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Results of a detailed investigation of the ferromagnetic superconductor UGe, using positive muon spin
rotation and relaxation techniques are presented. The pressure and temperature dependences of the frequencies
and related spin-spin relaxation rates show that the transition from the weakly to the strongly polarized
magnetic (WP-SP) phases is still observable at Ty=3 K under a pressure of 1.33(2) GPa. Thus this transition
survives at higher pressures than previously believed. The temperature Ty at 1.00(2) GPa corresponds to a
thermodynamic phase transition rather than a crossover. No such statement can be given reliably at lower
pressure. A substantial shrinking of the component along the easy axis of the diagonal hyperfine tensor, at the
muon site where it is large, is observed in the SP phase relative to the WP phase. This corresponds to an
appreciable decrease in the electronic density at the Fermi level in the SP phase. The investigation of the
paramagnetic-ferromagnetic critical spin dynamics at ambient pressure and at 0.95(2) GPa shows that the
simple one-band model is an oversimplification inconsistent with our critical spin-dynamics results. Data from
specific heat, Fermi-surface studies, Hall effect, neutron form factor, and spectroscopic techniques supports this
conclusion. Even at 0.95(2) GPa the conduction electrons are characterized by a small magnetic moment,
relative to the bulk magnetization per uranium atom.
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I. INTRODUCTION

The discovery of superconductivity in the ferromagnetic
binary compound UGe, at low temperature and within a lim-
ited pressure range, in which the Curie temperature 7 is
tuned to zero,! has raised the possibility that the same 5f
electrons are at the origin of both the ferromagnetism and
superconductivity of the compound. Since superconductivity
is a property of the conduction electrons, the 5f electrons
would be fully itinerant. In this simple model, ferromag-
netism would arise from the splitting of the conduction band
by the spontaneous molecular field below T¢.

This simple electronic picture may not be valid as sug-
gested by the observation of a complex Fermi surface which
consists of multiple-connected cylindrical and ellipsoidal
sheets.” In addition, UGe, is certainly not a simple ferromag-
net since it exhibits two ferromagnetic phases.’ In fact, as
first deduced from positive muon spin relaxation measure-
ments of the critical spin dynamics at ambient pressure,*
UGe, should be viewed as an electronic system with coex-
isting 5f localized states and itinerant states.

Here we report on extensive positive muon spin rotation
and relaxation (uSR) studies performed on single crystals
under pressure. These techniques probe the magnetic proper-
ties of magnetic materials through the dipolar and hyperfine
couplings of the muon spin to the magnetic density of the
compound under investigation. Because the muon localizes
in an interstitial site, rather than at a substitutional site, in
favorable cases one may access to the magnetic properties of
the conduction electrons.
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Our study allows us to extract information about the elec-
tronic states at the Fermi level and to characterize the mag-
netic transitions between the paramagnetic and ferromag-
netic states and between the two ferromagnetic states. In
addition, we show that the study of the spin dynamics under
a pressure of 0.95(2) GPa still reveals an electronic compo-
nent with a small magnetic moment.

The organization of this paper is as follows. Section II
summarizes the physical properties of UGe, related to our
work. In Sec. III we describe the samples probed by the
measurements and the two spectrometers used for this study.
We pay particular attention to the high-pressure measure-
ments. Section IV presents our experimental results. Their
meaning is also discussed in this section. We start by the
temperature and pressure dependences of the spontaneously
precessing signal. This is followed by the temperature and
pressure dependence of the related spin-spin relaxation rates.
Then we focus on the spin-lattice relaxation rate at 0.95(2)
GPa and compare to the results at ambient pressure. The
summary of our key results is given in Sec. V. In the same
section we compare the electronic structure of UGe, and
other actinide compounds. Rather than a conclusion section,
the last section (Sec. VI) proposes uSR experiments to be
performed to increase our understanding of the physics of
UGe,. Informations related to the wSR technique are pro-
vided in two Appendices. In Appendix A the minimum the-
oretical background required to analyze the wSR data is
given. We complete our paper by an extended discussion of
the two muon localization sites in Appendix B. This allows
us to get information on their coupling constants.
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FIG. 1. (Color online) The orthorhombic crystallographic struc-
ture of UGe,. The uranium atoms are pictured with large spheres
and germanium atoms with smaller ones. The figure shows the unit
cell of UGe, containing four formula units. The two muon stopping
sites are indicated by + and X symbols. One of three coordinates of
the muon position 4j is unknown. In the figure we have chosen the
position at the center of a tetrahedron which is formed by two
uranium atoms and two germanium atoms at position 4i.

II. SOME PHYSICAL PROPERTIES OF UGe,

Here we summarize the physical information available for
UGe, relevant for our study. The compound crystallizes in
the orthorhombic ZrGa,-type structure (space group
Cmmm).5% Its unit cell, with dimensions’ a=4.036 A, b
=14.928 A, and ¢=4.116 A, contains four formula units.
Two free parameters are required to describe the crystal
structure. The uranium atoms are at position 4j of relative
coordinates (0, y,%) with y=0.1415. Germanium atoms lo-
cated at position 4i have relative coordinates (0,y,0) with
y=0.3084. The other germanium atoms are at two positions,
i.e., 2a and 2c, of relative coordinates (0,0,0) and (%,0,%),
respectively. The structure is shown in Fig. 1. The U atoms
are arranged in zigzag chains of nearest neighbors in the a
direction. The nearest-neighbor uranium distance dy_y is
equal to dy_y=3.82 A at zero pressure but is possibly re-
duced to about 3.5 A at 1.3 GPa due to a slight flattening
of the chains.” This would compare well with the Hill limit
of 3.5 A3

The ferromagnetic order at ambient pressure is found be-
low T-=52 K. The magnetic moment is directed along the a
axis with a saturation value of m{=1.4ug/U.° Magnetic
measurements indicate a very strong magnetocrystalline
anisotropy'® with a being the easy axis. T¢ is reduced for
increasing pressure and finally vanishes at a pressure of p,
=1.6 GPa. The phase transition from the paramagnetic to
the ordered state is second order up to p.=1.2 GPa and
becomes first order at higher pressure.!’!> Within the ferro-
magnetic phase, a second transition occurs. At ambient pres-
sure it takes place at Ty~30 K but its physical signatures
are not pronounced. As the pressure is increased, T de-
creases and the transition itself gets better observable.
Specific-heat measurements suggest that a thermodynamic
phase transition occurs at Ty, at least under a pressure
slightly below p.13 Tt is believed that Tx=0 at p. Below Ty
the uranium magnetic moment is enhanced and therefore the
temperature region between T and 7Ty was named the
weakly polarized (WP) phase whereas the lower temperature
region T<Ty was coined the strongly polarized (SP)
phase.'* It has been suggested theoretically that Ty could be
related to the formation of a simultaneous charge and spin-
density wave.> No experimental signature of such a wave
has ever been published.
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FIG. 2. (Color online) The temperature (7) versus pressure (p)
phase diagram of UGe, established from various measurements.
Below the Curie temperature 7 there are two ferromagnetic
phases, a WP phase and a SP phase. The transition temperature
between these two phases is denoted T’. For clarity the supercon-
ducting region between 1.0 and 1.6 GPa indicated by open circle is
exaggerated. With open squares we indicate 7c and T values as
determined by the uSR experiments presented in this work. The
solid and dotted lines are guides to the eye. Figure adapted from
Ref. 19.

Superconductivity is found in a limited pressure range
between 1.0 and 1.6 GPa with a maximum transition tem-
perature =~0.7 K around p_. In this pressure range, the mag-
netic moment is still appreciable (1ug/U). Superconductiv-
ity is believed to be related to the vanishing of TY.

The pressure dependence of the transition temperature 7
from the paramagnetic state (PM) to the WP state, the tran-
sition temperature within the ferromagnetic state T, and the
superconducting transition temperature 7, are all shown in
Fig. 2. The data points were obtained from measurements
with various techniques.'*!1-16-18

For an insight into the mechanism of the electronic pair-
ing in the superconducting state of UGe,, information on its
electronic properties is essential. UGe, at low temperature is
believed to be a Fermi-liquid system because its specific heat
varies linearly with temperature. Actually, it is classified as a
heavy fermion compound since its Sommerfeld coefficient
is pretty large at ambient pressure: y=30 mlJ/(K? mol).?
The vy value is only slightly pressure dependent up to
about 1.0 GPa where it displays an upturn. It reaches y
=100 mJ/(K>mol) at 1.4 GPa. In agreement with the
Fermi-liquid behavior observed by the specific heat, the elec-
trical resistivity p at low temperatures follows a temperature
dependence p(T)=p,+AT>. Under pressure, the coefficient A
increases steeply above 1.0 GPa, and has a maximum in the
range 1.3—1.4 GPa."?® That the parameters y and A display a
maximum at about the same pressure is not surprising for a
Fermi-liquid system since one expects A to be proportional
to y*. This is the Kadowaki-Woods relation which is obeyed
for UGe, with a ratio A/y>=10 ) cm mol®> K> J=2 up to
~1.3 GPa. This is the expected ratio value for heavy fer-
mion compounds; see the recent discussion of Ref. 21. Both
measurements point out to a maximum of the conduction-
electron density in the range 1.3-1.4 GPa.

De Haas-van Alphen (dHvA) effect measurements sup-
port the existence of a maximum in the electron density at
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intermediate pressure.”?> Denoting m, the free electron mass,
the mass associated with a large orbit, 3, being 12m, at am-
bient pressure, gradually increases to 16m, at 1.22 GPa, and
then suddenly jumps to 39m, at 1.32 GPa. In addition, a
discontinuous change in the Fermi surface occurs across p..
Open electronic orbits have been inferred from transverse
magnetoresistance.” A discussion of the large cyclotron ef-
fective masses show that the 5f electrons cannot be consid-
ered as fully localized since the Fermi surfaces are nonsimi-
lar to those of non-5f Th compounds.” It does not seem
either to fall in the class of Kondo-lattice compounds be-
cause extreme large masses in the range of 100m, or above
are not detected.> An Sf-itinerant picture is also not appro-
priate as the data discussed below indicate. We note that the
magnetization data cannot be taken as a proof of the itinerant
nature of the 5f electrons.'? In fact, the Fermi surface is
complicated and consist of multiple-connected large cylindri-
cal sheets and ellipsoidal closed ones.? Therefore it may not
be surprising that a simple one-band model which would
split in the ferromagnetic state is an oversimplification. The
data discussed below support the schematic of two electronic
subsets.

Hall coefficient measurements at ambient pressure exhibit
a sudden increase in the carrier concentration below Ty.??
The Hall data support the view of the existence of two elec-
tron subsets differing by their localization character.

A finite ratio of limy_,y C/T is found in the superconduct-
ing region.!3 A similar behavior of the specific heat has been
reported for UPd,Al; (Ref. 24) which is also a heavy fermion
superconductor but which displays an antiferromagnetic
phase transition at low temperature rather a ferromagnetic
transition as UGe,. The finite ratio was interpreted as a sig-
nature of a two 5f electron subsets; one responsible for the
antiferromagnetic state and one exhibiting superconductivity
at low temperatures. Such a picture was confirmed later on
by uSR measurements® and found consistent with the re-
sults of an NMR study.?®

There is interest to discuss together the bulk magnetiza-
tion and neutron form factor data. The measurement of the
latter physical quantity allows one to estimate the localized
magnetic moments, i.e., the localized uranium magnetic mo-
ment in our case. The difference between the magnetic mo-
ment per uranium atom deduced from the bulk magnetization
and the neutron-estimated localized moment is convention-
ally attributed to the diffuse component which we take to
arise from the conduction electrons. This allows to infer the
conduction-electron magnetic moment, m.,,q. Form factor
studies are available at ambient pressure and 1.4 GPa for T
<T¢.>?" They provide a really small value at ambient pres-
sure: mgynq=0.04(3) up. Interpolating the bulk magnetization
data, m{;=0.91ug at 1.4 GPa,'! and using the neutron result,
one gets Mey,q=0.2ug at 1.4 GPa. Interestingly, m,,q and
my; are found antiparallel at that pressure. We therefore con-
clude that pressure increases substantially m,,4, at least at
1.4 GPa. Note that m,q is appreciable in the pressure range
where the conduction-electron density exhibits a maximum.
In the framework of the Stoner model m,,q is attributed to
the spontaneous splitting of the conduction bands. It is diffi-
cult to relate the size of m,,4 to the conduction-electron
properties. However, a large electronic density at the Fermi
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level favors the appearance of an appreciable m, ., value;
see, for example, Ref. 28.

Studies designed to probe the electronic 5f correlations
have been reported: x-ray photoemission spectroscopy,”’
Bremsstrahlung isochromat spectroscopy,?’ electron-positron
momentum density,>® and x-ray absorption and magnetic cir-
cular dichroism at the M 5 edges of uranium.’! An interpre-
tation of all these data, as well as the angular dependence of
the frequencies of dHVA oscillations, cannot be achieved as-
suming fully itinerant 5f states.>! A local spin-density ap-
proximation (LSDA) computation supplemented by a strong
5f Coulomb repulsion, the so-called LSDA + U method, pro-
vides a qualitative understanding of the data choosing U
=2 eV. This is larger than the commonly assumed value of
~0.7 eV.3?

Hence, the complexity of the Fermi surface, the Hall-
effect measurements as well as the observed finite ratio of
C/T in the superconducting region and the small value of the
conduction-electron magnetic moment deduced from the
analysis of the neutron form factor, all these experimental
results indicate that the model of a single 5f-band model
spontaneously split in the ferromagnetic state is not appro-
priate. In addition, the analysis of spectroscopic data shows
that the electronic correlations in UGe, are particularly
strong. All these results support the schematic of a two elec-
tronic subsets system originally put forward from the study
of the critical spin dynamics at ambient pressure by uSR.*

III. EXPERIMENTAL

Two different crystals were prepared for the measure-
ments. Both of them were grown from polycrystalline ingots
using a Czochralski tri-arc technique. One of them, referred
to as “crystal A” in the following, was annealed at 800 °C
for one week. No heat treatment was done for crystal B. It is
that sample which was used in the first published uSR
work.* Since we did not characterize our sample under pres-
sure at low temperature we could not determine whether it
exhibits superconductivity. Hence, we did not attempt to
study the superconducting phase using the uSR techniques.

A cylinder with 5 mm diameter and of a length of 19.5
mm was cut from single crystal A. The cylinder axis was
parallel to a, i.e., the easy magnetic axis. Subsequently, a
sphere with a diameter of 4.5 mm and a cylinder of diameter
4.3 mm and length 13.5 mm were cut from the original cyl-
inder. Crystal B was cut in slices in such a way as to produce
two disk-shape mosaic samples. They differ by the orienta-
tion (either parallel or perpendicular) of a relative to the
normal to the sample plane. The uSR techniques are pre-
sented in Refs. 33 and 34.

Measurements at ambient pressure were performed with
the cylinders and the disk-shape samples at the general pur-
pose surface-muon (GPS) spectrometer of the Swiss muon
Source (SuS) located at the Paul Scherrer Institute (PSI,
Villigen, Switzerland). Transverse-field measurements de-
signed to measure the paramagnetic frequency shift were
done with the sphere at GPS. The sphere was rotated in situ
with S, perpendicular to the rotation axis. The external mag-
netic field B, was applied perpendicular to both S, and the
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FIG. 3. (Color online) The uSR pressure cell. (a) schematic
overview of the cell. The different parts are indicated. For details,
see the main text. (b) photograph of different parts of the cell.

rotation axis. All these measurements cover the temperature
range from 5 to 200 K using standard *He cryostats.
The number of detected positrons at time ¢, denoted as
. . CX]
N)(t), is simply related to the asymmetry aoP%"(f) (=X or
V4

N(®)/No = exp(= t/7,)[1 +agP22(t)] + by (1)

The constant N, gives the scale of the counting, 7, is the
muon lifetime, a, the initial asymmetry, P *() the polariza-
tion function of interest and b, measures the electronic back-
ground contribution. It can be time independent as at GPS or
might contain some contributions of the accelerator frequen-
cies, which are well known and can be safely taken into
account in the analysis. This is the case for the general pur-
pose decay-channel (GPD) spectrometer of PSI, which is the
spectrometer we choose for the high-pressure studies. For
that instrument, high-energy muons (with an impulse of 105
MeV/c) are used. A large amount of such muons probes the
sample even if it is in a bulky environment such as a pressure
cell.

Let us focus on the measurements at GPD. The pressure
cell was attached to the cold finger of a “He or *He cryostat.
The low-pressure measurements were performed mostly with
the cylinder with the larger diameter. However, to reach pres-
sures higher than 1.0 GPa, the smaller sample cylinder had to
be used. Because of the history of our studies, the investiga-
tions of the spin dynamics were performed with the smaller
cylinder, despite the pressure range which was slightly below
1.0 GPa. The pressure cells are made of nonmagnetic copper
beryllium and a typical schematic overview is shown on Fig.
3.

Even though teflon gives quite a large uSR signal®-¢ a
cup made of this material was used in combination with a
gasket in order to prevent leakage of the pressure liquid.

PHYSICAL REVIEW B 81, 024429 (2010)

s B e A ma
025 F e UGe, -
§, 0.20i 36.511 (6) K B
‘”Q.N F 0.95(2) GPa ]
g 015 F 3
= E ]
© [ . ]
g 0.10 [ pressure cell E
> [ T~ ]
Zoost ToTTmoao TN 3
n s ]

0.00 F sample IREEEEE T
[ N N B E|

0 1 2 3 4 5 6
Time 7 (us)

FIG. 4. (Color online) UGe, spectrum recorded in zero field
under a pressure of 0.95(2) GPa at 36.511(6) K. The corresponding
reduced temperature is 7= (T—-7¢)/Tc=0.0007(3). The sample is a
single-crystalline cylinder whose a axis, i.e., the easy axis, is ori-
ented perpendicular to the initial muon beam polarization. The full
line is a fit to a weighted sum of two components, accounting,
respectively, for the response of the sample—exponential function,
dashed line—and of the pressure cell—Kubo-Toyabe function, Eq.
(2)—dotted line. The initial asymmetry related to the sample is only
about 0.07 for this spectrum rather than 0.010 for most measure-
ments under pressure, see Fig. 6. This simply reflects the fact that
the zero-field critical spin dynamics investigation was carried out
after the high-pressure measurements (above 1.0 GPa). The diam-
eter of the cylinder had to be reduced for the high-pressure
measurements.

However such arrangement is kept away from the sample
space and therefore the muon beam.?®> Consequently solely
the Cu-Be pressure cell contributes to the wSR background
signal. Note that such background SR signal is included in
the aoPSP() term of Eq. (1) and should not be confused with
the contribution b,;. Such SR background signal created by
the pressure cell is well described, at low temperatures, by
the Kubo-Toyabe relaxation function

1 2 1
Pyr(t) = 3 + 5(1 - AzGtz)exp<— EAét2> . (2)

It has its origin in static magnetic fields with a Gaussian field
distribution of width As/y,,, where v, is the muon gyromag-
netic ratio (7y,=851.615 Mrad s™' T~'). The static magnetic
field comes from the nuclear magnetic moments of 63Cu,
95Cu, and *Be in the copper-beryllium alloy. Below 40 K, Ag
is temperature independent and equal to 0.345(2) us™! (for
further details, see Ref. 35).

An example of a measurement in zero field performed
with the pressure cell is presented in Fig. 4. Because the
spectrum does not display oscillations from the sample and
the relaxation is not strong, a high binning of the data is
possible. The asymmetry has been deduced from the positron
counts using Eq. (1). Although the contribution of the cell to
the measured signal is important it is still possible to get a
very reliable uSR spectrum from the sample. The figure dis-
plays a spectrum recorded with the most difficult experimen-
tal conditions, i.e., the relaxation of the uSR signal from the
sample is weak and the sample is small. As shown later in
Fig. 6, it is quite easy to obtain a good quality oscillating
MSR signal from a sample in the cell.
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FIG. 5. (Color online) The pressure inside the pressure cell is
estimated by measuring the ac susceptibility of a piece of lead lo-
cated at the bottom of the pressure cell, just below the sample (see
Fig. 3 and the main text). From this plot we determine p
=0.92(2) GPa.

For each applied pressure, we determine the pressure in-
side the cell by measuring the ac susceptibility, x,. as a
function of temperature of a piece of lead which is fixed to
the bottom of the pressure cell. Note that we do not rely on
any calibration or interpolation for the pressure inside the
cell. An example of the pressure determination can be seen in
Fig. 5. x,c shows a sharp drop as soon as lead gets supercon-
ducting. Here the superconducting transition temperature 7,
which determines the pressure p by the formula T,(p)
=T,0)-0.364 X p (Ref. 37) with T, in K, p in GPa and
T,(0)=7.204 K, is defined as the midpoint of this drop. The
temperature T,(0) was measured with our experimental
setup. We estimate the uncertainty to be =20 MPa for each
of the measured pressure in this report.

IV. PRESENTATION OF THE EXPERIMENTAL RESULTS
AND DISCUSSION OF THEIR MEANING

A. Preliminaries

Two muon sites are detected in UGe,. A complete study
using Knight shift measurements in the paramagnetic-state
and zero-field measurements in the magnetically ordered
state at low temperature, both at ambient pressure, is pre-
sented in Appendix B. The two muon positions denoted as 2b
and 4j (Wyckoff notation) are graphically localized in the
crystal structure displayed in Fig. 1. The hyperfine constants
are listed in Table V. While the site at position 2b is com-
pletely determined, the muon site at position 4j is character-
ized by a free coordinate which is unknown. The muon po-
sition 4j shown in Fig. 1 assumes the muon to be at the
center of a tetrahedron. The uncertainty in the muon local-
ization does not impede the analysis of the data given below.
The key feature to remember about the two muon sites is that
the component along the easy axis of the diagonal hyperfine
tensor is quite small at position 2b relative to the same com-
ponent at position 4j. This implies that the muon is far more
sensitive to the conduction electron density in the latter site
than in the former one.

One could be doubtful of the possibility to detect two
spontaneous frequencies from a sample sitting in the pres-
sure cell. Figure 6 shows clearly that it is in fact quite easy.
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FIG. 6. (Color online) Example of a zero-field spectrum re-
corded for a sample in the pressure cell at ambient pressure and at
low temperature with S, 1 a. The spectrum was recorded with the
larger cylinder at the GPD spectrometer. The beating of the two
frequencies arising from the sample is clearly observed. The initial
asymmetry from the sample is ~0.10. This is about half of the
value for the similar spectrum shown at Fig. 19. This is easily seen
graphically: while the oscillations of the present spectrum cover an
asymmetry range of ~0.20, this range is twice as much for the
spectrum recorded without the pressure cell.

Because of the large contribution of the cell to the measured
asymmetry, the spectrum is noisier but it compares favorably
with a similar spectrum recorded with no pressure cell as the
oscillating spectrum displayed in Fig. 19.

The measurement of the frequencies at low temperature as
a function of pressure enables us to get information within
our experimental conditions (sample and pressure quality) on
the pressure at which the magnetic phase transition changes
from second order to first order, as the pressure is increased.
In Fig. 7 we display the two local muon fields at low tem-
perature versus pressure. The two pressure dependences are
smooth up to at least 1.0 GPa. Since we have not recorded
any data points between 1.0 and 1.25 GPa, we cannot deter-
mine whether the local fields display a break in their pressure
dependence at pj: 1.2 GPa, as it was found for the
magnetization.!! Anyhow, the key feature of the data of Fig.
7 to remember is that, within our experimental conditions,
the paramagnetic/ferromagnetic transition is certainly second
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FIG. 7. (Color online) The two spontaneous fields, By ,, and
Bj 4, as a function of pressure. The measurements were performed
at about 5 K, except at ambient pressure for which the temperature
was 7.0 K. The dashed lines result from linear fits for pressure up to
1.0 GPa.

024429-5



SAKARYA et al.

order up to 1.0 GPa. This will be important when discussing
the spin-lattice relaxation in Sec. IV C.

B. Spontaneous frequencies and related relaxation rates versus
temperature and pressure

Here we discuss spectra recorded with the GPD instru-
ment in zero field for T<T¢: aoP;?(¢) is measured. Wiggles
are observed because we probe the magnetically ordered
state. The asymmetry is made of the weighted sum of three
components, two from the sample (we recall that the muon
has two localization sites) and one from the pressure cell

2

aogP7 (1) = E a; exp(— Ay t)cos(2mvit — ) + agrPyr(1).
i=1

3)

A relaxation rate is denoted as Ay; since it describes the
damping of the oscillations arising from the muon spin pre-
cession around a spontaneous field. It is important to note
that the sum of the sample asymmetry, i.e., a;+a,, is a mea-
sure of the magnetic volume in the sample. The sample vol-
ume is fully magnetic if this sum is equal to the value of the
initial asymmetry observed in the paramagnetic state. We
shall first focus our attention to the data recorded up to 1.0
GPa.

1. Low-pressure results

In Fig. 8 the two measured spontaneous fields and asso-
ciated relaxation rates are shown as a function of temperature
for four pressures (including ambient pressure) up to 1.0
GPa. The thermal behavior of the fields as the sample is
warmed toward 7 is smooth as expected for a second-order
phase transition. This is entirely consistent with the results
presented in Fig. 7.

An anomalous thermal behavior is observed for the four
quantities at 1.00(2) GPa. For example, it manifests itself as
a pronounced peak in Ay ,,(7) and Ny 4;(7T) around 11 K. An
indication of such a peak around 15 K is already present in
the Ay 4;(7) data at 0.82 GPa. An anomaly in the form of a
bump is detected at the other two pressures for Ny 4(T). We
have reported in Fig. 2 the positions of the detected anoma-
lies from our study. They clearly correspond to a signature of
Ty. We have also indicated T values as defined by the van-
ishing of the frequencies at the phase transition. Our deter-
minations of Ty and T are consistent with published results.

The relaxation rate Ny probes the magnetic fluctuations of
the field at the muon site along the spontaneous field direc-
tion, i.e., along a. This means that these fluctuations display
a well-defined peak around T at 1.00(2) GPa. This suggests
that Ty corresponds to a thermodynamic transition at 1.00(2)
GPa rather than a crossover. An inspection of the Ay ;(7) data
at Fig. 8 indicates that the rates are similar outside the criti-
cal regions at Ty and 7. This means that the field distribu-
tions along the two spontaneous fields for the WP and SP
phases are qualitatively the same.

We shall now focus on the spontaneous field data, looking
for possible relations between the fields and the bulk magne-
tization data. We present in Fig. 9 the normalized spontane-

PHYSICAL REVIEW B 81, 024429 (2010)

_ L
E P T, 1
. A A | | 4
T30 ge boa ey -
A [ Co, o * "a ]
_ Bl ‘@ . " B
- [ %, . 4 4 ]
S 200 - S e . 4 . ]
2 F e v 4 m i
% [ a ..’ A ]
g 100 [ B 26 ". . '.l -
5 t '"'“-"""'l'!' cot 1]
= L T, " n il
g [ \’0.“‘ ‘ ]
(j.)' 0* * —
= 0 GPa 4 0.5 GPa
Tg 4| +085GPa  + LOGPa + ]
3 [ ]
% [ ]
s 3F t '
§ [ ++ + ]
[ . ]
S 2f f *ﬁﬁ -
S r “¢¢ ¢¢¢2 . t i a" ]
«© [ o + + 4 m = ]
L I L ]
s
= YES UGEZ
A # 4
=2
= 10 ¢ J E
. r L
N it $ ¢ ]
[0} [ ++ 4 ¥ b
5 i * +++ "
c ¢ ¢ : ++ "
S r 4 - ]
ﬁ + + Eggnm [ ]
é b T m u" L Bl | 4
©
- 1
I I I B A I

0 10 20 30 40 50
Temperature (K)

FIG. 8. (Color online) The two spontaneous fields, By, and
BSAJ-, and associated spin-spin relaxation rates, Ay, and Ay 4, as a
function of temperature at four pressures up to 1.0 GPa in UGe,. As
always found in this study, the asymmetry for the muon at position
2b is slightly larger than at position 4j. The uncertainty for each of
the pressure is =20 MPa.

ous fields for two pressures and compare to the normalized
magnetization.

According to Eq. (A3), the normalized spontaneous field
should track the normalized magnetization. However, it is
well known that this is not always strictly observed even for
simple metals such as Fe, Ni, and Co.3%% This has been
attributed to the effect of the zero-point motion of the muon
on the effectively measured hyperfine field.*’ In addition,
because we do not expect the muon wave function to be
spherically symmetric, in particular, at position 4j, the mea-
sured dipole field may also be influenced by the zero-point
motion of the muon.*! We note that at ambient pressure the
deviation from the behavior predicted by Eq. (A3) is larger
for the muon at position 4j, which is characterized by a larger

hyperfine coupling constant Sﬁﬁf and a geometry which de-
viates strongly from the spherical symmetry. The deviation
from proportionality gets smaller as the pressure is increased.

This suggests that S’JZ; decreases under pressure. We post-
pone further discussion of this possible effect after the pre-
sentation of Fig. 11.

It is remarkable that the value of the normalized magne-
tization is always intermediate between the values of the two

024429-6



POSITIVE MUON SPIN ROTATION AND RELAXATION...

. I T B B e N R
s 10 B
£ 0 0 GPa
8 0.8 - b
° r = Biab 1
go'6j‘33:4j ]
go. 4L Magnetization i
= 02| 1.00 (2) GPa ]
5 L J
=z 0.0 - UG62 B

TN BN AR AU AP B

0 10 20 30 40 50
Temperature (K)

FIG. 9. (Color online) Examples of normalized spontaneous
fields (deduced from Fig. 8) and normalized magnetization from
Ref. 11 versus temperature. For simplicity we plot the data for only
two pressures. The behavior of the data at 0.50(2) and 0.85(2) GPa
is obviously intermediate. The normalizations have been done with
the lowest measured points. The lines simply link the symbols. The
figure shows, as expected, that the spontaneous fields do not track
the bulk magnetization at any pressures. As the pressure increases
the deviation from proportionality of the spontaneous fields and
magnetization gets smaller.

normalized spontaneous fields for a given muon site as illus-
trated in Fig. 9. This suggests to consider the mean of the
two normalized fields

Bjo(T)

; B8,4i(T)
2
026(T=0)

ay; .
K Bg,4j(T= 0)
(4)

In Fig. 10 we compare M and the normalized magnetization
versus temperature.

The empirical relation in Eq. (4) provides an incredible
good description of the data, except at ambient pressure. This
is obviously consistent with the plots in Fig. 9. This means
that the muon zero-point motion has an effect opposite, but

Mnf(T) =
oy, + a4j
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FIG. 10. (Color online) Normalized spontaneous fields (deduced
from Fig. 8) averaged over the two observed muon sites (filled
symbols) and normalized magnetization (open symbols) from Ref.
11 versus temperature at four pressures up to 1.0 GPa. The uncer-
tainty for each of the pressure is =20 MPa. The data have been
normalized to the lowest temperature measured. The lines simply
link the symbols. The figure illustrates the fact that M «(T) tracks
the bulk magnetization to a good approximation.
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FIG. 11. (Color online) Spontaneous fields (deduced from Fig.
8) versus the magnetic moment per formula unit m{; (from Ref. 11)
for four pressures up to 1 GPa. We specify the two magnetic phases
in the ferromagnetic region: the SP and WP phases as deduced from
the data of Fig. 2 and Ref. 11. The vertical dashed line separates the
two phases. The line is justified because the SP phase occurs at a
given value of the ordered moment (Ref. 11). The two solid lines
results from linear fits with slopes equal to 50 mT/up and
197 mT/ up. The uncertainty for each of the pressure is =20 MPa.

of the same amplitude, on the coupling constants for the two
muon sites. A detailed modeling of the muon wave function
is beyond the scope of this paper but is required to fully
understand such an observation.

Instead of plotting a quantity proportional to B{ versus
temperature, according to Eq. (A3), it seems wiser to con-
sider B{ versus my;, the temperature (and the pressure) being
an implicit parameter. We expect a linear relationship for
each site with a slope equal to

dBai M aa aa
—0 = 22 C0(q =0) + 5] (5)
dmi; vy

Using data from Tables II and V, we compute dBj ,,/dmy;
=45 mT/pg, and dBj,;/dm{;=258 mT/ug. In Fig. 11 the
two spontaneous fields are displayed versus the uranium
magnetic moment at four pressures. Strictly speaking, we
should plot the By fields versus the localized uranium mag-
netic moment rather than versus m{;. However, as recalled in
Sec. II, the localized uranium magnetic moment has been
determined only at ambient pressure and at 1.4 GPa and the
difference between the two moments is negligible at ambient
pressure.

Although the data points are rather distributed around the
expected linear behavior, in particular, for the muon at posi-
tion 4j, BY scale reasonably well with m{, up to m
=1.28ug. However, the slope is 10% larger than expected
for the muon at position 2b and smaller by 28% for the other
position. As discussed before, these differences probably re-
flect the effect of the muon zero-point motion. We have in-
ferred at the end of Appendix B that the spin-orbit interaction
of the uranium electrons should be taken into account for the
analysis of the Knight shift. It may also have an influence on
the value of the slopes.

The observed strong deviation in the SP phase from a
simple linear relationship between the spontaneous field at
the 4j site and the magnetic moment carried by a uranium
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atom is one of the key experimental results obtained from
this study. A similar deviation could exist for the 2b site but
it cannot be established with certainty. A by-product of our
studies is the confirmation that the SP phase appears at a
constant value of the ordered uranium moment, independent
of the applied pressure. The loss of linearity is seen at all the
pressures but is observed in a larger range of magnetic mo-
ments at ambient pressure.

Let us discuss the results shown in Fig. 11 in terms of the
local fields at the two muon sites. According to Eq. (A3),
B 4j 1s proportional to the sum of two terms of opposite sign

with C““(q 0) >O (see Table II) and $° 4 F<0 (see Table V).
In addition, |C5{'(q=0)| > |564 C$'(q=0) is not expected to

depend signiﬁcantly on Whlcil of tfle ferromagnetic phase is
investigated: it is a fixed parameter. Hence, the detected in-

crease in By 4; is the signature of a shrlnklng of $} 4J in the SP
phase relative to the WP phase. Larger is my), stronger is the
reduction in the hyperfine constant. The variation is nonlin-
ear. That this effect is only clearly seen at the 4;j site is not
surprising, giving the extremely small value of .62b , at least
at ambient pressure. A shrinking of 9’ 4j versus pressure has
also been inferred above following the interpretation of the
data of Fig. 9. This latter effect is not clearly seen in the data
of Fig. 11. Therefore, it must be negligible in comparison to
the shrinking of 552; in the SP phase.

Referring to the discussion of the origin of the hyperfine
interaction given in Appendix A 1, we attribute the shrinking
of .‘7)2; in the SP phase relative to the WP phase to a decrease
in the product of the electronic density at the Fermi level by
the volume enclosed by the Fermi surface. This electronic
effect is clearly observed up to 0.85(2) GPa. Our experimen-
tal precision does not allow us to decide whether it is still
present at 1.00(2) GPa.

As recalled in Sec. II, an increase in the carrier concen-
tration below Ty has been inferred from Hall-coefficient
measurements.?® Taking the reasonable assumption that the
carriers are the electrons, the volume encapsulated by the
Fermi surface is deduced to be larger below Ty. Combined

with the inferred shrinking of .‘fjijl , we deduce that the elec-
tronic density in the SP phase is strongly reduced compared
to the same density in the WP phase.

2. High-pressure results

In Fig. 12 the two spontaneous fields and the initial
sample asymmetry measured at 1.33(2) GPa are displayed
versus temperature. In contrast to their thermal behavior at
low pressure, the fields abruptly vanish at Tc=19.5 K, con-
firming the first-order nature of the magnetic phase transition
under 1.33(2) GPa. Looking at the temperature dependence
of the sample asymmetry, a,,+ag;j, we note it is constant with
the expected value up to 16 K and then drops rather sharply
at 18 K. Since the sample asymmetry is a measure of the
magnetic volume, see the discussion at the beginning of Sec.
IV B, we infer that there is no real phase separation: 100% of
the volume is magnetic.

C. Spin-lattice relaxation rate

Since in this section we shall discuss spectra recorded
with the longitudinal field geometry, it is the asymmetry
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FIG. 12. (Color online) The initial sample asymmetry and the
two spontaneous magnetic fields measured for UGe, at 1.33(2) GPa
versus the temperature. The value of T deduced from these data is
marked by arrows. The insert displays the thermal dependence of
By 5y, at low temperature. It serves to determine 7. These measure-
ments were performed with a cylinder cut from crystal A. That
crystal was annealed as explained in Sec. III.

agP5 (1) which is measured. Because we shall only report on
measurements in the paramagnetic phases and in the ferro-
magnetic phases with the experimental geometry such that
the two spontaneous fields at the muon sites are parallel to Z,
we expect a simple relaxing signal from the sample. Assum-
ing the relaxation function for each site to be well modeled
by an exponential function characterized by a relaxation rate
with an extremely small value, the relaxation arising from
the two muon sites should be described by a single exponen-
tial relaxation function characterized by the relaxation rate
Az In fact this model is supported by the measured spectra.
We write

aoP7 (1) = a; exp(= A7) (6)
for spectra recorded without the pressure cell and
agP7*(t) = as exp(= Nzt) + agrPyr(?) (7)

for measurements with the sample in the pressure cell.

The spectra were taken at ambient pressure and at 0.95(2)
GPa. For both cases, as shown in Sec. IV A, the magnetic
phase transition from the PM to the WP is second order. This
is an important point because the theory which will be used
to interpret the relaxation data, and summarized in Appendix
A, requires the magnetic phase transition to be second order.
A zero-field spectrum taken at ambient pressure (and outside
the pressure cell) in the SP phase is illustrated in Fig. 19. A
zero-field spectrum recorded at 0.95(2) GPa in the critical
regime is displayed in Fig. 4.

Figure 13 displays A4(7) in the critical regime at ambient
pressure and 0.95(2) GPa measured for S, L a. With the
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FIG. 13. (Color online) An overview of the results from our
study of the paramagnetic critical spin dynamics for S, L a at the
GPD spectrometer. The sample was a cylinder cut from sample A
placed in the pressure cell. The temperature 7 was defined as the
temperature at which the spontaneous fields, which appear below
Tc, disappear. At ambient pressure 7¢=52.16(1) K is obtained and
Tc=36.48(1) K at 0.95(2) GPa. The spin dynamics as probed by
the measurements of A\, are remarkably similar at the two pressures.

sample available we could not investigate the spin dynamics
for S,lla under pressure. The data present two remarkable
features. The spin dynamics probed at the two pressures are
quite similar and the relaxation rates are quenched for very
small longitudinal magnetic fields. A mere 5 mT is enough to
suppress most of the relaxation.

For the analysis of N\ it is of interest to draw it versus the
reduced temperature scale 7=(T—-Tc)/T¢c. This is done in
Fig. 14 for the zero-field data plotted in Fig. 13.

An inspection of the results shown in Fig. 14 and in Ref.
4 confirms the similarity of the data at ambient pressure. A
saturation of A, close to T is observed for all the cases.
Strictly speaking the two sets of data recorded at ambient
pressure for S, 1 a should be equivalent. This is not quite so.
Two quantitative differences appear: \, is larger in Fig. 14 at
low 7 and the extension of the plateau at low 7 is smaller.
Two sets of data have been recorded at different spectrom-
eters using different types of muon beams (pulsed and qua-
sicontinuous). In addition, two different samples were used.
Whereas the data of Ref. 4 were obtained from an as-grown
single crystal (crystal B), the spectra used to deduce \, dis-
played in Fig. 13 (and therefore in Fig. 14) were recorded

T L R T T
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T T

T

0.01

Relaxation rate A, (us™')

T

0.95 (2) GPa

0.001 0.01 0.1
Reduced temperature 1 (-)

FIG. 14. (Color online) A versus the reduced temperature 7
=(T-Tc)/ Tc for the zero-field data presented in Fig. 13. The solid
lines are the results from fits to a model discussed in the main text.
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FIG. 15. (Color online) Comparing the results from sample A
obtained at two different spectrometers. We present A, versus re-
duced temperature 7=(T—-T¢)/Tc recorded at the GPD and GPS
spectrometers. The solid lines are the results from fits to a model
discussed in the main text. We recall that this model describes the
critical spin dynamics and is therefore not expected to model the
data outside the critical regime.

with a sample cut from an annealed crystal (crystal A). The
measured difference in N4(7T) could result from improper
modeling of the background or from sample quality differ-
ences or both of them. In order to determine its origin a
series of measurements were done at GPS. The comparison
of the results for sample A obtained at GPS and GPD allows
us to test the validity of the background used to model the
contribution of the pressure cell to the measured asymmetry.
Comparing the published results* and the GPS data allows us
to gauge the influence of the sample quality (A versus B
crystals). A complete analysis shows that measuring the same
sample A at different instruments yields slightly different re-
sults; see Fig. 15. But the observed difference between the
already published data and the ones of Fig. 13 is mainly due
to the fact that samples A and B are really different.

A complete discussion is given elsewhere.*> The former
sample is probably of better quality as reflected by the fact
that its maximum in \,(7) is more intense. We recall that the
longitudinal-field spectra recorded for sample B were ana-
lyzed with a model which suggests that defects were
present.* On the other hand, a simple exponential function
provides a proper account of a spectrum recorded under a
small longitudinal field for sample A. In the following we
shall mostly discuss the experimental data recorded for that
sample.

In spite of the sample and instrument dependencies of the
results on the critical spin dynamics in UGe,, the comparison
between ambient pressure and a pressure of 0.95(2) GPa
should be considered reliable since here it concerns a single
experiment on the same sample at same spectrometer for
different pressures.

Far outside T there is the possibility that the muon relax-
ation is driven by the nuclear magnetic moments of the "*Ge
isotope. Since the relaxation function is exponential, we are
in the motional narrowing limit. The narrowing of the field
distribution at the two muon sites would then arise from the
muon diffusion rather than the nuclear spins. An investiga-
tion of the field dependence well below T follows the pre-
dicted behavior given at Eq. (A12). It allows us to deduce
=1 us~!. Since we compute A=0.02 us~! for the nuclear
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TABLE 1. Comparison of the directly measured parameters gp&; or gp&,, Way, War, and v; and inferred
parameters ay /ar, Meong, qp» &, Or & for samples extracted from crystal A under different experimental
conditions. The measurements have been done at the GPS and GPD spectrometers.

Geometry S,lla S,la

Spectrometer GPS GPS GPS GPD GPD
Pressure 0 GPa 0 GPa 0 GPa 0 GPa 0.95(2) GPa
Temp. range T>Tc T<Tc T>Tc T>Tc T>Tc
ap& or qp&; 0.0065(6) 0.0071(7) 0.0080(4) 0.0052(7) 0.0182(5)
Way (us™") 0.27(3) 0.24(2) 0.56(2) 0.82(2) 0.72(1)
War (us™") 0.010 0.015 0.015 0.010 0.027
a/ar 27 16 37 82 26.7
vp (us™) ~2.8(4) ~2.8(4) ~2.8(4) 2.8(4) 1.5(3)
Meond (1B) 0.025(2) 0.027(2) 0.018(1) 0.015(1) 0.011(1)
qp (A1) 0.0035(2) 0.0033(2) 0.0044(4) 0.0050(2) 0.0044(2)
&org (A) 2.2(2) 2.2(3) 1.6(2) 1.1(2) 4.3(4)

magnetic field, the muon diffusion mechanism predicts \,
=103 us!. This is ten times smaller than measured. This
means that an other mechanism than the muon diffusion
drives the muon relaxation. Deep in the paramagnetic state
the fluctuations of the full uranium magnetic moments can-
not account for the observed relaxation since A would be
expected to be far larger than measured. The relaxation
mechanism in the paramagnetic and ordered states is unclear.
More experimental data are required.

However, the most exciting experimental results obtained
from the spin-lattice relaxation measurements is the tempera-
ture and field behavior of A\, close to 7. The zero-field ther-
mal critical behaviors of A\, have been fitted to Eq. (A13).
The fits for the GPD data are shown in Figs. 14 and 15. An
example for GPS data is illustrated in Fig. 15. The extracted
experimental parameters, the products ¢p&;, gp&,, Way, and
Woar, are summarized in Table 1.

We recall that the cylinder available at GPD allowed us to
probe only the spin dynamics for the initial muon beam po-
larization perpendicular to a. A comment on the uncertainties
for the data of the table is in order. The value of Way was
fixed to an appropriate value during a fitting procedure be-
cause due to its small value it was difficult to obtain a precise
value. Error bars are therefore not given for War neither for
the ratio ay /ar. The difficulty in the determination of ar is at
the origin of the relatively disperse values for this ratio.

As already mentioned, there is a dependence on spectrom-
eters: compare the results for the measurements at GPS and
GPD at ambient pressure for S | a. But still, the measured
parameters are in reasonable agreement. In general, War is
much smaller than Wa; .

In addition to the zero-field measurements, small longitu-
dinal fields have been applied at fixed temperature, see Fig.
13. At a given temperature, combining the result from the
zero-field measurement which determines \,(0) and the
measurements of \,(B.,,), an estimate of the fluctuation rate
v¢ can be made using Eq. (A12). The experiments in mag-
netic field have not been performed in all cases. If not, then
a value of v; is estimated by assuming the same value as for
the case that the sample was measured in a magnetic field.

The estimation is indicated by the symbol ~. Before analyz-
ing the data further, their three main features in the vicinity
of T¢ will be first summarized.

We recall that the magnetic anisotropy of UGe, is known
to be large; see Sec. II. This is confirmed by the £SR Knight
shift measurements as illustrated in the Clogston-Jaccarino
plots presented in Fig. 18. A magnetic field parallel to a
induces a large shift whereas a field perpendicular to a in-
duces a very small shift. However, as shown in Ref. 4 the
dependence of the relaxation rate \,(7) on the orientation of
S,, with respect to a shows very weak anisotropy. uSR is
generally very sensitive to the anisotropy of the magnetic
fluctuations as was nicely demonstrated for the intermetallics
NdRh,Si,.#

The second remarkable property of the measured critical
spin dynamics is its extreme sensitivity to an applied mag-
netic field. The relaxation rate is suppressed by a magnetic
field on the order of 2—5 mT. Susceptibility data shows that a
magnetic field of 5 mT induces a magnetic moment of less
than 0.01ug/U. Therefore it is hard to imagine that the fluc-
tuations of the full U moments, which have a saturation mag-
netization of 1.4up/U at low temperatures, are suppressed
by a field of 5 mT. Moreover, we have measured a correla-
tion time of =0.4 ws. This can be considered to be quasi-
static and does not reflect the expected strong dynamics for
the large magnetic moment on the U atoms. Since according
to Eq. (A12) the value of N\, in zero field is given by \,
=2A%/ v, it follows that A/y,~0.3 mT. This indicates a
very small distribution in local magnetic fields at the muon
site. It cannot arise from the full U moments.

The third remarkable feature is the thermal behavior of A\,
which is not unlike the one found for the metallic ferromag-
nets Fe, Ni, Gd, and GdNis at ambient pressure:**~4¢ the
relaxation rate is found to saturate when approaching 7.

Based on these observations it is proposed that the muon
spin is relaxed by the magnetic moments of the conduction
electrons. It is expected that the magnetic anisotropy of these
electrons is much smaller than the one of the localized mag-
netic moments. Because of the strong electronic correlations
in UGe, reflected, for example, by the large Sommerfeld
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coefficient (see Sec. II), their magnetic fluctuations are slow.
Moreover, this assumption can account for the observed
small A value.

So far only values for the products Wa; and Wat were
presented. In order to compute W appearing in Eq. (A14),
estimates for a; and at should be made. Two muon sites
have been found and taking the weighted averages, we have
a;,=0.55ay 5, +0.45a; 4 and ar=0.55a1,,+0.45a1 4. It has
been established theoretically that a ; and ar; depend gen-
erally on the dipole and hyperfine tensors. However, we have
inferred above that only the conduction-electron magnetic
moments contribute to the relaxation. Therefore, it seems
reasonable in the case of UGe, that only the two hyperfine
tensors matter for determining the parameters a; ; and ar;.
Let us first consider the site at position 2b for which the
hyperfine tensor is scalar to a good approximation. From
Table V we get ﬁg;:ﬁgl:ﬁZb:—O.OZS. Since ay 5,=(1
—$5,)% and aT,2b=25§2b,44 we compute aj ,,=1.05 and
ar»,=0.001. For the muon at position 4j the hyperfine tensor
is not completely determined. For definitiveness we assume
that tensor to be scalar and using the data of Table IV, we get
ap4=0.62 and ar4=0.089. Therefore we compute ap
=0.85 and a1=0.04 with a ratio a; /ar=21, which is close to
the values given in Table I, considering the uncertainty in the
determination of the weight of the transverse fluctuations.

Our discussion has shown that it is the magnetic moments
of the conduction electrons which are at the origin of the
measured relaxation. Therefore we identify w in Eq. (A14)
with m.,q.- Hence, now we can estimate values for m,q, the
dipolar wave vector gp, and the correlation lengths & and &;.
They are given in Table I. Clearly, in spite of the instrument
dependence, the magnitude of m,q is 0.015(5) ug at ambient
pressure and at 0.95(2) GPa, taking into account the instru-
ment dependence of our estimate. The value at ambient pres-
sure measured here is consistent with the one extracted from
the analysis of the neutron-diffraction data (see Sec. II). A
comparison cannot be done for the 0.95(2) GPa result since
there is no neutron data available. Within the experimental
uncertainty, ¢gp is independent of the pressure intensity. The
main difference, leading to different critical dynamics at high
pressure relative to ambient pressure (see Fig. 14), is the
enhancement of the correlation length & for the magnetic
fluctuations in the paramagnetic state. However, the correla-
tion lengths &) and &, are always found to be on the order of
the distance between uranium atoms. This is in contrast to
expectation if we refer to d transition metals close to ferro-
magnetic instabilities. For these weak ferromagnets charac-
terized by itinerant magnetic electrons with small magnetic
moments, the lengths are an order of magnitude larger.*’ The
short correlation lengths found in UGe, mean that the width
of the quasielastic peak resulting from magnetic fluctuations,
which may be measured by neutron scattering, should be
proportional to the wave vector of these fluctuations. This is
effectively observed for the antiferromagnet UPt; (Ref. 48)
for which the uranium magnetic moment is extremely small.
A qualitative understanding of the neutron data is reached for
UPt; recognizing that the spin-orbit coupling in a uranium
compound cannot be neglected. This discussion suggests
direction for theoretical and further experimental works
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aimed at understanding the measured slow spin dynamics in
UGC2.

V. SUMMARY AND COMPARISON WITH OTHER
ACTINIDE SYSTEMS

We shall first summarize the magnetic and electronic
properties of UGe, derived from this study. We have detected
signatures of Ty which is the temperature at which the com-
pound changes from the WP phase to the SP phase. Interest-
ingly, T at 1.00(2) GPa and below does not correspond to a
crossover but to a thermodynamic phase transition. This is
inline with the result of the specific heat study of Tateiwa and
collaborators who established the thermodynamic nature of
the transition at Ty for pressure slightly below p. (p.
=1.2 GPa).!® Compared to previous works, we have found
that this temperature is still defined at 1.33(2) GPa. There-
fore we have evidenced that Ty does not vanish at p., as
often suggested. Referring to Fig. 2 it must be noted that the
temperature scale for 7, is multiplied by a factor 5 unlike
that of Ty. An extrapolation of Ty to pressures higher than
1.33 GPa suggests in fact that Ty vanishes at p.. Of course
more data points would be needed for 1.2 GPa<p<p, to
definitively confirm it. The signature that we have for T at
1.33(2) GPa is different from that we have at 1.00(2) GPa
and below. In both cases, the average field at the muon pre-
sents an anomaly, but only at 1.00(2) GPa and below, the
field fluctuations do show a maximum. Therefore the order
of the transition might have changed. Since T is not identi-
fied by magnetization measurements for p=1.2 GPa, our
result indicates that the origin of the transition could be re-
lated to conduction electrons. Interestingly, the signature of
Ty is only observed for muons located in the 2b site at
1.33(2) GPa while it is more directly seen for muons located
in the 4j site at lower pressures.

Another key information from the present study is the
homogeneity of the compound at 1.33(2) GPa, i.e., there is
no spontaneous magnetic phase separation as it enters its
magnetically ordered state. A clear difference between the
WP and SP phases has been found, at least up to 0.85(2)
GPa. The hyperfine constant is much smaller in the low-
temperature phase, that is, in the strongly polarized phase.
Combined with results from Hall-coefficient measurements
at ambient pressure, we infer that the density of states at the
Fermi surface shrinks as the compound is cooled down
through Ty, at least up to 0.85(2) GPa.

The present study of the critical spin dynamics confirms
the preliminary result some of us published in 2002: UGe,
has to be viewed schematically as a two subsets electronic
system.* The localized 5f electrons are at the origin of most
of the uranium magnetic density. The itinerant electrons
carry a small magnetic moment which is relatively isotropic.
The previous study was performed at ambient pressure on a
sample which was not annealed. Here we have investigated
an annealed sample at ambient pressure and at 0.95(2) GPa,
a temperature at which the paramagnetic-ferromagnetic tran-
sition is still second order, a property required to derive
physical information from the measurements. In addition,
sample B was reinvestigated at ambient pressure at the GPS
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spectrometer. The responses from the annealed and unan-
nealed samples are qualitatively the same. The critical spin
dynamics observed for UGe, by uSR measurements stems
from itinerant electrons characterized by a small magnetic
moment. We do not detect the signature of the localized 5f
electrons. This may be due to a strong motional narrowing of
the uSR signal for these electrons. The last discovered fer-
romagnetic superconductor, UCoGe, exhibits a uranium
magnetic moment of only 0.07u, at saturation.* Interest-
ingly, this is in the range of the value for the moment de-
duced here for the conduction electrons in UGe,. A finite A,
is only detected in the ferromagnetic state.*> We now con-
sider UGe, in relation to other actinide compounds.

The small value of the ratio m,,q/m{; supports the picture
that the bulk magnetic properties of UGe, derive from nearly
localized f electrons. The superconductor PuCoGas is also a
compound for which such a picture is put forward.*® Obvi-
ously, the dominant localized character of the 5f electrons in
a metallic compound is not a generality. The ferromagnetic
cubic fcc Laves UFe, offers a counter example for which a
strong itinerant 5f character has been nicely shown by neu-
tron form-factor measurements.>! The dual nature of the 5f
electrons has been theoretically suggested to result from the
interplay of intra-atomic correlations as described by Hund’s
rules and a weakly anisotropic hopping (hybridization); see
Ref. 52 and references therein.

VI. POSSIBLE FUTURES uSR MEASUREMENTS ON UGe,

The purpose of this study has been to determine from
MSR techniques physical properties of the ferromagnetic su-
perconductor UGe,. We have obtained information on the
magnetic and electronic properties of the compound. Com-
bining these properties with the ones listed in Appendix B,
we could attempt to discuss the origin of the superconduc-
tivity of UGe, and compared with available theoretical mod-
els. We shall refrain from doing it, simply because we be-
lieve more experimental information is needed for a
meaningful comparison with theoretical models. We prefer to
suggest two series of uSR experiments which would help to
better pinpoint the physics of the compound. They are tech-
nically demanding.

It would be quite interesting to study Ay, and Bj; above
1.0 GPa around T to determine whether the peaks in Ay ; we
observe at 1.00(2) GPa (see Fig. 8) are still present at higher
pressure and if Ty as probed by B (T) effectively vanishes
at p... This would yield information on the nature of the tran-
sition between the WP and SP phases and its possible rela-
tion to superconductivity. Related to this physics, a study of
Az at and above 1.0 GPa around T has to be done. These
two types of measurements give the possibility to derive in-
formation on the spin dynamics of the compound. This is
crucial if the Cooper pairing is due to magnetic fluctuations.

It would be useful to carry out zero-field measurements at
low temperature under a pressure of ~1.25 GPa to deter-
mine whether a spontaneous flux line lattice exists. We note
that a signature of the lattice has been found recently for
UCoGe.* Performing the measurements at extremely low
temperature (0.1 K, for example) gives two advantages.
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First, lower is the temperature, smaller is the magnetic pen-
etration depth. This means that the standard deviation of the
FLL field distribution is larger. The FLL is more easily de-
tected. Second, since the upper critical field increases as the
sample is cooled down, the cutoff due to the vortex core™ is
expected to be attenuated at low temperature.
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APPENDIX A: uSR THEORETICAL BACKGROUND

In this appendix we summarize the information required
for understanding the discussion given in the main text on
the magnetic field at the muon sites and the spin-lattice re-
laxation rate. We refer to Refs. 33, 34, and 54 for more
information.

1. Magnetic field at the muon site

We denote as B, the external applied field, B, as the
spontaneous field at the muon site, Bj;, as the dipole field
inside the Lorentz sphere, By, as the Lorentz field, and By,
as the hyperfine field. We have the relation

Biip+ Bror = 5—§C(q =0)my, (A1)
where C(q=0) is a tensor given, for example, in Ref. 44, and
v, the volume per uranium ion, i.e., vg=abc/4=62.00 A in
the case of UGe,. The symmetric tensor C(q) is evaluated at
the Brillouin-zone center, i.e., q=0, and the trace of C(q
=0) is equal to one. Several interstitial positions with a high
symmetry are available in UGe,. These are the best candi-
dates for muon stopping sites. Table II contains the value of
the elements of C(q=0) for several candidate muon sites.

With the reasonable hypotheses that the hyperfine interac-
tion is short range and diagonal in the reference frame
adapted to the crystal symmetry of UGe, (the reference
frame {a,b,c}), we have

Mo

a aa, o

Bhyp_ - my,
0

(A2)

where % is an hyperfine tensor element.* In this paper, we
use the notations {a, 8}={a,b,c}. The hyperfine interaction
results from the indirect Ruderman-Kittel-Kasuya-Yosida in-
teraction between the muon spin and the uranium magnetic
moments. It contains valuable information on the exchange
interaction between the 5f electrons and the conduction elec-
trons, the Fermi-contact interaction between the muon spin
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TABLE II. Calculated elements of the tensor C(q=0) at several
candidate stopping sites for the muon in UGe,. We use the Wyckoff
notation to label the sites and give their reduced coordinates. The
tensor components are given relative to axes parallel to the ortho-
rhombic crystallographic axes, i.e., {a,b,c}. For the 4i and 4j muon
sites, two uranium atoms and two germanium atoms form a tetra-
hedron in which the muon is located. For the 4i site, we assume the
muon to be at the center of the tetrahedron. The value of the tensor
elements is only slightly dependent on the free reduced coordinate
y. On the other hand, as shown in the table, the tensor elements are
strongly y dependent for site 4j. The position with y=0.1740 corre-
sponds to the muon at the center of the tetrahedron. For y
=0.1916 the muon is right in the middle between the two germa-
nium atoms of the tetrahedron and for y=0.1415 in the middle of
the axis through the two uranium atoms.

Site Coupling tensor C(q=0)

0264 O 0

2b (0,5.0) 0 0442 0
0 0 0294
~0672 0 0
2d (5.5.%) 0 2369 0
0 0 -0.697
0023 *0336 0
4e (3.7.0) +0336 0173 0
0 0 0804
0328 1663 0
4 (3.7.3) +1.663 1748 0
0 0 -1076
0672 0 0
4i (0,0.1590.,0) 0 -068 0
0 0 2352
1594 0 0
4j (5,0.1916.3) 0 0207 0
0 0 -0801
2066 0 0
4j (5,0.1740,3) 0 -0228 0
0 0 -0838
2508 0 0
4 (£,0.1415, 1) 8 - 06641 00867

and the conduction-electron spin, and the conduction-
electron susceptibility, see, e.g., Ref. 55. In fact, the hyper-
fine constant is found proportional to the product of the elec-
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tronic density at the Fermi level by the volume enclosed by
the Fermi surface. However, it also depends on the spin-
density enhancement factor, reflecting the muon-induced
changes in the local electronic structure. This factor is diffi-
cult to estimate.>* While the effective exchange and Fermi-
contact interactions have a strong atomic character, and
therefore should not depend drastically on the experimental
conditions, such as the temperature and the pressure, we ex-
pect the electronic susceptibility and the Fermi volume, and
therefore $“%, to be sensitive to the experimental conditions.
Since By, is found parallel to the easy a axis

By =22 C(q = 0) + 5 (A3)
0

The measured frequency shift is defined by the relation

| %
ext
Kep=—"".

exp —

(A4)
Vext
Here v is the measured frequency and we have introduced
the notation vy =(y,Bex)/ (27).
We assume the susceptibility tensor to be diagonal in the
reference frame {a,b,c} with elements y%, x’, and x°. We
suppose B.,, to be applied along the « axis. We can write

Kgxp = ]:aaXa + Kcond (AS)

with the definition

1

FF=C*(q=0)+ (- 3t ﬁﬁﬁ) A, (A6)
The last term in Eq. (A5) phenomenologically accounts for
the approximately isotropic contribution of the conduction
electrons to the Knight shift. We write K.,,q=AcondXconds
where A.,,q 1S an hyperfine constant and x.,,q the
conduction-electron susceptibility which is temperature inde-
pendent. We note the relation

2 F= 2 H (A7)
It is interesting to consider the angle dependence of the
Knight shift. According to Schenck>®

Kexp(0) = Kexpo+ MKy, cos” 0 (A8)

with

Kexp,O = PXXY’ (A9)

The angle 6 is the polar angle of Z in {x,y,z} which is the
reference frame adapted to the symmetry of the compound.
We have recorded spectra with the rotating axis parallel ei-
ther to the b or ¢ axes of the crystal. For the former case we
can identify the x, y, and z axes with the a, b, and ¢, respec-
tively, and in the latter case with the b, ¢, and a axes, respec-
tively. The previous equation is valid if C**(q=0)=C(q
=0)=C%(q=0)=C"(q=0)=0, since the hyperfine tensor is
assumed to be diagonal in {a,b,c}. From the measurements
of v, and Av one expects to be able to estimate two coupling
constants using measured values of two susceptibilities.
Equation (A8) implies the following frequency relation:

AKeyp = Fx* = FUX"
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1(0) = vy + Av cos? 6, (A10)
where, from the definition written in Eq. (A4)
Vo= Vext(l + PXXX)s
Av= v (Fx = F¥YY). (A11)

From the measurements of v, and Av one expects to be able
to estimate two coupling constants using measured values of
two susceptibilities.

2. Spin dynamics probed by uSR

In the simple case of a compound under an external lon-
gitudinal field and if only a single mode drives the measured
spin dynamics, the spin-lattice relaxation rate A\, has the
form predicted by Redfield

2A%y;
ANBex) =755 3,
Z( € 1) yiBle + Vl%
where 4 is the fluctuation rate of the mode and A?/ yi the
variance of the field distribution at the muon site. Here we
neglect any Knight shift.

The theory of critical phenomena for a dipolar Heisenberg
ferromagnet used to explain the behavior of A, in the vicinity
of T has been developed by Yaouanc et al.** It predicts

Az=WapI"(¢) + arl"(¢)]. (A13)

Here L and T refer to the orientation (longitudinal or trans-
verse) of the fluctuation modes relative to their wave vectors
q. W is a nonuniversal constant and /-7 are scaling func-
tions. They account for the longitudinal and transverse fluc-
tuations. The temperature dependence follows through the
angle ¢=tan"'(gpé) where & [£é=&)(|T-Tc|/Tc)™", where v
=0.69 and &=&T=Tc)] is the correlation length and ¢, is
the dipolar wave vector, which determines the relative
strength of the dipolar and exchange interactions. Whereas I*
saturates as T approaches T, I” displays a divergence. The
weighting factors a; and at depend only on the characteris-
tics of the field at the muon site. The ratio a; /ar determines
the sensitivity of N\, to longitudinal or transverse modes: if
ap/ar>1 one probes mainly the longitudinal fluctuations
and therefore A\, is roughly temperature independent near 7.
In addition, mostly modes with g=g¢gp contribute to the
relaxation.’” This means that Eq. (A12) provides a reason-
able description of the field dependence of A\, when the lon-
gitudinal fluctuations are overwhelmingly driving the relax-
ation. Denoting w as the magnetic moment at its origin, w
and gp can be expressed in terms of the two experimental
parameters WV and v; (Ref. 44):

=<2772ﬁ2,y2ﬁ)1/2
K P2 W)

3772 1/3
WVf)

el
Y ttoksTc

with the constant P=5.1326. Since the temperature depen-
dence of A\, gives access to the product gpé, it is possible to

(A12)

(A14)
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FIG. 16. (Color online) Examples of Fourier transforms of re-
corded uSR spectra in the paramagnetic state. The angular depen-
dence of the muon frequencies was measured at 55 K by rotating a
sphere of single-crystalline UGe, around ¢ in a field of By
=0.6 T perpendicular to the rotation axis. Three frequencies are
observed in the Fourier transforms. The signal at wvpg
=81.39 MHz is indicated by a vertical line. The other two signals
come from muons implanted in the sample and show a strong an-
gular dependence. At ¢p=240°, the signal of the lower component is
mixed with the background signal, i.e., the signal from the sample
holder and cryostat wall.

extract the value of the correlation length &, if gp can be
estimated. For 7> T the symbol &; is used while it is &, for
T<Tc.

APPENDIX B: THE QUEST FOR THE MUON SITES

In this appendix, using measured Knight shifts in the
paramagnetic state and the two spontaneous frequencies at
low temperature, both of them recorded at ambient pressure,
we determine the two muon localization sites and get infor-
mation on the hyperfine constants. We start by the presenta-
tion of the Knight shifts obtained from the two angular scans
performed at the GPS spectrometer. The rotation axis was
either the b or ¢ crystal axis and B.,=0.6 T. For the choice
of the temperature (T>T¢), a compromise had to be made
between maximization of the Knight shift (closer to T) and
minimization of the spin-spin relaxation rate of the induced
muon frequencies (away from T:). A temperature of T
=55 K turned out to yield spectra with the best quality.
Three Fourier transforms of the spectra recorded during the
angular scan around ¢ are shown in Fig. 16 as an example.
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Three frequencies are clearly seen. The signal at vpg
=81.39 MHz is indicated by the vertical line. It is attributed
to the small fraction of muons stopped in the sample holder
and cryostat wall. The two other signals come from muons
stopped in the UGe, sample and show a strong angular de-
pendence. This points to two magnetically inequivalent
muon stopping sites in UGe,. This is confirmed, as described
below, by the detection of two spontaneous frequencies be-
low T¢ in zero field.

Since three frequencies are present for all the spectra, the
asymmetry aoP5P(¢) could be analyzed as a sum of three
components

3
agPYP(1) = > a; exp(— Ny t)cos(2mv;t — ).

i=1

(B1)

Ax,; is the spin-spin relaxation rate related to frequency v;
and ¢ an angle characterizing the experimental geometry.
The asymmetries for the two muon sites in UGe, are denoted
as a; and a,, and their ratio a,/a, is equal to the ratio of the
number of muons stopped at the distinct sites 1 and 2. Al-
though close to the expected value v.,,=81.32 MHz, 13
= ypg 1s definitively different. This is attributed to an applied
field slightly different from the nominal value of 0.6 T. vgg
=81.39 MHz corresponds to a field of 0.6005 T.

The three measured muon frequencies are shown in Fig.
17 as a function of the rotation angle ¢=6- 6, around b or c.
6, is an offset angle which depend on the orientation of the
spherically shaped sample when inserted into the cryostat. As
expected, within uncertainty, the background signal shows
no angular dependence. The first signal labeled v; shows a
relatively small and negative frequency shift, whereas the
second one, labeled v,, is large and positive. As demon-
strated by the solid curves in Fig. 17, the angular dependence
of these two signals is described very well by the function
given in Eq. (A10). The values for the parameters v,; and
Av; can be found in Table III.

It should be mentioned that, for both angular scans, the
values for the initial asymmetry a; are always somewhat
larger than those for a, (~0.12 vs ~0.10). As explained in
Appendix A, the observed squared-cosine law means that

C(q=0)=C{*(q=0)=0 (B2)

for site i=1 and i=2. Therefore, from an inspection of Table
II, we deduce that the muons cannot be localized at sites 4e
or 4f.

In addition to the two angular scans, three temperature
scans have been performed with B, parallel either to a, b,
or ¢. In the upper panel of Fig. 18 the two Knight shifts K¢, ;
(i=1 and i=2) measured with B.,la are presented as a func-
tion of the bulk susceptibility y* (a Clogston-Jaccarino plot).
As in the case of the angular scans, a; is slightly larger than
a,, which indicates a larger muon population (~55%) for
site 1 than for site 2 (~45%). The two solid lines represent
linear fits to the data. It is seen that this yields a good de-
scription for both signals. This is consistent with expectation;
see Eq. (A5). The two parameters obtained from each fit are
listed in Table IV.
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FIG. 17. (Color online) Angular dependence of the muon fre-
quencies at 55 K. A sphere of single-crystalline UGe, was rotated
around the b and ¢ axes (upper and lower panel, respectively) in a
field of B.=0.6 T perpendicular to the rotation axis. The solid
lines for v;(¢) and v,(¢) are the results of fits to Eq. (A10). The
error bars for the frequencies are within the symbol size. The back-
ground signal at vgg=81.39 MHz is shown as well. It is well de-
scribed by a straight horizontal solid line in the two panels.

In the lower two panels of Fig. 18 the Knight shifts mea-
sured with B, llb and B.llc are displayed as a function of
the bulk susceptibilities y* and x°, respectively. We have
identified which curve stems from which muon site using the
asymmetries as a fingerprint. As in all previous cases, a; is
slightly larger than a,.

Comparing the horizontal (x“) and vertical (K¢,,) scales in
Fig. 18, it is clearly seen that there is a 2 orders of magnitude
difference between the values for B.,lb and B_llc on the
one hand, and Blla on the other hand. The small values for
B.,/Ib and B, llc make it difficult to obtain an accurate de-
termination of the Knight shift.

The sharp drop of |K%, | for low values of x” probably

ext,i
indicates the start of muon diffusion. This happens at tem-

TABLE III. Fitted values for v,; and Ay; found from the two
angular scans for the two muon sites. The parameters are defined by
Eq. (A10).

rotation around b axis rotation around ¢ axis

i=1 i=2 i=1 i=2
vy,; (MHz) 81.36(2) 81.51(4) 81.24(3) 81.57(4)
Av; (MHz) —-0.58(4) 5.77(6) —-0.44(5) 5.72(6)
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FIG. 18. (Color online) Clogston-Jaccarino plot of the muon Knight shift for B, |l (where a=a,b,¢) as a function of the bulk magnetic

susceptibility y“ for the two muon localization sites. The muon Knight shift

K¢S .

exp,i 18 plotted versus x with the temperature as an implicit

parameter. Both types of quantities were measured in a magnetic field of B.,,=0.6 T and on the same spherically shaped sample and for each
direction of By, at the same temperatures. The solid lines result from linear fits.

peratures 7>66 K. For B_llc it is less clear at which tem-
perature the muon starts to diffuse. We shall take the reason-
able hypothesis that for both directions of B.,, the muon
starts to diffuse through the sample at the same temperature.
Therefore, the data points for 7> 66 K were not taken into
account when fitting the data. In Fig. 18 the linear fits are
shown and the fit parameters are given in Table IV. The
larger error bars for K, compared to szp’i are caused by
the difference in the number of data points that could be used
in the fit.

We know from the Knight shift studies that we have to
deal with two muon sites, at least for 7=155 K. Information
on the muon sites can be obtained also from the measured
spontaneous fields. In Fig. 19 we display two zero-field spec-
tra recorded at low temperature. Depending on the orienta-
tion of the initial polarization of the muon beam relative to
the crystal axes, we observe either the sum of two damped
oscillations which account for the whole available initial
asymmetry, or a simple relaxing signal with the expected

asymmetry. This means that two spontaneous local fields are
probed and they are parallel to the a axis. This can only be
possible if the conditions specified by Eq. (B2) apply. From
the two measured spontaneous frequencies at 1.6 K, which is
far below T, we can estimate the saturated values of the two
spontaneous fields. We obtain B ;=62.90(4) mT and B,
=361.79(7) mT. As for the paramagnetic state, their values
have been attributed to the sites with the help of the initial
asymmetries. Their ratio is still a;/a,=55/45.

We now discuss the Knight shift data and the values of the
two spontaneous fields with the purpose to determine the two
muon positions in UGe,. Assuming the two hyperfine tensors
to be scalar, i.e., 55?“=3§fb =9{“=$,, from the measured val-
ues of F'* (see Table IV) and Eq. (A7), we determine $; and
therefore the tensor elements C;"*(q=0) using Eq. (A6). The
results of these numerics are listed for both sites in Table IV.
Comparing the three tensor elements C{“(q=0) of Table IV
with the results of the computation of these elements for
different positions in Table II, we attribute the first measured
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TABLE IV. Parameters deduced from the Clogston-Jaccarino
plots and the coupling constants inferred from these parameters for
the two muon sites, S; and S,, in UGe,. The hyperfine tensor is
supposed to be scalar with its elements written as ;.
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TABLE V. Estimated hyperfine constants for high-symmetry
muon sites. The hyperfine tensor is assumed to be axial, with the
axial axis parallel to the b crystal direction. For the 4j site we
present the results for three possible values of the reduced coordi-
nate y since the dipole tensor elements are strongly dependent on it;

Quantities a axis b axis ¢ axis see Table II.
S, Fee -0.062(1) 0.074(21)  -0.080(37) Hyperfine constants
Kepa:  —0.00080(3)  —0.00066(7)  —0.00207(1)
5, —0.023(14)  —0.023(14)  —0.023(14) Site B e
Ci%q=0)  0.294(14) 0.430(25) 0.276(40) 2 (0.1,0) _0.025(0) _0.018(11)
S, e 0.591(4) 0.081(17)  —-0.040(25) 2 (1t 2.05(0) _3.5(17)
Keond.2 0.0010(2) 0.00061(2)  0.00174(4) 4 (0,0.1590,0) 2.05(0) _35(17)
9 0.211(10 0.211(10 0.211(10 .
c;m(qZ:o) 0.713E11; 0.203220)) 0.082227; 4J, (%’0'1916’%) ~0215(0) LLGS)
4 (3,01714,1) -0.691(0) 2.0(9)
4j (3,0.1415,3) —1.133(0) 2.9(1.3)

muon signal to muons at position 2b. Unfortunately, the mea-
sured three tensor elements C5“(q=0) are not in agreement
with any of the predictions for a high-symmetric interstitial
position.

Using the measured B ; value, we can check the assign-
ment of the muon site labeled 1 as arising from position 2b
and also gauge the hypothesis of a scalar hyperfine tensor.
From the computed value of C*(q=0) for site 2b, see Table
II, and Eq. (A3), we compute ${“=-0.025. Taking the hy-
perfine tensor to be scalar, we should have X ${“=-0.075.
We compute 2, F7“=-0.068. Hence the condition given by
Eq. (A7) does not seem to be satisfied. However, while the
uncertainty on =,9{" is very small because it derives di-
rectly from the value of the low frequency which is well
determined, the uncertainty on X 7 is large. Hence, the
condition given by Eq. (A7) is in fact fairly well obeyed.
Therefore the scalar hypothesis is supported by the numerics.
Inspecting the uranium environment of the muon at position
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FIG. 19. (Color online) Examples of zero-field uSR spectra
recorded at ambient pressure and low temperature for S, 1 a and
S,lla at the GPS and MuSR (Ref. 4) spectrometers, respectively.
The initial asymmetry for the two measurements were a little dif-
ferent: ay=0.212 and 0.196+0.050=0.246 (the 0.050 asymmetry
stems from the background contribution at wSR because of the
relatively large muon beam cross section; such a contribution does
not exist at GPS), respectively. This explains that the sum of the
two amplitudes of the oscillations is not exactly equal to expecta-
tion if one looks at the spectrum recorded for S, lla for reference.
Note the two different horizontal time scales.

2b (see Fig. 1), we find there are eight nearest-neighbor ura-
nium atoms to a muon, located at the corners of a rectangular
parallelepiped, the muon being at the center of this structure.
Perpendicular to b the basis is almost a square. This suggests
that two elements of the hyperfine tensor are equal. With this
physical insight, the two equal hyperfine constants for the

basal plane, 532; , can be deduced directly from the measured

spontaneous field. Using Eq. (A7), the value of 55'5; just
derived and data from Table IV, the other hyperfine constant,

sa’;ﬂ,, is computed. The results are listed in Table V. As ex-
pected, the anisotropy of the hyperfine tensor is small, if any.

We now consider the other muon site. Proceeding with the
same methodology as for the muon at site 2b, we have com-
puted the hyperfine constants for the remaining three high-
symmetry muon localization sites. The hyperfine constants

are listed in Table V. While S’J}z’; and Sﬁﬁii are found to be

positive with a value of ~2, ﬁﬁj is negative for the three y
values. All the hyperfine constants determined up to now
have always been found to be negative with an absolute
value smaller than one. We refer to the data for Fe, Co, Ni,
Gd, Dy,*® and DyNis.® This corresponds to an hyperfine
field antiparallel to the bulk magnetization. It suggests that
the second muon site is at position 4j; see Fig. 1. On the

other hand, f)ﬁ;l is clearly estimated to be positive. This
seems to be inconsistent with our site assignment. However,
we argue in Sec. IV B 1 that the hyperfine coupling tensor
changes between the WP and SP phases. This means that,
while the estimated value for ﬁﬁjl is reliable since it derives
directly from the second measured spontaneous field at low
temperature, our computed value for ST)ZJ‘-‘ may not be correct.
The reason is simply that we use the paramagnetic Knight
shift data in combination with the sum rule of Eq. (A7).
Because of lack of sufficient information, we will not discuss
any further the muon site assignment. No matter the re-
stricted amount of information extracted from the measure-

1
ments on the coupling constants, the comparison of the ﬁgd
€1
and YJZ]- values is quite interesting. The coupling constant
L €1 L
$5y is particularly small and the ratio S’JZJ- /95, is quite
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large, at least 8.8. This is a key reliable characteristics which
is used in Sec. IV B.

As explained in Appendix A, the amplitude and the level
of the oscillation observed when performing an angular scan
may provide information on the coupling constants. From
Eq. (All) and the discussion leading to these results, we
derive

vo,; = vpa(l + FiX),

Av; = vpo(F; X = FX") (B3)
for the sphere rotated around the b and
vy = vpa(1+ F7°X"),
Avi= vo(FX = F*X), (B4)

when c¢ is the rotation axis. We use vpg rather than v, to
take into account that the effective field on the sample was
slightly shifted. F7“ can be estimated directly from the first
equation in Eq. (B3)

PHYSICAL REVIEW B 81, 024429 (2010)

1 (v,
t{z)
X\ vgg

Since x“(T=55 K)=1.32X 107!, we compute for example
F5¢=0.012(4). This is clearly not consistent with the value
deduced from the Clogston-Jaccarino plot [F5"=0.591(4),
see Table IV]. In the same way, using }*(T=55 K)=1.32
X 1073, we compute, for example, f’l’b =-1.39(27) whereas
we were expecting F;”=0.074(21), see Table IV. Therefore
our measurements for the two sites are not in agreement with
the predictions given at Eq. (A9) but the data still follow the
law written in Eq. (A8). Basically this law can be seen as a
direct consequence of the high symmetry at the muon site.
However, the specific model used to derive Eq. (A9) neglects
the spin-orbit interaction of the uranium electrons.” This is
certainly not a good approximation for an uranium com-
pound.

Finally, we note that the multiplicity at position 4j is twice
as much than at position 2b; see Fig. 1. This fact cannot be
used as an argument to reject the 4j assignment as a possi-
bility since the probability for trapping of a muon in a site is
obviously not determined by its multiplicity. Since we have
just assigned the two measured muon signals to two posi-
tions in the crystal structure, in the main text the two sites are
labeled using the Wyckoff notation.
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