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Suppression of ferromagnetism and influence of disorder in silicon-substituted CeRhgGe,
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We report a study of isoelectronic chemical substitution in the recently discovered quantum critical fer-
romagnet CeRhgGe,. Upon silicon doping, the ferromagnetic ordering temperature of CeRhe(Ge;_,Si,), is
continuously suppressed, and no transition is observed beyond x. ~ 0.125. Non-Fermi-liquid behavior with
C/T o In(T*/T) is observed close to x., indicating the existence of strong quantum fluctuations, while the
T -linear behavior observed upon pressurizing the parent compound is absent in the resistivity, which is likely a
consequence of the disorder induced by silicon doping. Our findings show the effects of disorder on the unusual
ferromagnetic quantum criticality in CeRhgGey, and provide further evidence for understanding the origin of this

behavior.
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I. INTRODUCTION

Quantum critical points (QCPs) are of extensive interest
for understanding the physics of correlated electron systems,
owing to the emergence of exotic quantum phenomena such
as unconventional superconductivity and non-Fermi-liquid
behavior [1,2]. Heavy-fermion metals are ideal systems for
examining quantum criticality since nonthermal parameters
such as pressure, chemical doping, or magnetic fields can
effectively tune the relative strengths of the Ruderman-Kittel-
Kasuya-Yosida interaction and the Kondo interaction, leading
to the continuous suppression of a second-order phase transi-
tion to a QCP [3-7].

QCPs have been extensively observed in antiferromagnetic
systems [8—11], but are rarely found in ferromagnetic (FM)
materials, where the FM transition usually vanishes suddenly
or converts to antiferromagnetic order upon increasing the
tuning parameter [12]. Recently, the stoichiometric heavy-
fermion compound CeRhgGes was found to exhibit a FM
QCP upon tuning with hydrostatic pressure [13,14]. Its fer-
romagnetic transition is continuously suppressed to zero at
pe =~ 0.8 GPa, where there is also strange metal behavior
with a linear temperature dependence of the resistivity and
a logarithmic divergence of the specific-heat coefficient [13].
These findings are in contrast to the anticipated absence of
FM QCPs in clean itinerant ferromagnetic systems [15,16],
and a local QCP scenario with localized ferromagnetism and
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magnetic anisotropy has been proposed to resolve this con-
tradiction [13]. A localized nature of the 4f electrons in
CeRhgGe4 was revealed in the subsequent study of quantum
oscillations and density functional theory calculations [17].
Meanwhile, angle-resolved photoemission spectroscopy [18],
ultrafast optical spectroscopy [19], and inelastic neutron scat-
tering [20] provide evidence for anisotropic hybridization
between the conduction and 4 f electrons in CeRhsGey.

The application of hydrostatic pressure to stoichiometric
CeRhgGey was vital for revealing the existence of a FM
QCP without the introduction of disorder, which is inherently
present upon chemical doping. However, some experimental
methods including thermal expansion and inelastic neutron
scattering are extremely limited under pressure, which are
essential for characterizing the QCP, such as the analysis of
the divergent behavior of the Griineisen ratio [9,21,22] and
searching for E /T scaling in the dynamic susceptibility [23].
Achieving a FM QCP via chemical substitution would expand
the range of techniques which could be applied to probe the
ferromagnetic quantum criticality in CeRhsGey.

Moreover, the investigation of chemical substitution in
CeRhgGe, allows for an examination of the influence of dis-
order on the quantum critical behaviors in the vicinity of a
FM QCP. In the aforementioned framework for clean itinerant
ferromagnetic systems [15,16], the transition is predicted to
become first order below a temperature 7;.. The introduction
of disorder suppresses T;. until it disappears above a critical
disorder strength [24], and the resulting continuous quantum
phase transition may be accompanied by phenomena such as
quantum Griffiths or Kondo cluster-glass phases [25-27]. On
the other hand, given that CeRhsGey is a clean stoichiometric
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FIG. 1. (a) X-ray diffraction (XRD) patterns of powdered CeRh¢(Ge,_,Si, )4 polycrystalline samples measured at room temperature, where
the positions of the Bragg peaks corresponding to CeRhgGe, are marked by red vertical lines. (b) The lattice constants a, ¢ and the unit-cell
volume V as a function of x for CeRhs(Ge,_,Si,)s. Data for a, ¢, and V are represented by red squares, black circles, and olive hexagons,
respectively, and the dashed lines are guides to the eye. (c) High-pressure XRD patterns of CeRhgGe,, measured with a monochromatic
beam of wavelength 0.6199 A at room temperature. (d) Unit-cell volume of CeRhsGe, as a function of pressure, obtained from refining the
high-pressure powder XRD results. The dashed line represents the results from fitting with Eq. (1). The inset shows the x dependence of the

chemical pressure Prepem-

system where a FM QCP can already be induced by hydro-
static pressure [13], it is of particular interest to examine the
effects of disorder on this very different class of quantum
critical ferromagnetic materials.

Here, in order to scrutinize these problems, we success-
fully synthesized a series of silicon-substituted CeRhsGey
samples. Their structural and physical properties are in-
vestigated using x-ray diffraction, magnetization, electrical
resistivity, and specific-heat measurements. The reduction of
the unit-cell volume with increasing silicon concentration
demonstrates that chemical pressure has been applied relative
to CeRh¢Ges. The T — x phase diagram is constructed for
CeRhg(Ge_,Siy )4, where T is completely suppressed upon
silicon doping at around x, =~ 0.125. The logarithmic diver-
gence of C/T observed close to x, indicates the existence
of strong quantum fluctuations in silicon-doped CeRhgGey,
but the T-linear temperature dependence of the resistivity
observed for the stoichiometric compound [13] is found to be
absent in the resistivity, likely due to the influence of disorder.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CeRhg(Ge_,Si,)s were syn-
thesized by arc melting in a titanium-gettered argon at-
mosphere, with a stoichiometric composition of Ce ingot
(99.9%), Rh ingot (99.95%), and Ge,_,Si, ingot [28]. The
precursor Ge;_,Si, ingots were prepared by alloying Ge ingot
(99.999%) with Si ingot (99.999%) in the nominal atomic
ratio. The obtained CeRhg(Ge;_,Si,)s ingots were wrapped
in Ta foil and sealed in evacuated quartz tubes before being

annealed at 1100 °C for one week, and then cooled slowly to
600 °C. The composition of all doped samples was determined
by energy-dispersive x-ray spectroscopy (EDX). Here we use
the nominal values for the Si composition x, which agree
well with those found from EDX measurements. The crystal
structure was characterized at room temperature using pow-
der x-ray diffraction, and the high-pressure x-ray diffraction
measurements of stoichiometric CeRhgGe, at room temper-
ature were performed at the 4W2 beamline at the Beijing
Synchrotron Radiation Facility (BSRF) with a monochro-
matic beam of wavelength 0.6199 A. The heat capacity was
measured down to 0.4 K using a Quantum Design Physical
Property Measurement System (PPMS) with a *He insert. The
resistivity was measured down to 1.8 and 0.4 K in a PPMS and
SHe refrigerator, respectively. Magnetization measurements
were performed down to 0.5 K using a Magnetic Property
Measurement System with a *He insert.

II1. RESULTS

Powder XRD patterns for CeRhg(Ge;_,Si, )4 are shown in
Fig. 1(a), where the peak positions can be well indexed on
the basis of the hexagonal CeRhgGe, structure. In order to
reveal the evolution of the lattice with silicon substitution,
the refined lattice constants a(x), c¢(x), and unit-cell volume
V (x) are displayed in Fig. 1(b). Up to x = 0.2, all the lattice
constants a, ¢ and unit-cell volume V decrease linearly as a
function of x, which is due to the isoelectronic substitution of
the larger germanium atom with the smaller silicon. The a/c
ratio is almost independent of x, with a a/c = 1.85, which
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FIG. 2. Temperature dependence of the normalized resistivity
p(T)/p(300 K) for samples with doping concentrations (a) x < 0.1
and (b) x > 0.125.

is similar to that reported for CeRhsGe, single crystals [29].
The continuous lattice contraction and constant value of a/c
indicate the absence of a change in the crystal structure of
CCRh(,(GC1_XSix)4.

In order to reveal the pressure evolution of the lattice
constants in CeRhgGe4 and to estimate the equivalent chem-
ical pressure induced by Si/Ge substitution, high-pressure
XRD measurements of CeRhgGes; were conducted in the
pressure range 1.5 to 16.6 GPa, and the high-pressure XRD
patterns are displayed in Fig. 1(c). The obtained volume V
as a function of pressure is displayed in Fig. 1(d), where the
volume continuously decreases upon applying pressure, indi-
cating the absence of a pressure-induced structural transition
in CeRhgGey. The data are well fitted by [30]

@] o

giving rise to a bulk modulus By = 174(3) GPa and zero pres-
sure volume V, = 170.9(2) A3. The isoelectronic substitution
of silicon for germanium has a similar effect to hydrostatic
pressure, both resulting in a contraction of the lattice. In order
to reveal the chemical pressure of silicon doping, Pehem as
function of x is shown in the inset, where Peer, 1S estimated
from comparing the values of the lattice volume under silicon
doping and pressure.

The temperature dependence of the normalized resistivity
p(T)/p(300 K) for CeRhg(Ge_,Siy )4 is shown in Figs. 2(a)
and 2(b). It is clear that the residual resistivity ratio RRR
decreases with doping for x < 0.1, while the RRR are almost
constant or slightly increase from x = 0.135 to 0.2. The latter
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FIG. 3. (a) Low-temperature resistivity p(7) for x < 0.1. The
inset shows the derivative dp/dT for x < 0.1. The arrows corre-
spond to the ferromagnetic transition at T¢. (b) Low-temperature
resistivity p(T') for x > 0.125. The red dashed line shows a fit to non-
Fermi-liquid behavior with p(T') ~ T, the arrows mark the upturn
behavior at low temperature, and the black dashed lines correspond to
Fermi-liquid behavior from which the low-temperature data deviate.

likely corresponds to competition between the effects of in-
creased disorder which enhances the residual resistivity, and
the reduction of critical fluctuations upon moving away from
the critical concentration [13].

Figure 3 displays the resistivity p(7") and corresponding
derivatives dp/dT at temperatures below 8 K for various x.
As seen in Fig. 3(a), both p(T') and dp/dT for x = 0 show
an anomaly at 7¢, which corresponds to the ferromagnetic
ordering transition reported previously [13,28]. With increas-
ing x, the transition is suppressed to lower temperatures, and
disappears beyond x = 0.1. For x = 0.125, no transition is ob-
served in p(7T") down to the lowest measured temperature, and
there is non-Fermi-liquid behavior. The non-Fermi-liquid be-
havior was analyzed using the expression p ~ T, as shown
in Fig. 3(b), which is different from the T -linear behavior
observed at the FM QCP in stoichiometric CeRhgGey [13].
For x > 0.135, with decreasing temperature below 1.0 K,
there is a weak upturn of p(T), as marked by the arrows
in Fig. 3(b). These upturn behaviors may be a consequence
of the enhanced disorder induced by silicon doping. On the
other hand, above the temperature of the resistivity minimum
Tin, the behavior can be well analyzed using the Fermi-liquid
expression p ~ T2, as shown by the dashed lines.

The low-temperature C/T is displayed in Fig. 4. For x <
0.1, a sharp transition is observed in C/T, corresponding
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FIG. 4. Temperature dependence of the specific heat as C/T for

x < 0.2. The arrows mark the position of the Curie temperature 7¢.
The black solid lines correspond to the In(7*/T) divergence of C/T .

to the ferromagnetic transition, where 7¢ gradually shifts to
lower temperature with increasing x, and no transition is de-
tected for x > 0.125, being consistent with p(T) (Fig. 3). A
logarithmic temperature dependence of C/T is also observed
for x = 0.125 and 0.135, indicating the existence of strong
quantum fluctuations for these concentrations, as observed at
the FM QCP in stoichiometric CeRhgGey4 [13]. In the para-
magnetic state beyond x = 0.135, the divergent behavior of
C/T is gradually suppressed upon further increasing x, which
likely indicates the weakening of these fluctuations.

The temperature dependence of the magnetic suscepti-
bility x(7') and the magnetization as a function of field
M(H) at 0.5 K of CeRhg(Ge,_,Si,)4 are displayed in Fig. 5.
For both x = 0.05 and 0.075, x(T) shows a sharp increase
upon cooling through the ferromagnetic transition, in line
with that for stoichiometric CeRhgGe,4 [13], while there is
only a small gradual increase for x = 0.125. As shown in
Fig. 5(b), the magnetization loops at 0.5 K for x < 0.075
show clear hysteresis with a zero-field remanent magnetiza-
tion, which are typical for FM order, suggesting that the nature
of the magnetically ordered state does not change upon dop-
ing. Furthermore, also taking into account the stoichiometric
case [13], the saturation moment at 0.5 K also decreases
with increasing x, pointing to a corresponding decrease of
the ordered moment. No ferromagnetic loop or hysteresis are
observed in M(H) for x = 0.125, suggesting a lack of FM
order at 0.5 K.

Based on the measurements of the specific heat, resistivity,
and susceptibility of CeRhg(Ge|_,Siy )4, the T — x phase dia-
gram is summarized in Fig. 6(a). The values of Ty obtained
from C/T, p(T), and x(T) are all consistent, where T¢ is
continuously suppressed with increasing x before being no
longer observed beyond x. = 0.125. The evolution of mag-
netism upon silicon doping is similar to the T — P phase
diagram in stoichiometric CeRh¢Ge4 [13], where T¢ is lin-
early suppressed under pressure. As highlighted by the dashed
line in Fig. 6(a), a critical concentration x. & 0.125 can be
obtained from a linear extrapolation of the slope of T (x). Tinin
is determined from the minimum of p(7"), below which there
is a —InT dependence (see below), and this behavior abruptly
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FIG. 5. (a) Temperature dependence of the magnetic suscepti-
bility x(7') for three compositions measured down to 0.5 K, in an
applied field of 1 mT. The arrows mark the ferromagnetic transition
at Tr corresponding to the inflection points. (b) Isothermal magneti-
zation M (H ) as a function of field at 0.5 K for the three compositions.

appears for x > 0.135 and is almost independent of x at higher
concentrations.

IV. DISCUSSION

The Tr of CeRhg(Ge_,Siy )4 is continuously suppressed
upon silicon doping, until it is no longer observed at a critical
concentration of x. ~ 0.125. Since the effect of isoelectronic
silicon doping is primarily a pressure effect, this suggests
that the mechanism for the suppression of Ty is similar to
that observed for hydrostatic pressure, where a ferromag-
netic quantum critical point and strange metal behavior is
observed [13]. In order to compare the effects of chemical
and hydrostatic pressures in CeRhgGey, the T — P phase di-
agrams of CeRhg(Ge;_,Si,)s and CeRhgGe4 under pressure
are summarized in Fig. 6(b). The evolution of T with chemi-
cal pressure P.pem, for CeRhg(Ge;_,Siy )4 was derived from the
inset of Fig. 1(d) and Fig. 6(a), and the evolution of 7¢ with
pressure for stoichiometric CeRhgGey is from Ref. [13]. All
the T¢ are continuously suppressed with increasing pressure
P, indicating that the chemical pressure induced by silicon
doping indeed has a similar effect to hydrostatic pressure
on CeRheGey. The difference between the data derived from
applying hydrostatic and chemical pressure may be due to the
pressure for the XRD measurements being measured at room
temperature, while the pressure for transport measurements
was determined at low temperatures.
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FIG. 6. (a) T — x phase diagram of CeRh¢(Ge,;_,Si,)s. The tri-
angles, circles, and squares represent T derived from the specific
heat, resistivity, and magnetic susceptibility, respectively, and the
errors correspond to the scattering of the low-7T" data. T, denotes
the onset of the low-temperature upturn in p(7"). (b) T — Pepem phase
diagram for CeRhg(Ge;_,Si, ), and T — P phase diagram for pressur-
ized CeRheGey. The evolution of T¢ with pressure for stoichiometric
CeRhgGe, is obtained from Ref. [13].

As displayed in Fig. 7(a), a logarithmic temperature depen-
dence of C/T is observed for x = 0.125 and 0.135, indicating
the existence of strong quantum fluctuations in the vicinity
of x.. The concentration dependence of 7 and logarith-
mic divergence of C/T provide evidence for the existence
of a FM QCP at x, =~ 0.125. Such specific-heat behavior
with C/T o« In(T*/T) has been observed at the pressure-
induced FM QCP of CeRhsGey [13] as well as in La-doped
CeRhgGe4 [31]. However, while T -linear behavior of p(T) is
observed in pressurized stoichiometric CeRhgGe, at the FM
QCEP, it is not found in CeRhg(Ge_,Si, )4 upon the suppres-
sion of FM order. As seen in Fig. 7(b), a T'® dependence
of p(T) is observed at x = 0.125, while at a slightly higher
concentration of x = 0.135, a low-temperature upturn with
p ~ —In(T) behavior occurs below T;,. The non-Fermi-
liquid behavior with 7'¢ might arise from the interplay of
disorder and spin fluctuations near a QCP as predicted for
antiferromagnetic systems [32], where the resistivity varies
as T® with 1 < « < 1.5, depending on the degree of disor-
der. The p ~ —In(T") observed for high-doping concentration
samples in Si-doped CeRhgGe, is different from the p =
—AT reported in La-doped CeRhgGey [31], which can be

T(K
(K) 10
. (a) x
o8 o 0.125
g 0.135
*o05 :
©
£
204 1
S

o
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~log(T*/T)
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N

(MQ cm)
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FIG. 7. (a) Temperature dependence of C/T for x = 0.125 and
0.135. The black solid lines correspond to the In(7*/T') divergence
of C/T. (b) p(T) for x = 0.125 and 0.135. The red dashed line cor-
responds to a fit with p oc T, and the black dashed line represents
afitto p(T') & —InT.

described in terms of a disordered Kondo model [2]. The
low-temperature upturn for x > 0.125 may arise due to the
moments not being fully screened by the Kondo effect, as
observed for both some 5f electron compounds with S >
% [33,34], as well as some effective S = % systems [35-37].
The —In(T) behavior is characteristic of single-ion Kondo
scattering, suggesting that there is predominantly incoherent
Kondo scattering of the conduction electrons from the ground-
state doublet. Additional studies are necessary to reveal the
origin of the behaviors near x,., as well as to determine the
role played by disorder on the quantum critical behaviors
and to directly confirm the presence of quantum criticality in
CeRhg(Gej_xSiy)4-

V. SUMMARY

In conclusion, we report an investigation of silicon sub-
stitution on the quantum critical ferromagnet CeRhcGe4. The
suppression of the Curie temperature 7¢ upon silicon dop-
ing and logarithmic divergence of C/T suggest the possible
presence of a QCP at x. =~ 0.125. Here the reduction of
Tc with isoelectronic substitution of Si for Ge is attributed
to the chemical pressure effect, where both hydrostatic and
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chemical pressures reduce the unit-cell volume. At x, ~
0.125, a In(T*/T) behavior is observed in C/T, which
is similar to the case of stoichiometric CeRhgGes under
pressure [13], but the resistivity deviates from the T -linear
behavior observed for the stoichiometric compound, indicat-
ing the influence of disorder. In future, thermal expansion and
neutron scattering are necessary to characterize the nature of
the potential quantum criticality in CeRhg(Ge_,Si, )4.
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