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Magnon excitations and quantum critical behavior of the ferromagnet UsRu;Geg

M. P. Nascimento,! M. A. Continentino,"" A. Lépez,” Ana de Leo,? D. C. Freitas,? J. Larrea,"* Carsten Enderlein,’

J. F. Oliveira,' E. Baggio-Saitovitch,' Jiff Pospi%il,® and M. B. Fontes'
' Centro Brasileiro de Pesquisas Fisicas, 22290-180 Rio de Janeiro, Brazil
2 Instituto de Fisica, Universidade do Estado do Rio de Janeiro, 20550-900, Rio de Janeiro, RJ, Brazil
3 Instituto de Fisica, Universidade Federal Fluminense, 24210-346 Niterdi, Rio de Janeiro, Brazil
4Instituto de Fisica, Universidade de Sdo Paulo, 05508-090 Sdo Paulo, Sdo Paulo, Brazil
5Campus de Duque de Caxias, Universidade Federal do Rio de Janeiro, Estrada de Xerém 27, 25245-390 RJ, Brazil
SFaculty of Mathematics and Physics, Charles University, DCMP, Ke Karlovu 5, CZ-12116 Praha 2, Czech Republic

® (Received 13 April 2018; revised manuscript received 5 November 2018; published 26 November 2018)

We present an extensive study of the ferromagnetic heavy-fermion compound UsRu;Ges. Measurements
of electrical resistivity, specific heat, and magnetic properties show that U;Ru;Ges orders ferromagnetically
at ambient pressure with a Curie temperature 7¢ = 6.8 & 0.3 K. The low-temperature magnetic behavior of
this soft ferromagnet is dominated by the excitation of gapless spin-wave modes. Our results on the transport
properties of UsRu;Geg under pressures up to 2.49 GPa suggest that UsRu;Geg has a putative ferromagnetic
quantum critical point (QCP) at P, ~ 1.7 & 0.02 GPa. In the ordered phase, ferromagnetic magnons scatter
the conduction electrons and give rise to a well-defined power law temperature dependence in the resistivity.
The coefficient of this term is related to the spin-wave stiffness, and measurements of the very low temperature
resistivity show the behavior of this quantity as the ferromagnetic QCP is approached. We find that the
spin-wave stiffness decreases with increasing pressure, implying that the transition to the nonmagnetic Fermi
liquid state is driven by the softening of the magnons. The observed quantum critical behavior of the magnetic
stiffness is consistent with the influence of disorder in our system. At quantum criticality (P = P, &~ 1.7+
0.02 GPa), the resistivity shows the behavior expected for an itinerant metallic system near a ferromagnetic

QCP.

DOI: 10.1103/PhysRevB.98.174431

I. INTRODUCTION

The problems related to strongly correlated electronic sys-
tems are of great current interest due to the novel states
of matter that can arise in these systems [1-4]. These in-
clude their exotic magnetic properties, their superconducting
behavior, and their phase diagrams, which exhibit quantum
critical points (QCPs) [5]. QCPs are experimentally explored
by doping, applied pressure, or magnetic field [1]. In the
case of actinide materials, the interesting properties arise from
partially filled f orbitals that strongly hybridize with the con-
duction electrons. This, together with the strong correlations
among the f states, gives rise to a variety of ground states.

The ternary compound UsRu;Geg is a system with in-
teresting magnetic properties. It has a centered-body (bcc)
crystalline structure of the type UsRe;Sig [6]. The lattice pa-
rameterisa = 8.287 /0\, and the interatomic space between the
uranium atoms is dy_y = 5.864 A [7], which is much larger
than the Hill boundary for uranium: dy_y = 3.4-3.6 A,
which sets conditions for a magnetic ground state [8]. The
compound UsRu;Geg has the properties of a heavy-fermion
system, with a Kondo resistivity and a large linear term in
the low-temperature specific heat [7]. It orders ferromagnet-
ically at low temperatures due to the small volume of its
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unit cell, which favors the Ruderman-Kittel-Kasuya-Yosida
interaction [7,9,10]. Its ferromagnetism is characterized as
itinerant, although Mentink ef al. [7] propose localized fer-
romagnetism, contrary to other works in the literature [11—
13]. Under applied pressure, transport measurements show
no evidence of discontinuous behavior as the ferromagnetic
phase is suppressed and a nonmagnetic Fermi liquid state is
attained [12].

In this work, we present an extensive study of the mag-
netic, thermodynamic, and transport properties of UsRu;Geg
[13,14] under external magnetic fields. The transport prop-
erties are also studied for different applied pressures. We
show that this system, below its ambient pressure ferromag-
netic transition at 7¢ = 6.8 £ 0.3 K, has its low temperature
properties dominated by the presence of low-energy spin-
wave excitations. In systems with strong magnetocrystalline
anisotropy such as compounds containing f states, these
modes are generally quenched at low temperatures by the
existence of a gap in the spin-wave spectrum due to this
anisotropy. However, UsRu;Ge¢ is a unique system among
the actinide materials with a negligible magnetocrystalline
anisotropy [13,14]. This allows for the excitation of magnons
at very low temperatures, and these modes end up having
a prominent role in its low-temperature physical properties,
as we show here. In particular magnons scatter the conduc-
tion electrons and have definite importance in the electrical
resistivity of ferromagnetic metals. As we apply pressure
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on UsRu;Ges and measure its resistivity, we have a rare
opportunity to observe the evolution of the spin-wave stiffness
of a ferromagnetic system as it approaches the QCP. Our
transport measurements show a clear softening of the magnon
modes as UsRu;Geg is driven to the putative ferromagnetic
QCP (FQCP) with increasing pressure. In the present study,
we obtain the quantum critical behavior of the stiffness of
these excitations.

A similar program to accompany the quantum critical prop-
erties of antiferromagnetic metals as they are driven from the
ordered magnetic phase to a magnetic QCP encounters several
difficulties. First, these systems are, in general, anisotropic,
with a (pressure-dependent) gap in the spin-wave spectrum.
This prevents an unambiguous determination of the pressure-
dependent spin stiffness from the electrical resistivity. The
latter is expected to present an exponential temperature de-
pendence due to the gap. This is, in fact, observed, confirming
the importance of electron-magnon scattering [15,16] in these
systems.

Recently, single-crystalline samples of UsRu;Gegs were
obtained [13,17]. They present a reorientation transition of
the ferromagnetic moments with increasing temperature that
has not been observed in polycrystalline samples [9—12]. The
low residual resistivity of the single crystals [13] compared
to polycrystalline ones shows that disorder is an important
ingredient in the latter. However, as discussed below, the
temperature dependence of the resistivity in the ferromagnetic
phase is the same in single- and polycrystalline materials
and can be attributed to electron-magnon scattering. Also the
low-temperature specific heat of both types of crystals has a
contribution due to magnons, as shown later.

Our work also concerns the important and actual problem
of ferromagnetic quantum criticality in metals [18-22]. Ex-
perimental evidence and theoretical work show that in metal-
lic ferromagnets, when driven to a FQCP either by external
or chemical pressure, the magnetic transition may become
discontinuous, and a FQCP cannot be attained [22]. However,
there is also theoretical support and experimental results [22]
showing that for sufficiently disordered ferromagnetic metals
a FQCP can still exist, which justifies the interest in these
systems. The present work agrees with these expectations
[18,22] since it confirms the existence of a FQCP in our
polycrystalline sample of UsRu;Geg.

II. EXPERIMENT

The sample was prepared by arc melting of its high-purity
metallic constituents in the ratio U:Ru:Ge = 1:2:2, under
argon atmosphere, without further heat treatment. However,
the x-ray diffractogram at room temperature showed a compo-
sition of U4Ru7Geg, with additional spurious phases [23], as
discussed in detail below. The x-ray powder diffraction (XRD)
at room temperature was performed using the Bruker AXS
D8 Advance II diffractometer, with the LynxEye detector Cu
source with K, radiation.

The diffraction pattern was collected in a Bragg-Brentano
configuration covering the angular range of 10° to 90°, with
incremental steps of 0.02°. The XRD data were refined using
the Rietveld method [14], implemented in the program FULL-
PROF [24], available from the Institut Laue-Langevin [25]. The

profile function used to adjust the shape of the diffraction
peaks was the pseudo-Voigt function.

Pressure-dependent resistivity measurements were carried
out in a temperature range from 0.1 to 10 K in a noncom-
mercial adiabatic demagnetization refrigerator. A standard
2.5-GPa piston cylinder type of cell was used, with a mixture
of fluorinert FC70-FC77 as the pressure medium, pure lead
as the pressure sensor at low temperatures, and manganin as
a manometer for loading the cell at ambient temperature. We
further performed measurements of electrical resistivity under
magnetic fields up to 9 T and respective magnetoresistance
measurements in the temperature range from 1.8 to 30 K in
a commercial physical property measurement system (PPMS)
DynaCool from Quantum Design at ambient pressure.

The specific heat measurements as a function of temper-
ature were also performed in the PPMS DynaCool under
different magnetic field values ranging from O to 7 T in the
temperature interval from 2 to 15 K.

The magnetic characterization involved the application of
external magnetic fields in dc and ac modes. The dc magne-
tization measurements were in the field-cooling (FC) mode
in a field of 10 mT. For the ac susceptibility measurement,
the parameters used were Hyc = 1 mT and Hpc = 50 mT at
3 kHz. Both types of measurements were performed from 2 to
300 K in the PPMS DynaCool (Quantum Design).

III. SAMPLE ANALYSIS

The XRD showed that the sample produced has a main
phase of cubic crystalline structure of UsRu;Geg and sec-
ondary phases. After a detailed analysis of the diffraction pat-
tern and identification of all peaks of minor intensities, it was
found that the secondary phases could probably be Ru,Ges
and y-U. The Rietveld refinement of the x-ray diffractogram
was performed first using the UsRu;Geg main compound
phase. In the sequence, the Crystallographic Information File
(CIF) data of the other phases were added in the base of the
program; after adjustment, the presence of Ru,Ges and y-U
compounds was confirmed as secondary phases in the sam-
ple. The CIF data were obtained from the Inorganic Crystal
Structure Database (ICSD).

Figure 1 shows the refinement of the XRD, where the
black circles are the experimentally observed data, while the
solid red line is the standard calculated by the refinement.
The allowed Bragg positions are represented by vertical green
bars, where each level corresponds to the peaks of the Bragg
planes of each of the phases found. The planes (hkl) shown
in Fig. 1 correspond to the peaks of the diffractogram of the
predominant phase UsRu;Geg, which appears in the amount
of 78.08%. The parameters of the crystalline lattice and the
amounts of each of the phases found as a result of the
refinement, as well as their quality R factors, are described
in Table I. The crystallographic data sheet ICSD 192067
[11] was used for the refinement of the phase UsRu;Geg. In
Table I, it is seen that the lattice parameters of all phases are
in agreement with the literature [7,9,26,27]. The interatomic
distance of the uranium atoms of the major phase UsRu;Geg
isdy_y = 5.866 A, also agreeing with the literature [7,9].

An electron microprobe analysis of our sample was made
using a scanning electron microscope (Jeol, model JSM-
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FIG. 1. Result of the Rietveld refinement of the x-ray diffraction
pattern of the sample. The experimentally observed data are shown
by the black circles, and the calculated standard is given by the solid
red line. The allowed Bragg positions are represented by vertical
green bars, where each level corresponds to each of the phases
found: UsRu;Geg (78.06%), Ru,Ge; (20.78%), and y-U (1.16%).
The difference pattern (I,ps — Icarc) i represented by the solid blue
line. The planes (hkl) shown are of the major phase UsRu;Geg.

7100F), with energy dispersive spectroscopy. It clearly shows
three distinct phases, with proportions similar to those ob-
tained by x-ray diffraction. The Ru,Ge; and y-U are seen
as phases segregated from the main U4Ru;Geg phase that, in
turn, pervades through the bulk material [28].

While uranium in its allotropic forms has a higher resis-
tivity than copper [29], it has a weak paramagnetic behavior,
exhibiting paramagnetism almost independent of temperature
[30,31]; the second spurious phase of the sample, Ru,Ges,
is a semiconductor and strongly diamagnetic, exhibiting a
paramagnetic contribution above 900 K due to the struc-
tural transition [32], from orthorhombic (center symmetric)
to tetragonal (nonsymmetrical) [33]. Thus, in this work, we
state that the low-temperature magnetic, thermodynamic, and

TABLE I. Crystallographic parameters obtained from the Ri-
etveld refinement of the sample. The quality of the refinement
is R, =19.3%, R,, = 16.9%, R.., = 8.98%, x*>=3.537, S =
1.881.

Phase
U4Rll7 Geﬁ RUZ Ge3 Y -U

Composition 78.06% 20.78 % 1.16%
Crystalline structure cubic orthorhombic cubic
Space group Im3 Pbcn Im3m
Data sheet CIF-ICSD* 192067 85205 44392
Lattice parameters

a (A) 8.295813 11.436 3.504737

b (A) 9.238

c(A) 5.716

Crystallographic information file, Inorganic Crystal Structure
Database.
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FIG. 2. The inverse of the magnetic ac susceptibility xac(7) of
the sample as a function of temperature for a frequency of 3 kHz,
an ac field of 1 mT, and a dc field Hpc = 50 mT. The arrow marks
the Curie-Weiss temperature that is very close to the ferromagnetic
transition of U4Ru;Geg, indicated by the peak in the susceptibility.

transport properties of our sample are due to the main phase
U4Ru;Geg with negligible contribution from the secondary
phases.

IV. MAGNETIC PROPERTIES AND EVIDENCE
FOR SPIN WAVES

The inverse of the magnetic ac susceptibility xac(T) of
our sample as a function of temperature is shown in Fig. 2
from 2 to 18 K. The data show a peak at Tc = 6.8 K that
we identify as the Curie temperature, below which UsRu;Geg
becomes ferromagnetic. This coincides with the T found
in Ref. [7] (T¢ = 6.8 K) but is smaller than those found in
Refs. [9,12] that range in the interval between 10.0 and 13.0 K.
Above T¢ the susceptibility follows a Curie-Weiss law from
which we extract an effective magnetic moment of ~2.14up
per uranium atom [34]. This is large compared to the value
obtained from the saturation magnetization in large magnetic
fields (0.2up per uranium atom) [7,13] but smaller than the
value of 2.54up extracted from the Curie-Weiss behavior of
the susceptibility at high temperatures (300 K < 7' < 500 K)
[9]. It is interesting that the Curie-Weiss temperature 6 indi-
cated by an arrow in Fig. 2 is very close to the ferromagnetic
critical temperature T obtained from the peak in yc. This
mean-field behavior is consistent with the rather large uranium
moment in a cubic structure and indicates that ferromagnetic
fluctuations are important only close to 7¢.

In ferromagnetic systems, metallic or insulating, below
Tc the low-temperature magnetic elementary excitations are
long-wavelength spin waves with the dispersion relation
hawy = A + Dk?. The gap A may be due to the magnetocrys-
talline anisotropy, dipolar interactions, or the Zeeman energy
if an external magnetic field H, is applied to the material.
The quantity D is the spin-wave stiffness of the magnetic
system. For a soft ferromagnet with negligible anisotropy, in
zero field and in the temperature range of our experiments,
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FIG. 3. Molar specific heat plotted as C, /T versus T for our
sample (top panel) and that of Ref. [13] (bottom panel). The Curie
temperatures 7, obtained from magnetic and transport properties are
also shown. The insets show the contribution of magnons to the
specific heat. In the former case this is best shown plotting Cy,/T
versus +/7T and fitting with a straight line. In the latter due to an
important phonon (7°?), even at the lowest temperatures, this is shown
fitting a plot of Cy, versus 7.

the gap, in general, can be neglected, and the spectrum is
purely quadratic in the wave vector k. Notice that in this case,
the mode wy—o = 0 is the Goldstone mode of the rotationally
invariant system [5].

Figure 3 (top panel) shows the low-temperature behavior
of Cy/T, the molar specific heat divided by temperature, of
our sample of polycrystalline UsRu;Geg. We considered that
only 78% of the total molecular weight is due to the main
phase. We also show (bottom panel) the single-crystal data of
Ref. [13] plotted in the same way. Notice that in both cases
the Curie temperatures 7, obtained by magnetic or transport
measurements are associated with inflection points in the
Cy/T versus T plots. The insets show a T3/? contribution
for the specific heat due to gapless ferromagnetic magnons
with a quadratic dispersion. In the case of our sample this is
best shown by plotting Cy;/T versus +/7 and fitting with a
straight line. For the single-crystal data, due to an important
phonon 73 contribution even at the lowest temperatures this
is best accomplished by directly fitting C,; versus 7. Notice

that the coefficient of the spin-wave contribution obtained for
the polycrystal § = 0.038J/mol K2 is of the same order as
that in the single crystal of UsRu;Geg, § = 0.025J/mol K372,
However, the larger value of the former indicates that the
magnons are softer in the polycrystalline material [see Eq. (1)
below]. An analysis of the resistivity data (discussed below)
also leads us to conclude that the general effect of disorder in
this sample when compared with the single crystal is to soften
the magnetic excitations in the former.

The large linear temperature-dependent terms found in the
specific heat of both samples are due to the heavy quasiparti-
cles of the metallic UsRu7Geg compound [13]. In our sample,
the coefficient of this term, y = 407 mJ/mol K? (or yy = 102
mJ/mol U K?), is similar to that given in the literature for
polycrystalline materials [7,12,13].

A phonon contribution to the specific heat of our sample
also becomes apparent in a plot of Cy;/T versus T2, where
linear behavior is observed in the temperature interval from
~15 to 30 K. The Debye temperature obtained from the
inclination of this line is ® p = 276 K [7]. The data show that
the phonon contribution in this case can be safely neglected in
the temperature region below 7¢.

Unfortunately, the magnetization data of the UjRu;Geg
single crystal are hard to analyze due to the reorientation
transition of the magnetization in the ordered ferromagnetic
phase [13].

In spin-wave theory, for a cubic ferromagnetic system with
gapless magnon excitations, the expression for the contribu-
tion of these modes to the low-temperature specific heat per
unit volume is calculated as [35]

3/2
Cy = l B_E — Ef § L K232 (1)
v\ar ), 4°\2)\4nD B ‘

This expression allows us to obtain the spin-wave stiffness
D from the coefficient of the T3/? term of the specific heat
in the experimental data, as shown in Fig. 3. Notice that
Cy = CyVy, with Cy given by Eq. (1) and V), being the
molar volume. We get, using the value of § above, D =
32+ 1 meV A”. The error here is mainly due to uncertainty
in the volume of the sample.

Figure 4 shows the normalized low-temperature magneti-
zation of UsRu,Geg as a function of 73/2. The linear behavior
of the magnetization in this plot implies that at low tempera-
tures it decreases according to Bloch’s 7%/2 law. This is a clear
signature that this decrease is due to the thermal excitation of
ferromagnetic magnons [35]. Bloch’s law yields

M(T)/M(0)=1— BT? )

at low temperatures [35]. The coefficient B is related to the
spin-wave stiffness by [35]

. 5(3/2)gus< kg )3/2
- M(0) 4xD )

Using the experimental value of B obtained from Fig. 4 in

Eq. (3), we find D = 27 £ 1 meV Az, where the error comes
from the uncertainty in the volume of the sample. In Eq. 2,
M(0) = 6.1 x 10°emu/m?>.

The values for the spin-wave stiffness obtained above
from the low-temperature specific heat and magnetization

3
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FIG. 4. Normalized low-temperature magnetization of the ferro-
magnet U;Ru;Geg versus T3/ measured in 10 mT field-cooling. At
low temperatures, the magnetization decreases with a Bloch 7°/% law.
We get for the coefficient in Eq. (2) B = 0.030 K=%/2. In the inset a
plot of M(T)/M(0) versus temperature shows the sharpness of the
transition.

measurements, D =32+ 1.0meV Az and D =27+
1.0 meV Az, respectively, are consistent and of the expected
order of magnitude for a soft metallic ferromagnet with
a Curie temperature of T¢c ~ 10 K. For example, in
ferromagnetic Ni with T¢ &~ 631 K [35] the experimentally

obtained spin-wave stiffness ranges from D & 422 meV Ao

D =~ 555 meV A’ [36] when extracted from Bloch’s law and
measured directly by neutron scattering, respectively. These
results strongly support the idea that ferromagnetic magnons
play an important role in the thermodynamic properties of the
cubic ferromagnetic UsRu;Geg below its Curie temperature.

V. TRANSPORT PROPERTIES

In ferromagnetic metals, the scattering of conduction
electrons by ferromagnetic spin waves gives rise to a T2
temperature-dependent contribution to the electrical resistiv-
ity of these materials [37]. This T? term has, indeed, been
found in a previous study of UsRu;Geg [12], but it has been
attributed to electron-electron scattering as in strongly corre-
lated paramagnetic metals. However, in a long-range-ordered
ferromagnetic metal, with polarized bands and gapless spin-
wave modes, the main scattering is due to these elementary
excitations. In fact, this is the main form that electron-electron
scattering assumes in an itinerant ferromagnetic metal. Here,
we give evidence that in ferromagnetic UsRu;Geg a substan-
tial part of the 72 term in its resistivity is due to electron-
magnon scattering. This contribution to the resistivity is given
by [37]

= 2eonars (BEY (kT
p=AT* = =L(Q)7"fa 2 )\ o) )

where g, is a constant with units of resistivity and kr and
Ef are the Fermi wave vector and Fermi energy of the f
electrons, respectively. The quantity (AE/EF) = 2qmax/kr,
where gmax 1S the maximum wave vector for which the
quadratic spin-wave dispersion relation, 7w = Dk?, holds.
The spin-wave stiffness appears in the denominator of this
equation, such that the softer the magnon modes are, the larger
this contribution to the resistivity is. At a FQCP, where the
spin-wave stiffness vanishes, the resistivity of the metal is
given by [37]

(8 (5 (3mksT
= (G5 @

In the next section, we will present results for the electri-
cal resistivity of our sample as a function of temperature
for different applied pressures and magnetic fields. As pres-
sure increases, the ferromagnetic Curie temperature vanishes
smoothly at a FQCP at a critical pressure, P, = 1.7 & 0.02
GPa. The resistivity curves we obtain present no hysteresis
for any pressure. We find no evidence of a behavior that could
indicate a first-order transition as the Curie temperature of
the sample is reduced and made to vanish. As we accompany
the variation of the coefficient of the T2 term with increasing
pressure, we observe a smooth increase in this coefficient that
we attribute entirely, according to Eq. (4), to a decrease in the
spin-wave stiffness as the FQCP is approached. At the critical
pressure the resistivity follows a T°/3 behavior in agreement
with Eq. (5).

We have verified that the electrical resistivity of the single-
crystalline sample of Ref. [13] (ambient pressure, zero mag-
netic field) can also be described by p = py + AT? in the
ferromagnetic phase. This transport property is insensitive
to the rearrangement of the moments. Although the residual
resistivity of the single crystal (pp =41 ©€2/cm) is much
smaller than that of the polycrystal (o9 = 240 ©€2/cm) under
the same conditions, the coefficient of the T2 term (A =
0.39 42 /em K?) of the former is smaller than that of the dis-
ordered sample (A = 0.68 £2/cm K?). The observed larger
value of the coefficient A in our sample, together with Eq. (4),
shows that the magnons are softer in the disordered material.

Pressure experiments

Figure 5 shows the low-temperature behavior of the elec-
trical resistivity of U4Ru;Geg as a function of pressure. All
pressure experiments were carried out in zero external mag-
netic field. The electrical resistivity behaves smoothly, with
no detectable hysteresis for all pressures of the experiments.

At very low temperatures, it presents a 72 dependence,
both above and below the critical pressure P. ~ 1.7 GPa,
and is well described by p = pg + A(P)T?. The exception is
for pressures very close to P,, where p(T') « T35/3, as shown
in Fig. 6. This is the expected power law behavior for a
ferromagnetic metallic system close to a FQCP [see Eq. (5)].

In Fig. 7, we show physical parameters obtained from the
resistivity data as a function of pressure.

(1) In principle, the observation of a clear-cut bend (or kink)
in the T dependence of the electrical resistivity is an indica-
tion of the onset of magnetic ordering (see Fig. 5). The precise
determination of T¢ is obtained from the second derivative of
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of the low temperature 72 terms for different pressures are shown in
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the smoothed electrical resistivity data [38]. In Fig. 7(a), we
plot the 7¢ obtained in this way and draw through these points
a curve from a fit using the expected power law behavior for
an itinerant FQCP, T¢ o | P, — P |, where the shift exponent
[5] ¥ =z/(d + z — 2) = 3/4 since the dynamic exponent is
z = 3 inthis case [5]. The curve gives a reasonable description
of the pressure-dependent Curie temperatures.

(i1) Figure 7(b) shows the pressure dependence of the resid-
ual resistivity. This is nearly constant in the ferromagnetic
phase, with a small drop close to the critical pressure.
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FIG. 7. Parameters extracted from the temperature-dependent
resistivity curves for different pressures. (a) The Curie temperature
obtained from the second derivative of the resistivity (see text).
The dashed line corresponds to a fitting with the expression 7¢
|P. — P|¥, with ¥ =3/4 = 0.75, the expected shift exponent for
a 3d itinerant ferromagnet (see text), and P. = 1.7 GPa. (b) The
residual resistivity as a function of pressure. The coefficients of the
T? term in the resistivity (c) above and (d) below P,.

(iii) Figures 7(c) and 7(d) refer to the pressure dependence
of the coefficients of the T2 term of the resistivity. These
coefficients rise on both sides of the phase diagram as the
critical pressure is approached from below and above in a non-
symmetric fashion. In the paramagnetic phase, above P,, this
term is due to scattering by paramagnons, and its coefficient
is proportional to the square of the inverse of the coherence
temperature [39], T.onh  |P — P.|"*, with vz =3/2 for a
three-dimensional itinerant ferromagnetic system [39]. As can
be seen in Figs. 7(c) and 7(d), we do not have enough data
for T.on close to the critical pressure to be able to determine
its power law dependence on the distance from criticality.
Sufficiently far from P., T, depends linearly on this distance,
which suggests local quantum critical behavior [5].

(iv) For pressures below P, in the ferromagnetic phase,
according to Eq. (4), the coefficient of the T2 term in the re-
sistivity is related to spin-wave stiffness D, A(P) o 1/D?. In
itinerant 3d ferromagnets, the coupling of the order parameter
to particle-hole excitations gives rise to nonanalytic behavior
of the spin-wave stiffness as a function of the magnetization m
[18,40]. For a disordered quantum itinerant 3d ferromagnet,

D(m — 0) = esm[m™? + 0(1)], (6)
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FIG. 8. Pressure dependence of the quantity 1/+/A, which mim-
ics that of the spin-wave stiffness D. The dashed line is the mean-
field prediction D o< m, while the solid and dotted lines are best fits
using Eqs. (6) and (7), respectively. In every case P, = 1.64 GPa.

while for the clean system,
D(m — 0) = &m[In(1/m) + O(1)], (N

where c3 and ¢ are positive constants [40]. In a 3d quantum
metallic ferromagnet the magnetization vanishes close to the
FQCP as m o |P. — P|? with a mean-field exponent 8 = 1/2
[41]. In Fig. 8 we plot the pressure dependence of the quantity
1/+/A that mimics that of the spin-wave stiffness for pressures
approaching the FQCP. We can compare in Fig. 8 the fitting
using the simple mean-field expression D o« m & /(P, — P)
and those using Eqgs. (6) and (7). The quality of the fittings
with these expressions, for the disordered and clean ferro-
magnets, respectively, is similar. They clearly give a better
description of the data than the simple mean field. On the other
hand, the validity of Eq. (7) in the ordered phase of the clean
ferromagnet would imply a discontinuous vanishing of this
ordering with pressure [18,40], for which we find no evidence.
We are left then with Eq. (6) describing the correct quantum
critical behavior of the spin-wave stiffness, in agreement with
the disordered nature of our sample.

VI. EFFECT OF AN EXTERNAL MAGNETIC FIELD

In this section, we study the effect of an applied magnetic
field on the thermodynamic and transport properties of our
sample at ambient pressure. In ferromagnets, a magnetic field
is the conjugate of the order parameter and destroys the
thermodynamic phase transition. This is different from the an-
tiferromagnet where a uniform magnetic field just shifts the
transition. The low-temperature magnetic excitations of the
ferromagnet in an external magnetic field are still magnons,
but they become partially quenched by a Zeeman gap due to
the coupling of the magnetic moments to the field.

This reduces the influence and contribution of spin waves
to the low-temperature properties, i.e., for kT < A, where A
is the Zeeman gap.
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FIG. 9. Specific heat of U;Ru;Geg as a function of temperature
in an external magnetic field H, = 7 T. The fitting curve Cy, /T =
¥ 4+ b/Te /T includes an exponential term that accounts for the
freezing of the magnons by the external field. The parameters
y =310mJ/mol K?> and A = 9.1 K.

In Fig. 9 we show the specific heat as a function of
temperature in an applied field of 7 T. The low-temperature
specific heat is well fitted by the expression Cy /T =y +
bN/T exp(—A/T). The exponential term takes into account
the quenching of the magnons by the Zeeman gap A =
(gmupSH,)/kp, expressed here in temperature scale. From
this fit we can determine the coefficient of the linear term
y(H,) and the Zeeman gap A(H,) for several values of
the external magnetic field, as shown in Figs. 10 and 11,
respectively. Figure 10 shows that the coefficient of the linear
term in the specific heat is reduced as the external field is
applied. The simplest interpretation for this effect is that the
Zeeman splitting of the polarized bands causes a decrease in
the density of states at the Fermi level [42]. This behavior
of y(H,) is quite distinct from that in antiferromagnet heavy

414 0 1 2 3 4 5 6 7 8
H (T)
FIG. 10. The coefficient of the linear term in the specific heat as

a function of the external magnetic field. The line is a guide to the
eyes.
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FIG. 11. The spin-wave gaps extracted from the specific heat
data (triangles) and from the resistivity (circles) using the expressions
in the text. The straight line is the result expected from the simplest
spin-wave theory (see text).

fermions [43], as expected from the different roles of H, in
these systems.

The suppression of the magnons by the magnetic field also
decreases the low-temperature electrical resistivity due to a
partial freezing of the electron-magnon scattering. The low-
temperature electrical resistivity shown in Fig. 12 for H, =
7 T is well described by the expression [44]

T
0 :po—i—aATe_A/T(l +2Z>' 8)

The gap A (in units of temperature) extracted from the re-
sistivity data for several values of the applied magnetic field

260 ———

255

p (nQ2cm)

245 -

240 o o 1 o . 1 . 1 . 1 . 1 o 1 . 1 .
5 6
T(K)
FIG. 12. Resistivity of our sample as a function of temperature
in an external magnetic field H, = 7 T. The fitting curve p = py +
b,T?e */T 4 ¢, Te=»/T (black) takes into account the quenching
of the magnons by the magnetic field that suppresses the electron-

magnon scattering at very low temperatures (see text). The gap for
this fieldis A = 6.5 K.

Ap

-
o

FIG. 13. Magnetoresistance of our sample as a function of mag-
netic field for several fixed temperatures. The lines are two-parameter
fittings (a¢ and b) using the expression Ap = a(H — Hyux) In(H —
H,.x)/b as given in the text [46].

is shown in Fig. 11. The gaps obtained from the transport
and thermodynamic data are in satisfactory agreement. The
straight line in this plot shows the expected value for the
Zeeman gap in the simplest (non-self-consistent) spin-wave
theory [45].

For completeness, we now present magnetoresistance re-
sults at ambient pressure for our sample. Resistivity is mea-
sured as a function of magnetic field for fixed temperatures
below the Curie temperature. For small fields, H, <« 1 T, and
very low temperatures, the magnetoresistance is positive and
reaches a maximum at H,,, and then decreases almost lin-
early with field for H, > Hp,x. Magnetoresistance of multi-
band ferromagnetic metals, like transition metals, has been
intensively studied both experimentally and theoretically [46].
Raquet et al. [46] have shown that for systems with a light ¢
band of conduction electrons and a heavy f band of quasi-
particles, intraband scattering in the conduction ¢ band can
be neglected. Notice that due to the strong c- f hybridization
in UsRu;Geg [13,14] the bands have a hybrid character, and
those referred to above are, in fact, bands with mostly ¢ band
and mostly f band characters. Considering electron-magnon
scattering, which involves an intraband f-f and interband
c- f spin-flip process, Raquet et al. [46] showed that in the
presence of a magnetic field, the magnetoresistance roughly
follows a H,In H, dependence for temperatures above ap-
proximately 7¢/5. In Fig. 13 we plot the magnetoresistance,
defined as Ap = p(H,, T) — p(Hmax, T) as a function of
H, — Hpx, for different fixed temperatures. Hp,x is the value
of the magnetic field for which the magnetoresistance reaches
a maximum before it starts to decrease. We attribute the
positive magnetoresistance at low fields and low temperatures
to the existence of domain walls that are eventually removed
at Hpay. Figure 13 also shows the fittings using the simple
logarithmic law obtained in Ref. [46], Ap = aéH In(§H/b),
with 8H = H — Hp,x. This law gives a good description of
our data.
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VII. CONCLUSIONS

The study of systems close to quantum criticality is an
exciting area of research. In the case of itinerant ferromagnets
driven to a magnetic instability, there is theoretical and ex-
perimental evidence that quantum critical behavior is avoided
and a first-order transition occurs before the FQCP is reached
[18,22,47]. In this work we present a thorough investigation
of the ferromagnetic heavy-fermion system UsRu;Geg as it is
driven to the paramagnetic state under applied pressure. The
results of the transport properties under pressure show no sign
of a discontinuous behavior as T¢ is reduced. The resistivity
curves present no hysteresis effects for any pressure before
or after ferromagnetism is suppressed. Disorder is certainly
present in our system, as evidenced by its high residual
resistivity. It is possible that it is responsible for the observed
continuous quantum critical behavior. We have shown that the
behavior of the spin-wave stiffness close to quantum criticality
is consistent with that expected for a disordered ferromagnet.
Whenever possible, we compared our results with those ob-
tained at ambient pressure in a single-crystalline sample of
U4Ru;Geg [13]. This shows that one of the effects of disorder
is to soften the magnetic excitations in the ferromagnetic
phase of the polycrystal compared to those of the single
crystal. It would be very interesting to perform a study similar
to that presented here in single crystals of UsRu;Geg.

Although disorder is present in our sample, it is not suffi-
ciently strong to give rise to localization effects or Griffith’s
singularities. On the contrary, we have shown that it shows
many of the properties expected for an itinerant clean system,
such as the T3/3 temperature dependence of the resistivity at
its FQCP.

U4Ru;Geg is a unique uranium compound with negligi-
ble anisotropy. This implies that spin waves, the elementary

excitations of a ferromagnetic metal, can be easily excited and
play a fundamental role in the thermodynamic and transport
properties of this system at low temperatures. We have shown
that, as the FQCP is approached with increasing pressure,
the spin-wave stiffness softens and we obtain its quantum
critical behavior. In our polycrystal material this is consistent
with that expected for a disordered itinerant ferromagnet [22].
Inelastic neutron scattering experiments could be performed
to measure directly the spin-wave stiffness of UsRu;Geg.
This could be compared with the values obtained in the
present study using thermodynamic experiments. Especially
interesting would be to observe with neutrons the softening of
the magnons with increasing pressure.

In summary our results on the ferromagnetic UsRu;Geg
provide strong evidence for the existence of a pressure-
induced ferromagnetic-paramagnetic quantum phase transi-
tion in this system that is accompanied by a softening of
the elementary excitations of the ordered phase. Although
disorder certainly plays a role in our system, its quantum
critical behavior shows features expected for a clean, itinerant
FQCP.
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