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Evolution of ferromagnetic and non-Fermi-liquid states with doping: The case of Ru-doped UCoGe
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We have investigated the impact of Ru substitution for Co on the behavior of the ferromagnetic superconductor
UCoGe by performing x-ray diffraction, magnetization, specific heat, and electrical resistivity measurements on
polycrystalline samples of the UCo;_,Ru,Ge series (0 > x < 0.9). The initial Ru substitution up to x & 0.1 leads
to a simultaneous sharp increase of the Curie temperature and spontaneous magnetization up to maximum values
of Tc = 8.6 K and Ms = 0.1up per formula unit, respectively, whereas superconductivity vanishes already for
x = 0.03. Further increase of the Ru content beyond x ~ (.1 leads to a precipitous decrease of both T and Mg
towards a ferromagnetic quantum critical point (QCP) at x., = 0.31. Consequently, the 7 — x magnetic phase
diagram consists of a well-developed ferromagnetic dome. We discuss the evolution of ferromagnetism with x
on the basis of band structure changes due to varying 5 f-ligand hybridization. This scenario is supported by
the results of electronic structure calculations and consideration of the simplified periodic Anderson model. The
analysis of the temperature dependencies of the electrical resistivity and heat capacity at low temperatures of the
samples in the vicinity of the QCP reveals a non-Fermi-liquid behavior and assigns the ferromagnetic quantum
phase transition to be most likely of a continuous Hertz-Millis type.

DOI: 10.1103/PhysRevB.92.045114

I. INTRODUCTION

The phenomena emerging near a quantum critical point
(QCP) belong to the most intensively studied topics of
condensed matter physics. Diligent research in this field
continuously brings brand new materials carrying completely
novel properties. Such progress boosts development of new
theoretical approaches describing electron correlations in
these systems. A specific group of those intriguing materials
comprises the uranium based ferromagnetic superconductors
(FM SC) UGe; [1,2], URhGe [3], and UCoGe [4]. In these
compounds superconductivity (SC) and itinerant ferromag-
netism (FM) are carried by the same uranium S f electrons.
It is a novelty distinguishing them from previously reported
ZrZn; [5]. UGe;, the first discovered case, is a model example
of SC induced by external pressure. Here SC appears and
reaches a maximum 7gc on a boundary between two different
FM phases under high pressure. URhGe and UCoGe are
ambient pressure FM SC where both phenomena naturally
coexist. A lot of effort both in theory and experiment has been
made to explore the underlying mechanisms of the coexistence
of FM and SC. FM spin fluctuations which appear in the
vicinity of the QCP have been considered as the main essence
for inducing the unconventional spin-triplet SC state [6-8].

Quantum phase transitions (QPTs) were experimentally
studied for a broad spectrum of materials such as high-
Tc SCs [9], ordinary metals [10], or heavy-fermion com-
pounds [11]. Most of such investigations have been carried
out on antiferromagnets which by rule exhibit second-order
QCP. Prominent examples are CeCu¢_, Au, with an antiferro-
magnetic quantum critical point (AF QCP) which is induced
by chemical doping [12] or YbRh,Si, where the AF QCP is
achieved by applying an external magnetic field [13]. Studies
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of quantum criticality in FMs have been less frequent and man-
ifest that here the situation may be much more complex. The
FM phase transition at finite Curie temperature (7¢) is by rule
of a second-order type. T¢ of itinerant electron FMs is often
easily suppressed to 0 K by external pressure p or chemical
composition x. However, detailed experimental investigation
of archetypal FM metals such as MnSi [10], ZrZn, [5], or
UGe; [2,14] has revealed that the FM phase is suppressed to
zero temperature at a first-order transition, which would mean
that no QCP is observed. This can be elucidated theoretically
either in terms of additional fermionic modes which may cou-
ple to the critical FM fluctuations driving the phase transition to
afirst-order type [15], or that a first-order magnetic phase tran-
sition may be induced by strong magnetoelastic coupling [16].
No generic scenario can be drawn for the QPTs of the above
mentioned materials because of rather individually different
phenomena appearing in the quantum critical region. In par-
ticular, MnSi becomes long-period helimagnetic (showing FM
only locally) in which the thermal phase transition is weakly
first-order [17], UGe, exhibits strong uniaxial anisotropy [18]
and ZrZn, exhibits a marginal Fermi-liquid ground state [19].

UCoGe, the subject of the present study, is unique in the
group of FM SC due to the much lower energy scale on which
the magnetism appears [20]. The low 7¢ of UCoGe of only
3 K [4,21] together with the tiny spontaneous magnetization
of 0.03up per formula unit (f.u.) indicate that UCoGe is close
to a FM instability [22]. It has been observed, however, that
the Ru and Fe substitution for Co rapidly stabilizes the FM
state [23], despite the fact that URuGe and UFeGe behave
like Pauli paramagnets down to the lowest temperatures [24].
A similar increase of T¢ was reported in the case of the
initial substitution of Co and Ru for Rh in URhGe [25,26]
with the development of a non-Fermi-liquid (NFL) state on
the higher doping boundary of the FM dome [26]. These
observations motivated us to inspect the development of the
magnetic as well as electrical and thermal transport properties
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in the UCo;_,Ru, Ge series over the entire concentration range
(0 > x < 0.9). Our study is based on extensive investigation
of the crystal structure, magnetization, ac magnetic suscep-
tibility, specific heat, and electrical resistance of numerous
polycrystalline samples with various Ru content. The results
are discussed and compared with theoretical calculations and
related models considering the leading role of the 5 f-ligand
hybridization.

II. EXPERIMENTAL DETAILS

In order to study the development of the magnetic state
in the UCo;_,Ru,Ge system we have prepared a series of
polycrystalline samples with different Ru concentrations x
between 0 and 0.9. All samples were prepared by arc melting
of the stoichiometric amounts of the elements (purity of Co
4N5, Ge 6N, and Ru 3N5). U was purified by the solid state
electrotransport technique [27] following previous experience
with preparation of UCoGe [27]. The arc-melting process
was realized under protective Ar (6N purity) atmosphere on
a water-cooled Cu crucible. Each sample was three times
turned upside down and subsequently remelted in order to
achieve the best homogeneity. All samples were separately
wrapped into a Ta foil (99.99%), sealed in a quartz tube
under the vacuum of 1 x 10~® mbar, subsequently annealed
at 885 °C for 14 days and then slowly cooled down to room
temperature to avoid creation of the internal stresses. Each
sample was characterized by x-ray powder diffraction (XRPD)
at room temperature on a Bruker D8 Advance diffractometer.
The obtained data were evaluated by Rietveld technique [28]
using FULLPROF/WINPLOTR software [29,30] with respect to the
previously published crystallographic data of the UCoGe [31]
and URuGe [24] compound. The chemical composition of
our samples was verified by a scanning electron microscope
Tescan Mira I LMH equipped with an energy dispersive
x-ray detector Bruker AXS. Samples were afterward properly
shaped for individual measurements with a fine wire saw to
prevent induction of additional stresses and lattice defects.
The electrical resistivity (p) was measured by the four-probe
method on bar-shape samples (1 x 0.5 x 4mm?) and heat-
capacity (Cp) measurements were performed on thin plates
(2 x 2 x0.2mm?%) by the relaxation method on PPMSIT and
PPMS14T devices using a >He insert. Magnetization (M)
measurements were done on cubic samples (2 x 2 x 2mm?)
using a MPMST7T device. The magnetization was evaluated in
u/f.u. For simplicity we omit “/f.u.” everywhere throughout
the paper.

The electronic structure calculations were performed on
the basis of the density-functional theory within the local-
spin-density approximation [32] and the generalized gradient
approximation [33]. For these calculations we have used
the full-potential augmented-plane-wave together with the
local-orbitals method (APW+-l10) as a part of the latest version
(WIEN2K) of the original WIEN code [34].

III. RESULTS

A. X-ray diffraction

Both UCoGe and URuGe crystallize in the orthorhombic
TiNiSi-type structure (space group Pnma) [24,31] with the
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TABLE 1. The lattice parameters and the unit cell volume of the
UCo,_,Ru,Ge samples as obtained from the refinement of the x-ray
powder diffraction patterns.

x a(h) b(A) c(A) v (A

0.10 6.8344 42188 72717 209.6671
0.20 6.8216 42267 7.3048 210.6173
0.21 6.8204 42261 7.3026 210.4879
0.22 6.8189 42279 73079 210.6840
0.23 6.8178 42272 7.3085 210.6325
0.24 6.8131 4.2280 73145 210.6999
0.25 6.8150 42320 7.3229 211.2003
0.26 6.8269 42385 7.3347 212.2355
0.27 6.8203 4.2363 73314 211.8247
0.28 6.8205 4.2390 73392 212.1890
0.29 6.8133 42373 7.3389 211.8711
0.30 6.8077 42373 73413 211.7662
0.40 6.7880 4.2454 7.3704 212.3984
0.50 6.7709 42577 7.4046 213.4669
0.60 6.7522 42710 7.4416 214.6050
0.70 6.7336 42868 74741 215.7451
0.80 6.7137 43015 7.5041 216.7105
0.90 6.6909 43212 7.5290 217.6849

room-temperature cell parameters a = 6.852 OA, b =4.208 é,
c="7226A and a =6.678A, b =4.359A, ¢ =7.539A,
respectively [24,31]. The unit cell volume of UCoGe (V =

208.3 /0%3) [31] is about 5% smaller than that of the URuGe

compound (V = 219.5 AS) [24]. The XRPD patterns con-
firmed the orthorhombic TiNiSi-type structure of samples over
the entire concentration range of the UCo;_,Ru, Ge series.

The evaluated lattice parameters are listed in Table 1. The
concentration dependence of all three lattice parameters and
the unit volume reveals a linear behavior, i.e., obeying Vegard’
s law [35] (see Fig. 1).

While the lattice parameters b and c¢ increase with increas-
ing x, the lattice parameter a simultaneously decreases. The
volume expansion seems to reflect the increase of the covalent
radii from Co (126 pm) to Ru (146 pm) [36]. Refinement of the
diffraction patterns showed that the Ru atoms really substitute
the Co ones on their sites.

Although the unit cell volume expands with increasing Ru
concentration, the distance between the nearest-neighbor U
ions dy.y contracts (see Fig. 1). This result is not surprising
because the dy_y lines form a chain meandering along the a
axis.

B. Magnetization and ac susceptibility

We have measured the magnetization of each sample as
a function of temperature and applied magnetic field. The
values of Mg have been estimated from the magnetization
curves measured at 1.85 K (the lowest available temperature
in our MPMS7T) by extrapolating the magnetization from high
magnetic fields to 0 T.

The values of 7¢ have been determined by several methods.
Arrott plot analysis of magnetization data is widely considered
as the most reliable method [37]. For this purpose the
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FIG. 1. (Color online) Concentration dependence of the lattice
parameters and the unit cell volume of the UCo,_,Ru,Ge samples.
The lines serve as guides to the eye.

magnetization curves were measured at several temperatures in
the vicinity of the expected T¢. The Arrott plots obtained from
our magnetization data are strongly nonlinear. These curves
can be approximated by a third degree polynomial function
(see a model example in Fig. 2). T¢ is determined as the
temperature of the Arrott plot isotherm that would cross the
M? axis at 0. An example of the relevant construction is shown
in the inset of Fig. 2.

The nonlinearity of the Arrott plots (the cubic M? vs
H /M dependence) suggests the presence of a magnetization
component linearly dependent on the magnetic field. This is
related to the fact that UCoGe and the other UT X compounds
crystallizing in the orthorhombic TiNiSi-type structure exhibit
strong uniaxial anisotropy with easy magnetization direction
along the ¢ axis. The hard magnetization directions within
the a-b plane are characteristic by a weak temperature-
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FIG. 2. (Color online) Arrott plots for the UCog 77Ru 23Ge com-
pound. Solid lines are the third-order polynomial functions. The inset
shows that 7¢ is taken as the value for which the intersection with the
M? axis would be zero.
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FIG. 3. (Color online) Revised Arrott plots after subtraction of
the linear term with the slope a = 0.006.5 T~ from the magnetiza-
tion data measured on the UCoy 77Rug 23Ge sample.

independent paramagnetic response with the magnetization
proportional to the magnetic field. We have observed the
same type of magnetocrystalline anisotropy for the FM
UCo;_,Ru,Ge single crystals which we have grown as a
part of another study (see Ref. [38]). Consequently the
polycrystalline samples should show a corresponding linear
component also in the FM state. By subtracting a suitable
linear term from measured magnetization data we obtain
the corrected magnetization values M* = M —auogH. For
a = 0.006p5 T~! the Arrott plots M? vs H/M* are indeed
linear except the low-field part due to low-field magnetization
processes and the influence of a demagnetization field as can be
seen, for example, in the case of the UCo( 77Rug 23 Ge sample
in Fig. 3.

The obtained T¢ and Mg values are listed for all samples
in Table II and plotted in the complex phase diagram in
Fig. 9(a). T¢ steeply increases with the initial Ru substitutions
for Co, which is in agreement with the results published
in previous work [23]. This trend terminates at xp,x =~ 0.1
where the ordering temperature reaches a maximum value
of Tc.max =~ 8.6 K. This value is almost three times higher
than 7¢ = 3 K of the parent compound [4] and is comparable
with the value found by Huang ef al. in the case of the
corresponding substitution of Fe for Co in UCoGe [39].
Increasing Ru concentration beyond x & 0.1 is accompanied
by a simultaneous decrease of 7¢ and Mg towards zero at the
critical concentration x. ~ 0.31. Thus, the FM dome of the
concentration dependence of T¢ in the T — x magnetic phase
diagram is intimately connected with a corresponding change
of Mg [see Fig. 9(a)].

The M(T) curves measured on selected samples with
concentration above x > 0.1 displayed in Fig. 4 also manifest
the collapse of FM with increasing Ru content. The estimated
Tc values as derived from the temperature of the inflection
point in the M (T') dependence (measured in low external field
of 10 mT are in good agreement with ordering temperatures
obtained from the Arrott plot analysis [see Table II and
Fig. 9(a)].

We have also measured the ac magnetic susceptibility ()
for different Ru concentrations above x > 0.21 at temperatures
down to 1.85 K using a MPMS device. For measurements
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TABLE II. Values of the spontaneous magnetization Mg and
Curie temperature derived from the Arrott plot analysis (Tc arot)s
temperature dependence of ac susceptibility (7c, ,), magnetization
(Tc.m), and specific heat (Tcc,), and Sommerfeld coefficient ()
as determined from the specific-heat data at low temperatures for
samples with various concentrations of Ru (x).

Ms Tc, Arrott Tc Tem TC,Cp 14
x ) (K) K)  (K) (K (M
0 0.0300 - - 2.50 - -
0.01 0.0330 4.20 - 4.00 - -
0.05 0.0750 8.30 - 7.50 - -
0.10 0.1060 8.62 - 8.20 8.60 0.0861
0.20 0.0540 5.70 - 5.40 5.70 0.1066
0.21 0.0580 5.70 5.20 5.40 5.90 0.1100
0.22 0.0594 5.01 4.70 5.00 5.30 0.1133
0.23 0.0568 4.68 4.20 4.60 4.30 0.1152
0.24 0.0270 3.55 3.50 3.60 3.80 0.1258
0.25 0.0300 3.49 3.40 3.40 3.30 0.1333
0.26 0.0213 2.51 2.80 2.80 3.00 0.1353
0.27 0.0223 2.77 2.40 2.60 2.80 0.1435
0.28 0.0219 2.32 1.90 2.30 2.70 0.1405
0.29 0.0077 - 1.44 - 1.40 0.1529
0.30 0.0013 - ~0.35 - - 0.1598
0.40 0.0011 - - - - 0.1523
0.50 0.0001 - - - - 0.1490

at lower temperatures (down to 400 mK) a custom-made
coil system attached to the *He insert in PPMS and a
lock-in amplifier were utilized (the same setup as that used
in Ref. [40]). T¢ is usually identified as the temperature of
the maximum of the real part of x (see Fig. 5). While the
low-temperature ac susceptibility of the sample with x = 0.29
reveals a well-developed peak at 1.44 K indicating the onset
of FM, no clear peak maximum is observed for the sample
with x = 0.30, which might be at approximately 350 mK as
the lowest-T point was measured at 400 mK. For the sample
with x = 0.31 no trace of y anomaly has been detected down
to 400 mK, which seems to be in the immediate vicinity of
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FIG. 4. (Color online) Temperature dependence of the magneti-

zation of selected UCo,_,Ru, Ge compounds measured in an external
magnetic field of 10 mT. The arrows mark 7¢ for each composition.
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FIG. 5. (Color online) Temperature dependence of the real part
of the ac susceptibility of selected UCo;_,Ru, Ge compounds. The
arrows mark 7¢ for each composition. Data are plotted in arbitrary
units and normalized because the homemade coil for measurement in
*He (used for measurement of samples with x = 0.29-0.31) provides
only relative data. Some curves are not shown for clarity of the figure.

the critical Ru concentration for the existence of FM in the
UCo;_,Ru,Ge compounds.

C. Specific heat

To analyze the different contributions to the specific heat we
have subtracted from experimental data the phonon contribu-
tion using the fit of the phonon specific heat as a Cpn(T) =
BT3. We typically obtain values of B = (0.52-0.56) x
103 Jmol ' K=* which correspond to Debye-temperature
values of 151-155 K. The remaining part of the specific heat C
represents the sum of the electronic and magnetic contributions
C. and Cy,, respectively.

Figure 6 displays the specific heat C divided by temperature
T versus T on a log scale for selected samples between
x = 0.1 and 0.31. The anomaly at T¢ is gradually smeared
out and shifted to lower temperatures with increasing Ru
concentration. Samples with x < 0.3 show clear anomalies
that are coincident with the onset of FM order and are

T A —

140 |
L120 |
€100 |
80
60 |
40
20

CIT (mJ/

FIG. 6. (Color online) C/T versus log7T plot for selected
UCo,_,Ru,Ge compounds. Black arrows indicate T for samples
with x = 0.10, 0.22, and 0.24, respectively.
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FIG. 7. (Color online) Estimation of the critical concentration for
FM in the UCo;_,Ru,Ge system by applying the TC4/ P vs x plot and
the 7¢ values derived from the Arrott plots.

in reasonable agreement with the 7¢ values derived from
magnetization and ac susceptibility [see Table IT and Fig. 9(a)].
For samples with x = 0.30and 0.31 C/T versus logT exhibits
nearly linear dependence between 1 and ~ 10 K but gradually
levels off at lower temperatures. This indicates a non-Fermi-
liquid (NFL) behavior C(T)/T = ¢ In(Ty/ T) [41,42] that is
expected for concentrations in the vicinity of the FM QCP.
We note that our data do not follow this dependence in the
whole temperature range similar to that recently reported on
the UCo;_,Fe,Ge system [39].

We further calculate the magnetic entropy S, integrated
over the temperature range from 0.7 K up to the 7¢ for each
sample and find a steady decrease of Sy, with increasing x
from 0.13R In2 for x = 0.1 down to 0.006R In2 at x = 0.30
[see Fig. 9(c)]. This is consistent with the observation of a
gradual disappearance of the itinerant magnetic moment by
approaching the QCP (x., =~ 0.31). As the system approaches
the critical concentration we observe a large increase of the
value of Sommerfeld coefficient y with a maximum near
Xor &~ 0.31 which reflects an enhancement of the effective mass
of the quasiparticles in the region where FM is suppressed.
This finding is consistent with the presence of a strong spin
fluctuation near the FM QCP. According to the prediction for
the dependence of T¢ on a control parameter (x) for itinerant
FM QCP by Millis and Hertz [41,42] the ordering temperature
should obey the relation T¢ ~ (x¢r — x)** [43], i.e., a linear
Tg/ P vs x plot. As we show in Fig. 7 a linear fit of 7T¢ values
for the samples with x from 0.2 to 0.3 reveals that 7¢ vanishes
at the critical concentration x., ~ 0.31 consistent with this
model.

D. Electrical resistivity

The low-temperature resistivity data measured on selected
polycrystalline samples are plotted in Fig. 8. Anomalies
connected with the transition from a paramagnetic to a FM
state are not clearly visible. It is evident, that increasing Ru
content leads to considerable changes of the low-temperature
resistivity behavior. The p(T') data below T reasonably follow
the p = py + AT? dependence usual for FMs. Data above T¢
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FIG. 8. (Color online) Temperature dependence of the electrical
resistivity for selected polycrystalline samples of UCo;_,Ru,Ge. The
vertical arrows denote ¢ values obtained from ac susceptibility data.
Dashed lines are fits to data above 7 according to Eq. (1). Each curve
is arbitrarily vertically shifted for better clarity of the figure.

were fitted to the relation
p=po+ AT". (1)

The inflection point of the p(T") dependence was taken as an
upper limit for the fitting. The exponent (n) gradually decreases
as the Ru content approaches the critical concentration x;.
The minimum value of n & 1.13 for x = 0.31 is close to
the proposed linear temperature dependence from the theory
of Millis and Hertz [41-43] for NFL behavior of a clean
three-dimensional itinerant FM rather than to the scaling with
the exponent n = 5/3 which follows from the spin-fluctuation
theory of Moriya [43]. The samples with higher concentration
of Ru (x > x.) seem to exhibit gradual recovery towards a
FL state which is documented by increasing the value of n
exponent with increasing x above x;.

Development of the exponent # is summarized in the 7 — x
phase diagram [Fig. 9(b)]. In order to see the exponent n as
a function of temperature we have calculated the logarithmic
derivative of the electrical resistivity according to Eq. (2):

_dIn(p — po)
dInT

The results of this analysis are displayed in the colored part
of the phase diagram in Fig. 9(a). One can see a significant

@)
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FIG. 9. (Color online) Panel (a) shows the T — x phase diagram
based on measurements of polycrystalline samples. The diagram is
supplemented by the results of the electrical resistivity measurement
revealing the occurrence of SC in the parent UCoGe compound and
in UCogg9Ruy 9y Ge—the two data points are taken from Ref. [23]
(green triangle). The black solid line is only a guide to the eye,
while the red dashed part is a fit of Tc ~ (x — x)*/*. The right axis
denotes the spontaneous magnetization Mg (dashed line in the plot
is only a guide to the eye). The color plot shows local exponents
of the resistivity obtained as n = W. The black filled circles
show the temperature where resistivity starts to deviate from the
T? dependence. Panel (b) shows the evolution of the coefficients n
from the fitting of the low-temperature dependence of the electrical
resistivity with equation p = py + AT" for T > Tc. Theright vertical
axis shows RRR = p300 /004 k as a function of x. Panel (c) shows the
development of C/ T (extrapolated to 0 K) and the magnetic entropy
S (value for the parent UCoGe is taken from Ref. [44] and is marked
by a star).

change of the exponent between the region of FM ordering
(T < Tc) where n =2 and in the nonmagnetic state where
n < 2. The sharp decrease of the value n near x., down to
the lowest temperatures is surrounded by regions of higher
n (rapidly increasing on the FM side for x < x. and slower
increase on the paramagnetic side).

E. Theoretical calculations

In order to better understand the changes in the electronic
structure of the UCo;_,Ru,Ge compounds across the ferro-
magnetic QCP, we have performed first-principles theoretical
calculations on the paramagnetic compound URuGe. As a
matter of fact, while the density of states (DOS) of the parent
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FIG. 10. (Color online) Total and partial DOS for U- f states and
Ru-d states in URuGe. Width of the d band (WX") and its center AC C‘}f“
are marked by dashed arrows. The inset shows that the contribution
of the Ge-p states is far from the Fermi level.

compound UCoGe is known (Ref. [45]) the information about
the DOS of URuGe is missing. The calculated total and partial
DOS of the URuGe are plotted in Fig. 10.

We used the calculated URuGe band structure by consid-
ering the simple model of Silva Neto er al. [46] which is
based on the periodic Anderson model [47,48]. This simplified
model proposes the key role of the nd-5 f hybridization [V, in
Eq. (3)], where n is the number of d electrons in the observed
nonmonotonous evolution of T¢ in the URh;_,Co,Ge system.
They described the evolution of 7¢ with increasing x as
a consequence of the broadening of the nd and 5f bands
(Wq,Wy), respectively, and the mutual shift of their centers
(Crq — Cyy) that are related as [46]

WyWg
Cra — Cuy’
If we apply this model to our UCo;_,Ru,Ge system we
can qualitatively describe the nonmonotonous evolution of 7¢
with Ru concentration. The concentration dependence of the

broadness of the nd band is assumed to be linear according to
Eq. (4):

Var (3)

Wa(x) = W1 — x) + Wi'(x), “4)

where WdCO =6.1eV (Ref. [45]) and Wf“ =8.7eV (see
Fig. 10) and W; = 0.43 eV (Ref. [45]). Such a behavior is
consistent with other UT X (T = transition metal, X = p ele-
ment) compounds where the d band broadens while we move
from the 3d to the 4d transition metals [49]. Consequently
(Crq — Cyp)(x) = ACyr(x) deviates from linearity

ACqp(x) = ACF(1 — x) + ACH (x)
+8'x2(1 —x)+8"x(1 — x)% 5)

We used the values from calculated DOSs, i.e., AC}}J}‘ =
0.65 eV and AC(?;? = 1.5 eV (Ref. [45]) and adjustable pa-
rameters were taken as 8’ =2 x 107> and §” = 2. Such an
approach leads to a nonmonotonous dependence of the d- f
hybridization term Vy; starting with V;¢(x = 0) ~ 1.73 for
UCoGe (in agreement with Ref. [46]), Vyr(x = 1) =~ 5.55
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for URuGe and V¢ (x ~ 0.3) ~ 1.9 as estimated for the FM
QCP [46]. The overall V;r(x) dependence starts with its
decrease and thereby causes an enhancement of the density of
f states at the Fermi level N ¢(EF) [50]. In the case of itinerant
FMs we can estimate the ordering temperature as a function of
the density of states at the Fermi level T¢ ~ [I N(Eg) — 11¥/4
where [ is the Stoner integral and N(EF) is the total density
of states at the Fermi level [51]. In this respect we can
attribute the initial increase of T¢ to the enhanced N(EFg).
At x =~ 0.07 the d- f hybridization reaches its minimum value
Var = 1.7 and starts to increase with increasing x. This point
qualitatively corresponds to the position of the maximum 7¢
in the experimental data at x ~ 0.1. As the Ru concentration
increases the d band is shifted closer to the position of the f
band and the hybridization increases and thereby results in a
reduction of the contribution of the Ny(Eg) to N(Ef) [50].
For the reason mentioned above the ordering temperature
decreases and reaches zero near x., &~ 0.31.

IV. DISCUSSION

The 5f-electron magnetism in uranium compounds is
controlled by the degree of overlap of the 5 f wave functions
of neighboring U ions and by the hybridization of the U-ion
5 f-electron states with states of the ligand valence electrons
(5 f-ligand hybridization). These two mechanisms cause the
5 f-electron orbitals to lose their atomic character which they
exhibit in the U free ion. Thus, the 5f-5f overlap and/or
strong 5 f-ligand hybridization lead to delocalization of the
5 f electrons, their participation in metallic bonding [52], and
consequently a washout of the U magnetic moment [53].
In addition, the spin-orbit interaction in the U ion plays
an important role in electronic structure. Accordingly, an
orbital magnetic moment antiparallel to the spin moment is
induced by the strong spin-orbit coupling in the spin-polarized
energy bands of itinerant 5 f-electron materials [54,55]. The
magnitude of the U 5 f-electron magnetic moments is thus
further strongly reduced due to the mutual compensation of
the orbital and spin components. The orbital moment is by rule
larger than the spin moment considering results of so far done
relevant experiments (see relevant references in Ref. [56]).

On the other hand, the 5f-ligand hybridization plays a
dual role in U compounds. Besides washing out the 5f-
electron magnetic moment it mediates an indirect exchange
interaction which couples the uranium magnetic moments
to promote the magnetic ordering and simultaneously causes
very strong magnetocrystalline anisotropy even in very weak
itinerant magnets [56,57]. Within this process the hybridized
ligand valence states become polarized and as a result the
ligand ion (especially the transition element ion) exhibits a
small induced magnetic moment which is usually parallel
to the dominant 5 f-electron orbital component (see relevant
references in Ref. [56]). This scenario apparently holds for
UCoGe as evidenced from a recent x-ray magnetic circular
dichroism study [58] and polarized neutron diffraction ex-
periments on UCog¢7Rug03Ge and UCopggRug 12Ge single
crystals [38]. These experiments confirm that the 5 f-electron
orbital moment dominates the antiparallel spin component. A
much smaller Co magnetic moment is induced by the 5 f-3d
hybridization.
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FIG. 11. (Color online) Illustrative plot showing the dependence
of the ordering temperature of the UT' Ge compounds (7 = transition
metal) on the shortest distance between two nearest uranium atoms
(dy.u)- The shaded region spreads around Hill limit (3.5 A) [59] valid
for uranium. The position of UFeGe is exceptional because UFeGe
does not keep the TiNiSi-type structure [31].

Considering the change of the U-U distance dy.y between
the nearest U neighbor ions (overlap of 5f orbitals) within
the UCo;_,Ru,Ge series, we find that dy.y decreases with
increasing Ru concentration from ~3.48 A in UCoGe to
3.44 A in URuGe (see Figs. 1 and 11). Both values fall
rather on the “nonmagnetic side” of the Hill plot [59]. On
the other hand, one should bear in mind that each U ion has
only two nearest U neighbors on the dy.y chain meandering
along the a axis. If the 5 f-5 f overlap was the only mechanism
controlling magnetism, then a gradual washout of U magnetic
moment and monotonous decreasing of 7¢ with increasing
Ru content would be expected. On the contrary, however,
we observe an initial rapid increase of 7¢ to a maximum
followed by a suppression of FM with further increasing x.
We note that our observation of a FM dome in magnetic
phase diagram in UCo;_,Ru,Ge [see Fig. 9(a)] is similar to
those observed for UCo;_,Fe,Ge [39], URh;_,Ru,Ge [26],
and URh,_,Co,Ge [25].

Apparently an additional mechanism, namely, the 5f-
ligand hybridization, must be taken into account for con-
ceiving the complex evolution of FM in these systems. The
increase of T¢ and U magnetic moment with increasing x
up to 0.12 is accompanied by increasing the 5 f-electron
orbital moment [38]. The increase of the orbital moment is
usually considered as a sign of partial localization of 5 f
electrons because the orbital moment density is distributed
closer to the nucleus than the spin density as has been
demonstrated on a detailed study of the U 5 f-electron form
factor in UFe; [55,60]. Nevertheless, the u;/us ratio of
~?2.3 indicates still a significant delocalization of the 5 f-
electron states for x = 0.12 [38]. As we mention above our
theoretical band structure calculation provides the basis for
understanding the mechanism responsible for the FM dome in
the magnetic phase diagram of UCo;_,Ru,Ge by following
the simple model treating the changes of 5 f-nd hybridization
with variations of the widths and mutual positions on the
energy scale of the transition metal d bands and U 5f
bands [46]. Accordingly, the nonisoelectronic substitution of
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Co by Ru causes broadening of the d band from 3d to 4d
transition-metal-like. Together with the mutual movement of
the d and f bands on energy scale itself we can quali-
tatively conceive the domelike dependence of the ordering
temperature 7c. This is an important confirmation of the
trend. Variations of the 5f-nd hybridization most likely
cause analogous nonmonotonous variation of the magnetic
ground state of UCo;_,Fe,Ge [39] and URh;_,Ru,Ge [26]
exhibiting also a FM dome in the magnetic phase diagram.
It is worth mentioning that the nonmonotonous evolution of
magnetic ground state causing a FM dome in the magnetic
phase diagram is not only specific to the UT Ge compounds
possessing the orthorhombic TiNiSi-type structure. Analogous
trends reflecting the varying 5 f-nd hybridization are observed
also in UT X compounds with the hexagonal ZrNiAl-type
structure. Here UFeAl [61], URuAl [62], and UCoAl [63] are
paramagnets. The latter compound is, however, close to a FM
instability. A magnetic field of only 0.6 T induces in UCoAl
itinerant electron metamagnetism [64,65]. URhAI [62] and
URhGe [56] are FMs. FM domes are observed in the magnetic
phase diagrams of UCo;_,Ru,Al [66], URh;_,Ru,Al [67],
and URh;_,Ru,Ga [67] and anticipated from the results
reported on UCo,;_,Fe, Al [68].

The observed strong delocalization of the 5 f electrons in
UCo_,Ru,Ge at higher Ru concentrations is reflected by a
dramatic decrease of the magnetic entropy S, down to the
0.006R In2 for x = 0.30 which points to the itinerant nature
of the weak FM in the vicinity of the critical concentration.
Note that a magnetic entropy equal to zero is expected for an
ideal itinerant electron FM [56]. Our results of the temperature
dependence of the electrical resistivity provide evidence for a
NFL behavior in the vicinity of x., most likely caused by the
possible presence of the FM QCP. We have observed a drop
of the n exponent in the temperature dependence of resistivity
p = po + AT" and an almost logarithmic dependence of the
heat capacity C(T)/T = c In(Tp/T) in a limited interval
at lowest temperatures that would be in agreement with the
theoretical predictions of Millis and Hertz [41,42]. Further
evidence for the FM QCP is offered by the rapid increase of
the effective mass of the quasiparticles near x.,. The proposed
scenario is also corroborated by scaling of the ordering
temperature with the control parameter itself which obeys
the formula T¢c ~ (x¢ — x)¥* and provides estimation of the
critical concentration x. ~ 0.31.

The FM transition of UCo;_,Ru,Ge compounds in the
vicinity of x, is apparently of a second-order type in contrast
to the first-order transition reported for three-dimensional
FMs in the vicinity of a QCP [69]. Microscopic nuclear
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quadrupole resonance studies of UCoGe suggest a first-order
transition to the FM state [70]. The second-order transition
in UCoj_,Ru,Ge compounds near x. can be conceived as a
consequence of the substitution-induced disorder in the system
which may blur the first-order transition towards a continuous
second-order transition. In this context, we would like to
mention the experimental and theoretical arguments regarding
the observed anomalies related to the existence of a FM QCP
in UCo_,Ru,Ge should be considered with proper caution.
Disorder caused by substitution can in some cases emulate
NFL behavior [71,72] and may be one of the reasons for the
lacking SC in UCo;_,Ru,Ge in the proximity of the QCP.
Thorough investigation of single crystals of UCo;_,Ru,Ge
compounds near x., at ambient and high pressures is highly
desired in order to clarify the origin of the NFL state and the
character of the FM QPT in UCo;_,Ru,Ge.

V. CONCLUSIONS

We have successfully prepared a series of polycrystalline
samples of UCoGe doped with Ruin a wide range of concentra-
tion UCo;_,Ru,Ge (0 > x < 0.9). The Ru substitution leads
to the development of a FM dome between x = 0 and 0.31
with the maximum of 7¢ = 8.6 Kand Mg = 0.1up appearing
at x ~ 0.1. Further increase of the Ru content up to the critical
concentration x.; & 0.31 leads to the disappearance of the FM
state at a QCP. Using electronic structure calculations we were
able to explain the evolution of FM with x for UCo;_,Ru,Ge
in terms of changes of the density of states at the Fermi level
due to varying 5 f-ligand hybridization. The analysis of the
critical exponents of the electrical resistivity and heat capacity
at low temperatures revealed a non-Fermi-liquid behavior for
the samples in the vicinity of the QCP. The NFL state can be
influenced by the substitution-induced disorder of the system
because of the nonisoelectronic mixture of the 3d (Co) and
4d (Ru) bands. Further study of the region around the critical
concentration including the measurements under the external
pressure performed on high-quality single crystals is highly
desired for a better understanding the physics underlying the
FM QPT.
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