"'y from (002) (004) (103)
fluorescence
Q/4n 0.104 0.209 0.198
0 20,34 44,03 41.25
Form factors U Ru Si U Ru Si U Ru Si
p(Q) 89.90 40.76 12.16  76.50 34.98 10.17  76.90 3540 9.67

Z(fo + Af.) -63.8 143.4 88.2

Y (af) 92.2 179 142

S(Q) 112.1 2294 167.2

A(8) i 1 0.085

B 1 1 1

w Jou o yn

L(28) 1.534 1.001 1.009
Calculated Intensity 19263.6 52698.4 2390.8
Calculated ratios 0.366 1 0.045
Observed Ratios =] =] 0.060

Table 3-7: Calculated charge intensities of URu2Siz using Af 'y from the fluorescence
measurement. The observed ratios were taken from Table 3-1.
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This analysis [Table 3-7] does not lead to the observed (002)/(004) ratio. If we first
assume that the fluorescence measurement is the only parameter used so far, one possible
explanation can come from the crystallography of URu2Siz. The scattering from the four
Ru atoms (4x44 rg) nearly equals the scattering of the two U atoms (2x92 ro) in the unit
cell. At (002), the Ru layers and the U layers along the c-axis are our of phase, while at
(004) the Ru layers are in phase with the U layers. Assuming the contribution from
charge scattering only (without anomalous corrections), the intensity at (002) should be
much smaller than the intensity at (004). The fact that the observed intensities at (002)
and (004) are nearly equal could suggest that the scattering per unit cell is effectively
dominated by U-atoms alone. The anomalous corrections for the uranium atom (Af'y)
should then be much larger than previously found. In Table 3-8, instead of the value for
Af'y extracted from the fluorescence curve (as in Table 3-7), Af'y was left as a parameter
to fit the observed intensities. This procedure leads to a value of Af'y = 230, which is
three times the previous one. The corresponding absorption coefficient would then

become 60000 cm-! for a penetration depth of = 2000A.

Charge Scattering
Analysis Af left as a
parameter (002) (004) (103)
Scattering amplitudes
Z(Af) 413.8 500.9 463.8
() 4189 520.6 471.9
Calculated Intensity 134590.7 135587.3 9509.2
Calculated ratios 0.993 1 0.070
Observed Ratios =/ =] 0.060

Table 3-8: Calculated charge intensities of URu2Si when Af'y is left as a fitting
parameter. The observed ratios were taken from Table 3-1.
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The Af'y value found in Table 3-8 is probably too large to explain alone the discrepancy
found in Table 3-7. Extinction effects could therefore be important. In an attempt to
evaluate the importance of such effects, we can return to the analysis presented in Table
3-7. At (00 4), using the thickness tp already introduced at the beginning of this section,
W(oo4) > 2, which may indicate that this reflection is already in the saturated regime [See
Fig. 3-5). At (00 2), S(Q)=f=100 and a similar calculation leads to Woo2) > 1. Itis not
clear from Fig. 3-5 whether (0 0 2) is still in the "linear regime”, Without a precise
knowledge of the block size mosaic at the surface of the sample, corrections for

extinctions and its importance are not trivial to estimate.

].2 I ] L) 1 T 1

Intensity independent of
strength of reflection (£)

Intensity proportional to
strength of reflection (f)

0.2 | .
0 1 L [l 1 1
0 2 4 6 8 10 12
W="ft 0
Figure 3-5: Integrated reflecting power as function of W [Adapted from Zachariasen
(1945)].

3.1.3) Ordered moment size

The moment size is found, in principle, upon normalization of the charge intensities with
the magnetic intensities. As we said in section 3.1.2 A), the magnetic intensities are

proportional to F [see Eq. (A.1)] which can be evaluated using an atomic model.
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McWhan er al. (1990) reported a value of f?‘=18.6r0 at the Myy-edge and 8.3rg at the My-
edge in UAs.

For the charge peaks, two analyses were presented in section 3.1.3. With Af'y=69.19
(analysis based on a fluorescence curve), the average moment obtained from all the
reflections (charge and magnetic) leads to §=0.02u,, and with Af'y=230, we obtain
§=0.051,. These results are in the range of the neutron scattering estimate
(0.04£0.01pnp) from Broholm e al. (1991). There is however one question remaining;
Can we really get a realistic estimate of the magnetic moment size by resonant X-ray
scattering? The answer is not as straightforward as it may seem. There are many
uncertainties linked to the procedure presented in sections 3.1.2 B) and C); the intensities
of the charge reflections are affected by the Al-attenuator correction and possibly by
extinction effects. Also, we used an atomic model value (F) to estimate the size of the
magnetic scattering. On the other hand, we isolated the magnetic moment by writing
Fi1=s F. This separation may be too crude to be realistic. Altogether, these factors
clearly demonstrate that the evaluation of the moment size by resonant magnetic X-ray
scattering is unreliable. It is interesting however to notice that the relative agreement
between the neutron and the X-ray evaluation (within a factor 2) is similar to what has

been found by Isaacs et al. (1990).
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3.2) Magnetic Structure and Phases of UPd;Als and
UNi2Al3

The two UT2Al3 (T=Ni, Pd) compounds discovered by Geibel, Thies er al. (1991) and
Geibel, Schank et al. (1991) display the same crystal structure and belong to the same
P6/mmm space group [Fig. 3-6]. The lattice constants for the Ni-compound are
a=b=4.018A and c=5.207A and for the Pd-compound a=b=4.186A and ¢=5.365A. Early
studies by the same authors found that both materials exhibit antiferromagnetic order and
superconductivity at low temperature (TN=4.6K and T¢=1.2K for the Ni-compound and
Tn=14K and Tc¢=2K for the Pd-compound). The magnetic moments are presumably

localized on the uranium atoms which form a simple hexagonal lattice.

U: 0,0,0

Nior Pd: 3,14.,0
Ni or Pd: 4,4,0
Al: 14,0, %4

AL 0,1,

Al: 4,14, %

OU T @Al
T =Ni or Pd

Figure 3-6: Crystal structure of UT2Al3 (T=Ni, Pd) materials [Sticht et al. (1992)]. The
atomic positions in the unit cell are given in a, b and ¢ units.

Powder neutron measurements could identify the ordering wave-vector in the Pd-
compound but failed to reveal any evidence of magnetic order in the Ni-compound
[Krimmel er al. (1992)]. The moment size found in the Pd-compound (0.85up) is of
conventional size, which is remarkable for a magnetic superconductor. The moment

estimated from the powder measurement in the Ni-compound (<0.1up), is modest but
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nevertheless large when compared with UPt3 or URu2Sis. In this section, we present
several experiments performed on single crystals to further investigate the magnetic

structure and phases of both compounds.

3.2.1) UPd,Al;3

A) Spin orientation in the basal plane

Neutron diffraction measurements below 14K show that UPdzAl3 has an
antiferromagnetic phase [Krimmel ez al. (1992)]. The superlattice reflections (i.e. (0 0
1/2)) observed below this temperature indicate that the magnetic order is ferromagnetic
within the basal plane and antiferromagnetic along the c-axis. The wave-vector,
however, does not give any information about the orientatinn of the spins in the structure.

To find the spin direction, other measurements are required.

Anisotropy between the c-axis and the basal-plane magnetizations by Grauel e al. (1992)
implied that the spins preferably lay in the hexagonal basal plane. Some additional
evidence from resistivity measurements [de Visser et al. (1994)] and neutron scattering
studies [Kita ez al. (1994) and Paolasini er al. (1994)] suggests that the spins would point

along the a-axis {Fig. 3-7].

Using the magnetic term (15! harmonic) of the resonant X-ray cross-section, we
performed an experiment at the NSLS X-14 beamline to determine the basal plane
orientation of the spins in UPdyAl3. The annealed polycrystal sample (for 3 days under
ultrahigh vacuum) had crystallites extending over a few photon penetration depths below

the surface. It was believed that such crystallites could give single crystal properties.
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Characterization on another sample coming from the same boule gave a residual
resistivity of pp=2.2uQ-cm. It was superconducting below T=2.0K and the transition
had a transition width of 0.04K, which suggests a superconducting sample of high

quality.

X N\
Y\ L\ RR
BRRRER
BERRR

a

Figure 3-7: Magnetic order in the basal-plane of UPd;Al3 with the spins pointing along
the a-axis. The c-axis is perpendicular to the page.

The single-crystallite chosen for the experiment had its c-axis perpendicular to the surface
and this allowed us the freedom to rotate the crystallite in the plane perpendicular to the

scattering wave-vector Q, a configuration known as a four-circle ¥ -rotation [see Fig 3-

8l.

To avoid any change in absorption as W is varied, the displex was mounted with a Be-
dome offering a constant thickness to the incoming and scattered beams. All the
measurements were performed at the displex base temperature =10K with an incident

energy corresponding to the uranium My-edge to enhance the magnetic intensity.
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Displex

-~ -

Figure 3-8: ¥'-rotation in a four-circle spectrometer. The W-rotation axis is the scattering
wave-vector Q.

Figure 3-9: Definition of the angles o and B describing the spin orientation () during the
¥ -rotation.

It is important to stress that the ferromagnetic basal-plane spin arrangement in UPd2Al3,
shown in Fig. 3-7, gives three equivalent domain directions each pointing at 120° from
each other. In the case where the three domains are equally populated, the sum of the
three domain intensities would give no ‘¥-dependence. However, the single-crystallites at
the surface of the polycrystalline boule could favor the growth of one domain compared
to the others. In the following, we assume the single crystallite under investigation to be

a single domain.
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The change of magnetic intensity during the ¥ -rotation can be modeled by the angles
defined in Fig. 3-9, where the spin direction § is represented by two angles: B, a tilt out
of the basal plane and o, the basal-plane offset from a*-axis. For a single domain?1, the

magnetic term (15! harmonic) of the resonant X-ray cross-section can be written as:
fcf -8 = cos(®) = cos(B) cos(ax + ¥) cos(d — &) + sin(B) sin(@ - o) (3.5

The angle ¢ introduced Eq. (3.5) is the tilt of the basal plane for (0 h 1)-reflections

*

defined as: 0 = arctan(l;l a* J The angles used in the experiment were:
c

0=(° at  (003/2)
and, 0=44.09°, 6=3098° at (01 3/2).

Q@Ohl

-

-
-

-

Figure 3-10: Asymmetric absorption correction vs. ¥ for (0 h I)-reflections.

21gee discussion below.



71

For h=0 or (0 0 1)-reflections, the absorption of the sample does not change as a function
¥ since the surface of the crystallite is perpendicular to the c-axis. However, that is not

the case for (0 h 1)-reflections because of the tilted basal plane (angle G). In the latter

case, the asymmetric absorption correction already presented in Eq. (2.3) is modified

using the angles defined in Fig. 3-10:

tan &' = cos ¥ =

tan5=-lil

h 1
L L
therefore,

cos ¥ tan 6 = tan &', &' (¥) = atan{cos('¥) tan(d))

and,

I Ly

*1f,, sin@+3 ()
20 sin(6-8(¥))

The small size of the crystallite makes the alignment of the sample a constant
preoccupation. It is difficult to be sure, for example, that the sample is constantly
exposed to the incident beam during the rotation. To monitor the effect of such
misalignments, a ¥-rotation was performed at the (0 0 2) charge reflection where no ¥
dependence is expected. The intensity of the reflection was estimated by integrating the
2-rocks (sample rotation) taken at each ¥ position. As shown in Fig. 3-11 a), the A-
channel intensity has some ¥-dependence which matches the variation in the A/N-
channel intensity. The similarity between the two channels suggests that the sample is
not exactly at the center of rotation of the goniometer. When renormalized in Fig. 3-11
b), the A/(A/N) ratio shows that the A/N-channel gives a good account of the incident flux

impinging on the sample.
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a) b)
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Figure 3-11: W -rock at (002) charge reflection: a) the raw data, and b) the A/(A/N) ratio.
The A /N channel is used as an ad hoc monitor re:.ormalization.

The same flux normalization procedure was applied at the magnetic reflections. Two
approaches were used to find the spin direction (angle a) in the basal plane. The first
method, using the data collected at (0 0 3/2), consists in taking the difference between the
low and high temperature data set (below and above TN) to isolate the magnetic part [Fig.

3-12]. The data at (0 1 3/2) [Fig. 3-13] was analysed using only a correction for

asymmetric absorption [see Fig. 3-10].

Measurements at both wave-vectors give a fit value for B < 3° which suggests that the
spins are indeed in the basal plane. The values of o=80+4°at (0 0 3/2) and a=161+5%t
(0 1 3/2) obtained from this fit are better understood if we make reference with the
equivalent directions within the hexagonal basal-plane [Fig. 3-14]. Keeping in mind that
¥ =0° is along a* [see Fig. 3-9], both experiments suggest that the spins are not pointing

along the a* direction.
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Figure 3-12: ¥ -rock at (003/2). a) shows the ¥ -rocks at 10K and 20K and b) shows the

difference between the 2 scans. The continuous line is a fit using the expression for k, - §
described in the text.
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Y {(deg)

Figure 3-13: ¥ -rock at (0 1 3/2). a) shows the A/(A/N) ratio of the raw data while b) is
the same data set corrected for asymmetric absorption. The continuous line is the result

of the fit using the expression for k, - § described in the text.
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When compared to the a-axis direction, both experiments give very similar offsets:
A=10%4°at (003/2) and A=11+5°at (013/2) [Fig. 3-14]. However, the accuracy of our
measurement makes it difficult to establish whether the spins point preferentially along
the a-axis or along the mid-direction between the a-axis and the a*-axis (A=15°). Itis
worth mentioning that the temperature of the measurement (=10K) is just below an
anomaly observed at =12K with this sample (see next section). The observed spin

direction may therefore be different from the low temperature phase.

a¥*

Figure 3-14: Spin orientation in the hexagonal basal plane of UPd2Al3 from the ¥—
rotation experiment at 10K. The angle A is the offset from the basal-plane axis of the unit
cell (both a and b-axes are equivalent). The measurements performed at (0 0 3/2) and
(0 1 3/2) give the same overall direction A=10°.
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B) Magnetic Phases and Order Parameter [Gaulin ez al. (1994)]

a) b)
1.2 1.2
—_ : 001/2) - (003/2)
g i 1 &7 ‘
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Figure 3-15: Order parameters at the a) (0 0 1/2) and b) (0 0 3/2) magnetic reflections of
UPd>Al3. The white squares in a) are the results of a neutron powder experiment
performed on a sample coming from the same boule as the polycrystal. In c) the intensity
of the (0 0 1) charge reflection is plotted vs. temperature.
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The temperature dependence of the magnetic intensity at both (0 0 1/2) and (0 0 3/2)
magnetic wavectors was obtained on the same UPdAl3 polycrystal sample (not
necessarily the same crystallite) previously described. The resonant X-ray experiment
was carried out at the NSLS X22¢ beamline using a two stage displex that could reach a
minimum temperature of =4K (above T.=2K). The incident energy was set at the

uranium Mjy-edge to enhance the magnetic signal.

At low temperature the width of radial scans at the magnetic peaks was found to be
resolution limited indicating that the magnetic order is truly long range in contrast with

UPt3 or URu3Sis [Gaulin er al. (1994)].

The intensity of each magnetic reflection as a function of temperature (on warming and
cooling) is plotted in Fig. 3-15 a) and b). The magnetic order parameters2? were obtained
with a relatively large slit setting on the scattered side to get a maximum intensity in the
Q-rocks performed at each temperature. The critical exponent extracted from both curves
gives B = 0.31£0.05 (reduced temperature t > 10-3 and T, = 14.8+0.2K), a value in
good agreement with the one reported by Paolasini et al. (1994): B = 0.3340.02. This B—

value falls into the range of typical 3-dimensional critical behaviour [Collins (1989)].

The remarkable feature in the order parameters at (0 0 1/2) and at (0 0 3/2) is the presence

of a large anomaly near 12K [Fig. 3-15 a) and b)]. As a comparison, £2-rocks at the

(001) charge reflection gave a relatively flat dependence upon changing the temperature

[Fig. 3-15c)].

2ntensity of the magnetic reflection vs. temperature. Generally, the intensity is proportional to the
magnetization squared (or staggered magnetization in an antiferromagnet). In resonant magnetic X.ray
scattering, the connection Lo the magnetization is pot straightforward.
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This 12K-anomaly was also observed in a neutron scattering study published by Kita et

al. {1994) [Fig. 3-16]. In this measurement, an intensity decrease was observed at several

wave-vectors except at (0 0 1/2} which indicates that the anomaly could be associated

with a spin rotation within the basal plane?3. This explanation is qualitatively compatible

23The neutron scattering cross-section is not sensitive 10 a variation of the spin component within the plane

perpendicular to Q.
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with the anomaly in the X-ray results [Fig. 3-15] but since the basal plane orientation of

the X-ray sample was unknown, a more quantitative evaluation is not possible.

The magnetic phase diagram of UPdjAlj3 already contained some indications about the
presence of an anomaly near 12K. Grauel ez al. (1992) identified three magnetic phases
in UPdzAl3 labeled I, II and III [Fig. 3-17] where the 12K-anomaly corresponds to the
crossing of the I-II phase boundary in iero—ﬁeld. It seems likely, from Kita er al. (1994)
and our X-ray result, that the transition giving rise to this 12K-anomaly in zero field
corresponds 1o a spin rotation in the basal plane. Its origin and characteristics however
remain unknown. In a recent neutron scattering study, Paolasini et al. (1994) argued,
using a magnetic field applied along different directions of the basal plane, that the 12K-

anomaly is due to domain reorganization and not to a new magnetic phase in UPdsAls.
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3.2.2) UNipAl3z

A) Magnetic Order in Zero Field (Schroder ez al. (1993)]

Although there were strong indications from specific heat and magnetization
measurements that UNipAl3 underwent a magnetic phase transition at Tn=4.6K [Geibel
et al. (1991)], its magnetic order could not be found by neutron powder experiments
[Krimmel et al. (1992)]. The lack of sensitivity of neutron powder diffraction
experiments can be understood by the small magnetic moment in UNizAl3 (=0.1ug) and
the presence of a large incoherent background due to the Ni. A neutron powder
experiment performed at the C2 Dualspec spectrometer at AECL Laboratories (Chalk
River) reached the same conclusion. The pumpable 4He cryostat used in this experiment
could cool the sample to 2K, which is below the magnetic transition (Tn=4.6K) but
above the superconducting phase (T¢=1K). The powder pattern obtained [Fig. 3-18] did
not reveal any temperature dependent signal that could be interpreted as a signature of

magnetism.,

To observe the long range magnetic order, a systematic search in reciprocal space using a
single crystal is necessary. The single crystal was grown by a tri-arc Czochralski
technique and special care was taken to assure a single growth by creating successive
“necks” over nearly 2 cm before expanding the crystal horizontally. No initial sceds were
used (except the tungsten tip) and the startup melt was made according to the
stoichiometric fractions of each element. The final cylindrical sample, of about 1cm3 in

volume, was annealed at 900°C for a week under Ar-gas. This procedure could have
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minimized Al evaporation?4. At the spectrometer, the single crystal was found to be
made of three large grains each of them having a mosaic spread of =1°. The nuclear

intensities were found to agree well with the proposed crystal structure [Fig. 3-19).
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Figure 3-18: Powder pattern of UNizAlj3 obtained by neutron scattering. None of the
later found magnetic Bragg peaks (indicated on the figure) appear in the difference
because of the large incoherent background from Ni and the small ordered moment,
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Figure 3-19: Observed nuclear Bragg peak intensities from the UNipAlj single crystal
sample. The calculation was performed using the proposed structure in Fig. 3-6.

24The final Al concentration is important with this class of material.
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Using a neutron wavelength that matched the second graphite filier window (1.55A),
initial scans along high symmetry directions in the (h h 1) and in the (h k 0) scattering
planes did not reveal any temperature dependent signal. This particular choice of
wavelength was used to limit the contribution of high energy neutrons and to give a

coarse resolution.
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Figure 3-20: a) Obscrvation of magnetic order in UNipAl3 after comparison of low and
high temperature data. The asymmetric shape of (0.39 0 1/2) satellite is due to mosaic.
b) Magnetic order parameter made from peak heights vs. temperature at (0.61 0 1/2)
[from Schroder er al. (1993)].

Magnetic Bragg peaks appeared in the (h O 1)-plane at (1/2+71 0 1/2) with 1=0.11020.002.
as shown in Fig, 3-20 a). The magnetic satellites, observed near the (1/2 0 1/2) position,
are the signature of incommensurate magnetic order with a period of about 18 atoms in
the basal plane. Along the c-axis, the basal plane pattern is rotated by 180° from one

plane to the next.
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Radial scans performed at low temperature show the magnetic order to be of long range
in contrast with the limited correlation lengths found in UPt3 and URusSiz [see Fig. 3-1
and 3-2]. The temperature dependence of the order parameter squared, described by the
function =(T-TN) 96 in Fig. 3-20 b), also differs from linear temperature dependence
found in these two compounds. The sample had a Ty = 5.2K25 and an estimate of the

critical exponent gives P =0.334+0.06 which is in the range of typical 3D models

[Collins (1989)].
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Figure 3-21: Intensity pattern in the (hOl)-plane of UNipAls. In a), intensity of several
incommensurate magnetic satellites. In b), the intensities are plotted as a function of the

angle o defined in a). The continuous and dashed lines, in b), are the ot-dependence of
models further explained in the text.

A survey of magnetic satellites in the (h 0 1)-plane gave further information about the
ordering. The high intensity obtained for the Bragg peaks close to the c*-direction, in
Fig. 3-21 a), suggests that the spins are lying mostly within the basal plane. As explained

before, this comes from the fact that neutron cross-section is sensitive to the spin

25The calibration for this experiment may have been defective. Other measurements give Ty=4.6K for this
sample.
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component perpendicular to Q. Fig. 3-21 b) shows the intensities of the magnetic
satellites (after correction for the form factor and the Lorentz factor), I{(e), as function of
the angle o (the orientation of the scattering vector Q in the (h0l) plane) [see Fig. 3-21
a)]. In Fig. 3-21 b), data using two different energies have been used: at 8.23 THz (34.1
meV) the intensities were obtained from the integration of radial scans while at 4.12 THz
(17.1 meV) peak heights were taken. The continuous and dashed lines in Fig. 3-21 b)
correspond to two simple models used to compare the observed intensities. These two
models are shown in Fig. 3-22 a) and b). Full characterization of the magnetic structure

in UNizAlj3 requires group-theoretical methods.
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Figure 3-22: Two possible spin structures in the hexagonal basal plane of UNisAlj3 used
to generate the curves in Fig. 3-21 b). a) is the Rotating Spin model (Rotary) and b) is the
Longitudinal Spin Modulated model (LSM). The latter model is shown with an a*
polarization. Both pictures show only one of the possible three domains.

The origin of the a-dependence for each model can be understood if the spins (confined

to rotate in the basal plane) and the wave-vector Q (confined to rotate in the (h 0 1)-plane)

are defined as (in cartesian coordinates):

~

§=(cosd,sind,0) Q= (sina,0, cos ) (3.6)
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The neutron scattering amplitude therefore becomes :

Q x (§ X Q) = X(cos® cos §) +J(sin §)+Z(sinacosacos )  (3.7)

In the rotating spin model (rotary), the spins are rigidly rotated (no change in length) by
Ad = 140°frem one site to the next. After the magnetic atoms are summed in phase

within the unit cell, the average over 8 can be taken to 1 and the intensity is written as:

| (c;os2 a)z +(1)* + (sin o cos 0&)2 (3.8)
The curve in Fig. 3-21 b) shows that this model, once scaled, does not offer a good

description of the anisotropy seen in the experimental data.

In the spin modulated (SM) model the spins are be fixed in a given direction &g but are
modulated in size from one site to the next. This is equivalent to a reduction of the
Rotary model to only one of its sine or cosine component. The ca-dependence that
reproduces best the Fig. 3-21 b) data is obtained when 8¢=0° (along a*). This structure
where the modulation is along the propagation vector is called Longitudinal Spin

Modulation (LSM):

I = (cos® a cos §, Ty sin 8, )" + (sin & cos o cos §,)* —2e= cos® &) + (sin & cos )’
LM

(3.9

From this set of arguments, the magnetic order in UNipAlj is found to be best represented
by the LSM model with &:: a*-polarization (89=0°). This model gives a maximum

ordered moment of 0.24pg+0.1 {Schroder er al. (1993)] or 0.16ug/U-at on average
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assuming that only one of the three equally populated single-q domains contributes to the

intensity26,

Multiple-q structures are also possible in UNi2Al3. The distinction between single-q and
multiple-q structures can be made by measuring all the domain directions simultaneously
while an external foice (a magnetic field or pressure) acts on the sample [Rossat-Mignod
et al. (1987)]. The spectrometer used in our experiment did not have this feature and we

have to relay on indirect methods, such as lattice distortions, to distinguish between the

two possibilities.
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Figure 3-23: Part of a long scan between (001) and (101) in UNisAlj at 2K used in the
initial search for magnetic reflections. The scan has a low counting statistics.

Landau theory calculations2? on UNipAl3 predict that single-q and triple-q structures
would give supplementary reflections at (1-2t 0 0), while triple-q alone would give extra

reflections at (1/2-t 0 0). Fig. 3-23 shows a scan near the (101) Bragg peak where none

26The three domains come from the three equivalent directions in the hexagonal basal plane: a*, b* and
(a*-b*).
27M. Walker private communication.
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of the expected extra peaks were observed. The sensitivity of the measurement was,
however, relatively poor because of the large background. The signature of a double-q
structure, known as broadening of symmetry, would push the magnetic peaks off the high

symmetry axis. This was not found to occur in UNijAljs.

It is also important to discuss some important consequences associated with the stability
of SM structures at low temperature. Elliott (1961) has shown that SM structures are not
thermodynamically stable and eventually tak= on a square wave profile as T -> O (the
magnetic moments become equal in size). A good example for this behaviour is cbserved
in the longitudinal S phase of Er [Lin er al. (1992), McMorrow et al. (1992)]. As the
temperature is lowered from the longitudinal phase, the incommensurate wave-vector
migrates towards several commensurate structures ("lock-in") which indicate the
formation of Equal Moment (EM) structures [Lin ef al. (1992)]. Such squaring-up
process eventually gives extra Fourier components (at 3Q and at 5Q for example) much
weaker in intensity than the fundamental. In UNiyAls, the observation of these extra
Fourier components requires special care because of the small moment size and the large
incoherent background from the Ni. Nevertheless, as shown by a precise X-ray
measurement in Fig. 3-35, the ordering wave-vector in UNi2Als seems to remain
incommensurate to the lowest temperatures which suggest the presence of a mechanism

stabilizing the structure.

The simplest model leading to a pure SM incommensurate structure is associated with the
formation of a spin density wave (SDW). As observed in Cr, the incommensurate wave-
vector is not "connected" to the lattice and can change as a function of temperature
without reaching a commensurate "lock-in" {Fawcett (1988), Gibbs, Mohanty ez al.

(1988)). This concept, however, mostly applies to itinerant magnets (non-local spins). In
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HF materials (and the same is true for rare earth alloys), since there is evidence for local
moments in the ordered phase as well as in the paramagnetic region, another mechanism
has to be invoked. We shall come back to this discussion after the results in a high

magnetic field are presented in the next section.
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B) Magnetic Order in High Magnetic Field

Several experiments were performed at the N5 spectrometer at NRU Reactor (Chalk
River Laboratories) to investigate the effects of high magnetic fields on the magnetic
order in UNizAl3. The 4He vertical field cryostat, M3, could reach temperatures down to
=2K and generate vertical fields up to 8 Tesla. All the experiments presented in this
section were carried out at a neutron energy of 14.5 meV with a graphite filter inserted on
the scattered side to remove higher energy neutrons. Collimation on the incident and on
the scattered side were 0.55° and 0.6° respectively. The sample was mounted in the (hOl)
scattering plane and the vertical magnetic field was therefore oriented along one of the

hexagonal axes of the unit cell (b-axis) [see diagram in Fig. 3-24].
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Figure 3-24: a) and b) a*-scan through the two magnetic satellites (1/2+1 0 1/2) of
UNisAls for different magnetic fields at a temperature of 2K. The continuous lines are
guides to the eye. The magnetic field orientation for this experiment is shown in the
diagram at the bottom (the c*-axis points out of the page).
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The magnetic field modified both the position and the intensity of the magnetic satellites.
Fig. 3-24 a) and b) shows that both magnetic satellites drift away from (1/2 0 1/2)
position and increase in intensity for increasing fields. Fig. 3-25 gives a more detailed
view of the effect at the (1/2+1 0 1/2) satellite after a gaussian fit is made through the
Fig. 3-24 a) data set. After being relatively constant for field values less than = 3 Tesla,
the intensity of the satellite smoothly increases until an apparent new stable value is
achieved at = 6 Tesla (= 1.5 the zero-field intensity). After integration of the peaks
shown in Fig. 3-24 b), the same saturation intensity is observed at the (1/2-7 0 1/2)
satellite (= 1.527 the zero-field intensity). The evolution between two apparent stable
states is also seen in the slight variations of the incommensurate wave-vector in Fig. 3-25
b). Within error bars in Fig. 3-25, no hysteresis was observed when the {ield was brought

back to zero field.
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Figure 3-25: Magnetic field dependence of the a) Integrated intensity and b) position
(1/2+7 0 1/2) magnetic satellite of UNizAls obtained from a gaussian fit through the Fig.
3-24 a) dataset. The measurement was made at the cryostat base temperature of 2K.
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Buik measurements on UNizAlj3 provide evidence of a magnetic transition near = 3.5T at
2K {Fig. 3-26]. Steglich ez al. (1991) interpreted the Bp phase boundary in this diagram
as being due to some domain effects. The evolution of domains in our experimental
configuration, however, is difficult to predict since the vertical magnetic field was not
oriented along a domain direction (the b-axis is not along the b* domain direction in
hexagonal structures). Nevertheless, if all three single-q domains were to merge into one,
the magnetic intensity of each satellite would have to increase by a factor 3 at full
saturation (or decrease to zero). Fig. 3-25 a) clearly shows that it is not the case since the
intensity was found to increase by only 50% at saturation. Until a simultaneous
measurement is performed at the 3 different domain directions, we can only speculate
about the origin of the intensity change. We cannot rule out the possibility, for example,
that all the domains were not equally populated in zero field or that the saturation is not
complete at 8 Tesla. Domain effects, however, cannot account for the change in peak

position observed in Fig. 3-25 b).
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Figure 3-26: Magnetic phase diagram of UNiyAl3 polycrystal from Steglich et al. (1991).
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Figurc 3-27: Nuclear peak intensity of UNi2Al3 upon variation of the external magnetic
field. a) Shows the increase seen at (102) through a radial scan. In b) the intensity ratios
obtained from radial scans are shown for several nuclear reflections. Straight lines are
least square fit. In c), the intensity difference between the nuclear peaks at 8T and at 0T
are piotted vs. Q. The solid line is an arbitrary quadratic fit through the points.

The nuclear peaks were also found to be affected by the magnetic field. Radial scans
performed at OT and 8T in Fig. 3-27 a) give a good account of the size of the effect at the
(102) nuclear Bragg peak. The lattice parameters were not modified by the field. The
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width of the peaks had no detectable field dependence and wiien the field was brought
back to its initial value (0T), no hysteresis was found. In a field, the nuclear peak
intensitics were not modified when the temperature was set above the Ty. When the
intensity ratio is plotted for several nuclear reflections, a trend in data is clearly visible

[Fig. 3-27 b)]. Errors bars in this figure are at most 2%.

It would be tempting to associate the modifications at the nuclear and at the magnetic
peaks to a change in the magnetic structure caused by the external magnetic field. As the
field of this experiment is perpendicular to the spin direction (the field direction in this
experiment is perpendicular to the a*-axis), the intensity increase at the nuclear peaks
could qualitatively be associated with a ferromagnetic component coming from a tilt of
the spins in the direction of the field. However, this is difficult to establish since the
intensity difference, (I 8Teslu - I 0Tesla), does not follow the Q-dependence due to a form
factor, £(Q)2 [Fig. 3-27 ¢)). This Q-dependence also does not seem to be associated with
a magneto-elastic effect?®. To investigate if a change in the magnetic structure occurs in
high magnetic fields, the magnetic peak intensities (incommensurate satellites) have been
plotted vs. a [Fig. 3-28]. The a-dependence found at 8 Tesla matches the zero-field
result (LSM with an a* polarization) and indicates that there is no evidence for a change

in the magnetic structure at high fields.

28 Magneto-elastic effects are the feed through of a phonon mode into the magnetic channel. Such effects
would have Ions= Ip f(Q)2 Q2 dependence. [Stirling (1987)]
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Figure 3-28: Intensity of the (1/2+1 0 1/2) magnetic satellite vs. o in 8 Tesla fields. The
definition of the angle « is the same found in Fig. 3-21 b).

In the discussion so far, we have neglected a possible modification of the magnetic ion
ground state through the action of the magnetic field. This effect could change the size of

the magnetic moment and explain the intensity increase in Fig. 3-25 a).

In rare earth alloys, the stability of SM structures at low temperature can be explained
only if the ground state of the magnetic ion is a singlet (or non-magnetic) (Gignoux et al.
(1991)]. Such singlet ground states can originate from crystal field properties or, as it is
the case in HF compounds, it can arise from the many-body interactions leading to the
formation of a Kondo ground state [Rossat-Mignod (1987)]. It may appear contradictory
that a non-magnetic state is the basis of a magnetic structure. In a lattice, however,
competing interactions between the neighbouring magnetic ions generate a periodic
molecular field (PF) that mixes the singlet state with some magnetic excited states. A
variable moment size between zero and the maximum crystal field value is then, in

principle, observable [Barbara er al. (1979)]. These ideas have been applied to explain
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the stability of the transverse spin modulated (TSM)2? incommensurate order in the

magnetic heavy fermion CeAly [Barbara et al. (1977)]30.

In an external magnetic field, as observed in magnetization curves, SM structures present
a multi-siep behaviour associated with metamagnetic processes when the field is oriented
along the modulation direction [Gignoux er al. (1991)]. When the field is perpendicular
to that direction (as in our experiment), it is not clear that such metamagnetic transitions
can be observed. Nevertheless, the intensity increase and the slight displacement of the
incommensurate wave-vector in Fig. 3-25 a) and b) may suggest that the external

magnetic field weakly modifies the competition between the interactions.
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Figure 3-29: Order parameters in a field at the UNizAl3 (1/2+7 0 1/2) magnetic
reflection. The lines are guide to the eye.

We further investigated the stability of the LSM structure in UNizAl3 by measuring the

evolution of the (1/2+1 0 1/2) incommensurate satellite as function temperature for

291 would like to thank Dr. C. Vettier to have brought this compound to my attention.

is view is somewhat challenged 1oday by Forgan (1990) but we will not address this issue in the
present thesis,
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several magnetic fields. The in-field order parameters, presented in Fig. 3-29, show that

the value of TN as well as the shape of the curves are similar to zero-field data (they only

differ by a scaling factor).
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Figure 3-30: a) Comparison at 2K and 4K of the incommensurate wave-vector for a
series of magnetic fields in UNigAls. The peaks are corrected for a sloping background.
b) a*-scans at (1/2+ 1 0 1/2) for several temperatures in a 6 Tesla field. ¢) Temperature
dependence of the incommensurate periodicity T for several fields. The dotted lines are
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The position of the magnetic satellites shows some temperature dependence. As
displayed in Fig. 3-30 a), the magnetic field amplifies the displacement of the magnetic
satellite (at 4K) compared to its low temperature position (at 2K). Fig. 3-30 b) shows a
more detailed view of the displacement as function of temperature in a 6 Tesla field. In
Fig. 3-30 a), although the zero-field neutron data does not clearly show such
displacement, a resonant X-ray measurement (which offers better Q-space resolution) in
Fig. 3-35 suggests that a weak displacement occurs for temperatures greater than 1K.
Below this temperature, the satellite peak seems to remain at the same wave-vector,

which suggests that the LSM structure is stable in UNi2Alj.

In the low temperature part of Fig. 3-30 c), all the in-field incommensurate wave-vector
positions become independent of temperature. This may indicate that the singlet ground
state is unaffected by external magnetic fields less than 8 Tesla, which is compatible with
the relatively high Kondo temperature in this compound. However, as the temperature
increases, all the in-field incommensurate wave vectors move and eventually merge to the
zero-field value at 4K. It is possible that by Zeeman splitting, parts of the magnetic state,
initially mixed within the singlet ground state, are lost at low temperatures, but are later

recovered by thermal activation at =4K.

There are still many questions open and this high field study only revealed the need for a
more detailed knowledge of the magnetic structure of UNizAl3. For example, it is
essential to understand precisely the type of magnetic order (single-q or multiple-q)
existing in UNizAl3. Also, a magnetic field oriented along a* is necessary to study
possible metamagnetic transitions in this compound. Nevertheless, our measurements

have shown some evidence that the magnetic properties of UNizAl3 depend strongly on
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its Kondo ground state which seems different compared to the ground state of the

isostructural UPd,Als.

3.3) Magnetic Order and Superconductivity in
UPd2Al3 and UNizAl3

3.3.1) UPd2Al3 (Gautin er al. (1994)]

To monitor a change i the magnetic intensity at the superconducting phase transition, a
resonant magnetic X-ray experiment was performed on UPdzAl3 at the NSLS X-14
spectrometer. The polycrystalline UPdpAls sample (already described in previous
sections) was put in a dilution refrigerator that could reach a temperature of ~250mK,
well below the superconducting temperature of 2K. To enhance the magnetic intensity,
the incident X-ray wavelength was chosen to match the uranium Mjyy-edge. The

measurement was made with a Ne-CO; proportional counter detector.
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Figure 3-31: Magnetic order parameter of the (0 0 1/2) magnetic reflection near the
superconducting phase of UPdyAls.
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The order parameter at the (0 0 1/2) magnetic reflection, shown in Fig. 3-31, contrasts
with previous findings from Krimmel er al. (1993). No change in intensity was observed
at or below T¢. In addition to the statistical errors shown on Fig. 3-31, systematic errors,
attributed to an orbit drift of the synchrotron, was estimated to be no more than 2%. For

comparison purposes, the Krimmel ez al. (1993) result is shown in Fig. 3-32.
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Figure 3-32: Magnetic order parameter at the superconducting
phase transition with a 10% decrease at T [Krimmel et al. (1993)].
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3.3.2) UNipAl3

In this X-ray experiment also performed at the NSLS X-14 beamline, constraints on the
incident energy and on the tilt of the cryostat limited access to reciprocal space. Because
of the geometry of the spectrometer and the necessity to keep the cryostat (dilution
refrigerator) in the vertical upright position, some care had to be taken before putting the
sample in the beam. This sample, cut from the neutron scattering sample already
presented earlier in this chapter, had its surface approximately perpendicular to the (101)-
direction. After using a spark cutter, the sample was polished and etched to minimize
surface strain. In the final experimental configuration, only one magnetic reflection,
(1/2+1 0 1/2) could be accessed and the whole crystal alignment procedure could only be
made using higher order wavelengths. Fig. 3-33 and Table 3-9 give some aspects of the

geometry of this experiment.

{101) @ 48.3° from a*

Q=(0.610 1/2) @ 42.6° from a*

>
kg a*

kj

Figure 3-33: Mounting procedure of the UNipAl3 sample for the X-ray experiment at
X-14. Angles are not to scale.
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9 Za'k,
(0.3901/2) 14.62° 20.17°
(0.6101/2) 17.82° 29.56°
(0.39 0 3/2) 39.65° -26.62°
(0.61 03/2) 41.39° -21.48°

Table 3-9: Some of the possible magnetic reflections of UNizAlz for the X-ray

experiment in the supercorducting phase. © is the scattering angle and £a’k, is the angle
between the spin direction (along a*) and the scattered wave-vector kf.

Fig. 3-34 a) shows the integrated intensity obtained from Q-rocks taken at the (1/2+7 0
1/2) magnetic reflection for several temperatures. The X-ray order parameter was
measured in two different runs {open and closed circles) taken below 2K and rescaled to
match in intensity. In this experiment, TN was estimated at 4.640.2K. The dotted line in
Fig. 3-34 a) is a smoothed curve through the data points. The superconductivity (T¢) of
this sample was characterized by an in situ AC-magnetization measurement using two

counter rotating coils. T, was found to be =1.2K,

In Fig. 3-34 b), the neutron and X-ray order parameters have been rescaled to match in
intensity at the lowest temperature. In spite of the difference in Ty, the slopes of the two
order parameters are found to agree remarkably. It is puzzling to find such a variation in
Tn with samples coming from the same boule. It seems, however, that the discrepancy
probably comes from the wrong sensor calibration of the neutron experiment and not to

sample problems3!,

310ther measurements on the same sample confirmed a Ty near 4.6K {se¢ Fig. 3-29].



101

a) b)

1000 1.5

(12410 172) oo (1/2+7 0 1/2)
& 90F ” o
g 900 - mf E»—-« -~ 0 - X-ray
§ = e 88 17 ——— Neutron
Y— = T{K)} E =
== 850} =~
P t...z} i3 D s
w = I'é ......... ? " =
2% 0t 0 Tt SZ o5
2 2
= mof % =
=T¢
7m A 1 L A ! — 0 \ <]
0 0.5 1 1.5 2 0 0.5 1 L5
T (K) T (K)'T

Figure 3-34: a) Magnetic order parameter of UNisAl3 in the superconducting region

(below 2K) at (1,2+1 0 1/2). The inset shows the same order parameter over the whole
temperature range. The symbols are explained in the text and the dotted Iine is a guide to
the eye. b) Rescaled X-ray and neutron order parameters plotted vs. T/TN. (Tn=4.6K for

the X-ray curve and Tn=5.2K for the neutron curve). The neutron order parameter is
identical to Fig. 3-20 b).

The incommensurate magnetic order in UNi2Al3 offers also an interesting way to detect
any rearrangement of the Fermi surface at the superconducting transiton. To monitor any
modification at the incommensurate wave-vector position, a*-scans were made at (1/2+1
0 1/2). While Q-rocks were made with a relatively wide slits setting, a*-scans were
performed with a narrower setting to improve Q-space resolution. As shown in Fig. 3-35,
the position of the magnetic peak did not change with temperature (below 1K) and no
effects could be associated with the superconducting transition. The constraints
associated with this measurement prevented an evaluation of the magnetic correlation

length € since no charge peaks were accessible.
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Figure 3-35: Scans along a*-direction vs. temperature at the (1/2+1 0 1/2) magnetic
position. The irregular shape of the scans comes from the crystal mosaic. The
incommensurate wave-vector is temperature independent until =4K.

It is worth ending this section by comparing the several resonant magnetic X-ray
intensities obtained from the HFS compounds measured at the same spectrometer (X-14)
and approximately in the same conditions (cryostat, slits setting, lowest temperature,
etc.). The measured intensities from URu3Sis (8 cps at (003)), the present experiment
(450 cps at (0.61 0 1/2)) and UPdaAl3 (1600 cps at (0 0 1/2)) give an intensity ratio of
1:60:200 that nearly scale as the ordered moment squared 1:20:450.
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3.3) Uranium Valence State in UNi>Al3

The Myy/My branching ratio could not be evaluated by earlier X-ray experiments on
URu3Siz and UPdjAl3 for the simple reason that no intensity was observed at the My-
edge. Measurements with UNiAl3 offered the first opportunity to observe magnetic
intensity at the My-edge and represents the first attempt to extract the uranium valence
for this series of compounds. The branching ratio is obtained by comparing the
amplitudes of the resonance profiles at the Mjy-edge and at the My-edge. Free-ion
calculations for uranium give an expected ratio of 17 for 5£2 (U4*) and 6 for the 5f3 (U3+)

configuration states [Tang e? al. (1992))].
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Figure 3-36: Uncorrected resonance profiles of the a) My-edge and b) Myy-edge at the
UNizAl3 (0.61 0 1/2) magnetic position.

Fig. 3-36 show the uncorrected resonance profiles obtained at both edges in UNijAl3.
Each resonance profile was made with the integrated intensity of $2-rocks at each energy.

All these scans were made at a temperature of 0.3K, well into both the magnetic and the
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superconducting phases. To estimate the branching ratio, several corrections must be
applied to the profiles, the most critical being the correction for absosption and its

dependence with energy.

Fig. 3-37 shows the energy dependence of the absorption corrections of Be and Kapton
placed on the path of the beam. At NSLS X-14 beamline, there were as many as five
250um Be-windows along the path: 4 from the cans of the cryostat, plus one Be window
near the synchrotron source. In addition, as much as three 13um-Kapton windows were

also present in the beampath. Empirical relations from Tang et al. (1992) were used to

estimate the energy variation of Be 5, = 1067.9/ E*** and Kapton 1., = 4567/ E**.

e §
04 I Kapton

02 -
0 1 1 1

1 !
35 1355 36 355 37 375 338
Energy (keV)

Figure 3-37: Energy dependence of the Be and Kapton absorption coefficients for this
experiment. Adapted from Tang et al. (1992).

To estimate the absorption of the sample, fluorescence measurements were made at each
edge. Fig. 3-38 shows the calibrated absorption coefficient after the correction procedure
already described in chapter 2 (section 2.2.2) was applied. At the Mjy-edge, the

lineshape could be well reproduced by a Lorentzian on a step background but at the My-
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edge, the curve had a sloping background and was difficult to fit. The slight decrease
observed at energies greater than the edge [Fig. 3-38 a)] has some similarities with
XAFS, but its real origin is unknown. Some mosaic could have contaminated the
measurement of the resonance profile and of the fluorescence curve at this energy. In the
final analysis, the sloping background in Fig. 3-36 a) was substracted and the continuous

line in the Fig. 3-38 a) and b) was used instead.

a) b)
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Figure 3-38: Fluorescence curve at the a) My32 and b) Myy-edge in UNi2Al3. The
continuous line is a Lorentzian on a step function background.

Theoretically the energy response at one frequency F,(®) includes a sum over the
contributions from all edges. Resonance profiles are relatively well localized around the
excitation energy and only the edges close together need to be considered. For My and
My-edges, the intensity lineshape of the magnetic resonance would require [Tang et al.

(1992))33:

32The absorption coefficient at this edge =8700 cm*! differs from the one reporied by Langridge et al.
(1994): 21500 em™1 .
33There is a difference in sign between this equation and the one published in Tang (1992).
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The last term of Eq. (3.10) describes the interference that can occur between edges. This
interference term creates an asymmetry at the My-edge resonance profile that would
decrease the intensity for E>Es. This effect cannot explain the asymmetry of the Fig, 3-
36 a) resonance profile. Due to the sirength of the My-edge and its peculiar lineshape
[Fig. 3-38 a)], this interference seems negligible and was not included. The corrected
resonance profiles using a simple Lorentzian lineshape appear in Fig. 3-39. The slight

distortions in the tails may come from the uncorrected detector efficiency.
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Figure 3-39: Comected resonance profiles at a) My and b) My-edge in UNipAl3 with the
corresponding amplitudes and widths from the fit results.

The widths of the two resonance profiles are slightly broader than reported by Tang er al.

(1992) in UOy, an insulator. In terms of lifetimes, the resonances in UNisAlj are shorter
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than in UQ, as expected in a metal. The experimental branching ratio gives a value of
A,/A; =2 and the uncorrected intensities give a ratio of m = 3. Within
experimental accuracy, this experiment would suggest a uranium 5f3 (U3+) configuration
in UNizAl334. This valence configuration would be different than the tetravalency
proposed in the iso-structural UPdzAl3. However, a theoretical calculation for the
expected branching ratio in this material would certainly give a better estimate than the
free ion calculation. For example, the modification of the 5f2 (U4+) branching ratio from
17 to 6 in UQ; [Tang er al. (1992)), is compatible with the crystal field levels found by
neutron scattering. Preliminary inelastic neutron scattering results on UNizAl3 did not

reveal any sharp crystal field excitations up to =17 meV nor any spin waves3>.

34Based on the discussion in Sec. 3.2.2), only a 5{2 configuration would give a singlet ground state based
on crystal field properties.
355pin waves in incommensurate structures can be complicated, see Stirling (1987).



Conclusion

In this thesis we studied the magnetic phase of three of the Heavy Fermion
Superconductors (HFS): URujSis, UNiz2Al3 and UPdsAls, using neutron and resonant
magnetic X-ray diffraction. In doing so, our interest was two-fold. First, we wanted to
characterize the magnetic structures and some of the magnetic properties of the UT2Al3
(T=Ni, Pd) compounds, and second, we wanted to get a better understanding of the

resonant magnetic X-ray cross-section in URu38i7,

Our study of the magnetic state of the new Ni and Pd HFS revealed several interesting
results, With UNizAls, neutron diffraction experiments identified, for the first time in
this material, the onset of long range magnetic order. The incommensurate order found at
(1/2+1 0 1/2) with 1=0.110+0.003 seems wel! described by a LSM model with an a*
polarization in the hexagonal basal plane. This modulated magnetic structure, however,
is known to be thermodynamically unstable at low temperature. The essentially non-
magnetic ground state in HF materials offers an interesting theoretical concept which
could explain why such a structure is stable to the lowest temperature in UNi2Alz. Other

measurements are needed to answer this question.

It was not possible to clearly establish from our study whether the magnetic structure of
UNipAlj is single-q or multiple-q. This distinction is of importance in the description of
the evolution of the magnetic order in a high magnetic field and in the evaluation of the
moment size. The intensities of the magnetic satellites were found to smoothly evolve

between two apparently stable "incommensurate" values between 3 Tesla and 6 Tesla.

108
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However, the field orientation in our experiment couples many possible phenomena
(domain population, spin rotation, change in moment size) and no simple effect could
describe the data. The slight change in wave vector induced by the external field suggests
a change in the balance between the competing interactions responsible for the LSM

structure in UNizAlj3,

In UPd2Al3, the magnetic term (15! harmonic) in the resonant X-ray cross-section was
used to find the spin orientation in the basal plane. Results indicate, if only one domain is
assumed to contribute to the intensity, that the spins do not point along the a*-axis but
would point along the a-axis or in the mid-direction between the a-axis and the a*-axis.
These findings are compatible with an a-axis orientation found by several bulk
measurements. The same polycrystalline sample was also used to measure magnetic
order parameters in the normal and in the superconducting phase. In the normal state, we
found a large anomaly at 12K. This anomaly was also observed by neutron scattering
and corresponds to a phase line in the H-T diagram at 0 Tesla. An analysis based on
domain populations suggests that a domain reorganization may be at the origin of the

transitionn.

In the superconducting phase, we found no evidence that the new HFS (UT2Al3z with
T=Ni and Pd) show any direct interplay between magnetism and superconductivity even
if their ordered moment is rather large. In UPd»Als, the precision of the order parameter
reached the 2% level using resonant X-ray scattering while with UNipAl3 the precision

reached =10%. This co-existence is similar to what is found in URu3Sis.

We also wanted to get a better understanding of the resonant magnetic X-ray cross-

section with the study of the magnetic Bragg peaks in URu3Si;. The relative intensities
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of the magnetic reflections were well described by the 15t harmonic of the electric-dipole
cross-section and some experimental corrections. The absence of a magnetic form factor
in the analysis, is in direct agreement with the fact that the photon wavelength at the M-
edge is larger than the inner shells involved in the transition. The evaluation of the
moment size was more problematic. The nomalization procedure is relatively
straightforward in neutron scattering but in the X-ray case, anomalous corrections,
absorption effects, and the necessity of an accurate atomic mode! give unsatisfactory
errors in the evaluation of the moment size. Strictly speaking, resonant magnetic X-ray
scattering contains all the information about the magnetic state but the proportionality

constant depends on the atom and on the resonant edge chosen (see Appendix A).

Apart from this limitation, resonant magnetic X-ray scattering is an attractive magnetic
probe because it can be used to select different atoms in the unit cell and isolate where the
magnetism is lying. It can also help identify the magnetic order in small moment systems

(=10-2up) and especially in very small crystals.

Epilogue

This thesis has shown that neutron and X-ray scattering can be used effectively to study
magnetism in metals and in particular in the U-based HFS. Our research has also shown
that resonant X-ray scattering and neutron scattering are complementary magnetic probes

and constitute remarkable tools in the study of magnetism in materials science.



Appendix A: The physics at resonance

In the resonant process leading to magnetic X-ray scattering, it is worth commenting on
the peculiar physics one can observe when diffraction is performed directly at an

absorption edge. Some possible perturbations altering the resonant state are discussed.

A.1) The quasi-elastic fast collision approximation

The lifetime of the excitation can have very important consequences on the interpretation
of the magnetic scatiering obtained by resonant X-ray scattering. If the core-hole pair
live long enough, torques can start to develop and alter the oscillator response [Luo e al.
(1993)}.  If this occurs, the magnetic scattering may not be proportional to the moment

size.

For most of the compounds studied in this thesis, typical resonance widths are of the
order of 10 eV which gives an estimated core-hole lifetime of 10-16 sec: the resonance is
fast. Luo et al. (1993) demonsirated that in the quasi elastic fast collision approximation
the oscillator responses in Eq. (1.19) can be rewritten, using the Wigner-Eckart theorem,

as:

fEapae = TR F{E-E MO —i(E xE)- 2 M + (5 -2)E - 1) MP} (A

where, F is the overlap integral between the initial and of the final orbital involved in the

atomic transition known as the "reduced resonance scattering amplitude”, and M are the

111
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spin-orbital multipole moment operators. The correspondence between the M and a
moment size (s) (at least in the neutron scattering sense of it) is not as obvious as it may
seem [see Eq. (16) in Luo er al. (1993)]. Experimentally, however, the similarity
between the magnetic order parameters in URu2Siy [Isaacs et al. (1990)] observed by
neutron and by resonant magnetic X-ray scattering suggests that both probes are indeed

sensitive to the same magnetic state36,

In the following, we will assume that first harmonic in Eq. (1.21) can be written by
isolating a "magnetic moment" (s) from the oscillator response function F1 by writing:
F,=FM®=5sF, where M® is assumed to be the "magnetic moment" (s). The
"reduced resonance scattering amplitude” F requires an atomic mode! calculation and

strongly depends on the atom and the edge under consideration.

A.2) The Templeton effect

It is difficult not to mention the existence of some complications in the optical properties
of a crystal when diffraction is performed directly ar resonance. Templeton et al. (1980)
found that when the X-ray absorption fine structure (XAFS) is performed with polarized
photons on certain materials, a difference in the absorption spectrum (dichroism) is
observed when the polarization is changed. This effect is a manifestation of a change in
polarizability of the resonating atom depending on both the symmetry of the final
unoccupied orbital and by the geometry of the neighbouring atoms [Templeton et al.
(1980)). In diffraction experiments, this effect is known as Anomalous Anisotropic

Diffraction (AAD).

36The same correspondence was found in UPt3. [E.D. Isaacs, private communication].
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The most striking effect of AAD is the observation of Forbidden Reflection near Edge
Diffraction (FRED). As the resonant frequency is approached, the change in symmetry
of the scattering object can modify the "normal” selection rules of a crystal and some
additional reflections, usually extinct by the crystal symmetry, may become observable.
This effect was found in "naturally” anisotropic materials like CuQ, but also in less-
anisotropic material like MnFz, and TiO; [Kirfel er al. (1991), er al. (1992), et al.
(1993)].

AAD requires the scattering amplitude f be extended into a tensor quantity and can occur
in all crystal structures excepr cubic. It can modify the relative intensities of Bragg
reflections or in other cases, like in antiferromagnets, it can lead to the existence of a
large non-magnetic contribution accompanving the antiferromagnetic Bragg peak. It is
worthwhile to add that for this special case, a polarized X-ray experiment, would be

essential to separate the two contributions.
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Incommensurate Magnetic Order in the Heavy Fermion Superconductor UNizAly
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Neutron scattering measurements show UNizAly 1o be unique among heavy fermion superconductors
in that befow Tw—~5.2 K it displays long range magnetic order which is incommensurate with its chemi-
cat lattice. The ardering wave vector is (§ = 5.0. T ) where §=0.110 %+ 0.003. The measured superfat-
tice intensities are well described by the presence of a longitudinal spin density wave within the hexago-
nal basal plane, polarized along a®. The magnitude of the maximum ordered moment is found to be

very small; jog = (0.24 £0.10)pa.

PACS numbers: 74.70.Tx, 61.12.Ex, 75.25.+2, 75.30.Mb

The interplay between magnetism and superconductivi-
ty is a central feature in the description of several classes
of strongly correlated electron systems. The heavy [er-
mion metals, a subset of which exhibits the upparent mi-
croscopic coexistence of f-clectron magnetism and super-
conductivity at sufficiently low temperatures. form such a
cluss of materials (1.2].

Al present, there exist four such uranium-based com-
pounds which display antiferromagnetic order character-
ized by small ordered moments. UPty (3] forms a
hexagonal-close-packed structure and orders maugnetical-
ly below Ty —~6 K. It undergoes at least one und likdly
two superconducting transitions at Te~05 K [4].
URu;Si; forms a body-centered-tetragonal crystal struc-
ture and undergoes mugnetic and superconducting transi-
tions at 17 and ~1.2 K, respectively [5]. A remarkable
feature of the magnetism in these twe compounds is that
the magnitude of the ordered moment is extremely small
(o ~0.02u5 for UPty; [3). and po—~0.04up for
URu,Si; {6]) leading to speculation that these materials
in fact displuy nontrivial ordering phenomena 17] distinct
from simple antiferromagnetic ordering of the locul mag-
netic dipales.

Recently. two new heavy fermion metals which display
coexislence of superconductivity and antiferromagnetic
order have been discovered. These are the simpie hexago-
nal ternary metals UMd;Aly [8) and UNizAly [9] which
undergo magnetic phase transitions at Ty —15 and ~$§
K. and superconducting transitions at T¢=2 and —1 K,
respectively. Considerably less is known about these new
compounds, compared with the extensive literature which
exists on UP1Ly and URW;Siz. Neutron powder diffraction
measurements indicate that UPd;Aly [10) orders into
simple. Q={0.0, ¥ ). antiferromagnetic structure in
which the moments lic ferromugnetically aligned within
the basul plane, and the moment direction rotates by =
from one busal plane 10 the next. Recent measurements
111.12] suggest a more complicated magnetic phase dia-
gram. However, all measurements are consistent with an
ordered magnetic moment of almost conventional size.

Hord=—0.85u3.

tn this Letter we report on the first observation of mag-
netic neutron scattering from UNizAly and determine the
magnetic structure below Tw., As we will discuss. the
magnetic order is characierized by a very weak ordered
moment and an incommensurate ordering wave vector.
This combination made these experiments very difficult,
They required detailed, systematic searches through re-
ciprocal space. as well as the sensitivity that is made pos-
sible by the use of diffraction from single crystal samples,
Earlier neutron diffraction measurements [10] performed
on powder samples of UNizAly detected no evidence of
magnetic order and placed un upper limit on the size of a
possible magnetic moment of 0.2y, Previous muon spin
rotation {uSR} [13] experiments on UNi;Al; provided
evidence for antiferromagnetism with un ordered magnet-
ic moment of the order of O.1ug. More recently [14] it
has been noted that the zero field #SR signai lrom the or-
ganic, spin density wave system (TMTSFQPF, is similar
to that from UNijAly, suggesting the possibility of an in-
commensurate spin arrangement in UNiyAly. These new
measurements [14] were performed on a crystal cut from
the same boule as the crystal which is the subject of the
present work.

The UNi3Als single crystal used in the experiments de-
scribed here wus grown by the Czochralski technique in a
tri-arc furnace. The starting materials were of high puri-
ty: the same ultrahigh purity uranium used in previous
studies of URe,Si; [15), 99.9999% aluminum, and
99.999% nickel. Other details of the growth were similur
10 those reporied previously for urznium intermetallic
crystal growth [15]. The crystal was subsequently an-
nealed under argon at 900°C for one week. Part of this
melt was crushed in order to produce a powder for neu-
wron diffraction and susceptibility characterization, while
a cylindrical sample of approximate dimensions 6 mm di-
ameter by 25 mm long was extracted and used for the
single crystal neutron meusurements. The UNijAly crys-
tal. belonging 10 the hexagonal space group Pé/mmm.
displaved fattice purameters at 4.2 K of a =$.204 A und
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¢=4.018 A, similur to those reported previously (9). It
was comprised of three closely aligned grains. character-
ized by a mosaic spread of -~ 1°.

The powder neutron diffraction measurements were
carried out on the C2 High Resolution Powder Dif-
fractometer at Chalk River Laboratories. The powder
was set in a vanadium can in the presence of 4 helium ex-
change pas and mounted in a pumped *He cryostat.
Measurements taken at temperatures as low as 1.5 K
showed no indication of the development of any scater-
ing which could not be assigned a temperature-
independent nuclear origin. There was no evidence of ad-
ditional impurity phases found in this powder sample.
Susceptibility measurcments made on the powder sample
showed behavior very similar to that reported previously
[9]: a broad peak near ~90 K, a sharp peak near ~5 K,
with a broad minimum between them at ~35 K.

More sensitive single crystal neutron measurements
were carricd out on the E3J triple axis spectrometer at the
Chalk River Laboratories. This sample was mounted in
a pumped *He cryostat with 3 helium exchange gus
present. Its temperature could be varied from room tem-
perature to = 1.5 K. The integrated intensities of severul
weak nuclear Brugg peaks were determined in order o
compare to calculated intensities for pure UNiAly as a
measure of the quality of the single crystal. This compar-
ison is good, and ail indications are that the quality of
this UNijAly sample is very good.

The search for magnetic Bragg scattering as well us
measurements of nuclear Bragg peaks for the purpose of
magnelic intensity calibration were done with a variety of
spectrometer configurations. All measurements were per-
formed with the triple axis spectrometer set for elastic
scattering, with a Si{t11) monochromator and a pyrolyt-
i¢ graphite (002) analyzer. Data were collected at neu-
tron energies of B.23 and 3.52 THz2 with a pyroiytic
graphite filter in the scattered beam, and at 4.12 THz
without fillers. We investigated three high symmetry
planes in the single crystal: (hA.0), (h.k,0). und
(h,0.1).

Our observations of magnetic neutron scattering lrom
UNijAly are shown in Fig. 1. Figure 1(a) shows portions
of & scan along the (k.0, T } direction a1 20 X (open cir-
cles). and then at low temperature, 1.8 K (solid circles).
both performed with 3.52 THz neutrons. These panels
show clear magnetic Bragg peaks arising at A =0.39 and
h=0.61 at low temperature. The intensity of these mag-
netic Bragg peaks is very low, down by 3 orders of magni-
tude from the intensity of a typical nuclear Bragg peak
such as (1,0.0}. The width of the magnetic Bragg peuks
is that determined by the resolution of the instrument.
and the asymmetric shape of some of the peaks is due to
the mosaic of our crystal. The magnetic order displayed
by UNisAly appears to be true long range order. with
correlation lengths exceeding 400 A, in contrust to that
reported in both UPty [3} and URu,Si [15].
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FIG. i. (a} Sections of an (4,0, §) scan performed with 3.52
THz neutrons at temperutures above (O} and below (@)
Tw=~—35.2 K ure shown. The asymmetry in the line shape is due
to sample mosaic. (b) The inlensity of the Q=(0.61.0.7)
magnetic Bragg peuk is shown as a function of temperature.
The dushed line indicates the background scattering level,

The wave vector characterizing this magnetic structure
is Qm=(f £480.F). with §=0.110£0.003. The com-
ponent of this wave vector within the basal plane is in-
commensurate, ¢;c™ ¥ =& It can be approximated as
gic™+ = ¥. but there is certainly no simple relationship
between it and the periodicity of the nuclear lattice. The
magnetic structure along the ¢ direction corresponds Lo a
simple antiferromagnetic stacking of the basal plane
structure, as in UPdsAl,.  No additional superlattice
Bragg peuks appeared at low temperature in any ol the
three scattering plunes we cxamined. These plunes were
carefully examined with both two-dimensional. grid
scuns, and finer line scans along special high symmetry
directions.

Longitudinal scans of the superiattice Bragg peak posi-
tion (0.61.0, %) were performed for several temperatures
in the range lrom 2.5 10 6 K. These scans are reasonably
described by Guaussian line shapes with temperature-
independent peuak position and widths. Additionul trans-
verse scans of the position of the maxima confirm that the
incommensurability is temperature independent to within
the tolerunce of the meusurement. A§=0.003. The inten-
sity ut this position, und also at Q={0.61.0.+), waus
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monitored in both warming and cooling runs, over the 800 - - |
range ~1.5 K < T <12 K, for the purpose of extracting T=2K o (0390 |
the intensity of the superlattice Bragg peak as a function /Q\ . Wi‘"““’ I
of temperature. This is shown in Fig. 1(b} for the 600 | § 0 Hsam
(0.61.0. %) peak. The temperature dependence of the if 2 :

Q=(0.61.0, } ) superlattice intensity was identical with
that at Q=(0.61,0,1) to within the precision of the
measurement. The onset of the superlattice peak intensi-
ty is at ~5 K, which corresponds well 10 the position of
buik anomalies associated with the magnetic phase tran-
sition in this compound [9]. As will be discussed, the
wave-vector dependence of the intensity of equivalent su-
perlattice peaks is consistent with that expected from
magnetic ordering.

The magnetic superiattice intensity decreases monoton-
ically with incrcasing temperature. However, it does not
display the simple linear temperature dependence scen in
UPt; (3] and URu;Si; [15), The intensity, shown in Fig.
1{b), can be described by [~ (7w — 7)% down to 2 K,
with Ty =5.2 K. To within the sensitivity of these mea-
surements, there is no hysteresis near Ty, consistent with
a second order phase transition. Also, it can be seen
there is no saturation in the intensity for temperatures as
low as 1.5 K. Clearly, it is of interest to extend these
measurements to lower temperatures. into the supercon-
ducting state.

Therefore UNiAly is the first heavy fermion supercon-
ductor 1o display incommensurate magnetic order. Ex-
amples of incommensurate magnetic ordering and fluc-
tuations are known in other superconducting materials
such as the Chevrel-phase superconductors, exemplified
by HoMoeSy (161, as well as in the high temperature su-
perconductors 117). However, there are important
differences in cach case. The moments in the Chevrel-
phase superconductors arise from well-localized 4/ elec-
trons which interact only weakly with the conduction
clectrons, Incommensurate fAuctuations have been ob-
served in some high temperature superconductors {17],
but there is no indication of long range order. The proto-
typical itinerant, incommensurate spin density wave sys-
tem is chromium [18). It is worthwhile to note that, in
chramium, both the incommensurabiiity as well as Ty are
very sensitive 1o small Tevels of impurities. To the extent
that this comparison is relevant, we may expect similar
sumple and impurity dependencies in UNizAly.

Al low temperature, measurements were made in the
{h.0.0) planc at several magnetic Bragg peak positions us
well as at several relatively weak nuclear positions in or-
der to determine the magnetic structure and to estimate
the size of the ordered moment. Comparison of the mea-
sured intensities of the magnetic peaks (Fig. 2) shows 4
strong angular dependence within the (4.0.f} plane that
cannot be properly accounted for by a dependence on the
form factor. f{|Q|). alone. Figure 2 displays radial scans
through three magnetic Bragg peak positions: (0.39.0.
k), with |QI=0.95 A7, (0.39.0. ), with |Ql=2.41
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FIG. 2. Radial seans (plotted vs sample angle) of three mag-
nctic Bragg peaks at Tw2 K arc shown. These are Q
={0.39.0.7), |Ql=0.95 A=, a=34.3"; Q=(0.39.0, }). |Q
=241 A7), a=13.0° and Q=(1.39,0.). |Q|=209 A -,
a=68.0°. a refers 1o the angle between Q and the ¢* axis.

U T,

A~ and (1.39.0. ). with |QI=2.09 A~'. As can be
seen most clearly by comparing the intensity at the latter
two ordering wave vectors, for which |Q| is very similar,
the intensity correlates strongly with the angle between Q
and the ¢* axis, with stronger intensities when Q tends to
be ulong c*. The neutron scattering cross section is sensi-
tive to the component of moment which lies in a plane
perpendicular to the scattering wave vector. It preferen-
tially senses moments along a* as Q tends towards the ¢*
dircction. These resuits provide strong evidence, there-
fore. Tor the magnetic moment direction being predom-
inantly along a°*.

We have modeied the integrated intensities of the mag-
netic Bragg peaks according to

_FQ)? . 2
Q) ~in(2g) 50 (@) .
where F(Q) is the structure amplitude for the Bragg
peak. v is the angle between Q and the moment direction,
and £3(Q) is the magnetic form factor, Both F(Q) and v
depend on the modei for the ordered magnetic structure.
The magnetic form factor £2(Q) was described by a form
which had previously been used to account for magnetic
properties in several uranium based compounds {19].

The intensities of six magnetic Bragg peaks. corrected
for the Loremz, [sin{28)]1 ™', factor and magnetic form
factor are shown in Fig. J as a function of the angle be-
tween Q and the ¢* direction, a. As previously discussed,
all Bragg peaks decrease in intensity with increasing a.
We can specifically exclude models in which the moment
is predominantly aligned along €, as had been previously
suggested [13].

Several simple models for the magnetic structure were
examined as candidates to describe our results. The one
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I{a)

FIG, 3. Corrected (sce text} intensity of six magnetic Bragg
peaks is plotted vs a, the angle between Q and the ¢* axis. The
lines are predictions from models for the incommensurate mag-
netic order with differing polarizations within the baszl plane,
Shown are predictions for a longitudinal spin density wave
Structure within the basal plane, in which pla®, and also for 4
planar modulation of the moments perpendicular 1o c.

which best describes these measurements is that of a lon-
gitudinal spin density wave (LSDW) within the hexago-
nai basal plane, in which the moments are parallel 10 2™,
The full, three dimensional magnetic siructure is then
formed by a simpic antiferromagnetic stacking of this
basal plane structure along €. The a dependence predict-
cd by this model is shown as the broken line in Fig. 3.
This figure compares the observed magnetic intensities
corrected for all dependencies other than that on a. with
that caiculated for iwo model magnetic structures. A
structure in which the moment direction is modulated
within the basal plane produces a less-pronounced a
dependence, as is shown by the sold line in Fig. 3.

As can be seen in Fig. 3, the LSDW polarized along a®
provides a very good description of our results. Modeis in
which the moments are polarized along a different basal
plane direction, and therefore not longitudinally polarized
to the incommensurate component of the ordering wave
vector. display less pronounced ¢ dependencies. The kev
lo understanding these dependencies is the fact that mea-
surements at a single ordering wave vector probe only a
single domain of any such single-g structure. However.
assuming that zll possible domains of such structures are
equally populated, it is very difficult 1o distinguish such
single-g LSDW structures from multiple-g modulated
magnetic structures. as is known. for example, to describe
the magnetic structure of neodymium [20].

Comparison of the magnetic Bragg peak intensities to
those of the weaker nuclear Bragg peaks allows us to esti-
mate the size of the ordered moment. The weak nuclear
Bragg peaks are used in this comparison as they are less
likely to be affected by extinction. However, as the role

of extinction in these peaks is not completely understood.
our estimate of the ordered magnetic moment represents
an upper limit. The size of the ordered moment deter-
mined from our dats depends weakly on the model em-
ployed. The model corresponding to a single domain of
the LSDW structure with ufla®, results in Hord ™ 0.4 5.
If, as is physically much more likely, the three possible
domains are equally populated. we obtain oy =0.24u3.
Taken together with the uncertainty from the direct com-
parison to the nuclear peaks, these model calculations al-
low us to estimate the magnitude of the ordered moment
4t Porg =(0.24 0. 10)pz. Within this LSDW structure.
this ordered moment represents the maximum magnitude
of the moment, which is modulated from site to site.
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Resonant magnetic x-ray scattering measurements were performed on a single microcrystallite
at the surface of a polycrystalline boule of the antiferromagnetic, heavy fermion superconductor
UPdzAls. These measurements show a strong anomaly in the order parameter at 11.8 K, below
Tw ~ 14.5 K, indicating at least two antiforromagnetically ordered phases which share a common
periodicity. Measurements performed near and below T = 2.0 K show the antiferromagnetic order
parameter to be unaffected on passing into the superconducting phase. to £2%.

PACS numbers: 74.70.Tx, 74.25.Ha

The fascinating low temperature transport. thermal.
and magnetic properties displayed by heavy fermion ma-
terials have kept them at the forefront of metals physics
research for more than a decade [1]. The inte.esting
physics in the problem is believed to arise from the inter-
play between the relatively localized [ electrons of these
predominantly uranium and cerium based materials. and
their metallic band states. Many properties can be de-
scribed by the presence of a very large density of quasi-
particle states at the Fermi level, hence large effective
electron masses and their name: however. a full under-
standing remains elusive,

The electronic ground state of these materials is varied.
The magnetic phenomena which they display ranges from
long-range antiferromagnetic order with static moments
of differing sizes to fluctuating short-range magnetic cor-
relations. The most interesting phenomena which a sub-
set of these materials display is the apparent micro-
scopic coexistence of antiferromagnetic order and super-
conductivity at low temperatures. There are now four
known compounds which display this extremely interest-
ing ground state: UPty 2], URu2Si; (31, UPdzAl; 47, and
UNi2Aly i3], Ofthese UPdzAly and UNizAly were discov-
ered only recently, and their magnetic properties are not
well established. However, the antiferromagnetism exhib-
ited by UPt; {6} and URu,Si; 7.5 is known to be highly
unusual. The ordered moments present at saturation are
extremely small (~ 0.02ug for UPts and ~ 0.04uj5 for
URu;8ia), while the temperature dependence of the mag-
netic Bragg peak intensity is linear. consistent with mean
field behavior. over an anomaiously wide temperazure
rezime. Also. in the UPt; and URuSip ervstals stud-
ied to date. the magnertic Bragg peaks are not resolunion
limited '6.8). indicating finite. antiferromagnetically or-
dered regions below T

The magnetic properties of the two new heavy fermion
superconductors {HFS' are currently the subject of 1n-
tense studv. Both of these new materials exhibit sumple

surements on UPd;Alj [9! indicated that it orders in an
incommensurate magnetic structure below ~ 21 K, and
then transforms to a simple antiferromagnetic structure
below ~ 15 K with a low temperature ordered moment
of ~ 0.85up. which is huge by the standards of the other
superconducting heavy fermions. It is superconducting
below ~ 2 K, which is the highest T, displayed by this
group of HES. Very recently. a neutron scattering study
using single crystals has reported [10] a remarkable 10%%
dip in the integrated intensity of the (0.0, %) superlattice
Bragg peak near T, ~ 2 K. This anomalous behavior is
reported to be accompanied by an increase in the width
of the Bragg peak. If correct. these results [10] would
indicate an extremely strong coupling between the anti-
ferromagnetic and superconducting order parameters in
UPd;Al;. much more pronounced than any such possible
effects in either UPt, [6.11] or URu3Si; [12].

More recent susceptibility. resistivity., and magne-
tostriction measurements {13} show indications that the
magnetic hehavior of this compound is complicated.
Anisotropy between basai-plane and c-axis susceptibility
indicates that the magnetic moments in this compound
lie within the basal plane. This study showed three mag-
netically ordered states present on application of a basal-
plane magnetic field. while onlyv one is present on appli-
cation of a field along the ¢ direction. No evidence of the
incommensurate phase above ~ 15 K is reported. [n ad-
dition. a new study has reported evidence of substantial
magnetic anisotropy within the basal plane (14}

We have carried out a resonant magnetic X-rav scat-
tering =rudv of a single ervstal sampie of UPdsyAl;. This
techmigus 15% invalves tuning the energy of the incident
.rav heun threugh an appropriate absorption edge of
the mazuetic atonl. i thus case, the My edge of ura-
niumy. For elastic ~carrering, a core electron is promored
to a partially filled magnetic level, where it exists brieriv
in an excitonlike state, before falling back to its original
loval, wish the ennzsion of o photon of the same enerzv
The My edge corresponds to a3y 2 10 3y, - transition,
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Both the excitation of the core electron and its subse-
quent decay occur via strong electron-dipole transitions.
The process {16] is sensitive to the local magnetization
by virtue of the Pauli principle and polarization selec-
tion rules. Very large enhancements [17] of the magnetic
scattering cross section have previously been observed in
a growing list [18} of lanthanide and actinide based mag-
nets. This process must occur coherently over the resolu-
tion volume, and thus the scattering satisfies the Bragg
condition for the antiferromagnetic state under study.

A remarkable feature of the present work is that it was
actually carried out on a polycrystalline ingot sample.
This ingot was roughly cylindrical in shape, with a length
of ~ 20 mm, and a diameter of ~ 5 mm. However, several
single crystal grains of area ~ 1 mm? were clearly visible
on its surface. The faces of these grains were found to be
perpendicular to the ¢ axis. They did not propagate very
far into the ingot, as they could not be identified opti-
cally on examination of a broken surface. We estimate
that the grains were weil below 1 mm in thickness. and
likely not thicker than a few microns. These single crys-
tal measurements were therefore performed on a sample
which wa~ too small for single ervstal neutron diffraction
work, by a factor of between 2 and 4 ordets of magnitude
in volume.

The sample was prepared at the Laboratoire Louis-
Néel (CNRS) in Grenoble, France. High-purity starting
materials, U, Pd. and Al, were melted together in sto-
ichiometric amounts, using RF induction and a water-
cooled crucible in an ultrahigh vacuum. The boule was
quenchad shortly after being homogeneously molten in
order to minimize evaporation. The resulting polyerys-
talline ingot was annealed for 3 d at 900°C in ultrahigh
vacuum. A small piece of the annealed ingot was used for
characterization. vielding a residual resistivity ry = 2.2
ufQlcm, and a superconducting transition temperature
at T, = 2.0 K with a width of 0.04 K. X-ray powder
diffraction measurements show no phase other than the
PrNisAly structure. The residual resistivity, the super-
conducting T;. a3 well as the width in T, are often taken
as figures of merit to describe the crystalline quality of
HFS materials. The results from the sample under study
here show this material to be of very high quality. In
particular. the residual resistivity of this sample is lower
than that displaved by other HFS samples, with the ex-
ception of the best UPt; samples {19].

Qur x-ray measurements were performed on beam lines
X22C and X14 at th:- National Synchrotron Light Source
of Brookhaven National Laboratary. \We first discuss the
measurements at X22C. The sample was mounted inside
a bervllium can with a helium exchange gas present. This
sample can was then attached to the cold finger of a
two-stage closed evcle refrigerator which allowed us to
change the sample temperature continuously from 4 to
300 K. The temperature was stable to 0.01 K over the
temperature range of interest in this Letter {T < 30 K),

The energy depenacnce of the integrated intensity due
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FIG. 1. The =nergy dependence of the (0,0,1) Bragg peak
due to charge scattering in UPdzAly is shown in panel (a) at
5.6 K. Panel (b} shows the energy dependence of the (0,0, %}
Bragg peak at 4.2 K. This scattering is clearly distinct from
that shown in panel (a) and is identified as being magnetic in
arigin. Solid lines are drawn only to guide the eve.

to charge scattering at {0.0,1) and of that due to magnetic
scattering at {0.0, %) are shown in Fig. 1 for tempera-
tures well below Ty ~ 14.5 K. The scattering at (0.0, %)
is well described by a Lorentzian centered at the Ay
edge energy, 3.725 keV. and is clearly distinct from the
line shape of the {0,0.1) charge Bragg peak, which is typ-
ical of anomalous charge scattering near an absorption
edge [20]. This energy dependence identifies the (0.0, 3}
Bragg peak as being magnetic in origin [18]. A similar
energy dependence is observed at (0,0, %).

Figure 2 shows the wave-vector dependence of mag-
netic scattering at (0.0, %). as well as that for the charge
scattering at (0.0,1). These data were taken at several
temperatures below Ty ~ 14.53 K. The results of lon-
gitudinal scans are shown. Transverse scans were also
performed at these wave vectors. but are not displayed.
The full width of the scattering in the transverse direc-
tion (6} at the (0.0, %) position was ~ 0.1°, demonstrat-
ing the single crystai nature of the grain under study.
The inset of this figure shows the longitudinal scans at
(0.0.1) and {0.0. 3). scaled so that their peak intensities
coincide. Clearly the magnetic peak at (0.0, -g-) 15 com-
parable in width to the charge scattering peak at (0.0.1).
This measurement demonstrates the long magnetic cor-
relation length within the antiferromagnetic state. Res-
olution considerations show that this is ~ 1500 A. Very
interestingly. this result contrasts a similar comparison of
x-rav magnetic to charge scartering from URu,Siz (81, in
which a magnetic Bragz peak at larger wave vector was
seen 10 be broader than a corresponding charge peak. In
the case of URu,Si; (&, this indicated fizite magnetic do-
mains with a temperature-independent extent of ~ 450 A
along its bodv-centered tetragonal ¢ direction. The new
results on UPdaAls also contrast with neutron scattering
measurements on UPty (6. which show that the antifer-
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FIG. 2. Longitudinal scans along the (001) direction
through (0,0,%) are shown for UPd;Al; with the incident
x-ray energy tuned to the My edge (3.728 keV) at different
temperatures below Tw ~ 14.5 K. The data have been off-
set in the vertical direction, for clarity. The inset shows the
{0,0,1} charge peak and the (0,0, %) magnetic peak scaled to
agree in peak intensity. All the solid lines in the figure are phe-
nomenziogical fits to the data intended as guides to the eve.
The magnetic Bragg peaks in UPd;Aly show no anomalous
width in wave vector, in contrast to other antiferromagnetic
heavy fermion superconductors.

romagnetic ordered state, which it enters below ~ 5 K, is
characterized by a temperature independent correlation
length of ~ 250 A.

The temperature dependence of the (0.0, %) and
(0,0, 32-) magnetic Bragg peaks is shown for both warming
and cooling in Fig. 3(a). The principal features of these
curves reproduce for different sample histories from the
same grain. The form of these curves is quite remarkable.
The temperature dependence of the Bragg peaks displays
a sharp onset at Ty ~ 14.5 K. At lower temperatures
there is a large anomaly centered near Ty ~ 11.8 K.
This is evidence for the presence of at least two magneti-
cally ordered phases below T'y. which exhibit a common
periodicity as they share the same Bragg reflections. The
transition at Ty ~ 14.5 K appears continuous as there
is no evidence for hysteresis. The large anomaly at Ta
displays weak hysteresis. suggesting a discontinuous tran-
sition between two magneticaily ordered phases.

Several such grains on the surface of the palyerystalline
boule were investigated. The ¢ axis of all of these grains
were normal to the surface, but the basal-phase orienta-
tion was random. In all cases the order parameter turned
on sharply with the same Tw ~ 14.5 K. and all grains dis-
played the same c-axis lattice parameter. to within the
resolution of the instrument. However. the relative mag-
nitude of the strong anomaly at Ty, compared with the
low temperature Bragg intensity, was variable.

The form of the amplitude for coherent elastic x-ray
scattering within the dipole approximation ‘16| produces
a magnetic polarization sensitivity verv different from
that obtained in magnetic neutron scattering 217 in
which one is sensitive to the components of moment in
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FIG. 3. (a) The temperature dependence of the resonant
magnetic x-ray scattering at the (0,0,2) and the (0,0, 1)
Bragg peak positions in UPdzAlx are shown for both warm-
ing and cooling runs. A large anomaly is present in these
order parameter curves at Ty ~ 11.8 K. (b) The temper-
ature dependence of the resonant magnetic x-ray scattering
(solid squates) at relatively low temperatures for the (0,0, 3)
Bragg peak in UPd2Al, is shown, along with the same quan-
tity measured by powder neutron diffraction (open squares).
The intensity of the neutron data have been scaled to agree
with the x-ray measurement at low temperature.

a plane perpendicular to Q. For the conditions relevant
to the present measurements. the magnetic x-ray scat-
tering cross section is proportional to the projection of
the moment onto the scattered x-ray wave vector. Con-
sequently, the strong anomaly at Tn) observed in the
resonant x-ray measurement is consistent with at least
one phase transition characterized by a spin reorienta-
tion within the basal plare,

We also carried out a set of resopant magnetic x-
ray measurements on the X14 beam line with the same
UPd;Al; sample in a dilution refrigerator which allowed
us to access temperatures as low as 225 mi<. well below
the superconducting phase transition near 2 K. These
measurements were carried out under conditions similar
to those described for X22C. The sample was mounted in
Cu-impregnated low temperature grease and sat on the
cold finger in vacuum. The surface of the ingot sat just
above the grease allowing restricted access to the (0.0. 1)
magnetic Bragg peak only.

The temperature dependence of the magnetic scatter-
ing at (0.0. 1) as measured at X14 at low temperatures is
shown in Fig. 3(b}. As in the measurement at X22C de-
seribed above, the intensity has an onset near 15 K. The
measurements extend down to 225 mK and we can see
that the resonant magnetic scattering intensity is tem-
perature independent on passing through the supercon-
ducting transition near 2 K. at least to the accuracy of
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the measurement, £2%. This clearly contradicts the re-
cent report of a strong coupling between the antiferro-
magnetic and superconducting order parameters near T;
[10]. Also, recent heat capacity measurements have ob-
served evidence of an additional phase transition at 500
mK in a sample of UPdAly g3 [22]. We see no evidence
for such a transition in our measurements, to within the
accuracy quoted above.

Powder neutron diffraction measurements were per-
formed on a sample taken from the same boule as that
used in the x-ray study. These data were collected on
the E3 triple axis spectrometer at the Chalk River Lab-
oratories. The intensities of the (0,0, §) and (1,0, 1) re-
flections were studied as a function of temperature.. The
position of the (0,0, §) reflection closely coincided with a
reflection of nuclear origin. and was thus obscured. The
powder neutron scattering results were qualitatively sim-
ilar at these two wave vectors, and the temperature de-
pendence of the neutron scattering from the powder at
(0,0, %) is also displayed in Fig. 3{b}. It is ¢lear from Fig.
3(b) that the qualitative behavior of the powder neutron
scattering at low temperatures is very similar to the res-
onant x-ray scattering at (0.0, Z). The powder neutron
scattering at (0,0. -;-) shows no anomaly near Txy ~ 11.8
K, consistent with previous resuits (%,10).

A svstematic search for additional magnetic Bragg
scattering along the (0,0,!) direction was carried out,
with particular emphasis on the temperatures between
14 and 21 K. The purpose of these scans was to check
for pessible incommensurate magnetic structures above
Ty, as previously suggested [9]). No such scattering was
observed in either the resonant magnetic x-ray or powder
neutron studies.

The present magnetic x-ray results show evidence for
multiple antiferromagnetically ordered phases present in
zero applied Aeld. This is a different conclusion than
that reached by a previous bulk study [13] in which
three phases were only identified in the presence of a
sizable {~ 0.4 T) magnetic field applied within the e-
b plane. Our measurements imply that the magnitude
of the anomalies in the bulk properties associated with
these transitions become unmeasurably small in small
applied fields or for fields applied along the ¢ direction.
In addition. this Letter demonstrates that magnetic sin-
gle crystal diffraction measurements can be made on ex-
tremely small single crystal grains. These grains form
from the melt very quickly at the surface of polyerys-
talline boules. Large single crvstal growth often involves
maintaining the constituents at least partially within the
melt for long periods of time. Problems in stoichiome-
try may arise for such large crystals. as one constituent
may evaporate preferentially. This is known to oceur in
several HFS materials: Si in URusS1:. and Al in hoth
UXNizAl; and UPdaAls. Consequently. studies of systems
which are sensitive to low concentration of structural im-
perfections may well require smali. high-purity: samples
of thy tvpe studied in this Letter.
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