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YbRh;Si7 is a heavy fermion compound that stands out among Yb-based heavy fermions, with its relatively
high magnetic ordering temperature and large Yb-Yb distance. To investigate the origin of the magnetic prop-
erties in this compound, we synthesized Co doped YbRh;Si;, achieving a record-high ferromagnetic ordering
temperature Tc = 15.6 K, only limited by the Co solubility of 20%. Furthermore, we find a crossover from
antiferromagnetic to ferromagnetic order with Co doping. The specific heat and magnetotransport measurements
show heavy fermion behavior and the persistence of Kondo latticelike behavior in the Yb(Rh,_,Co,)3Si; series.
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I. INTRODUCTION

Heavy fermion (HF) systems are strongly correlated ma-
terials on the brink of a magnetic instability. They often
exhibit antiferromagnetic order, and can be tuned with ex-
ternal parameters such as magnetic field or pressure. Some
known examples are HFs formed with Ce (4f') or U (5f!) ions
[1-5], and much fewer instances of Yb (4f!3) analogs exist
[6-9]. Even fewer ferromagnetic HFs are known, including
the Ce-based compounds Ce(Fe,Ru)PO [10], CeAgSb, [11],
CeRu,Ge; [12], and one Yb one, YbNi4P, [13]. Recently,
we reported a new Yb-based HF ferromagnet Yblr;Ge; [14],
belonging to the class of ScRh3Si;-type (“137”) compounds
that also includes two antiferromagnetic HFs, YbRh;Si; [15]
and YblIrs;Si; [16]. The three Yb “137” compounds are rare
examples of isostructural Yb-based HFs, and one may ex-
pect similarities in their physical properties considering their
structural similarities and isoelectronic substitutions in going
either from Rh to Ir, or from Si to Ge. However, despite the
nearly identical lattice parameters, the three compounds have
very different ordering temperatures, and drastically different
electronic and magnetic properties: the ferromagnet Yblr;Ge;
and the antiferromagnet YbRh3Si; display the expected corre-
lation peak in a metallic resistivity, a common trait of Kondo
metals. However, Yblr;Si; stands out because of its highly
insulating behavior, even though the Hall measurements and
band structure calculations indicate the absence of a band gap.

Among the Yb-based Kondo compounds, the three Yb
“137” systems appear to have the largest Yb-Yb bond length
dyb_yy ~5.5A (Fig. 1). Yet, the magnetic ordering tem-
peratures, ranging from 2.4 K for YbIr;Ge; to 7.5 K for
YbRh;Siy, are consistently higher than many other Yb-based
compounds. This phenomenon is in contrast to the gen-
eral trend where T4 decreases with dy,_yp, as indicated
by the clustering in the low T or low d regime of the
d-T phase space (Fig. 1). It is therefore remarkable that
YbRh3Si; orders at a high Ty ~ 7.5 K (blue triangle, Fig. 1),
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much higher than that of closer-packed Kondo systems (with
dybyp, < 3.6 A). Here we report that the ordering tempera-
ture in YbRh3Si; can be doubled by partially substituting
Rh with nonmagnetic Co to form Yb(Rh;_,Co,)3Si; (orange
triangles, Fig. 1). Additionally, a crossover from antiferro
to ferromagnetic order occurs for 0.09 < x < 0.21, such
that Yb(Rhy §Cop,)3Si;7 is found to have a ferromagnetic
ordering temperature at 7c = 15.6 K, second only to that in
aYbAIB4 doped with Mn [41]. We demonstrate that Co is
not magnetic in Yb(Rh;_,Co,);Si7, and that the Co-doped
YbRh3Si; remain strongly correlated up to the Co solubil-
ity limit x = 0.2. These findings underscore the complex
interplay between the competing energy scales: Ruderman-
Kittel-Kasuya-Yosida (RKKY), crystal electric field (CEF),
and Kondo effect, which was recently emphasized in the
comparison across the RRh;Si; series [50]. However, when
fixing the rare earth to R = Yb and performing substitutions
on the nonmagnetic sublattice in Yb(Rh;_,Co,)3Si;, RKKY
and CEF change very little (with negligible change in dyp_vy),
while the Kondo scale would be most vulnerable to the Co
substitution for Rh [51]. Understanding the origin of the en-
hanced ordering temperature in this Yb Kondo ferromagnet
may offer a pathway to the elusive superconductivity in Yb
HFs, if the unconventional superconducting temperature were
commensurate with the underlying magnetic correlation scale.

II. METHODS

Single crystals of Yb(Rh;_,Co,)3;Si; have been synthe-
sized via the flux-grown method using Rh-Si flux with a
similar synthesis condition as YbRh3Si; [15]. The com-
position of the resulting crystals has been identified as
Yb(Rh;_,Co,)3Si;, with x = 0.09, 0.15, and 0.2. For ref-
erence, we also synthesized polycrystalline nonmagnetic
analogs Lu(Rh;_,Co,);Si7, with x = 0.03, 0.14, 0.24, 0.32,
and 0.46.

©2023 American Physical Society
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FIG. 1. Yb-Yb distance vs Ty of Yb-based heavy fermions
[6-9,13-49].

Powder x-ray diffraction (XRD) measurements were per-
formed in a Bruker D8 diffractometer with Cu Ko radiation.
The Rietveld structural refinement was performed using the
TOPAS software. Quantitative analysis by wave length disper-
sive x-ray spectrometry (WDS) of Yb(Rh(;_,)Co,)3Si7 phases
was performed via electron probe microanalysis (EPMA),
using a JEOL JXA 8530F hyperprobe equipped with a field
emission (Schottky) emitter and five WDS spectrometers.
The analytical conditions used were 15 kV accelerating volt-
age, 20 nA beam current, spot beam size (~300 nm). The
standard used for Rh, Yb, and Si element calibration was
YbRh3Si; grown by flux method (same recipe from our previ-
ous paper [15]), whereas for Co the pure Co metal was used.
Careful background offsets were selected in order to avoid
interference with other x-rays during peak and background
measurements. The Co percentage in Lu(Rh(;_)Co, )3Si7 was
determined by energy-dispersive x-ray spectroscopy (EDX).
DC magnetization measurements were performed in a quan-
tum design magnetic property measurement system (QD
MPMS) with a *He option. Specific heat measurements were
carried out in a QD physical property measurement system
(PPMS) with a *He option. Resistivity was measured in a four-
point contact geometry in a quantum design dynacool PPMS
with electrical transport option using AC current with fre-
quency of 9.1 Hz and driving amplitude of 1 mA. The elastic
neutron scattering measurements on Yb(Rhg gCog,)3Si; were
carried out on HB3 triple-axis spectrometer at the high flux
isotope reactor (HFIR) at Oak Ridge National Laboratory. Py-
rolytic graphite monochromators, analyzers, and filters were
employed. The incident and final neutron energy was fixed
at 14.7 meV. Horizontal beam collimation of open-48’-40’-
sample-40-120° was used. The crystal was aligned in the
(H, 0, L) scattering plane and was loaded in a closed-cycle
cryostat with a base temperature of 4 K.

III. RESULTS

A. Structure and composition

Powder XRD data indicate that the R3c rhombohedral
structure is preserved for all samples in this study. The unit
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FIG. 2. (a) XRD diffraction pattern for Yb(Rhg¢;Co0g g9 )3Si7. In-
set: the (0,0,6) peak for different compositions. (b) Unit cell volume
vs x for R(Rh;_,Co,);Si7, R = Yb (triangles), Lu (squares).

cell volume decreases with increasing Co content [triangles,
Fig. 2(b)] when smaller Co ions partially replace Rh in
Yb(Rh;_,Co,)3Siy, as expected from Vegard law [52]. A rep-
resentative powder XRD pattern is shown in Fig. 2(a) for x =
0.09, confirming the phase purity at this composition, while
the inset shows the (0,0,6) peak shifting with x, confirming the
decrease of the ¢ axis parameter as x increases. With a larger
amount of Co, increasing amounts of secondary CoSi, phase
can be detected, with the majority phase still being the “137”
composition. No magnetism or phase transitions are present
in the measurements on pure CoSi, (not shown), consistent
with literature reports that this compound is a Pauli param-
agnet [53]. With further confirmation by neutron diffraction
measurements for x = 0.20, we conclude that the change
of magnetic order and ordering temperatures are intrinsic to
Yb(Rhl_xCOX)3Si7.

Co doping of the nonmagnetic LuRh3Si; analog confirms
(i) that Co does indeed substitute for Rh and (ii) that Co does
not contribute a magnetic moment in these compounds. The
Co substitution for Rh is reflected in the linear decrease of the
unit cell volume with increasing x (Fig. 2). This decrease in
unit cell volume applies chemical pressure to the system and
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may have an influence on the magnetic properties, which will
be discussed below.

B. Physical properties

YbRh3Si; is the first discovered heavy fermion in the
“137” class of compounds with an antiferromagnetic order-
ing temperature 7y = 7.5 K [15]. This is higher than that in
most known Yb HF compounds (Fig. 1, blue triangle). Upon
replacing 4d Rh with the 5d Ir ion, the resulting Yblr;Si; or-
ders antiferromagnetically at a lower temperature, Ty = 4.1 K
[16], which is still quite high considering the large interatomic
distance dyp_yp and weak RKKY interactions in Yb HFs
(Fig. 1). This observation suggests that the complex interplay
between the different energy scales in the Yb73Si; compounds
(T = transition metal) can be tuned by the selection of T,
and that further enhancement of the ordering temperature is
likely with lighter 7', such as Co. We therefore study the
Yb(Rh;_,Co,)3Si;7 series, where the Co solubility limit is
reached at x ~ 0.20.

The low-temperature magnetic susceptibility M/H for
Yb(Rh;_,Co,)3Si; single crystals is shown in Fig. 3(a), with
the derivatives dM/dT in Fig. 3(b). The composition of two
different samples was determined, within error bars, to be
x = 0.20, and their magnetic susceptibility curves are iden-
tified here as 0.2(A) and 0.2(B). The variation in the transition
temperature between 0.2(A) and (0.2)B is likely related to the
slight difference in their composition. The magnetic ordering
temperature Tyq is determined as the minimum in dM/dT
for each x. The Néel temperature of the parent compound
YbRh;3Si;7 (down triangles) is 7.5 K, consistent with our prior
report [15]. With increasing Co doping, the magnetic tran-
sition shifts to higher temperatures, with T, ~ 15.6 K at
x = 0.2, which nearly doubles that of the parent compound
[Fig. 3(b), full and open squares]. Despite the increase in the
ordering temperature, the temperature dependence of mag-
netic susceptibility is similar for x = 0 and x = 0.2, albeit
with much rapid divergence at T, for x = 0.20. Based on
the magnetic susceptibility alone, we can determine the value
of Tora, but not the type of magnetic transition. Compared to
other known Yb HF systems (Fig. 1), the only known com-
pound with a higher ordering temperature at ambient pressure
is the Mn-doped « YbAIB,4 [49], which has a much smaller
Yb-Yb distance (Fig. 1). In this compound, it was concluded
that a mixed-valence Yb Kondo lattice was responsible for the
high ordering temperature, and Mn doping drove the system
closer to a Kondo insulator [41]. This is not the case for
the Yb(Rh;_,Co,)3Si; series, where the compounds remain
metallic up to the Co solubility limit (see below). Moreover,
we show evidence that Co does not contribute to the ordered
moment, while the Kondo behavior is preserved up to x =
0.20. More importantly, Yb is trivalent throughout the entire
doping range, as indicated by the parallel Curie-Weiss linear
fits (red lines) in Fig. 3(c).

The Lu(Rh;_,Co,)3Si; compounds (Fig. 4) are nonmag-
netic, evidenced by their the small magnetic susceptibility
M/H values, nearly temperature-independent as expected for
Pauli paramagnets. This indicates that Co does not carry a
magnetic moment, and therefore the observed magnetic prop-
erties of Yb(Rh;_,Co,);Si7 are solely due to the trivalent Yb
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FIG. 3. (a) Low temperature magnetic susceptibility M/H and
(b) dM/dT used to determine the ordering temperature Tyq (red
arrows). (c) Full range magnetic susceptibility M/H (left axis)
and inverse magnetic susceptibility H/M (right axis), together with
Curie-Weiss fits (red dashed lines) at high temperatures.

ions, while the Co doping might play a role of introducing
negative chemical pressure, charge doping, or both. We will
revisit the effects of charge doping once the transport proper-
ties of Yb(Rh;_,Co,)3Si; are discussed (below).

We now turn to the specific heat measurements throughout
the Yb(Rh;_,Co,);Si7 series up to x = 0.2. The ordering tem-
peratures [marked by red arrows in Fig. 5(a)] are consistent
with the ones from magnetization measurements, while no
sign of phase transition appears in the nonmagnetic LuRh3Si;
[solid line in Fig. 5(a)]. The C,/T vs T? data for all composi-
tions (black), as well as for the nonmagnetic analog LuRh3Si;
(blue), are shown in Fig. 5(c). The dotted line is the fit to the
high temperature C,,/T vs T2, which extrapolates to 0.1 J/mol
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FIG. 4. Temperature-dependent magnetic susceptibility for
Lu(Rh;_,Co,)3Si; (x =0, 0.03, 0.14, 0.24, 0.32, and 0.46) under
moH =0.1T.

K2 at T = 0. However, this estimate comes from the temper-
ature range above 25 K, which is comparable to the Kondo
temperature and close to the highest ordering temperature
(for x = 0.20). Therefore, a better estimate for the lower
limit for y is given by the dashed line, which extrapolates
C,/T above the magnetic order to 7 = 0, and gives a y of
0.2J/mol K2, The estimated magnetic entropy Sy, [Fig. 5(b)]
is smaller than R/n2 for all these compositions, pointing to
Kondo behavior even with Co doping. This point is further
reinforced by the resistivity measurements [Fig. 6(a)] for
x = 0 (triangles), 0.09 (diamonds), and 0.20 (squares). All
curves display a broad Kondo coherence peak below ~20 K.
This value is consistent with the estimate of Tx from the
magnetic entropy as Spae(0.5Tx) = 0.5 R In2. The resistivity
peak extends over a large temperature range. This is likely
a consequence of the low carrier density observed in some
Kondo lattice compounds, and in the Yb73M; compounds in
particular [14-16], as demonstrated by the Hall data (Fig. 8).
The resistivity and its temperature dependence of YbRh3Si;
is similar to that in our prior study [15], where its origin
was discussed in detail, and was not related to the magnetic
ordering. By contrast, the nonmagnetic analog LuRh3Si; (blue
line) shows metallic behavior as p decreases on cooling. The
slightly larger o(T") at high temperature for LuRh3Si5 is likely
due to the polycrystalline nature of this sample only, with the
resistivity expected to decrease in single crystals, as is the case
for the Yb(Rh;_,Co,)3;Si; samples.

We have so far established that Yb(Rh;_,Co,)3Si; are HF
compounds with unusually high magnetic ordering tempera-
ture, which are only surpassed by that of Mn doped o YbAIBy.
However, the “137” compounds (including Yblr;Si; [16] and
Yblr;Ge; [14]) stand out since the high ordering temperature
is not a result of enhanced correlation strength commensurate
with the interatomic distance, as we discussed above. We
therefore aim to understand the nature of the magnetic order,
which might provide insight into the responsible mechanism
for the enhanced Tyq.

We focus on Yb(Rh;_,Co,);Si; with x = 0.20, the com-
pound in this series with the highest ordering temperature
Tora = 15.6 K. The magnetic order is confirmed by neutron

S, (J mol' K1)

LuRh,Si,

0.0
0 100 200 300 400 500 600 700 800
T2 (K?)

FIG. 5. (a) Specific heat C, for Yb(Rh,_,Co,);Si; (scattered
symbols) and LuRh;Si; (solid line) under zero-field condition.
(b) Magnetic entropy Sy, for Yb(Rh;_,Co,)3Si7. (¢) G, /T vs. T? for
Yb(Rh,_,Co,);Si7 (black, x = 0, 0.09, 0.15, and 0.20) and LuRh;Si,
(blue). Red lines are used for estimating the electronic specific heat
coefficient y at T = 0.

diffraction measurements. Figures 7(a)-7(b) shows the mag-
netic order observed at the FM (0,0,6) reflection (blue) and
lack of magnetic order observed at the AFM (0,0,3) reflection
(red). The slight deviation from the result in specific heat
measurement is mainly due to the thermometer calibration and
placement. No discernible intensity gain was observed at in-
dices corresponding to antiferromagnetic (AFM) reflections,
indicating that the magnetic structure of Yb(Rh;_,Co,);Si;
with x = 0.20 is different than the in-plane AFM order in
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FIG. 6. Temperature dependent resistivity for Yb(Rh;_,Co,);Si;
(x =0, 0.09, and 0.20) under zero-field condition. Inset: low temper-
ature resistivity for Co doped YbRh;Si;.

the YbRh3Si; parent compound [15]. Instead, an in-plane
ferromagnetic (FM) structure is expected due to the thermal
evolution of the (0,0,6) peak [Fig. 7(e)]. This is indeed con-
sistent with the behavior of the magnetic susceptibility for
different applied magnetic fields [Fig. 7(c)]: the susceptibility
increases abruptly below T4 (dashed line), and the magnetic
transition broadens but does not move in temperature with
increasing field. By contrast, neutron diffraction peaks that
correspond to antiferromagnetic wave vectors were observed
for x = 0 [15], where the neutron analysis study showed ferro-
magnetic (FM) planes stacked antiferromagnetically along the
c axis. Co doping in Yb(Rh;_,Co,)3Si7 drives a AFM (x = 0)
to FM (x = 0.20) crossover, resulting in a ferromagnetic HF
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FIG. 7. Yb(Rh;_,Co,);Si7 [x = 0.20(B)] Left: Neutron diffrac-
tion measurements of the magnetic intensity at (a) (0,0,6) and
(b) (0,0,3). Right: the Curie temperature (vertical line) determined
from (c) magnetic susceptibility for oH = 0.01, 0.1, 1 T, the corre-
sponding derivatives (d) dM/dT, and (e) the temperature-dependent
neutron diffraction integrated (0,0,6) peak.

behavior in Yb(Rhg goCog.29)3Si7, with the second highest
magnetic ordering temperature among Yb-based HFs, right
next to Mn doped YbAIB, [41].

IV. DISCUSSION AND CONCLUSIONS

From neutron measurement, the magnetism of the series
experience a crossover from antiferromagnetism to ferromag-
netism upon Co doping. One possible explanation is the
interplay between Co substitution and different energy scales
in magnetic ordering: In YbRh3Si;, the crystal electric field
and anisotropic exchange interactions are close to each other
in terms of energy between the states with the moment parallel
to a and ¢ axes, which is evidenced by the hard axis meta-
magnetism in YbRh3Si; [15]. While the pure sample favors
antiferromagnetic order, Co substitution tips the balance and
favors the formation of ferromagnetism over antiferromag-
netism, while preserving the Kondo physics. With further Co
substitution, the applied chemical pressure increases further,
and the ordered moments become stronger.

Thermodynamic and transport measurements on
Yb(Rh;_,Co,)3Si; indicate an increase of the ordering
temperature with increasing Co amounts x. Interestingly,
the maximum 74,4 in this series is not just higher than that
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FIG. 8. (a) Calculated carrier density (right axis) and hall coef-
ficient (left axis, black) with a simplified single band model versus
temperature. Note that the Hall data measured on YbRh;Si; is ex-
tracted from from our previous measurement [15]. (b) Hall resistivity
of Yb(Rh0'91C00'09)3Si7 atT = 2, 5, 10, 15, and 20 K.
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of YbRh3Si7, but much higher than that of other RRh3Si;
(R = Gd-Tm) [50]. Mean field theory predicts de Gennes
scaling of the ordering temperature of rare earth compounds
in a series, such as in R3TySng (T = Cu, Ag) [54] or RsPbs
[55]. This is not the case in RRh3Si; where the ordering
temperature for the Yb compound is the largest even with the
lowest dG = 0.32 for magnetic R, and Co doping increases
the ordering temperature further, to above 15 K.

To date, the Yb-based HF compound with the highest or-
dering temperature is the Mn doped o YbAIB4 which orders
antiferromagnetically at 20 K [41]. For this compound, the
magnetic ordering temperature also increases via doping com-
pared to the parent compound. What differs is that the parent
compound o YbAIB, is a paramagnetic Fermi liquid down to
1.8 K [56], while YbRh3Si; orders antiferromagnetically at
7.5 K. Also, Mn doping in ¢ YbAIB, induces a more itinerant
moment magnetism, while in Co-doped YbRh3Si; the mag-
netism appears to originate from the local Yb>*, with Kondo
screening in the low temperature limit.

It is informative to understand how Co doping changes
the dominant carrier contribution in the system, and how this
ties into the Kondo picture and the high T;;¢ mechanism. To
this end, we performed low temperature Hall measurements,
shown in Fig. 8(a) (left axis) for Yb(Rhg.9;Cog.9)35i7 (full)
compared with the undoped YbRh;3Si; (open). We observe
the same trend of change with temperature, where the Hall
coefficient Ry increases on cooling. In both systems, holes
are the dominant carrier type, and the carrier density n de-
rived from a single band picture decreases on cooling from
~20K to 2 K. This suggests that the x = 0.09 Co doping
does not change the essential Kondo physics in the YbRh3Si;
system, although it seems to increase the carrier density. With
a closer examination of the field dependence of the Hall
data on Yb(Rhg9;Cog.09)3Si7, we observe clear curvature at
higher fields [Fig. 8(b)], suggesting the coexistence of elec-
tron carriers along with the dominant hole carriers. Compared

to Yb(Rhg.91Cog g9)3Si7, the curvature of the field dependent
Hall resistivity appears at higher field in YbRh3Si; [15]. Over-
all, these observations suggest that both electrons and holes
exist in the undoped and doped systems, consistent with our
conclusion that the x = 0.09 Co doping does not dramatically
change the band structure of the system. Based on our prior
band structure calculation results, indeed, two types of carriers
are predicted [15].

Yb(Rh;_,Co,)3Si; thus appear as a series of correlated
Kondo systems with enhanced magnetic order compared to
most known Yb HF compounds. The introduction of Co not
only increases the magnetic ordering temperature, but also
changes the type of magnetic order. At the same time, the
magnetic order occurs at much higher temperatures in these
Kondo systems than in the non-Kondo magnetic analogues
RRh3Si;7 [50]. Together, these observations underscore the
complex magnetic order in the presence of Kondo correlations
in this and the other Yb “137” compounds [14,16].
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