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Chapter 1

Introduction

1.1 Strongly correlated electron system

The band theory has achieved a measure of success in explaining most of the funda-
mental properties related with electrons in solids. It, however, does not provide a good
approximation in a situation where the electron-electron Coulomb interactions are suf-
ficiently strong compared with the kinetic energy of the electrons. A system in such a
condition is referred to as a "strongly correlated electron system".

Many of intermetallics with d or f electrons are classified into the strongly corre-
lated electron systems, because the intra-atomic Coulomb interactions in the d or f
shells may become stronger than their kinetic energy due to weak overlap between
the wave functions on neighboring ions and/or weak hybridization with other con-
duction electrons. Strong electronic correlations give rise to highly unusual electronic
and magnetic properties, where many-body effects become relevant and it is hard to
predict what emerges in a system upon cooling. Therefore, many materials including
transition-metals, rare-earth and actinide elements show various exotic physical prop-
erties, which have been attracting many researchers in the condensed matter physics;
for example, a large number of studies have been made on high-Tc cuprates, iron-based
superconductors, heavy-fermion compounds, and so on.

In the present work, we focus on the heavy-fermion systems with strongly-correlated
f electrons. In many compounds including rare-earth or actinide elements, f electrons
play the principal role in their low-temperature physical properties. Rare-earth atoms
have 4f-incomplete shells and actinide atoms have 5f-ones. Since an f electron has a
large azimuthal quantum number of l = 3, a large centrifugal potential acts on it, a
well-localized electron states with a variety of local degrees of freedom, which suffer
quantum fluctuations via a coupling with conduction states.

1.2 Dual nature of 5f electrons

In materials including actinide elements such as U and Np, 5f electrons play a key
role in their exhibiting various exotic physical properties as typified by coexistence
between magnetism and superconductivity. The 5f-electron systems have been studied
intensively for more than 30 years, but not a small part of the nature of electronic and
magnetic properties is still veiled, when compared with the 3d and 4f electron systems.

One of the reasons might be simply because the 5f electronic systems have a rela-
tively short history as a research area of magnetism in comparison with the 3d and 4f
electron systems. Moreover, the difficulty and complexity of procedures to treat their
radioactivity, have made experimental studies time-consuming. Furthermore, there is
the essential problem rooted in the nature of 5f electrons themselves; i. e., "how can we
describe the dual nature of 5f electrons?"

1



Chapter 1. Introduction 2

In general, 3d electrons in metals have well-behaved itinerant character, and we can
start from a one-electron band model to treat them theoretically. On the other hand, 4f
electrons have strongly localized character as described above, so the picture of local-
ized electrons in a 4f shell can be a good starting point of approximations. In contrast,
the localized/itinerant character of 5f electrons lies in between 3d and 4f electrons.
Therefore, it is usually quite difficult to set a proper model to approach experimental
observations for 5f-electron systems.

Let us take a closer look at this problem of "itinerant-localized duality of 5f electrons"
by starting with the behavior of 4f electrons in rare-earth compounds. Many of the
intermetallics containing light rare-earth elements—Ce, Pr, Nd, and Sm—are basically
well explained by considering the one-atomic localized model and adding the c-f hy-
bridization effects as perturbation, through which the localized 4f electrons gradually
obtain the itinerant character in the crystal at low temperature below a certain charac-
teristic temperature called Kondo temperature (TK). This ground state with strongly
interacting itinerant electrons is so-called the heavy fermion state, where the effective
mass of electrons becomes 100 to 1000 times larger than that in normal metals. On the
other hand, in many heavy rare-earth intermetallics magnetic phase transitions of lo-
calized 4f moments take place, because their inter-site exchange interaction, which also
comes from the cf hybridization (RKKY interaction), is more effective than the charac-
teristic energy marked by TK. These itinerant/localized characters of 4f electrons have
basically been understood by considering competition between the Kondo effect and
the RKKY interaction.

In contrast to the 4f electrons, the 5f electrons behave rather differently. Not a few
5f-electronic intermetallics exhibit both localized and itinerant characters at the same
time. That is, coexistence of distinct magnetic order and heavy itinerant electrons is
often observed in such compounds. One of the currently hottest topics is a coexistence
of ferromagnetic order and superconductivity, which has been found only in uranium
compounds such as UCoGe[1], URhGe[2] and UGe2[3]. This finding has been strongly
fascinating many researchers, because the BCS theory tells that magnetic field destroys
superconductivity. There have been many other 5f systems keeping attracting our in-
terests because of their exotic physical properties: a non-Fermi-liquid behavior and
heavy-fermion superconductivity in UBe13, multiple heavy-fermion superconducting
phases in UPt3 and —this is the object substance of the present work— the hidden
order and coexisting superconductivity in URu2Si2, and so on. These characteristic
properties cannot be fully understood in the framework of the existing theory of mag-
netism. At the root is the fundamental issue of the itinerant-localized duality of 5f
electrons, which is essentially correspondent to the quantum mechanical principle of
the waveness and particleness of microscopic objects. Establishment of a comprehen-
sive description of the behavior of 5f electrons in metals will thus be a challenging
task, involving development of new pictures and fundamental concepts in solid state
physics.

1.3 Uranium 1-2-2 systems

In the 5f-electronic systems, so-called "1-2-2 systems" containing uranium atoms have
been investigated since the early period of study on actinide intermetallics. They are
often noted as UT2X2, with transition-metal atoms at the T -sites and silicon or germa-
nium atoms at the X-sites. For those with silicon atoms at the X-sites, there is a variety
of transition-metal elements which can occupy the T -sites; it has been confirmed that
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there are thirteen stable compounds which contain each transition metal from Cr to
Cu, from Ru to Pd, and from Os to Au in the 3d, 4d, and 5d rows, respectively. This
variety can be very useful for a systematic study of the duality of 5f electrons in met-
als. Interestingly, only 5f electrons of uranium carry magnetic moments in this series
of compounds except for the system of Mn. Their crystal structure is ThCr2Si2 type
body-centered tetragonal (space group: No. 139, I4/mmm, D17

4h) or CaBe2Ge2 type
simple tetragonal (No. 129, P4/nmm, D7

4h) depending on the kind of transition metals
at the T -site. These structures are illustrated in Fig. 1.1. Most of the UT2X2 com-
pounds except for T = Ir and Pt crystallize in the former type structure, which has only
one crystallographic site of uranium atoms. These facts help to simplify a survey of
the 5f-electronic properties. Unfortunately, for those with Ge, we have less kinds of
compounds, lacking Cr, Ru, Os, and Au systems. In the present work, we focus our
attention on the UT2Si2 family.

ThCr2Si2 type CaBe2Ge2 type
I4/mmm (No. 139) P4/nmm (No. 129)

U Au Si

FIGURE 1.1: Two types of crystal structure in which UT2Si2 systems crys-
tallize.

1.4 5f-electronic states in UT2Si2

The ground state properties in the most UT2Si2 systems were investigated in the early
studies before 2000s. Their ground states and structural information are listed in Ta-
ble.1.1. As shown there, magnetic orders take place in many of the systems, for T = Cr,
Mn, Co, Ni, Cu, Pd, Rh, Ir, Pt and Au. On the other hand, for the group-8 transition
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metals of T = Fe, Ru and Os, no magnetic transition has been observed down to the
lowest temperature ever studied.

TABLE 1.1: Crystal-structure data and phase transition temperatures for
UT2Si2 compounds.

Compound space group a (Å) c (Å) TC (K) TN (K) Ref.
UCr2Si2 I4/mmm 3.913 10.507 - 27 [4]
UMn2Si2 I4/mmm 3.922 10.284 80, 377 - [5]
UFe2Si2 I4/mmm 3.951 9.530 - - [5]
UCo2Si2 I4/mmm 3.917 9.614 - 85 [6]
UNi2Si2 I4/mmm 3.958 9.504 - 124, 103, 53 [6, 7]
UCu2Si2 I4/mmm 3.981 9.943 100 106 [6, 8, 9]
URu2Si2 I4/mmm 4.128 9.592 - 17.5 (HO) [10–12]
URh2Si2 I4/mmm 4.009 9.771 - 137 [13, 14]
UPd2Si2 I4/mmm 4.099 10.070 - 135, 108 [13, 15]
UOs2Si2 I4/mmm 4.121 9.681 - - [14]
UIr2Si2 P4/nmm 4.088 9.790 - 5 [14, 16, 17]
UPt2Si2 P4/nmm 4.186 9.630 - 36 [14, 18, 19]
UAu2Si2 I4/mmm 4.221 10.258 - 20 [14, 20]

Viewing the magnetic ground states of these UT2Si2 systems, we can roughly cate-
gorize them into three groups:

(i) Magnetically ordered states where the magnetic moments behave as local mo-
ments with the size of ∼ 1 µB per U atom.

(ii) Non-ordering states with moderately enhanced Pauli paramagnetism.

(iii) Heavy-fermion states with reduced magnetic response.

The group (i) consists of the systems with T = Mn, Co, Ni, Cu, Rh, Pd and Pt. The sys-
tem of Mn is a peculiar case in which not only 5f electrons of U but also 3d electrons of
Mn order ferromagnetically at Curie temperatures of ∼ 80 K and ∼ 377 K, respectively.
It is characteristic that others contain group 9, 10, and 11 elements, which have more
d-electrons and larger lattice parameters. On the other hand, compounds classified in
the group (ii) contain group 8 elements of Fe and Os with less d-electrons and smaller
lattice parameters compared with those of the group (i). The remaining members with
Cr, Ru, Ir and Au, respectively, would belong to the group (iii). They show different
low-temperature properties; UCr2Si2 undergoes a structural transition from tetragonal
to triclinic (No. 2, P1̄, C1

i ) at fairly high temperature of ∼ 210 K, and then an antifer-
romagnetic order at 27 K with an the ordering wave vector of q = (1/2, 1/2, 0). This
ordering wave vector is also peculiar, because the other compounds in the group (i)
which order antiferromagnetically with ordering vectors along to the tetragonal c-axis.
URu2Si2 is the most mysterious compound in this family. Although its bulk properties
such as specific heat display distinct anomalies that show an evidence of a phase transi-
tion occurring at 17.5 K, the order parameter remains a complete puzzle. Details of this
compound will be given in the next section. UIr2Si2 is a heavy-fermion compound with
the largest electronic specific heat coefficient of γ ∼ 300 mJ/K2mol in the UT2Si2 family.
It orders into a (+-+-) typed AFM structure at around 5 K, where ferromagnetic sheets
of magnetic moments pointing in the c-direction stack antiferromagnetically along the
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c-axis. This is a common structure in the UT2Si2 systems; many of the AFM systems in
the group (i) order in it. Unlike these, however, UIr2Si2 has rather small magnetically
ordered moments of ∼ 0.1 µB per U atom. UAu2Si2 is seemingly also classified in the
group (iii) according to the previous reports. It has been said to order ferromagnetically
at 20 K, but the saturation moment is quite small, an order of 0.1 µB per U atom. This
compound is another object substance of this thesis.

The "duality of 5f-electrons" is crucial and the most interesting in understanding
these 5f electronic properties in the UT2Si2 family. For example, in UPd2Si2, a mag-
netically ordered state is formed by seemingly localized magnetic moments and the
transition temperature is much higher than that of many 4f(Ce) compounds. However,
curiously enough, moderately enhanced effective mass still remains at the lowest tem-
perature. This means that 5f electrons get involved in both itinerant heavy-fermion
and localized-spin components. Some theoretical descriptions have been discussed to
explain the behavior of 5f electrons showing this kind of duality in some certain com-
pounds such as UPd2Al3, which is one of the old members of heavy fermion super-
conductors. However, we have no established theory to fully explain the duality of 5f
electrons at present. The present study aims at obtaining some useful information to
understand the dual nature of 5f electrons by contributing to the systematic studies of
the isostructural 122 uranium compounds.
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Objective

2.1 Desirable missing information in URu2Si2 and UAu2Si2

In the UT2Si2 systems, the electronic ground states of URu2Si2 and UAu2Si2 are still
unclear. For the systematic understanding of electronic properties, it is important to
elucidate them and complete the set of information of the UT2Si2 systems. In particular,
since these two systems show intermediate properties between itinerant and localized
characters, they should occupy important places in overview of the dual nature of 5f
electrons.

The most enigmatic compound in the UT2Si2 systems is URu2Si2, which shows a
mean-field-like phase transition at 17.5 K without providing any evidences of sym-
metry breaking [10–12, 21]. This mysterious phase transition has been referred to as
"Hidden Order (HO)", keeping attracting many interests since its discovery in middle
of 1980s. Furthermore, a fact that superconductivity (SC) appears at∼ 1.5 K makes this
compound more interesting. The SC phase exists only in the HO phase; it disappears
together with the HO phase by applying pressure above ∼ 0.6 GPa [22, 23]. The mech-
anism of the SC has been also unclear though it is said to have the SC gap of d-wave
symmetry [24, 25].

Trying to solve this long-standing mystery of the HO, more than 30 theoretical mod-
els have been proposed. However, no model can fully account for the important exper-
imental results accumulated until the present day. It is hopefully expected that elu-
cidating the HO will provide us with a window of opportunity to test how we can
understand the 5f electronic state by using these many theoretical models built from
various viewpoints of itinerant/localized electronic characters for 5f states.

In contrast to URu2Si2, much less reports have been made for UAu2Si2. Moreover,
it is the last compound in the UT2Si2 systems of which a single crystalline sample has
never been grown. Five reports on polycrystalline samples have discrepancies about
the phase transition, which takes place at 20 K. Lin et al. suggest that it is a ferro-
magnetic order while Rebelsky et al. claim that it is a structural phase transition [20,
26]. One of the reasons of this disagreement might be a large sample dependence.
Study using single-crystalline samples will provide useful information to clarify low-
temperature magnetic properties of this compound.

2.2 Motivation of the present study

The present study was carried out for the primary purpose of elucidating the nature
of the phase transitions of URu2Si2 (17.5 K) and UAu2Si2 (20 K) for a discussion of
dual nature of 5f electrons in the UT2Si2 systems. In order to achieve this purpose, we
considered that the following studies must be crucial for each compound.

6



Chapter 2. Objective 7

• URu2Si2: Careful investigation of the symmetry lowering below the transition
temperature is necessary. In the present study, we focused on the four-fold rota-
tional symmetry of the crystal structure.

• UAu2Si2: First, the single-crystalline growth and investigation of its physical
properties at low temperature are necessary. Microscopic experiments are also
necessary to elucidate the magnetic structure.
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Study on four-fold rotational
symmetry of crystal structure of
URu2Si2

3.1 Introduction

Nature of the so-called “Hidden Order (HO)"of URu2Si2 has been a long-standing mys-
tery in the heavy-fermion physics [10–12, 21]. Despite a clear evidence of a second-
order phase transition seen in specific heat and other bulk quantities at the ordering
temperature, 17.5 K (≡ To), no clear superlattice reflection that may reveal an or-
der parameter has been detected in neutron-diffraction [27–30] and X-ray-diffraction
(XRD) [31–34] measurements. Due to the lack of experimental evidence for conven-
tional spin-density-wave and charge-density-wave ordering, a variety of exotic order
parameters have been proposed in different theoretical approaches, generating vig-
orous debate on fundamental issues of possible ground states in strongly correlated
f-electron materials [35, 36].

Recently, broken four-fold rotational symmetry about the tetragonal c axis in HO
was suggested on the basis of measurements of magnetic-torque [37, 38], cyclotron-
resonance [39, 40], 29Si-NMR [41], XRD [42], and elasto-resistance [43]. The former
three experiments demonstrate that the symmetry of an electron system is lowered,
while the latter two exhibit that a crystal-lattice distortion is coupled with the electron
ordering. The electron order is considered to be uniform and orientational, and thus
called “nematic". The ordered domains were estimated to be approximately 40 µm in
length, from the magnetic-torque measurements [37]. These findings are expected to
provide a crucial key to solve the issue of HO, because the broken rotational symmetry
imposes strong constraints on existing and planned theoretical considerations [35, 36].

Among various observations, we would like to focus our attention onto the sponta-
neous lattice deformation observed in the recent XRD measurements [42], because a lat-
tice parameter is a fundamental thermodynamic quantity observable in zero magnetic
field and may provide a direct and definitive evidence. Tonegawa and his colleagues
investigated the symmetry of two URu2Si2 single crystals, which are distinguished by
their contrastive values of residual resistivity ratio (RRR): one has a low RRR of ∼ 10
and another has a very high RRR of ∼ 670 [42]. A tetragonal-to-orthorhombic defor-
mation was found only in the latter high-RRR sample. The magnitude of distortion,
measured by the “orthorhombicity (ε)", is reported to be ε ∼ 8 × 10−5 just below To.
Here, the orthorhombicity is defined as

ε ≡ |b
′ − a′|
b′ + a′

=
|d110 − d110|
d110 + d110

, (3.1)

8
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where a′ and b′ are newly defined orthorhombic lattice parameters, and dhkl denotes
the interplanar spacing for the initial tetragonal indices hkl. They also pointed out that
the nematicity appears via a sharp first-order phase transition.

They argue that the presence or absence of the lattice distortion is ascribed to the dif-
ference in RRR, and suggest that an inherent electron-lattice coupling in a shear mode
is depressed by impurities in the low-RRR sample. On the other hand, it is known
that major thermodynamic characteristics of HO including thermal expansion is almost
independent of the sample quality [44–46]. The linear-thermal-expansion coefficients
measured along [100] and [010] or [110] and [11̄0] are known to superpose to each other
within the accuracy of∼ 1×10−7 [47, 48]. In addition, ultrasonic investigations of elas-
tic constants reveal the presence of weak but detectable electron-lattice coupling in all
the modes including the shear c66(xy) mode; however, to date, no signal that may indi-
cate a uniform lattice distortion has ever been detected [48–54]. At present, it may not
be obvious how the lattice distortion of ε ∼ O(10−4) decreases or cancels out to within
the detective limit of capacitance dilatometry and gives no influence to the ultrasonic
detection of elastic constants, depending on the magnitude of RRR. Therefore, it will
be worthwhile to test the reproducibility of the lattice distortion by using a different
single crystal and different experimental setup for better understanding of the nature
of nematic behavior. In this paper, we present our latest XRD study on URu2Si2 with
the highest instrumental resolution ever used on this compound.

3.2 Experimental Procedure

A single crystal of URu2Si2 (RRR ∼ 20) was grown by the Czochralski method and
vacuum-annealed at 1000 ◦C for one week. The crystal was then carefully crushed
into small pieces by using an agate mortar and pestle. Mosaicity of several pieces was
checked by observing Bragg spots at high diffraction angles with a Rigaku DSC imag-
ing plate diffractometer and Si(111) monochromatized synchrotron radiation X-rays
(λ = 0.729 Å) at the BL-8B beamline of the Photon Factory, KEK. A crystal piece which
has the smallest mosaicity showing no distortion of the spots was selected and oriented
for higher resolution experiments at SPring-8. The size of this piece is approximately
30× 30× 30µm3. Note that, at this stage, the crystallographic quality was checked only
in the resolution of the imaging plate: ∆d/d ∼ 7.0× 10−4 (FWHM).

The high-resolution XRD measurements were performed using synchrotron X-ray
at the beamline BL22XU, SPring-8. The incident X-ray energy was chosen to be 10.6254
keV (λ = 1.16607 Å) to observe a (550) Bragg peak in a backscattering geometry. The
corresponding X-ray attenuation length is approximately 8.7 µm. The sample was
glued on a thin copper needle with GE-7031 varnish, and cooled down to ∼ 5 K in
a standard ILL 4He gas-flow “orange" cryostat. Figure 3.1 shows a schematic view of
the experimental setup. The cryostat was installed on a two-axis goniometer to op-
timize an alignment of crystal axes by tuning two angles ω and χ on horizontal and
vertical planes, respectively. The incident X-ray beam was monochromated by using a
standard Si(111) monochromator followed by a high-resolution Si(660) monochroma-
tor (HRM). A backscattering configuration was constructed by placing a photodiode
detector at a distance of 4.49 m away from the sample and ∼ 15 mm from the optical
axis of the incident beam. Consequently, the diffraction angle 2θ reaches 179.81◦ in this
setup. A 1.0 mm φ pinhole placed in front of the detector window provides an accu-
racy of the diffraction angle: ∆θ ∼ 0.013◦. A successful observation of a tiny distortion
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evidencing hidden magnetic-octupole order in Ce0.7La0.3B6 was recently achieved by
Inami et al. by using this experimental setup [55].

The instrumental resolution for an interplanar spacing d is derived from the Bragg’s
law as follows:

∆d

d
=

√∣∣∣∣∆λλ
∣∣∣∣2 + |cot θ∆θ|2. (3.2)

The first term in the square root is given by the accuracy of the monochromator. The
HRM in the present measurements ensures ∆λ/λ ∼ 7.2× 10−6 (FWHM). On the other
hand, the second term yields cot θ∆θ ∼ 8.0 × 10−7, which is one order smaller than
the first term. The instrumental spatial resolution of the present setup is thus given
as ∆d/d ∼ 7.3 × 10−6 (FWHM), which is roughly four times higher than the previous
report[42]. Hereafter we call the measurements with HRM a “high-resolution mode"
and those without HRM a “normal-resolution mode". The spatial resolution in the
latter is estimated to be ∼1.0× 10−4.

FIGURE 3.1: Schematic view of the experimental set-up.

Radial (longitudinal) scans in the present experiments were carried out by changing
an energy of the incident beam, instead of the usual θ-2θ scans (see Figure 3.2). This
method provides a notable advantage on keeping the scanning position on the same
line precisely, because it is not necessary to move a detector and a sample during a
scan.

3.3 Results

Figure 3.3 exemplifies the results of ω scans (rocking curves) and χ scans, which were
performed to check the crystal mosaicity and optimize a sample tilt before each radial
scan. All the observed profiles exhibit an extremely narrow FWHM (∼ 0.02◦), indicat-
ing that the crystal we used has very low mosaicity. There is a weak asymmetry in the
rocking curves, which indicates the presence of inhomogeneous distributions of mis-
orientation angles in this sample. We did not find any significant change in the peak
shape upon cooling.
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FIGURE 3.2: Schematic view of two different radial-scan methods: (a) a
usual θ − 2θ scan and (b) a scan by tuning wavelength. Black and color
dots in backgrounds indicate the reciprocal lattice points in the basal
planes of tetragonal and orthorhombic structures, respectively: Four dif-

ferent colors correspond to four domains.
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FIGURE 3.3: Experimental results of (a) ω scan and (b) χ scan of
URu2Si2at 7 and 25 K, and (c) schematic view of the definition of two

orthogonal tilt angles.

Figure 3.4 displays the (550) Bragg-peak profiles obtained from the radial scans,
which were performed with and without HRM in the temperature range between 5
and 30 K. We found that the peak shapes observed in the high-resolution mode are
clearly distorted over the whole temperature range, in contrast to those in the normal-
resolution mode. This remarkable difference was led by the improvement of resolution
that has enabled us to observe a fine structure of the peak profile. Considering the
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narrow widths of the ω-scan and χ-scan profiles (Figure 3.3), we can ascribe the fine
structure seen in the radial scans to a distribution of lattice parameters rather than an
effect of anisotropy in a resolution function. Regarding the temperature variations,
we did not find any signature of broadening and splitting of the (550) peak. On the
other hand, the peak position shifts toward higher energies as temperature is lowered,
indicating that the (110) interplanar spacing ds shrinks significantly upon cooling.

 !"##$ !"##% !"##! !"#&' !"#&&

 ()*
+ 
,

-.
/0
.1
2/
3

456%72%
)88!,

!(9(:!(;

%8(;

%!(;

 8(;

 !(;

8(;

)<, -.1/=6>0./<?(=01@?6/2@.

 !!!(AB1

 !"##$ !"##% !"##! !"#&' !"#&&

 ()*
+ 
,

456%72%
)88!,

!(9(%&(;

%:(;

%!(;

 8(;

 !(;

8(;

)C, -.1/=6>0./<?(=01@?6/2@.

 !!!(AB1

FIGURE 3.4: Examples of the (5 5 0) peak profiles of URu2Si2measured
in (a) the normal-resolution mode and (b) the high-resolution mode.

We fit the observed (550) Bragg peaks with a Lorentzian function to evaluate the
mean and the FWHM. The FWHM is then converted to the deviation of ds with the
instrumental resolution being considered. The mean, d̄s, should be proportional to the
a-axis lattice parameter if the crystal stays in the same tetragonal structure. In Figure 3.5
(a), we plotted temperature dependence of a relative change in d̄s, compared with the
a values, which are extracted from the previous studies of a linear thermal-expansion
coefficient [47] and neutron Larmor diffraction [56, 57]. It can be seen that they are
in good quantitative agreement, including a small kink anomaly at To. (We carefully
checked by changing incident-beam intensity that the X-ray radiation did not heat up
the sample.) Figure 3.5 (b) displays the relative deviation, ∆ds/ds (FWHM), versus
temperature. The analyses for the two resolution modes yield approximately the same
value: ∆ds/ds ∼ 1.2 × 10−4, which shows no significant temperature variation. Note
that if the same distortion reported in the previous work [42] took place in our case,
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∆ds/ds should be doubled in magnitude below To.
The xy-type orthorhombic distortion, which is currently being debated, usually

forms a twin structure resulting in broadening or splitting of the tetragonal Bragg spots
(see Figure 3.2). We have estimated an allowable magnitude of the crystal distortion
in our observation by using the standard deviation σ of the peak fitting, which is indi-
cated by error bars in Figure 3.5 (b). The σ can be interpreted as 68 percent confidence
interval if the measured values are normally-distributed with a mean value w (i.e., the
true valuew is included in an intervalw±σ with probability 0.68). Within this statistical
significance, we conclude that the orthorhombic distortion with ε exceeding∼ 3×10−5

is not present in this URu2Si2 single crystal.
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eters extracted from the previous studies of thermal-expansion[47] and
neutron Larmor diffraction[56, 57]. (b) Temperature dependence of the
relative deviation of the (1 1 0) interplanar spacing. The error bars in-
dicate the standard deviation σ of the fitting. The data points in the
high-resolution mode are scattered more widely than those in the low-
resolution mode. This is due to a worse-fit convergence caused by a fine

structure observed in the high-resolution peak profiles.
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TABLE 3.1: Mean values of lattice parameters ā and coherence lengths
evaluated from the three Lorentzian fits described in Fig.3.6.

Fitting curves ā (Å) Coherence length (Å)

f1 4.1251 6.3× 103

f2 4.1248 1.4× 104

f3 4.1247 5.0× 103

3.4 Discussions

3.4.1 Distribution of the lattice constants

Now we discuss the fine structure of the peak profiles observed in high-resolution
mode. The distorted shape of the peaks suggests that the present sample is composed
of several “crystallites" with discrete averages in lattice parameter. We have found that
the observed peak profiles can fairly well be described by the sum of three Lorentzian
functions f1, f2 and f3 at least, as shown in Figure 3.6. The narrowest component f2

shows the FWHM of ∼ 4.5 × 10−5 Å−1, which corresponds to ∆ds/ds ∼ 2.9 × 10−5

and a coherence length of ∼ 1.4µm. The mean value of a and the coherence length
estimated for each crystallite are summarized in Table 3.1. The inherent distribution
of the lattice parameters in URu2Si2 was first predicted by neutron-diffraction studies
under uniaxial stress [58, 59], and then confirmed by neutron-Larmor-diffraction mea-
surements [56, 57, 60]. Through those studies together with NMR [61] and µSR [62], it
is now widely accepted that weak antiferromagnetism at ambient pressure is a phase
separation phenomenon induced by residual stress, which is distributed in a crystal.
The relative distribution widths, ∆a/a, estimated by the neutron-Larmor-diffraction
studies are ∼ 4.05 × 10−4 [56, 57] and ∼ 4.5 × 10−4 [60], roughly four times larger
than the present result, ∆a/a ∼ 1.2 × 10−4. This difference is probably due to a large
difference in the size of used crystals. The outcome of the present study is that the dis-
tribution of lattice parameters of this compound can become nonuniform in the length
scale of the order of 10−4 Å. The observed multipeak structure of the lattice-parameter
distribution might be consistent with a prediction given by the recent study on the
sample-quality effects [45]. We would like to reemphasize in Figure 3.6 that there is no
significant difference in the peak profile between 5 K and 30 K, even when focusing on
the fine structure.
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3.4.2 Sample quality and the HO

The fact that the structural change is not observed in our study might be due to the low
quality of our sample (RRR∼ 20), as argued by Tonegawa et al. [42]. However, the 29Si-
NMR measurements using the same lot of our sample have revealed a sharp emergence
of internal fields along the basal plane [63]. Although the magnitude of the internal
fields is very weak, this behavior might be regarded as a sign of the nematic order [42].
It is therefore considered that the nematic behavior itself is essentially independent of
RRR, no matter if the behavior is intrinsic or extrinsic to HO. In consequence, whether
or not the lattice distortion is induced by HO might be ascribed to the effects of RRR
on the magnitude of electron-lattice coupling, as they proposed [42]. In this context, it
is suggested that the impurities might strongly suppress the electron-lattice couplings
in shear modes, so that the lattice does not feel the symmetry breaking fields.

3.4.3 Electron-lattice coupling in URu2Si2

On the other hand, robust characteristics of HO are sharp and mean-field-like anoma-
lies observed at To in various thermodynamic quantities such as specific heat, ther-
mal expansion, magnetic susceptibility, etc., which should be related to each other via
thermodynamic relationships. It is empirically known that in URu2Si2 these quanti-
ties follow the similar temperature dependence when displayed as C5f(T ), αV (T ), and
d(Tχc(T ))/dT , whereC5f denotes the 5f-electronic contribution to the specific heat [64],
αV the volume thermal-expansion coefficient [47], and χc the c-axis magnetic suscep-
tibility [64] (Figure 3.7). The proportionality between αV and C5f implies the presence
of a Grüneisen parameter, which describes the volume dependence of characteristic
energy scales associated with the low-temperature states including HO [65, 66]. On
the other hand, the proportionality between C5f and d(Tχc)/dT is known as Fisher’s
relation, which was originally discussed in antiferromagnetic systems [67, 68]. What
should be noted here is that the presence of the Grüneisen parameter ensures the pres-
ence of a finite electron-lattice coupling in the symmetry conservative modes. The di-
rect evidence has indeed been obtained by the measurements of elastic constants [50,
54]. These features have been established in a standard (low-RRR) sample, but are ex-
pected to be dramatically modified in a high-RRR sample because of a large orthorhom-
bic distortion together with a switching of the nature of phase transition between sec-
ond and first order, if the above scenario of the nematic order is true. It will also be of
particular interest to investigate how only a shear-mode electron-lattice coupling can
significantly be enhanced with RRR.

3.4.4 Remaining candidates for the HO

We have confirmed that the structural 4-fold rotational symmetry is hold in the HO
phase in our sample within the high experimental accuracy. Then what kind of the
symmetry breaking is left for the HO? In the early times, antiferromagnetic order of
largely reduced moments had been believed to be the nature of the HO[69–73]. How-
ever, from the detection of the existence of a small amount of the phase-separated AFM
phase, possibility of other kind of order parameters have been discussed. Particularly,
the order of higher-rank multipoles have been a strong candidate for the HO, because
of no detectable unambiguous emergence of internal magnetic fields accompanied by
the HO. Here we examine some major candidates and experimental investigation of
them done till today.
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FIGURE 3.7: Temperature variations of 5f-electronic specific heat
C5f [64], linear thermal-expansion coefficient αV [47] and a temperature

derivative of c-axis susceptibility χc multiplied by temperature[64].

Electric quadrupole order

Electric quadrupole is a rank-2 multipole. The most models have been proposed about
the electric quadrupole order[74–80]. They take a stance where the HO does not violate
the time-reversal symmetry. Many of the models are of the antiferro quadrupole(AFQ)
order which break the translational symmetry. In order to investigate the possibility of
the AFQ order, resonant X-ray scattering (RXS) experiments have been performed by
Amitsuka etal., but no detectable signal which indicates the AFQ order in the HO state
was observed[33]. Although the RXS experiments did not eliminate ferroquadrupole
models, it is basically incompatible with the present results and facts that the corre-
sponding mode of the elastic constants does not show softening large enough to ac-
count for them.

Magnetic octupole/dotriacontapole order

The magnetic octupole(rank-3)[81, 82] and dotriacontapole(rank-5)[83] models have
been also considered. If they really take place as the HO state, the time-reversal sym-
metry should be broken. That is, they take a stance to regard the extremely tiny but
finite internal field of < 0.5 G observed in 29Si-NMR experiments as an intrinsic prop-
erty in the HO[63]. However, no valid evidence has been obtained from the neutron or
X-ray diffraction experiments, that is, no superlattice reflection has been ever observed.
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Electric hexadecapole order

The antiferro-hexadecapole(AFH) order was predicted by Haule and Kotliar in 2009.
Few years later an AFH ordering model has been constructed by Kusunose etal. in
2011 based on localized f-electron picture[84]. Shortly after it, our group performed
RXS experiments to examine it by searching the signal from the quadrupole which
should be induced by applying magnetic field in a certain direction. As a result, no
signal indicating that the proposed order took place was detected in the experimental
accuracy. However, since there was a malfunction of the experimental instruments at
that moment, we could have a chance to investigate the possibility of the AFH in higher
level of accuracy.

Another possibility

Then what candidate is left for us if the possibilities of the multipolar ordering were
all eliminated? Although we have been searching a superlattice reflection that is crit-
ical to identify the HO, we have never found it before. This fact may let us think that
the superlattice reflection does not exist intrinsically, namely indicating that no transla-
tional symmetry is broken, which means the order of q = 0. Not only the translational
symmetry, but also even the other kinds of symmetry can be hold if we get out of the
idea that the HO is the second-ordered phase transition. In other words, let us think
that, "what if the HO is a first-ordered phase transition?". The HO has been considered
to be the second-ordered one because of the shape of the specific heat anomaly at To.
However, there is still a certain possibility of a weak first-order phase transition which
is difficult to distinguish from a second-order one. If the HO is first order, there should
be no order parameter which is zero in the high temperature phase and has a finite
value only in the ordered phase. In order to investigate it, the following experiments
may be useful:

• Differential thermal analyses to test whether latent heat is released or not.

• RXS or neutron diffraction experiments for a careful investigation of the basic
reflection intensities to detect the signal due to uniformly ordered components.

3.5 Conclusions

We studied the crystal-lattice symmetry of URu2Si2 by means of synchrotron X-ray
diffraction with the highest instrumental resolution ever applied for this compound.
We confirmed that a “standard" sample with RRR∼20 shows no signature of the tetragonal-
to-orthorhombic distortion within the experimental accuracy of the orthorhombicity:
ε = |b′ − a′|/(b′ + a′) < 3× 10−5, where the “standard" means that the sample exhibits
major dynamic and thermodynamic characteristics associate with HO. Using the high
spatial resolution setup, we further revealed that the distribution of lattice parameters
is “nonuniform", suggesting that the sample is composed of several crystal grains in the
sizes of ∼ 1µm and with lattice parameters spread in the range ∆a/a < 1.2× 10−4. We
should note that a URu2Si2 sample is inherently inhomogeneous in the crystal struc-
ture to this extent, by which we know at least fragmentary antiferromagnetic order can
be induced. Further studies to characterize the relationship between crystallographic
conditions and electronic properties of this system is clearly needed.



Chapter 4

Low-temperature magnetism of
UAu2Si2

4.1 Previous report on UAu2Si2

UAu2Si2 is the least investigated UT2X2 compound. There have been only five re-
ports about this compound since its discovery in 1986 by Palstra et al. until the latest
one in 1997 given by Lin et al. [14, 20, 26, 85, 86]. All of them are about studies of
polycrystalline samples, that is, no report of single crystal growth has been ever given.
According to most of the previous reports, UAu2Si2 crystallizes in the ThCr2Si2 type
body-centered tetragonal (I4/mmm) structure as is the case of the most other UT2X2

compounds. However, only Palstra et al. suggested the CaBe2Ge2 type simple tetrago-
nal (P4/nmm), which is another type of structure in which the UPr2X2 and UIr2X2

compounds crystallize. As one of the most characteristic properties of UAu2Si2, it
has shown large sample dependences in its physical quantities, which makes things
more complicated. Lin et al. investigated the annealing effects on this compound and
pointed out differences in annealing conditions as the reason of the sample depen-
dences. In their reports, as-cast samples show two ferromagnetic (FM) like anomalies
in magnetization at about 82 K and 20 K. On the other hand, well annealed samples
do not show any anomaly around 82 K in physical properties such as magnetization,
specific heat and electrical resistivity. Instead, they show another FM like anomaly
at around 50 K and then, an anomaly similar to that in as-cast samples at 20 K fol-
lows. The authors of the reports have made different speculations for the each FM-like
anomalies; canted antiferromagnetic and spiral magnetic order for the anomaly around
82 K, a structural transition and spin flip transition for that around 50 K. They seem to
almost reach consensus on the origin of the anomaly around 20 K, concluding that it is
a FM order, although only Rebelsky et al. claimed that it was a structural transition by
means of powder X-ray and neutron diffraction [26].

Only the 20 K anomaly has been confirmed as a second-order phase transition by
a specific heat measurement by Lin [20]. Now we define the transition temperature as
Tm. Even in this possibly FM ordered phase below Tm, relatively large electronic spe-
cific coefficient of γ ∼ 100 mJ/K2mol still remains. Moreover, the saturating ordered
moment is quite small, µsat∼0.07µB per uranium ion. These might be an indication
of existence of itinerant 5f electron at low temperature. Some uranium intermetal-
lic compounds such as UGe2 [3, 87], URhGe [2] and UCoGe [1, 88], which show the
heavy-fermion behavior of itinerant 5f electrons with FM ordered state, exhibit uncon-
ventional superconducting phases. UAu2Si2 may also have potential to have such an
exotic property.

20
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TABLE 4.1: Structural parameters (lattice constants and the atomic posi-
tion of Si atoms) of annealed UAu2Si2 obtained by the Reitveld anal-
yses using a software RIETAN-FP. The typical reliability factors are

Rwp = 12%, RF = 3.8%, S = 1.8.

T (K) a (Å) c (Å) zSi

293 4.223(1) 10.290(1) 0.391(1)

8 4.207(1) 10.280(1) 0.390(1)

4.2 Purposes

In the present work, we succeeded in growing single crystals of UAu2Si2, for the first
time. In order to reveal the structural, thermal, magnetic, and transport properties
of this compound, we performed powder X-ray diffraction (XRD), measurements of
specific heat, magnetization, and electrical resistivity in the temperature range of ∼2 K
to ∼300 K.

4.3 Experimental procedure

Firstly, polycrystalline samples of UAu2Si2 were synthesized by arc-melting in Ar at-
mosphere, with stoichiometric amount of the starting materials of U(99.9%), Au(99.99%)
and Si(99.999%) in Sapporo. Powder X-ray diffraction patterns of the as-cast samples
have some peaks which cannot be explained by either the ThCr2Si2 typed structure or
the CaBe2Ge2 typed one. Intensities of the unidentified peaks are ∼10 % of a main
peak of UAu2Si2, which is too large when considering contributions of impurities, so
those peaks should come from some binary phases — composed of some compounds
with different chemical compositions from that of 1-2-2. These peaks of the binary
phases have almost the same position of the diffraction angle as reported by Lin de-
scribing them as "unidentified peaks" [20]. After annealing in vacuum at a temperature
of 900◦C for 2 weeks, the unidentified peaks all vanished from XRD patterns, and all
remained peaks were explained by the ThCr2Si2 type body-centered tetragonal struc-
ture. No change was observed in the diffraction patterns measured at 293 K and 8 K.
The refined lattice parameters are listed in the Table 4.1. We also prepared polycrys-
talline ThAu2Si2 samples in the same manner as above, and observed similar annealing
effects.

Next we tried to grow single crystals of UAu2Si2 by floating zone melting method
using an optical furnace in Department of condensed matter physics, Charles Univer-
sity, Prague. The purity of starting materials are U(99.9%), Au(99.99%) and Si(99.999%).
The melted rod itself was, unfortunately, not single crystalline like but composed of
many macroscopic crystallites of single crystal which have different orientations from
each other. The size of the crystallites were about 1 mm at a maximum, which made
us enable to dig out a few pieces of the crystallites. For the obtained crystallites, a
tetragonal structure with the lattice constants a = 4.213, c = 10.31 was confirmed by
single crystal XRD and 4-fold rotational symmetric Laue patterns were observed. No
superconductivity was observed down to ∼ 65 mK in resistivity measurements.
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Magnetization was measured by a SQUID magnetometer of MPMS provided by
Quantum Design Inc. in the temperature range from 2 to 300 K. Specific heat was mea-
sured by the thermal relaxation technique in the temperature range from 5 to 200 K in
the magnetic fields up to 9 T by a PPMS, also provided by Quantum Design Inc. Electri-
cal resistivity was measured by the conventional four-probe method in the temperature
range from 2 to 350 K in the magnetic fields of 0 T and 9 T by using the PPMS.

In order to get microscopic information, we also performed 29Si-NMR measure-
ments on the polycrystalline sample grown in Hokkaido University. After annealing
at 900◦C for 7 days, the sample was crushed into powder and mixed with stycast 1266.
Then it was solidified in magnetic field of ∼ 1 T so that the powdered sample became
fixed in a magnetically oriented alignment. The field-sweep NMR spectra were taken
by the spin-echo method. We chose a frequency of 38.5 MHz for the measurements.
The external field was calibrated from 63Cu resonance. The temperature range studied
was from 80 K down to 4.2 K.

4.4 Results

4.4.1 Specific heat

Figure 4.1 shows the temperature dependence of the specific heat. A distinct lambda
anomaly was observed at Tm = 19 K, indicating an occurrence of second-order phase
transition. The phase transition is due to 5f electrons of uranium ions, because no
anomaly was observed in the specific heat of polycrystalline ThAu2Si2 with no 5f elec-
tron. The electronic specific-heat coefficient is significantly large; γ ∼ 150 mJ/K2mol.
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In magnetic fields, the specific heat around Tm behaves rather differently depend-
ing on a direction of the applied field as shown in Fig. 4.2. Its temperature dependence
shows a more pronounced peak anomaly at Tm by increasing the field along [001]; the
peak becomes sharper and larger, meaning that the more entropy is released due to the
phase transition, which is considerably different, from the behavior that is expected for
usual ferromagnetic systems, where a specific-heat peak associated with the FM tran-
sition becomes broader by applying magnetic fields. In contrast, it does not show any
significant change by applying the field along [100]. This result suggests that the order
below Tm is more stabilized by applying magnetic field only along the [001] axis. The γ
value is reduced by increasing the fields along [001]; it decreases about 20 percent in the
field of 9 T, corresponding to the enhancement of the entropy release at the transition
temperature by applying the fields.

 !

"#

"!

$#

$!

#

%
&
'(
)*
)(
+,
'-
.+
/0
12

3
4+
5
6

 +77+!

+8+9
+:+9
+#+9
+ +9
+!+9

 !

"#

"!

$#

$!

#

%
&
'(
)*
)(
+,
'-
.+
/0
12

3
4+
5
6

";"<"""!$=$;$<$"

9'2&'>-.?>'+/56

 +77+"

FIGURE 4.2: Temperature dependence of the specific heat of single crys-
tal UAu2Si2 measured in magnetic fields along two crystallographic

axes, [001] (upper) and [100] (bottom).



Chapter 4. Low-temperature magnetism of UAu2Si2 24

4.4.2 Electrical resistivity

The temperature dependence of electrical resistivity is shown in Fig. 4.3. The observed
behaviors are far from the typical metallic ones; the resistivity increases with decreas-
ing temperature for both the crystallographic axes of [100] and [001]. The increase of
the resistivity is suppressed around 40 K, suggesting that the scattering becomes coher-
ent at the lower temperature. A dip-like anomaly appears at 34 K in the both current
directions. It is not clear whether it is the bulk property of the sample or not, because
no anomaly has been observed in the specific heat at this temperature and it has never
been observed in either polycrystalline samples which we synthesized in Sapporo nor
those used in the previous studies. By applying longitudinal magnetic field of 9 T, the
dip-like anomaly disappears and it seems that the suppression of the resistivity by the
magnetic field becomes pronounced below this temperature. Further discussion about
this anomaly will be given in the Section 4.5.2.
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At Tm, the resistivity shows an upturn in both directions of the current. (The upturn
in the current along [001] is very subtle, but it does exist.) It means opening of a gap
on the Fermi surface due to the phase transition. This kind of anomaly in electrical
resistivity suggestive of the reduction of the carrier number is also observed in other
uranium 1-2-2 compounds, such as URu2Si2, UCo2Si2 and UNi2Ge2. The temperature
dependence of the resistivity below Tm cannot be fitted by a function which contains
a term of exp(−∆/T ) assuming an opening of a gap of ∆ on the Fermi surface, which
has given fairly good agreements with the data for URu2Si2 and UNi2Ge2. Instead,
the data on UAu2Si2 shows the T 2 dependence below 7 K as shown in Fig. 4.4, which
is expected in a Fermi liquid state. We estimated the coefficients A of the T 2 term
obtained strongly enhanced values: A ∼ 0.24 µΩcmK−2 for J ‖ [100] and A ∼ 0.12



Chapter 4. Low-temperature magnetism of UAu2Si2 25

µΩcmK−2 for J ‖ [001] in zero field. These values yield the Kadowaki-Woods ratio
A/γ2 of ∼ 1.1 × 10−5 µΩcm(molK/mJ)2 and ∼ 0.5 × 10−5 µΩcm(molK/mJ)2 for J ‖
[100] and J ‖ [001], respectively, which roughly follow the Kadowaki-Woods relation
of typical heavy fermion compounds; A/γ2 = 1.0× 10−5 µΩcm(molK/mJ)2 [89].
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4.4.3 Magnetization

The magnetization of UAu2Si2 was revealed to have a large anisotropy as presented in
Fig. 4.5. The easy axis is the c-axis like most of the other uranium 1-2-2 systems. As we
can see in Fig. 4.6, in a higher temperature region above ∼ 60 K the magnetization of
the both axes follow the modified Curie-Weiss’s law, of which expression is

χ(T ) =
C

T −ΘW
+ χ0, (4.1)

where χ0 is a temperature independent term which is considered to include the con-
tributions of Pauli paramagnetism of conduction electrons, diamagnetism of core elec-
trons Van-Vleck term of 5f-electrons, and the background contribution which is consid-
ered to come from the GE varnish used to fix the sample. For both the axes, the fitting
analyses give small values of χ0 in an order of 10−4 emu/mol. The background is not
negligible in the present condition since the sample mass is only 2.8 mg. The effective
magnetic moment and the Weiss temperature are estimated as µeff ∼ 3.05(10) µB/U
and ΘW ∼ −52 ± 10 K for H ‖ [100], and µeff ∼ 2.96(10) µB/U and ΘW ∼ −3 ± 10 K
for H ‖ [001].
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Below Tm, the magnetization shows rather anisotropic behaviors, not only magni-
tude but also its temperature dependence. It has a large FM upturn only along the
[001] axis, which is absent along the [100] axis. The deviation between the FC and ZFC
curves becomes more pronounced in both the directions. Similar magnetic irreversibil-
ity below the magnetic transition temperature has been reported in some uranium 1-2-
2 compounds where the crystal disorder is considered to play an important role. The
ZFC curve along the [001] direction shows a complex behavior, which may has some
relation to the FM component associated with the phase transition.

The FM-like behavior only along the [001] axis is also shown in the field depen-
dences of the magnetization measured at temperatures lower than Tm displayed in Fig.
4.7. A distinct hysteresis loop is observed in the M-H curve along the [001] axis, mean-
ing an existence of spontaneous magnetization along this direction, whereas a linear
behavior with no hysteresis is observed along the [100] direction. The M-H curves
along the [001] axis measured at temperatures below Tm have step-like anomalies, only
when the field increases. Here we define H∗ as the field where the step-like anomaly
appears. H∗ decreases with increasing temperature, and then disappears above Tm.
This H∗ anomaly suggests a change in the magnetic domain structure of the FM com-
ponent or a microscopic change in the magnetic structure induced by applying field.
It should be confirmed by other experiments including those with microscopic tech-
niques. There is a still a small square-shaped hysteresis even above Tm, 24 K, which is
probably related to the FM component as described next.
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FIGURE 4.8: The hysteresis loops in the magnetization processes in
single-crystalline UAu2Si2 at several temperature points from 13 K to

50 K.

Around 50 K, an upturn was observed along the both crystallographic axes in the
M-T curves. The magnitude of the upturn is very small and anisotropic; it is around
0.05µB per uranium ion along the [001] and it is less than 0.01 µB along the [001]. As
shown in the Fig. 4.8, the magnetization curves also show hysteresis loops that indicate
spontaneous magnetization arise below∼50 K. This FM component seems to cause the
complex behavior of the ZFC curve in the temperature dependence, of which the field-
cooled (FC) curve and zero-field cooled (ZFC) curve deviate from each other below
∼50 K. The possible origin of this FM component will be discussed in the Section 4.5.2.

Figure 4.9 shows temperature dependences of the magnetization measured in higher
magnetic fields. The magnetization along the [100] direction simply increases by ap-
plying field. On the other hand, the magnetization along the [001] direction shows a
cusp anomaly at Tm in magnetic fields above 5 T. The FM like upturn is gradually sup-
pressed by increasing the field above 2 T, resulting in disappearing (or just becoming
invisible) above 7 T and simultaneously the cusp anomaly is dramatically enhanced.
These anomalous behaviors strongly suggest that the ordered state of UAu2Si2 below
Tm is not simply FM but including an antiferromagnetic (AFM) component in its or-
dering structure.
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4.4.4 Magnetic field-Temperature phase diagram

We further investigated the magnetization process by extending the measured field
range up to 14 T in the [001] direction. The results are shown in Fig. 4.10. We found
that below Tm the magnetization curve bends upward in a high-field region. We define
Hm as the inflection point of the magnetization curve, which is roughly corespondent to
the field where magnetization starts to deviate from a line field dependence as shown
in Fig. 4.10. We suggest that the origin of theHm anomaly is intrinsically different from
that of theH∗, because no hysteresis have been observed aroundHm unlike aroundH∗.
Hm increases by decreasing temperature down to 4 K, at whichHm reaches∼ 10 T. This
anomalous behavior has not been observed at 24 K of above Tm.
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FIGURE 4.10: The magnetization processes in UAu2Si2 up to 14 T along
the [001] direction. The broken line is a guide to the eye.

We have constructed in Fig. 4.11 a magnetic field-temperatureH−T phase diagram
of UAu2Si2 for the applied field along [001] direction. Tm was determined from the
temperature dependences of specific heat and magnetization in a magnetic-field range
from 0 to 9 T and 9 to 14 T, respectively. It is found that Tm goes up as the magnetic
field increases in a low field range below ∼ 5 T. This provides a remarkable contrast
to the behavior of usual AFM compounds, where Néel temperature decreases when
applied magnetic field is increased. It is probably related with the uncompensated
spin components. In the higher magnetic field above 5 T, Tm decreases as the field is
increased. In order to see where the phase-boundary line towards, the experiments in
higher magnetic fields is necessary.
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Since we do not know whether the Hm corresponds to a phase boundary or not at
the present stage, we would like to refer to the two areas in the phase diagram divided
by Hm as Area I and Area II, respectively. Combined with the results of magnetization
measurements shown in Fig. 4.10, it is found that the FM component appears only in
the Area I. Furthermore, Hm seems to appear just from the maximum of Tm; some sort
of properties of the ordered state might be changed in the Area II above this maximum
point. These facts suggest that the nature of the magnetically ordered state may differ
between the Areas I and II.
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FIGURE 4.11: The H − T phase diagram of UAu2Si2. The magnetic field
is along the tetragonal [001] direction. The broken line is a guide to the

eye.
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4.4.5 Magnetic-entropy analysis

For investigation of the magnetic entropy of 5f electrons in UAu2Si2, we measured spe-
cific heat of polycrystalline samples of ThAu2Si2 and UAu2Si2. Figure 4.12 shows the
temperature dependence of 5f-electronic contribution of the specific heat and magnetic
entropy of UAu2Si2, obtained by subtracting the specific heat of ThAu2Si2 from that
of UAu2Si2. The magnetic entropy reaches ∼Rln2 just above Tm, and reaches ∼Rln6
at room temperature. A distinct peak anomaly in the specific heat associated with the
phase transition can be seen at Tm, giving the evidence that the phase transition is
caused by 5f electrons of uranium ions. The released entropy at the transition is es-
timated to be only ∼0.2Rln2, if one assumes entropy balance based on the itinerant
picture. The rest of the magnetic entropy results in the large electronic specific heat
coefficient of γ ∼ 180 mJ/K2mol.
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FIGURE 4.12: The 5f electronic contribution to the specific heat of
UAu2Si2 derived by subtracting the ThAu2Si2 data.
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4.4.6 29Si-NMR

Figure 4.13 exhibits 29Si-NMR spectra at the fixed frequency of 38.5 MHz obtained by
sweeping the magnetic field parallel(H‖) and perpendicular(H⊥) to the magnetically-
easy axis, namely, the c-axis. Since 29Si nuclei have spin 1/2, the NMR spectra has a
single peak in a paramagnetic state. In this condition, the resonance field of the naked Si
nucleus spin is calculated as H0 = 38.5/γ ∼ 4.55 T. As shown in Fig. 4.14, the observed
peaks of NMR spectra in the fields of H⊥ and H‖ show a good separation from each
other. This means that the present powdered sample is successfully oriented.
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The transverse and longitudinal components of Knight shift,K⊥ andK‖, were eval-
uated at the center of resonance peaks determined by peak fittings using the Gaussian
function. Plotted in Fig. 4.15 are temperature dependence of K⊥ and K‖, which are
similar to the behavior of the magnetization. Above Tm, we observed linear relations
between the Knight shifts and the magnetic susceptibility as shown in Fig.4.16. From
the slope of these K − χ plots, the spin hyperfine coupling constants are estimated as
A‖ ∼ 6.9 kOe/µB and A⊥ ∼ 4.8 kOe/µB. They are of the same order of magnitude as
those of some isostructural relatives: Aisotropic ∼ 3.6 kOe/µB of URu2Si2 [90], Aab ∼
2.84 kOe/µB of CePd2Si2 [91].
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Upon cooling, the observed peaks become broader just above Tm, indicating the
development of short-range order of the magnetic transition. Below Tm, we observed a
distinct difference between spectra measured in the two directions of magnetic fields;
inH‖ a small new peak appears in the lower fields, while inH⊥ the resonance peak just
becomes broader (see Fig. 4.17). This is a direct evidence of an occurrence of an AFM
order with at least two sublattices, and is consistent with the results of magnetization
measurements described above. The profile measured at 4.2 K in H‖ was analyzed by
using the lorentzian fitting to obtain the intensities of each peak as shown in Fig. 4.18.
This analysis gives the intensity ratio of Ismall : Ilarge ∼ 1 : 2, where Ismall and Ilarge

are intensities of the smaller peak at ∼ 3.9 T and the larger one at ∼ 4.3 T, respectively.
The parameters obtained by the fitting are listed in Table 4.2. The intensity ratio of 1 :
2 means that there are two kinds of Si sites with non-equivalent component of internal
fields projected on the c-axis in the ordered state, and this strongly suggests an AFM
order occurring with an ordering period as long as three times of a period of the crystal
lattice.
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TABLE 4.2: Magnetic field of peak center, Hreso, the mean value of inter-
nal fields, ∆H(≡ H0 −Hreso), the full width at half maximum (FWHM),
the signal intensity, Ireso, obtained by the fitting analysis of the 29Si-NMR

spectra taken at 4.2 K.

peak notation Hreso(T ) ∆H (T) FWHM (T) Ireso (a. u. )

small peak 3.94 0.62 0.18 0.016

large peak 4.33 0.22 0.13 0.030

The large broadening of spectra in H⊥ below Tm also indicates that there are finite
internal fields in the basal plane generated by a magnetic phase transition. One might
think that the broad shape of the spectra for H⊥ below Tm is due to the distribution
of misorientation of the powdered crystals. However, the observed peak broadening
cannot be explained only by the effects of misorientation, because the mixing of the
c-component of the internal field can not give any intensities in the higher fields range
above H0, contrary to the present observation.

4.5 Discussion

4.5.1 Consideration of possible magnetic structure

Now let us consider what kind of the magnetic order in UAu2Si2 on the basis of the
results of NMR measurements. The main results are summarized as follows: (i) In the
ordered state, there are two kinds of Si magnetic sites at which the c-component of the
internal fields is non-equivalent. (ii) The ratio of the site number is about 1 : 2. (iii) The
component of the internal fields in the c-plane also has a non-zero value. Here we em-
ployed the symmetry analysis of the hyperfine field for several AF spin structures, and
finally deduced that the most possible structure to explain the observed NMR spec-
tra is the uncompensated AFM with q = (2/3, 0, 0) and magnetic moments pointing
along the c-axis. The details of this analysis are presented in Appendix A.1. We have
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assumed that effective internal fields at the Si sites are the sum of the transferred hy-
perfine fields from five U neighbor ions, the temperature-independent hyperfine fields
from Pauli paramagnetic and Van-Vleck contributions, and the dipolar fields. The dia-
magnetic component is neglected. Assuming also the localized 5f moments, we have
estimated the magnitude of the ordered moment mord ∼ 1.4 µB.

In spite of the simplicity of the analysis, the deduced magnetic spin structure with
q = (2/3, 0, 0) is roughly consistent with the results of the magnetization measure-
ments on the single crystal presented above. It can be considered that the magneti-
zation curve along the [001] axis at 2 K is composed of the FM saturation component
of ms ∼ 0.27µB/U and a linear component which is proportional to magnetic field
as shown in Fig.4.7. If the above spin structure is realized, the net component of the
spontaneous magnetization per U atom should be one-third of the magnitude of the
ordered moment. The ordered moment can thus be estimated from the magnetization
measurements as 3ms ∼ 0.81 µB/U, which is of the same order as mord deduced from
the NMR results. The difference between two estimates can be attributed mainly to
our simple assumptions in the analyses for the NMR spectra, such as the limited num-
ber of considered neighbors, site-independent magnitude of the local moments in the
finite field, neglects of the effects of diamagnetic fields and misorientation, and so on.
NMR and neutron-scattering measurements on a single-crystalline sample will also be
desired to proceed further with the discussion.

It is interesting to note that the same magnetic structure is realized in the so-called
phase II of URu2Si2, which appears when a high magnetic field of ∼ 35 T is applied
to the c direction of the system [92]. Because the phase II is neighboring to the HO
phase of URu2Si2, it may provide useful information about the HO to study in detail
the AFM phase in UAu2Si2. In particular, it will be interesting to examine what type
of interactions provokes the system to order in this structure, which breaks 4-fold sym-
metry in the c-plane. No other system in the UT2Si2 family does not break the in-plane
symmetry in zero magnetic field, showing strong FM coupling in the basal plane. Of
course, since the present NMR measurements were performed in the magnetic field of
∼ 4.5 T, we cannot be sure precisely about the magnetic structure at zero field. As men-
tioned before, the H∗ anomaly in the magnetization of the single-crystalline sample
might suggest a change of the magnetic structure induced by magnetic field. Neutron
diffraction experiments in zero field will be one of the primary future work also in this
respect.
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FIGURE 4.19: Magnetic structure speculated from the 29Si-NMR exper-
iments. The propagation vector q is (2/3, 0, 0), and the magnetic mo-

ments is pointing along the c-axis.

Here we have discussed the simplest case of the magnetic structure of UAu2Si2,
with each well-localized magnetic moment pointing to the c-axis. Even though this
hypothesis gives fairly good semi-quantitative descriptions to understand the present
results of the NMR experiments and the magnetization measurements, of course we
still cannot rule out the possibility that the moments are tilted from the c-axis. Particu-
larly, the present NMR experiments were performed on the powdered sample, provid-
ing only a few, limited pieces of information about the way in which the basal plane
components of magnetic moments are arranged. The tilted ordered moments can be
expected from the almost isotropic effective moments deduced from the susceptibility
measurements. On the condition that a canted AFM order, such as a helical magnetic
order, occurs in this compound, applying magnetic field parallel to the c-axis is ex-
pected to make the angle between magnetic moments and the c-axis smaller. It may
account for the augmentation of the entropy released at Tm by applying magnetic field
only along the c-axis.

4.5.2 FM component above Tm

Here we discuss whether the FM component at around 50 K is an intrinsic sign of
change in the magnetic ordered state of UAu2Si2 itself. The simplest explanation of its
origin is that this weak FM component is extrinsic, possibly due to FM impurities or a
second phase with different chemical component from UAu2Si2, because no anomaly
was observed around 50 K in the specific heat. In addition, the magnitude of the FM
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components shows a large sample dependence when compared with the previous re-
ports. The extrinsic FM components have been observed in other uranium 1-2-2 sys-
tems such as URu2Si2 and UNi2Ge2, whose magnetization shows FM anomalies just
below their bulk phase transitions with a large anisotropy, without any anomalies in
other bulk properties [93, 94]. Such the parasitic FM components might be one of the
common characteristics of uranium 1-2-2 systems, and possibly that of UAu2Si2 may
also be one of them.

However, the M-H curves show a puzzling behavior as shown in Fig. 4.8. Below
50 K, a square-shaped hysteresis loop appears and gets wider by decreasing temper-
ature down to Tm = 19 K, and suddenly changes its shape dramatically below Tm. It
is striking that the square hysteresis due to the FM contribution above Tm appears to
vanish below Tm, highlighted by the fact shown in Fig. 4.8 that the width of hystere-
sis, corresponding to the coercive force, is smaller in the ordered state, at 15 K, than
just below Tm, 19 K. If it has its origin in the extrinsic FM impurities, the hysteresis
should survive, independently of the ordered state of UAu2Si2. This experimental fact
may suggest that some sort of weak magnetic order intrinsically occurs in UAu2Si2 at
around 50 K. Then it is considered that only a tiny fraction of the degrees of freedom
which magnetic moments of U ions have orders at ∼ 50 K, and the phase transition
at Tm is caused by the rest of them. For instance, one of the possible scenarios is that,
a canted ferromagnetism whose spontaneous magnetization is along to the [001] di-
rection, occurs at around 50 K, leaving the basal-plane components of the magnetic
moments paramagnetic. Perhaps the dip-like anomaly in the resistivity at 34 K has
some connection with this FM component. In fact, the ZFC curve of magnetization in
the weak field of 0.1 T shows an steep reversal of its sign at around 30 K (Fig. 4.9),
indicating FM-domain flipping, which may affect the resistivity.

The 50 K anomaly was reported by three previous studies made by Rebelsky et
al.[26], Torikachvili et al.[86], and Lin et al.[20], all of which were made on annealed
polycrystalline samples. Rebelsky et al., who performed powder neutron diffraction
and magnetization measurements, reported that intensity of the neutron diffraction at
several Bragg spots suddenly change at around 50 K but no superlattice reflection was
found. They also observed the FM-like anomaly in the magnetization. The saturation
magnetization estimated from the magnitude of the upturn in the M-T curve is ∼ 0.01
µB per uranium ion in field of 1000 Oe. This value has the same order of that of the
present sample, ∼ 0.05 µB per uranium ion, although we cannot simply compare them
because one is a polycrystalline sample and the other is a single-crystalline sample. Lin
et al. also observed an upturn behavior at ∼ 50 K in the magnetization measurements,
without any anomalies around this temperature in the specific heat and electrical re-
sistivity. The saturation magnetization is estimated to be ∼ 0.001 µB per uranium ion
in field of 20 Oe, which is quite small. The difference of those values between reports
by Rebelsky and Lin might come from sample dependence and difference between the
measuremental conditions. Torikachvili et al. performed the ac susceptibility measure-
ments, where a sharp peak was observed at 44.3 K. The peak is immediately suppressed
by applying magnetic field of 2.1 kOe, and the authors concluded that this suggests an
existence of weak ferromagnetism. On the other hand, they did not find any anoma-
lous behavior at this temperature in the electrical resistivity measurements. In order
to clarify the origin of these anomalies, further investigation of sample dependence
and measurements of other physical properties, particularly by means of microscopic
techniques such as neutron diffraction, are necessary.
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4.5.3 5f-electronic properties

Here, we discuss the 5f electronic properties in UAu2Si2. We observed the almost
isotropic effective magnetic moments and the magnetic entropy that reaches ∼Rln6
at room temperature. These experimental facts suggest that the smaller crystalline-
electric-field (CEF) energy scale than the other uranium 1-2-2 compounds. The mag-
netically isotropic feature provides remarkable contrast with the fact that not a few
UT2Si2 compounds exhibit strong uniaxial magnetic anisotropy. URu2Si2, UPd2Si2,
and UCr2Si2 are such the typical examples, in which the [001] axis is the easy axis, and
the a-axis magnetic susceptibility shows very weak temperature variations [4, 10, 95].
Correspondingly, the magnetic entropy at room temperature is relatively large, when
compared with, e.g. ∼Rln3-∼Rln4 of the Ising system URu2Si2.

We now consider two main influential factors in the CEF effects in the UT2Si2 sys-
tem. In general, the CEF effects are effectively composed of the static electric field
generated by surrounding ions, which is usually treated by a point-charge model, and
the hybridization effects between the f-electrons and the non-f ligands. One important
factor which directly governs the static electric field is the distance between f-ions and
the non-f ligands, which can be tuned by the lattice parameters, the a and c parame-
ters in the case of the tetragonal structure. It also affects the hybridization; the smaller
distance makes the hybridization stronger. Another factor is the number of d-electrons
of the transition-metal ions. Some previous reports suggested that the increase of the
d-band filling weaken the d-f hybridization, because the energy of d-band is consid-
ered to be pulled down away from the Fermi level by increasing the filling, resulting
in the less overlap of the d and f bands [96, 97]. Since UAu2Si2 has the largest lattice
parameter of a ∼ 10.3 Å and the largest d-band filling in the 5d systems of UT2Si2,
the smaller CEF effect can be expected. This speculation is consistent with the present
results just mentioned above. Note that UCu2Si2, which is under the similar condition
to UAu2Si2 in the 3d systems, also has almost isotropic effective moments and large
magnetic entropy at room temperature of ∼Rln9 [8].

A local character of the 5f electrons can be seen in the magnetic susceptibility, which
follows the Curie-Weiss law at high temperature above∼60 K. Moreover, the resistivity
shows the -lnT behavior from room temperature down to ∼ 60 K. If this is due to the
Kondo effect, this also means existence of local magnetic moments. On the other hand,
at lower temperature the 5f electrons behave like itinerant electrons, as seen in the large
γ and A values, with which we can put UAu2Si2 on the Kadowaki-Woods plot for
the typical heavy fermion compounds, A/γ2 = 1 × 10−5µΩcm(Kmol/mJ)2. Although
these values should be interpreted carefully, because they are deduced from the data
below the transition temperature, these experimental facts strongly suggest that the
low-temperature state of this compound is described by the Fermi-liquid theory with
heavy 5f itinerant electrons.

4.5.4 Instability of crystal structure

In the last part, we refer to the crystallographic disorder. For some related compounds,
a crystallographic disorder has been discussed. For instance, it has been reported that
in URh2Ge2 its magnetic ground state can be tuned between the spin glass order in an
as-cast sample and a long range magnetic order in an annealed sample, by removing
a crystallographic disorder with annealing [98, 99]. The disorder is established by the
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random mixing of the Rh and Ge atoms over their available lattice sites. A similar mix-
ing disorder is also considered to take place also in UIr2Si2, which orders antiferromag-
netically below 6 K [17]. In this compound it is pointed out that about 6 percent of all
the Ir sites are substituted. The disorder contributes to large residual resistivity of ∼ 90
µΩcm. For UPt2Si2, another type of disorder has been indicated, which results from a
static and random displacements of the Pt and Si atoms within the tetragonal ab-plane
[19]. As their common characteristics, they exhibit very large values of the residual
resistivity, possibly reflecting existence of the non-negligible disorder. There are also
other various related systems of UT2X2 (T = Co, Ni, Rh, Pd, X = Si, Ge) which have
very large residual resistivity [15, 94, 100, 101]. The unusually large residual resistivity
of UAu2Si2 observed in the present study might be attributed to a similar disorder.

It has been pointed out that the UT2X2 systems seem to always have a structural in-
stability originated from a competition between crystallization in the ThCr2Si2 (I4/mmm)
and CaBe2Ge2 (P4/nmm) typed structure [19]. In fact, it has been reported that UCo2Ge2

crystallizes in a structure with symmetry lower than I4/mmm and it changes into the
ThCr2Si2 typed one by the annealing [102]. Another example of this kind of the compe-
tition can be seen in an isostructural Ce-system CeIr2Si2, which adopts those two type
of structure depending on an annealing procedure [103]. We imagine that UAu2Si2 is
just on the boundary between these two kind of the structures, which might make it
difficult to obtain single-phased samples, resulting in the difficulty of single crystalline
growth. Unfortunately, a quantitative discussion of the disorder cannot be made at
the present moment because the powder XRD patterns or the oscillation photographs
of the single crystal have not achieved the accuracy required for the refinement of the
occupancy parameters. The higher resolution of diffraction experiments and better-
quality samples are needed for the detailed investigation of the disorder.

It would be also interesting if the large γ-value is realized only in the sample with
a larger crystal disorder. The large disorder might prevent the residual degree of free-
dom of the 5f electrons from ordering even below Tm, concealing the real nature of the
ground state. A crystal with less disorder may give us a chance to see it. Search for
more appropriate sample growing condition to improve the sample quality should be
one of the most important challenges for the future.

4.6 Conclusions

We have succeeded in single crystal growth of the uranium intermetallic compound
UAu2Si2 for the first time, and measured the specific heat, electrical resistivity and
magnetization. We also performed 29Si-NMR measurements on the polycrystalline
sample of this compound for the first time. The results of the NMR experiments strongly
suggest that the spin-uncompensated AFM order with q = (2/3, 0, 0) takes place below
Tm = 19 K, not the FM order so far believed as the nature of the order. The magne-
tization of the single crystal is also consistent with this structure. From the entropy
analysis it is considered that the itinerant 5f electrons get involved in the phase tran-
sition, while the magnetic ordering structure can be explained semiquantitatively by
the simple local spin model. Further analyses of the local spin model with intersite
interactions may give a useful information. A crystallographic disorder might play an
significant role in its low-temperature physical properties like other related 1-2-2 sys-
tems, with competition of two types of different crystal structure. Improvement of the
quality of the single-crystalline samples and microscopic experiments to determine the
magnetic structure are essential for further research.



Chapter 5

Concluding remarks

In this work, we investigated two kinds of phase transitions whose order parameters
were unclear. First, the crystal-structural 4-fold rotational symmetry in the hidden or-
der (HO) of URu2Si2 was examined by means of the backscattering X-ray diffraction ex-
periments with the highest resolution ever applied to this compound. In consequence,
the following results were obtained:

• The 4-fold rotational symmetry about the tetragonal c-axis remains unbroken in
the temperature range from 30 K to 6 K within the experimental accuracy that the
orthorhombicity is smaller than ε = |b′ − a′|/(b′ + a′) < 3× 10−5, even if it exists.

• The present sample of RRR∼ 20 shows a good agreement with the previously re-
ported thermal expansion data, ensuring that the sample certainly goes through
the HO phase transition. From this result and consideration of the Grüneisen’s re-
lationship, we conclude that the lattice distortion reported in a high-RRR sample
is not an intrinsic property of the HO.

• The distribution of the lattice parameter, a, has been observed, for the first time,
on this compound. It is indicated that the present sample is composed of several
crystal grains with the coherence length of ∼ 1 µm and the mean lattice parame-
ters of each grain are in the range ∆a/a < 1.2× 10−4.

Secondly, we investigated the low-temperature magnetic properties of UAu2Si2, in
order to clarify the nature of the magnetic phase transition at 20 K. We succeeded in
growing single-crystalline samples of this compound, for the first time. The magnetic,
thermal, and transport properties were studied by means of magnetization, specific
heat, and electric resistivity, and the 29Si-NMR experiments. The obtained results are
summarized as follows:

• The AFM order, with q = (2/3,0,0) and the ordered moment of ∼1 µB , is possibly
realized below 20 K. This is the same magnetic structure as that in the phase II
of URu2Si2, which appears in a high-field region just after the suppression of the
HO by the first meta-magnetic transition.

• The energy scale of the crystalline electric field for this compound is relatively
small in the UT2Si2 systems; the magnetic entropy reaches ∼ Rln6 at room tem-
perature and the magnetic susceptibility does not show the Ising anisotropy, like
the other 1-2-2 systems yielding the almost isotropic effective moments.

• The large electronic specific-heat coefficient γ and quadratic coefficient of electri-
cal resistivity A were obtained even in the ordered phase. The combination of
the γ ∼150 mJ/K2mol and the A ∼ 0.24 µΩcmK−2 follow the Kadowaki-Woods
relation for typical heavy-fermion compounds.

43
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• The present samples showed an instability of the crystal structure through the
crystal growing processes, which might lead to the difficulty in the single-crystalline
growth. It may all be the reason for the large residual resistivity.

• The magnetic field-temperature phase diagram was constructed within the field
range up to 14 T. It implies the existence of multiple magnetic phases like UPd2Si2.

On the basis of the present study together with the previous reports on URu2Si2, we
propose a possibility of a q = 0 first-order phase transition as a candidate for the HO,
because no evidence of symmetry breaking by the HO has been detected. It might be
also useful to have a closer look at the magnetically ordered phase of UAu2Si2 to exploit
information leading to solution of the HO mystery. UAu2Si2 can be considered to be
one of the systems where an order of local magnetic moments and itinerant component
behaving like Fermi liquid coexist, which is more distinct than UPd2Si2 and UPt2Si2.
As a future work, we are going to make a phenomenological analysis based on a local-
spin model to test whether the phase diagram is reproduced or not.



Appendix A

Analysis of 29Si-NMR Spectra of
UAu2Si2

A.1 Tensor notation of the hyperfine field

To discuss the spin structure of UAu2Si2 below Tm, we first consider symmetry of the
hyperfine coupling tensor. The internal field Hint that contributes to the NMR of the Si
nucleus is considered to be composed of the following three contributions:

Hint = Hhf + Hdip + Hdia, (A.1)

where Hhf , Hdip and Hdia are the hyperfine field, the dipolar field produced by the lo-
cal magnetic moments and the diamagnetic field, respectively. Firstly for the rough es-
timation, we assume that the long-range dipolar interaction and the diamagnetic field
give only small contribution to the internal field, and consider only the short-range
transferred and on-site hyperfine interactions between Si nucleus and the ordered mo-
ments on the four first-nearest-neighbor and one second-nearest-neighbor U sites. Now
we refer to the first-nearest neighbor sites and the second-nearest neighbor site as sites
(1) and site (2), respectively as displayed in Fig. A.1.

Then, the internal field can be rewritten as

Hint = Hhf =
4∑
i

A
(1)
i m

(1)
i +A(2)m(2). (A.2)

where A(1)
i are the hyperfine coupling tensor between the Si nucleus and the i-th U

site of the first-nearest-neighbor, and m
(1)
i denotes the ordered moment at the i-th U

site. The second term is the same for the second-nearest-neighbor site. The hyperfine
coupling tensor of the sites (1), A(1)

i , is expressed from the consideration of symmetry
as follows:
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Sites (2) (2nd nearest U sites)

Sites (1) (1st nearest U sites)

dU-Si ~ 3.2 Å

dU-Si ~ 4.0 Åz || [001]
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FIGURE A.1: Schematic view of a Si site and its neighboring U sites in
UAu2Si2.
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(A.3)

A(2) has only diagonal components, since the U site (2) is located on the line ex-
tended along the c-axis from the Si site. Thus,

A(2) =


A

(2)
a 0 0

0 A
(2)
a 0

0 0 A
(2)
c

 . (A.4)

In the paramagnetic state, the magnetic moments are uniform at each U sites, namely,
m

(1)
i = m(2) ≡m. Therefore, we obtain
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Hhf = 4


A

(1)
a 0 0

0 A
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a 0

0 0 A
(1)
c

m +


A

(2)
a 0 0

0 A
(2)
a 0

0 0 A
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c

m. (A.5)

When the external field is applied along the c-axis, m = (0, 0,m), then

Hhf = 4m


0

0

A
(1)
c

+m


0

0

A
(2)
c

 = m


0

0

4A
(1)
c +A

(2)
c

 . (A.6)

Here, the hyperfine field has only the c-component. From the K − χ plot, we can use
the experimentally obtained value of ∼ 6.9 kOe/µBfor the diagonal component, and
thus obtain

4A(1)
c +A(2)

c = 6.9(kOe/µB). (A.7)

A.2 Hyperfine coupling fields in the ordered states

In the ordered state, the similar examination can be taken. Here we consider some cases
of possible spin structures.

Case (i): AFM with q = (2/3, 0, 0), and m = ±(0, 0, m)

There are three magnetically nonequivalent Si sites as shown in Fig. A.2: At the Si site
1,

m
(1)
1 = m

(1)
2 = m

(1)
3 = m

(1)
4 = −m(2) = m = (0, 0,m); (A.8)

therefore,

Hsite1
int = (A

(1)
1 +A

(1)
2 +A

(1)
3 +A

(1)
4 −A

(2))m = m
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0
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 . (A.9)

For the site 2,

m
(1)
1 = −m(1)

2 = m
(1)
3 = −m(1)

4 = m(2) = m = (0, 0,m). (A.10)

In the same manner as the site 1, we obtain

Hsite2
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1 −A

(1)
2 +A
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3 −A
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4 +A(2))m = m
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Appendix A. Analysis of 29Si-NMR Spectra of UAu2Si2 48

Since the site 3 is the mirror reflection of the site 2 with respect to the ac-plane, the
a-component internal field changes its sign;

Hsite3
int = (−A(1)

1 +A
(1)
2 −A

(1)
3 +A

(1)
4 +A(2))m = m


−4A
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ac
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A
(2)
c

 . (A.12)

Site 1 Site 2 Site 3U

Si

FIGURE A.2: Schematic view of spin configurations around three
magnetically-nonequivalent Si sites

in the magnetic structure of q=(2/3, 0, 0).

The internal field of this configuration leads to the NMR spectra where two peaks
with the intensity ratio of 1:2 in the lower field side of the H0 in the external field par-
allel to the c-axis. This is consistent with the present experimental results. In the field
perpendicular to the c-axis, the peak splitting is expected in this model. However, the
present measurements were performed on the powdered sample, and the crystals are
randomly oriented in the c-plane. In this condition, the spectra should be broadened
in the ordered state, and this is actually observed in the present study.

Case (ii): AFM with q = (0, 0, 2/3), m = ±(0, 0, m)

This case is inconsistent with the experimental results as follows. The internal field can
be expressed in the same manner described above. Also, in this spin structure, there
are three magnetically nonequivalent Si sites as shown in Fig. A.3. For the Si site 1, we
obtain

m
(1)
1 = m

(1)
2 = m

(1)
3 = m

(1)
4 = m(2) = m = (0, 0,m), (A.13)

and

Hsite1
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c +A

(2)
c

 . (A.14)
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For the site 2,

m
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1 = m

(1)
2 = m

(1)
3 = m

(1)
4 = −m(2) = m = (0, 0,m), (A.15)

and
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For the site 3,

−m(1)
1 = −m(1)
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3 = −m(1)

4 = m(2) = m = (0, 0,m), (A.17)

and
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Site 1 Site 2 Site 3U

Si

FIGURE A.3: Schematic view of spin configurations around three
magnetically-nonequivalent Si sites

in the magnetic structure of q=(0, 0, 2/3).

These internal fields lead to the NMR spectra with three separated peaks with equal
size, two of which are in the lower field side and one is in the higher side of the H0,
when the external field is applied in parallel to the c-axis. This is the first inconsistent
point with the experimental results. The second one is that the expected spectra do not
show any line splitting in the external field perpendicular to the c-axis. This fact cannot
explain the large broadening of the obtained spectra.

Other typical structures have also been examined, but no other structure explains
the experimental results more successfully than that of the case (i). For example, we
tested following cases:
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(iii) q = (0, 0, 1), m ‖ c; type-I AFM structure, which is the most typical magnetic
structure in the UT2Si2 family.

(iv) q = (1/2, 1/2, 0), m ‖ [110]; several CeT2Si2 compounds employ this structure, in
which the ordered moments are lying in the c-plane.

(v) q = (2/3, 2/3, 0), m ‖ c; another candidate of the up-up-down structure.

None of these structures gives the NMR spectra inH‖ consistent with the observed one;
in the case (iii), the NMR spectrum of which the line splits into two around H0 with the
intensity ratio of 1 : 1 is expected. In the case (iv), the resonance peak in the expected
NMR spectrum does not split, with a single peak at H0 because the c-component of the
hyperfine field is canceled out. In the case (v), two resonance peaks are expected below
H0. This is consistent with the experimental result. However, the expected intensity
ratio is not Ismall : Ilarge = 1 : 2 as observed, but 2 : 1. Consequently, we concluded
that the most possible magnetic structure in UAu2Si2 is that of the case (i); i.e., the
uncompensated AFM structure with q = (2/3, 0, 0).

A.3 Semiquantitative estimation of the ordered moments

In this section, we try to estimate the ordered moments, assuming the magnetic struc-
ture of the case (i). We proceed the model approximation in the following manner; first
only the transferred hyperfine fields due to local spins are taken into account as we
have already presented in the former section. Second, the temperature-independent
contribution to the hyperfine fields is added. In the end of the procedure, the long-
range dipolar fields will be considered.

A.3.1 The local spin model

In the ordered state, we have the ordered magnetic moment mord pointing to the c axis:

mord = (0, 0,mord).

Here, we assume that the internal field that the Si nuclei spins feel comes only from the
hyperfine contribution of the local spins, HS

hf ; namely,

Hint = HS
hf ,

which are described at each Si site as follows:
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Hsite3
int = mord


−4A

(1)
ac

0

A
(2)
c

 .
Here, we discuss the case of Hext‖c. The observed small peak is from the resonance at
the site 1, where the nuclear spins feel a higher internal field of Hint,c ∼ 6.2 kOe, and
the large peak is from the site 2 and site 3 with the lower internal field of Hint,c ∼ 2.2
kOe. Thus, we obtain the relations:

Hc
int(site1) = mord(4A(1)

c −A(2)
c ) = 6.2(kOe), (A.19)

and
Hc

int(site2, 3) = mordA
(2)
c = 2.2(kOe). (A.20)

These two equations give

4mordA
(1)
c = 6.2 + 2.2 = 8.4 (kOe),

∴ mordA
(1)
c = 2.1(kOe). (A.21)

On the other hand, in the paramagnetic state,

Hint = mp


0

0

4A
(1)
c +A

(2)
c

 . (A.22)

Since the K − χ plot gives the hyperfine coupling constant as ∼ 6.9 kOe/µB, we can
obtain another relation:

4A(1)
c +A(2)

c = 6.9 (kOe/µB). (A.23)

From the Eqs. (A.19), (A.20), and (A.23),

mord(4A(1)
c +A(2)

c ) = 4× 2.1 + 2.2 ∼ 10.6

= mord × 6.9 (A.24)

Therefore, we finally obtain the parameters as follows:

mord ∼ 1.536 ∼ 1.5 (µB),

A(1)
c ∼ 1.432 ∼ 1.4 (kOe/µB),

A(2)
c ∼ 1.367 ∼ 1.4 (kOe/µB),

(A.25)

A.3.2 Inclusion of the T -independent contribution

Here, we assume that the internal field is composed of the temperature-dependent
contribution from the local spins, HS

hf , and the temperature-independent contribution,
Horb

hf ;
Hint = HS

hf + Horb
hf . (A.26)
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The latter is due to orbital contribution to the hyperfine coupling, paramagnetic on-site
contribution by the itinerant electrons, and contribution of Van-Vleck paramagnetism,
and so on. Assuming that the hyperfine coupling tensor Aorb

hf gives the Horb
hf , and that

it has only the diagonal components:

Aorb
hf =


Aorb

a 0 0

0 Aorb
a 0

0 0 Aorb
c

 . (A.27)

Considering Hext ‖morb ‖ c, we get
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c morb

 . (A.28)

Hence the internal fields at each Si sites are described as
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where morb is rewritten as mvv, because mord and morb are confusing.
When we compare these with the experimental results for Hext ‖ c, we get

Hc
int(site1) = mord(4A(1)

c −A(2)
c ) +Aorb

c mvv = 6.1 (kOe), (A.32)

and
Hc

int(site2, 3) = mordA
(2)
c +Aorb

c mvv = 2.2 (kOe), (A.33)

with five unknown parameters. To solve these, we estimate Aorb
c and mvv from the

intercept of the K-χ plot and the experimental results of magnetization, respectively.
First we discuss mvv. Figure A.4 shows the magnetization along the c-axis mea-

sured on the single-crystalline sample at 4 K. In order to extract a paramagnetic com-
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FIGURE A.4: Magnetization curve along the c-axis measured on the sin-
gle crystalline-sample of UAu2Si2 at 4 K. The solid line on the data is an
extrapolating line and by shifting it, the linear component is displayed

as the another solid line. The broken line shows H0 = 4.55 T.

ponent, we assume that the measured magnetization curve is a sum of "the FM com-
ponent which saturates by the field of ∼2 T" and "the paramagnetic component linear
to the applied field". Then, by extrapolating the line drawn in the higher field range
above 2 T to zero field, the saturating FM component is estimated to be ∼ 0.27 µBper U
atom. The magnitude of the paramagnetic component is estimated from the tangent of
this line to be about 0.099 µB/U at 4.55 T. We use this value as mvv for the discussion.

Next we estimate Aorb
c . The hyperfine coupling constant estimated from the slope

of theK-χ plot does not contain the temperature-independent contribution. In gen-
eral, the Knight shift is expressed by the sum of T -dependent spin contribution, the
T -independent orbital contribution, and the diamagnetic field contribution.

K = ASχS(T ) +Aorbχorb +Adiaχdia. (A.34)

We can separate the T -dependent and T -independent contributions by using the linear
part of the K-χ plot as follows:

(Slope) = AS .

( Intersect of the “K"-axis) = (Aorb −AS)χorb + (Adia −AS)χdia.

Here, the diamagnetic contribution is assumed to be negligible, and the experimental
value of the intersect of 0.550 (%) is applied; then, we get

(Aorb
c −AS)χorb = 0.550. (A.35)

Then by using the value of mvv = 0.099 (µB/U), we get

χorb = mvv/45500 = 0.099/45500 ∼ 2.16× 10−6 (µB/Oe/f.u.). (A.36)
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Combining this with the spin contribution of AS
c = 6.9 (kOe/µB),

(Aorb
c − 6900)× 2.16× 10−6 = 0.550× 10−2, (A.37)

and thus
Aorb

c ∼ 9.45 (kOe/µB). (A.38)

Hence, the c-components of the internal field at each Si site are expressed as

Hsite1
int,c = mord(4A(1)

c −A(2)
c ) +Aorb

c mvv = 6.2 (kOe),

∴ mord(4A(1)
c −A(2)

c ) = 6.2− 9.45× 0.0985 ∼ 5.27kOe; (A.39)

Hsite2,3
int,c = mordA

(2)
c +Aorb

c mvv = 2.2 (kOe),

∴ mordA
(2)
c = 2.2− 9.45× 0.0985 ∼ 1.27 (kOe). (A.40)

Now the equations (A.23), (A.39) and (A.40) can be solved, yielding the parameters:

mord ∼ 1.1 (µB),

A(1)
c ∼ 1.4 (kOe/µB),

A(2)
c ∼ 1.1 (kOe/µB).

As shown here, mord and the A(2)
c are suppressed, while A(1)

c is enhanced. When con-
sidering the intersite distance between a Si site and its first or second nerest neighbor
U sites, this relationship in the magnitude of the hyperfine coupling constants is con-
sidered to be more practical than that in the former section.

A.3.3 Inclusion of the dipolar-field effect

Let us now add the contribution of dipolar field produced by the local ordered spins to
the internal field. The Hint here is written as

Hsite1
int = mord


0

0

4A
(1)
c −A(2)

c

+mvv


0

0

Aorb
c

+


Hdip

1,a

Hdip
1,b

Hdip
1,c

 , (A.41)

Hsite2
int = mord


4A

(1)
ac

0

A
(2)
c

+mvv


0

0

Aorb
c

+


Hdip

2,a

Hdip
2,b

Hdip
2,c

 , (A.42)

Hsite3
int = mord


−4A

(1)
ac

0

A
(2)
c

+mvv


0

0

Aorb
c

+


Hdip

3,a

Hdip
3,b

Hdip
3,c

 . (A.43)
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The dipolar field at the Si sites generated by the ordered U moments of 1 µB/U with
the magnetic structure of q = (2/3, 0, 0) can be simulated as

1

mord


Hdip

1,a

Hdip
1,b

Hdip
1,c

 =


0

0

−1.00

 (kOe), (A.44)

1

mord


Hdip

2,a

Hdip
2,b

Hdip
2,c

 =


0.909

0

−0.297

 (kOe), (A.45)

1

mord


Hdip

3,a

Hdip
3,b

Hdip
3,c

 =


−0.909

0

−0.297

 (kOe). (A.46)

For this calculation, the contribution from the U sites within a radius of 20 Å from the
Si site were summed up. Using these values, the c-components of Hint at each Si site
in the ordered state are written as

Hsite1
int,c = mord(4A(1)

c −A(2)
c − 1.00) + 0.931 = 6.2 (kOe),

∴ mord(4A(1)
c −A(2)

c − 1.00) = 5.17 (kOe); (A.47)
Hsite2,3

int,c = mord(A(2)
c − 0.297) + 0.931 = 2.2 (kOe),

∴ mord(A(2)
c − 0.297) = 1.27 (kOe). (A.48)

It is also necessary to consider the dipolar-field contribution in the paramagnetic
state to derive the Hint. Then, calculation gives the relation:

Hpara
int,c = mpara


0

0

4A
(1)
c +A

(2)
c

+mpara


0

0

−0.407

 (kOe). (A.49)

The second term corresponds to the dipolar field when uniform paramagnetic mo-
ments in magnitude of mpara (µB) are induced at each U sites. Here again we use the
value of the spin contribution to the hyperfine coupling interaction of 6.9 kOe/µB;

4A(1)
c +A(2)

c − 0.407 = 6.9 (kOe),

∴ 4A(1)
c +A(2)

c = 7.307 (kOe). (A.50)
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Equations A.50 and A.50 can be solved as;

mord ∼ 1.3665 ∼ 1.4 (µB),

A(1)
c ∼ 1.5203 ∼ 1.5 (kOe/µB),

A(2)
c ∼ 1.2256 ∼ 1.2 (kOe/µB).

The ordered moment is not affected very much by the treatment of the dipolar fields
while the difference between the hyperfine coupling constants of the first and second
nearest neighbor is enlarged.

This magnitude of the magnetically ordered moment gives the FM saturation com-
ponent of the magnetization of ∼ 0.47 (µB/f.u.) = 1.4/3 (µB), which is larger than
the actually measured value of 0.26 (µB/f.u.). Nevertheless, we may safely state that
this simple local-spin model provides a fairly good semiquantitative description of the
magnetic properties of this compound.
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