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YbðRh1−xCoxÞ2Si2 is a model system to address two challenging problems in the field of strongly
correlated electron systems. The first is the intriguing competition between ferromagnetic (FM) and
antiferromagnetic (AFM) order when approaching a magnetic quantum critical point (QCP). The second is
the occurrence of magnetic order along a very hard crystalline electric field (CEF) direction, i.e., along the
one with the smallest available magnetic moment. Here, we present a detailed study of the evolution of the
magnetic order in this system from a FM state with moments along the very hard c direction at x ¼ 0.27
towards the yet unknown magnetic state at x ¼ 0. We first observe a transition towards an AFM canted state
with decreasing x and then to a pure AFM state. This confirms that the QCP in YbRh2Si2 is AFM, but the
phase diagram is very similar to those observed in some inherently FM systems like NbFe2 and CeRuPO,
which suggests that the basic underlying instability might be FM. Despite the huge CEF anisotropy the
ordered moment retains a component along the c axis also in the AFM state. The huge CEF anisotropy in
YbðRh1−xCoxÞ2Si2 excludes that this hard-axis ordering originates from a competing exchange anisotropy
as often proposed for other heavy-fermion systems. Instead, it points to an order-by-disorder based
mechanism.
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A comprehensive understanding of magnetic quantum
phase transitions (QPTs) and associated quantum critical
points (QCPs) is considered to be a fundamental step in
attempting to reveal the physics of strongly correlated
electrons. Despite more than 40 years of research, there are
still QPTs, observed in particular in exotic metals, that are
far from being understood [1–3]. This is mainly due to the
complexity of these systems, the properties of which are
often governed by magnetic anisotropies, competing inter-
actions, geometric frustration, Fermi surface instabilities,
etc., i.e., by not just one, but multiple energy scales. This,
on the other hand, results in the appearance of fascinating
states of matter near QCPs, as, e.g., spin liquids [4].
In this respect, a prototypical and well studied example is

the tetragonal Kondo lattice YbRh2Si2 [5]. Despite a large
Kondo temperature TK ≈ 25 K, this compound shows
antiferromagnetic (AFM) order at TN ¼ 0.07 K that can
be suppressed either by a magnetic field or negative
chemical pressure to reveal an intriguing QCP [6] whose
nature is still strongly debated [4,7–10]. A detailed study of
the magnetic fluctuations at this QCP is hindered by the
lack of knowledge of the AFM ordered structure which is
due to the very low TN and the small ordered moment
(10−3 μB=Yb) [11]. First attempts with inelastic neutron
scattering have detected ferromagnetic (FM) fluctuations

at low temperatures that evolve on cooling into incom-
mensurate correlations located at q ¼ ð0.14; 0.14; 0Þ just
above TN [12]. This agrees with previous experiments
which indicate a large value of the in-plane susceptibility
(9 × 10−6 m3=mol ≈ 0.18 SI) and of the Sommerfeld-
Wilson ratio (≈30), implying the presence of strong FM
fluctuations [13].
Although the AFM structure below TN is unknown, the

large crystalline electric field (CEF) anisotropy, with very
different g factors (gc ≈ 0.2 and gab ≈ 3.6) along the c axis
and within the ab plane [14], points to moments oriented
mainly within the basal plane. Such anisotropy is seen in
the uniform magnetic susceptibility, which is much larger
for fields applied in the basal plane as compared to fields
along the c axis. Also the fields needed to suppress the
AFM state are strongly anisotropic, i.e., BNð⊥ cÞ ¼ 0.06 T
and BNð k cÞ ¼ 0.66 T [15].
In order to have better access to the AFM state, it is

convenient to enhance TN and the size of the ordered
moment. This was done by applying hydrostatic pressure
[16,17] which stabilizes the magnetic Yb3þ state or by
substituting the isoelectronic smaller Co for Rh: In fact, the
whole series YbðRh1−xCoxÞ2Si2 crystallizes in the same
ThCr2Si2 structure [18]. Increasing x has a strong effect on
the relevant energy scales: (i) the Kondo temperature
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decreases causing an enhancement of TN , (ii) the CEF
anisotropy becomes weaker, and (iii) FM correlations
increase [18]. In addition, a second phase transition at
TL < TN occurs [18,19]. The nature of the phase below TL
was believed to be AFM until it was discovered that
YbðRh0.73Co0.27Þ2Si2 displays FM order below TN ¼
TL ¼ 1.3 K [20] (cf. Fig. 1). It is worth noting that FM
ordering was previously proposed to occur under hydro-
static pressure by Knebel et al. [17].
This discovery immediately raised the question about a

possible FM ordering in YbRh2Si2, which might have been
overseen because of the extremely small ordered moment.
The presence of a FM (instead of an AFM) QCP would
have a strong impact in the field, since YbRh2Si2 is one of
the few pivotal systems considered for the development
of contemporary theories of AFM QCPs. It is therefore
essential to determine the nature of the magnetic order for
0≤x≤0.27. In this Letter we show that YbðRh1−xCoxÞ2Si2
evolves, with decreasing x, from a FM ground state at x ¼
0.27 to a canted AFM and then to a pure AFM ground state
(AFM1 and AFM2 in Fig. 1, respectively). Thus, eventually
the QCP in YbRh2Si2 is of AFM nature, but a comparison
with the phase diagrams of other materials close to a FM
instability [3], like NbFe2 [21], CeRuPO [22], or PrPtAl
[23], suggests that the dominant incipient instability might
be the FM one.
The biggest surprise about the discovery of FM order-

ing in YbðRh0.73Co0.27Þ2Si2 is the fact that the ordered
moments are aligned along the c axis, despite the moment

provided by the CEF ground state is 6 times smaller along
the c direction than that in the basal plane [14,20,24]. This
is completely unexpected and cannot be understood within
standard theories of magnetism, since the gain in energy in
the ordered state is expected to be proportional to the square
of the size of the ordered moment. Remarkably, it has
recently been realized that ordering along the hard CEF
axis is quite common in ferromagnetic Kondo systems
[25–29] (cf. Sec. E of the Supplemental Material [30]).
A reorientation of the moment from the easy to the hard
CEF direction has also been reported for a few AFM
Kondo lattices with increasing hybridization strength and
approaching the QCP [31–33]. Therefore, the ordering
along the hard CEF direction seems to be a common feature
in Kondo systems, especially in FM ones, which is yet
not understood and thus deserves a dedicated study.
Analyzing our data, we realized that YbðRh1−xCoxÞ2Si2
is a key system to address this problem. We found that
YbðRh1−xCoxÞ2Si2 retains a component of the ordered
moment along the c direction with decreasing x, likely until
x ¼ 0. The huge anisotropy at low x definitely excludes
that the mechanism proposed for the AFM systems is valid
here. Instead, we suggest that the origin of this hard-axis
ordering is an order-by-disorder mechanism.
We present first in Fig. 1 the main result of our work, i.e.,

the zero field phase diagram of YbðRh1−xCoxÞ2Si2 with
0 ≤ x ≤ 0.3 and then show how it was constructed. This
phase diagram consists mainly of four phases: a para-
magnetic phase (PM), a FM phase, and two AFM phases,
AFM1 for TL < T ≤ TN and AFM2 for 0 < T ≤ TL. In the
FM phase the moments are aligned mainly along the c axis
as described in Ref. [20]. In the AFM1 phase the propa-
gation vector has a component within the ab plane, and a
component of the ordered moment is along the c axis.
The latter does not change between the AFM1 and AFM2

phases.
In the following, we present selected data for samples

with x ¼ 0.21, 0.18, and 0.12 from which we constructed
the phase diagram. Figure 2 shows several measurements
performed on YbðRh0.79Co0.21Þ2Si2 with B k c to look for a
FM response along the c axis and one measurement with
B⊥ c for comparison. At B ¼ 0 we observe a large peak in
the specific heat at TL ≈ 0.95 K and a broad shoulder at
TN ¼ 1.2 K [cf. red curve in Fig. 2(a)] which correspond to
a transition of first order at TL and a mean-field-like
transition at TN , in agreement with Ref. [18]. With
increasing field the transition at TL shifts to higher temper-
atures as expected for a FM order. The opposite is observed
for B⊥ c [34]. MagnetizationMðBÞ with B k c is displayed
in Fig. 2(b): Right below TN, MðBÞ shows a very small
remanent magnetization of about 0.01 μB with a tiny
hysteresis and a metamagnetic transition at BN ≈ 0.03 T
pointing to a canting of the moments. With decreasing T,
the remanent magnetization and the hysteresis loop
increase while BN decreases until, below TL, we have a

FIG. 1. Phase diagram of YbðRh1−xCoxÞ2Si2. The ferromag-
netic (FM) phase is separated from two antiferromagnetic phases,
AFM1 and AFM2, by first order lines. The circles are taken from
Refs. [18,19]. The triangles corresponds to the peaks in χ0ðTÞ of
this work. The filled point indicates a first order transition. Since
we have investigated only samples with x ¼ 0.18 and 0.21, we do
not know the exact location of the line between the FM and the
AFM2 phases and we left this area uncolored.
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pure FM hysteresis, as seen for x ¼ 0.27 [20]. The
remanent magnetization of 0.06 μB along the c axis is half
of that measured in the sample with x ¼ 0.27. This reflects
the higher CEF anisotropy and TK in YbðRh0.79Co0.21Þ2Si2
compared to those in YbðRh0.73Co0.27Þ2Si2. The magnetic
anisotropy is also reflected in the behavior of the ac
susceptibility χ0ðTÞ shown in Figs. 2(c) and 2(d) for
B k c and B⊥ c, respectively. For B k c, χ0ðTÞ detects the
transition at TN ¼ 1.22 K in form of a broad peak but
misses that at TL. This is because the modulation field of
χ0ðTÞ is smaller than the coercive field for T < TN, and
below TL the coercive field becomes even larger. On the
other hand, for B⊥ c, χ0ðTÞ detects both transitions in the
form of a kink and a drop at TN and TL, respectively
[dashed lines in Fig. 2(d)]. The peak for B k c becomes
higher and sharper at B ¼ 0.04 T with a signature in χ00ðTÞ
(not shown) indicating dissipation [35]. χ0ðTÞ reaches
a value of 2.4 × 10−6 m3=mol which is about 4 times
smaller than that measured with B⊥ c [see Fig. 2(d)].
For B > 0.04 T, χ0ðTÞ broadens and loses intensity.
The phase diagrams in both field directions are shown in

Figs. 2(e), 2(f): The AFM1 phase covers a very small area in
the B-T phase diagram for B k c. For B⊥ c both the FM and
the AFM1 phases are suppressed at finite fields of 0.26 and
0.6 T, respectively. Therefore, YbðRh0.79Co0.21Þ2Si2 goes
from a canted AFM state into a FM ground state with
moments along the c axis, through a transition that is first
order at B ¼ 0. Similar magnetic phase diagrams have been
observed in other materials, like NbFe2 [36] and can be
reproduced by theories that consider two order parameters,
one for the AFM phase and the other one for the FM
phase [37].
We discuss now the next sample, YbðRh0.82Co0.18Þ2Si2.

Figure 3 shows selected measurements with B k c. The
specific heat detects two second order phase transitions at
TN ¼ 1.1 and TL ¼ 0.65 K [Fig. 3(a)] [18]. Interestingly,
with increasing B k c, TN decreases slightly but TL does not
change. Above B ≈ 0.35 T both signatures join into a
common broad peak that shifts to high T with increasing
B. The magnetization is shown in Fig. 3(b). There is no
evident remanent magnetization along the c axis. Below
TN , MðBÞ isotherms develop metamagnetic jumps at a
finite critical field BN ≈ 0.25 T. The jump at BN is

(a) (b)

(c) (d)

(e) (f)

FIG. 2. Selection of measurements on YbðRh0.79Co0.21Þ2Si2
with B k c and B⊥ c. (a) Specific heat CðTÞ, (b) magnetization
MðBÞ, (c),(d) ac susceptibility χ0ðTÞ and the phase diagrams
(e) with B k c and (f) with B⊥ c.

(a) (b)

(c) (d)

(e) (f)

FIG. 3. Selection of measurements on YbðRh0.82Co0.18Þ2Si2
with B k c. (a) Specific heat CðTÞ, (b) magnetization MðBÞ, (c),
(d) resistivity ρðT; BÞ, and the phase diagrams (e) with B k c and
(f) with B⊥ c.
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substantial, ΔMðBNÞ ¼ 0.02 μB, considering that the mag-
netization above BN is 0.05 μB, i.e., very close to the
saturation value. Decreasing T below TL does not affect the
shape of the isotherms, but for T ≤ 0.3 K the jumps
become hysteretic, indicating a sort of spin-flop first order
transition. On the other hand, magnetization isotherms for
T < TL with B⊥ c show first a weak metamagneticlike
transition at BL ≈ 0.13 T [see Fig. 1(a) in the Supplemental
Material [30] [38,39]] and a kink at BN ≈ 0.7 T with no
remanent magnetization nor hysteresis [39]. The signatures
in χ0ðTÞ for both field directions are similar to those seen
in YbðRh0.79Co0.21Þ2Si2. Magnetoresistance measurements
with current j⊥ c and B k c [Fig. 3(c)], show a large
hysteresis at BN (the asymmetry is due to the remanent field
of the 20 T magnet), confirming the first order nature of the
spin-flop transition. Interestingly, the T dependence of
ρðTÞ shows a clear jump at TN [Fig. 3(d)] indicating the
opening of a gap at the Fermi level and implying that the
propagation vector in the AFM1 phase has a component
within the ab plane resulting in a sizable gap in the plane.
All measurements leave us with the phase diagrams

shown in Figs. 3(e), 3(f). YbðRh0.82Co0.18Þ2Si2 shows an
AFM state below TN, AFM1, in which we could not detect
sizable canting (i.e., remanent magnetization along c) and a
second AFM state, AFM2, below TL. Both AFM states can
be suppressed by magnetic fields B k c and B⊥ c, but the
phase transition for B k c is first order and ends at a
multicritical point (MCP) located at about 0.9 K and
0.3 T. This indicates that the moments in the AFM2 phase
have a component along the c axis which flips at the critical
field. Furthermore, the fact that the phase line at TL is
horizontal [Fig. 3(e)] indicates that dT=dB ¼ 0 at TL,
which implies (Ehrenfest equation) that ð∂M1=∂BÞT ¼
ð∂M2=∂BÞT , where M1 and M2 are the magnetizations
in the phase AFM1 and AFM2, respectively. This can be
also verified by looking at the slope dM=dB of the
isothermal magnetization in Fig. 3(b), which does not
change across TL. This implies that the evolution of the
component k c of the ordered moment is linear in T across
TL, i.e., it is not affected by TL, and only the evolution
of the component ⊥ c changes. That explains why the
transition at TL cannot be clearly seen in χ0ðTÞ ¼ dM=dB
with B k c. Thus, if the moments in the AFM2 state have a
component along the c axis the shape of the phase diagram
suggests that this component is also present in the AFM1

phase. Also the analysis of the nuclear Schottky contribu-
tion to the specific heat, visible as a T−3 increase in CðTÞ=T
below 0.2 K [cf. Fig. 3(a) and Sec. C of the Supplemental
Material [30] [40,41] ] provides another indication that in
the AFM2 phase the moments have a component along the
c axis that flips at the critical field.
To see whether both AFM phases extend to lower x, we

take a look at the phase diagrams of the next sample with
x ¼ 0.12 shown in Fig. 4. It is very similar to that of the
sample with x ¼ 0.18 but with a larger AFM1 area of the

B-T phase diagram with B k c. All measurements done on
YbðRh0.82Co0.18Þ2Si2 are very similar to those done on
YbðRh0.82Co0.18Þ2Si2 [see, e.g., ρðBÞ in the Supplemental
Material [30]], but the features are weaker due to the
smaller ordered moment. This signifies that the same
AFM1 and AFM2 phases of YbðRh0.82Co0.18Þ2Si2 are also
present in YbðRh0.88Co0.12Þ2Si2.
To summarize our experimental results: The phase

diagram of YbðRh1−xCoxÞ2Si2 can be drawn as in Fig. 1
with a FM ground state for x ¼ 0.27 and 0.21 with
moments along the c axis. For x < 0.2, we find an
AFM2 ground state where the moments possess a compo-
nent along the c axis. This component does not change
between the AFM2 and AFM1 phase, but becomes smaller
with x → 0. This is due to two effects: (i) a decrease in size
of the moments because of the increasing Kondo screening
and (ii) a rotation of the moments towards the ab plane. The
small canted moment observed for x ¼ 0.21 in the AFM1

phase vanishes or is not detectable anymore for x ≤ 0.18.
This might be due to the very small component of the
moments along c or to a slight change in the spin structure.
It might be therefore helpful to perform high-resolution
polarized neutron scattering experiments on YbRh2Si2 to
look for a component of the moments along the c axis.
We discuss now the implication of our results for the

problem of hard CEF direction ordering in Kondo lattices
and for the nature of the QCP in YbRh2Si2. Having a
component of the ordered moment along the CEF c axis
even at smaller x is very surprising, since the CEF
anisotropy is even higher. For those AFM systems that
show ordering along the hard axis, it has been proposed that
this is due to a competing anisotropy (respective to the
direction of the moment) of the exchange interaction which
overcomes the CEF anisotropy [31–33]. However, in our
case the huge CEF anisotropy (> 10) in slightly Co-doped
YbRh2Si2 would require a huge inverse anisotropy in the
exchange interactions, which seems very unlikely. Indeed,
the homologues GdRh2Si2 and EuRh2Si2, which do not
present CEF effects because their 4f-electron moment,
which is a pure spin S ¼ 7=2, shows only a very weak

(a) (b)

FIG. 4. Phase diagrams of YbðRh0.82Co0.18Þ2Si2 with (a) B k c
and (b) B⊥ c.
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magnetic anisotropy [42,43]. This implies that in the
RERh2Si2 series [rare earth (RE)] the anisotropy of the
exchange interaction respective to the orientation of
the moment is rather weak. Thus, the mechanism which
has so far been proposed for hard CEF direction ordering
can safely be excluded for the present case. Instead, our
results point to a different origin. Since the proximity of all
these systems to a QCP results in large fluctuations, a
mechanism based on an order-by-disorder process seems
to be a better candidate. It is, e.g., conceivable that
fluctuations of the large CEF in-plane moment stabilize
an ordering along the hard CEF direction. Such a situa-
tion has been explicitly demonstrated in a two-band
model by Krüger et al. [28]. We propose that a such a
mechanism is also responsible for the hard-axis ordering
in YbðRh1−xCoxÞ2Si2.
Since we did not find any evidence for a FM ordering

for x ≤ 0.18, our results indicate that the QCP in YbRh2Si2
is AFM. However, we note that the phase diagram shown
in Fig. 1 is very similar to those observed in prototypical
FM systems in which the FM QCP is avoided by switching
to an AFM state with a small propagation vector [44], like,
e.g., NbFe2 [21]. In YbRh2Si2 inelastic neutron scattering
found FM fluctuations which on cooling evolved to incom-
mensurate correlations located at q ¼ ð0.14; 0.14; 0Þ [12].
This propagation vector is similar in size to q ¼
ð0; 0; 0.157Þ observed in NbFe2 in its AFM regime very
close to the QCP [45]. This similarity and the presence of a
stable FM state for 0.21 ≤ x ≤ 0.5 in YbðRh1−xCoxÞ2Si2
suggests that the basic underlying magnetic instability in
YbRh2Si2 might be FM, but that eventually, before reach-
ing the QCP, an AFM state with a long modulation emerges
as observed in other FM systems [3]. This is supported by
NMR studies which indicated dominant FM correlations
being overwhelmed by AFM ones only at very low T [11].
On top of this scenario which is of general relevance for all
metallic FM systems close to the QCP, the present study
emphasizes a further feature which is likely specific to 4f-
Kondo lattices close to a FM QCP: The unexpected orien-
tation of the ordered moment along the hard CEF direction.
In fact, it has been found that almost all FM Kondo-lattice
systems show ordering with moments along the CEF hard
direction [29], as found in YbðRh1−xCoxÞ2Si2.
Our results have a further important consequence: The

phase boundary line between the AFM2 phase and the
PM phase is first order and terminates at a MCP at finite
temperature [see, e.g., Fig. 3(e)]. If this point was shifted to
T ¼ 0 at a certain concentration between 0.12 and 0, than
this point would have the nature of a field-induced quantum
MCP in remarkable agreement with predictions of Misawa
et al. [46,47] and very similar to what has been observed
in NbFe2 [36].
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