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The nature of the antiferromagnetic order in the heavy fermion metal YbRh,Si,, its quantum criticality,

and superconductivity, which appears at low mK temperatures, remain open questions. We report

measurements of the heat capacity over the wide temperature range 180 pK—80 mK, using current sensing

noise thermometry. In zero magnetic field we observe a remarkably sharp heat capacity anomaly at 1.5 mK,

which we identify as an electronuclear transition into a state with spatially modulated electronic magnetic

order of maximum amplitude 0.1 pz. We also report results of measurements in magnetic fields in the

range 0 to 70 mT, applied perpendicular to the ¢ axis, which show eventual suppression of this

order. These results demonstrate a coexistence of a large moment antiferromagnet with putative

superconductivity.

DOI: 10.1103/PhysRevLett.130.126802

The interplay of magnetism and superconductivity is a
central question in the study of strongly correlated elec-
tronic systems. In heavy fermion (HF) metals a particular
advantage is the ability to tune the system to a quantum
critical point (QCP), by pressure or some other tuning
parameter, at which superconductivity can emerge. In
YbRh,Si, magnetic field provides a convenient tuning
parameter, at ambient pressure, and without recourse to
doping. However, superconductivity in YbRh,Si, only
appears at low mK temperatures, implying extremely
low thermodynamic critical fields. The onset of strong
magnetic screening and a heat capacity peak observed in
the vicinity of 2 mK [1] have been interpreted in terms of a
simultaneous superconducting and electronuclear magnetic
phase transition. The experiment we report in this Letter
focuses on a detailed and precise investigation of this
transition, on establishing the magnetic ground state, and
its evolution with magnetic field.

YbRh,Si, has tetragonal symmetry and a theoretically
predicted highly anisotropic, three-dimensional Fermi
surface [2-6]. Antiferromagnetic (AFM) electronic order
appears in zero applied field at 7 = 70 mK and features
ultrasmall ordered moments, p, =~ 0.002up [7], which
develop out of partially Kondo-screened Yb local moments
1.4up [8]. The nature of this order is not established, with
an interesting possibility of the ordered moments aligned
with the magnetically hard ¢ axis [9]. Neutron scattering,
above Ty, shows incommensurate AFM fluctuations which
emerge from ferromagnetic (FM) fluctuations [10]. Static
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magnetic susceptibility [11], NMR [12], and ESR [13-15]
also provide evidence of FM fluctuations.

The observed suppression of T, by magnetic field at
ambient pressure on high quality samples first led to the
proposal of a QCP, induced by an in-plane field of
B. =60 mT, or 10 times larger field along the ¢ axis [8],
reflecting the highly anisotropic electronic magnetism. The
nature of the putative QCP remains a matter of debate,
including theories of local quantum criticality [16—19], see
also [20-24], and theories invoking strong coupling of
fermions and spin fluctuations into critical quasiparticles
[25-27]. Negative chemical pressure, achieved by Ge
doping, shifts the QCP to smaller fields [11,28], cobalt
doping induces ferromagnetism [9,29].

Most recently, the report of superconductivity in
YbRh,Si, [1,30] led to the proposal that an important role
is played by the coupling of electronic and nuclear magnet-
ism. The strong hyperfine interaction and presence of
active Yb nuclei distinguishes YbRh,Si, from Ce-based
HF systems, for which the nuclear moments are zero. Thus
YbRh,Si, provides a model system to investigate the
influence of nuclear spins in a Kondo lattice exhibiting
quantum criticality [31]. The ground state doublet of the Yb
ion in the crystalline electric field (CEF) also distinguishes
this system from systems with strong hyperfine interactions
based on non-Kramers ions such as Pr and Ho [32]. The
work reported here presents a first step to precisely
thermodynamically characterize the interplay of electronic
and nuclear magnetism in YbRh,Si,.
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Our experimental setup exploits advances in current
sensing noise thermometry [33]. This includes improve-
ments in the speed of measurement achieved by a relatively
high sensor resistance (a 0.2 Q PtW wire), coupled with the
ability to limit the heat leak into the noise thermometer to
below 1 fW by appropriate shielding and filtering of the
leads [34]. The single crystal of YbRh,Si, from batch
63 129 with RRR = 50 [35] is thermalized via an alumin-
ium wire, operating as a superconducting heat switch. A
superconducting solenoid both provides the sample field
and operates the heat switch. The heat capacity is deter-
mined by the adiabatic heat pulse method below 10 mT, the
critical field of aluminium, and by the relaxation method
above it.

The molar heat capacity in zero applied field, Fig. 1,
shows the well-known Néel anomaly at T, = 70.5 mK,
and another sharp anomaly at 7, = 1.5 mK. The heat
capacity measured around 1 mK exceeds the heavy-
electron term y¢7 by 3 orders of magnitude. We demon-
strate that this large heat capacity originates from Yb
nuclear degrees of freedom, however, the 7, anomaly
reflects a cooperative transition involving both nuclei and
electrons. On the other hand, above a few mK the nuclear
heat capacity decreases as 7~2, while the electronic heat
capacity increases linearly with temperature. As a result,
above 20 mK the electronic part dominates (see
Supplemental Material [36], Fig. S7), and thus at T the
nuclear spin degrees of freedom play no role [37], con-
tributing less than 1% to the heat capacity there. While the
electronic moments form a regular lattice, only a minority
of Yb sites carry a nuclear moment. Thus the low temper-
ature heat capacity arises from the nuclei of '7'Yb
(I =1/2) and '*Yb (I = 5/2) isotopes with 0.1431 and
0.1613 natural abundances, respectively, distributed ran-
domly across Yb sites. The nuclear spins are subject to an
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FIG. 1. Molar heat capacity in zero field exhibits two sharp
anomalies at 7, and Ty that we identify with magnetic
transitions. The data between 1.85 and 30 mK are fitted to the
nuclear and heavy-electron heat capacity. The fit curve is plotted
outside of the fitting interval as a dashed line. The small ordered
electronic moments found above 7'y [7] would significantly affect
the nuclear heat capacity only below 0.2 mK.

effective hyperfine magnetic field B, = —A, ., pro-
duced by the ordered static part of Yb electronic moments
p.. Here Ay, =102 T/ug is the hyperfine constant
[38-40]. The “fast relaxation regime™ realized in
YbRh,Si, [37,41-44], enables us to ignore the hyperfine
field due to the fluctuating part of the electronic moments
and treat g, as a mean field. Additionally, the '7*Yb nuclei
experience quadrupolar splitting in the crystalline electric
field gradient, that points along the ¢ axis.

We neglect interactions between nuclei and consider a
single-spin Hamiltonian

e’qQ

41(21—1)[323"(’“)]’ (1)

H=guyAy i -p, +

where ¢, uy, Q are the nuclear g factor, magneton, and
quadrupole moment and eq represents the electric field
gradient. In general the nuclear spin I is not aligned with
the ¢ axis and Eq. (1) is diagonalized numerically, to
calculate the partition function Z of the nuclear system, and
hence thermodynamic quantities. These are summed over a
random distribution of '”'Yb and '7*Yb nuclei according to
their natural abundance.

In the simplest case, the Schottky model, we assume
uniform p, on all Yb sites. Fitting the data above T,
unambiguously proves that the size of the static electronic
moment in zero magnetic field is small, in agreement with
measurements of muon spin resonance [7]. We put an upper
bound u, < 0.01up (in any direction) and directly deter-
mine the parameters of the quadrupole splitting. We find
a positive electric field gradient eq = (2.06 & 0.01)x
10> Vm™2, less than half of the previously used estim-
ates [37,42,45], and obtain the Sommerfeld coefficient
ys = (1.654+0.01) J/(mol K?), in good agreement with
previous work [46].

Figure 2(a) shows the evolution of the T4 anomaly with
magnetic field B, applied in the ab plane in the range
0.0-21.1 mT. The anomaly shifts to lower temperatures with
increasing applied field, broadens, and possibly develops a
structure (a split into a double peak is observed at 14.7 mT).
Measurements in fields in the range 35.9-69.7 mT do not
display any anomaly and their overall shape resembles a
typical Schottky peak.

In all magnetic fields the data above 74 (or down to
the lowest temperatures at B, > 35.9 mT, where the
anomaly was not observed) are well described by the
Schottky model, assuming paramagnetic polarization
H.||Bexi see Fig. 2(b). Fixing the quadrupolar parameters
for 13Yb at the zero field value, we find approximately
linear growth of u, with field up to ~0.1p5 at B, = 60 mT,
with weaker increase at higher fields, Fig. 2(c), consistent
with the magnetic susceptibility measurements [47—49].
More subtle effects, such as the temperature dependence
of ., may improve the agreement between the data and
the model.

126802-2



PHYSICAL REVIEW LETTERS 130, 126802 (2023)

6 4
a

NN (a)
<47 —4— 211mT
Té LA = 147 mT —= 147 mT
=370 : : 4= 105mT
2 1.2 1.3 —+— 8.4 mT
s 2 ~— 00mT
S

1 -

0.0 0.5 1.0 1.5 2.0
Temperature (mK)

—4— 35.9mT 0.15 1 - x at 20 mK
—4=— 105 mT %+ Schottky fits /]
= 3 -
< e .
> = 0.10 K 4**‘
E, ] 2 7 A
=21 R ) | 22 o
S|y * 005 4 2
O 1 A ’ /[
N é
I
0.00 r r
0 50 100
T (mK) Bext (mT)

FIG. 2. Molar heat capacity in field applied in the ab plane.
(a) Suppression of Ty anomaly with field. (b) Examples of fitting
the Schottky model. Below 35.9 mT, where 74 is observed, only
the data above this anomaly are fitted. (c) The static electronic
moment of Yb determined from ac susceptibility y [47] and from
the Schottky model.

We now discuss the transition at 74 and the data down to
the lowest temperatures. The entropy release below 10 mK
matches well the full nuclear entropy of '7'Yb and 73Yb,
Syb = 3.22 J/(mol K) in all magnetic fields, see Fig. S1 in
Supplemental Material [36]. Under the conditions of our
experiments the nuclear spins 2°Si and 'Rh remain
disordered and do not contribute to the heat capacity
due to weak hyperfine constants for these elements.

Continuous warm-up measurements in zero magnetic
field suggest, despite the sharpness of the heat capacity
anomaly, that the phase transition is continuous, see Fig. S2
in Supplemental Material [36]. The majority of the Yb
nuclear entropy is released below T4, leaving only 0.06Syy,
for the transition region. This points to gradual ordering of
Yb nuclear spins in the hyperfine field produced by the
electronic moments and supports the picture of a nuclear-
assisted electronic transition, developed later.

In zero magnetic field, the relatively slow decrease of the
heat capacity with decreasing temperatures cannot be
accounted for by the Schottky model with uniform g,
see Fig. 3. We therefore postulate a spatially modulated
electronic order (SMO) state, with a sinusoidal distribution
of the hyperfine field on the randomly distributed '7'Yb
and '3Yb nuclei (see inset in Fig. 3) produced by the
electronic moments
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FIG. 3. Zero field C);/T with the fit according to the SMO
model below 0.5 mK; the “best fit” according to spatially
homogeneous Schottky model clearly disagrees with the data.
The inset: electronic moments in SMO, black arrows represent
randomly distributed Yb sites with active nuclei.

1o (1) = paksin(r - q), 2)

where X is a unit vector, that we assume to lie in the easy ab
plane. The heat capacity derived from the SMO model is
insensitive to q, as long as it is small or incommensurate,
leaving a single free parameter, the maximum value of the
modulated electronic moment 4. The fit to the data below
0.5 mK yields x4 = (0.093 4 0.001)up. It is noteworthy
that this is comparable with the size of the moment induced
by the critical field of the Ty order, see Fig. 2(c). Nuclear
magnetic resonance is an established tool to confirm the
existence of a SMO, or a spin density wave (SDW), in the
absence of direct evidence from neutron scattering.
Here we demonstrate that the heat capacity of nuclei
responding to electronic order is another powerful probe
of SMO, albeit it does not allow us to determine q
in Eq. (2).

To account for the shape of the heat capacity anomaly,
we make a simple ansatz for the temperature dependence of
the order parameter

pa(T) = pa(T = 0)[1 = T/T,|Pe. (3)

For . ~ 0.07 the calculated heat capacity fits the zero-field
data well across the whole temperature region, as shown in
Fig. 4. The smallness of the critical exponent . and the
resulting sharpness of the heat capacity peak demonstrate
significant critical point fluctuations.

We now move to a simple mean-field model that captures
the 74 transition. We argue that the mechanism behind this
transition in the electronic magnetism is the hyperfine
coupling of the static Yb electronic moments yu, to the
active Yb nuclei. The key is to recognize the fragility of the
AFM order that emerges at 7). The established depend-
ence p,(Be), Fig. 2(c), allows us to determine the
magnetic Helmholtz free energy,
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FIG. 4. Model of the zero-field heat capacity using a
simple ansatz for the temperature dependence of the order
parameter, Eq. (3).

Folne) = / " By, (4)

per Yb site. At B, = B. = 70 mT, that suppresses the
AFM order, we find F,(0.0945) ~2 mK, much smaller
than Ty. The consequence of this small scale is that the
energy cost of an increase in electronic moment can be
overcome by the reduction in the free energy of the nuclear
spin system, polarized in the hyperfine field induced by
these electronic moments.

To model the system through 7, in an in-plane field
applied along a unit vector § we consider electronic
moments

He(r) = psXsin(r - q) + ppy. (5)

with mutually orthogonal modulated y, and paramagnetic
up components, both in the ab plane. The model does not
consider the preexisting 7'y order due to its small moments.
We write the Gibbs free energy as

G(Ts Bext;ﬂA’/"P) = Z - kBTlogZ(T»”e(r))

+ Nl + Pup + yps + Sup
+ A pp — Bexittp). (6)

where the sum is over the active Yb sites with different
values of the static electronic moment and size of nuclear
spin I and N is the total number of Yb sites in the system.
At each site the nuclear partition function Z is evaluated
numerically from the Hamiltonian in Eq. (1). The phe-
nomenological energy of the electronic order is expanded
up to the fourth order in p4 and up, retaining only the terms
allowed by symmetry. The electronic order parameters
Ua(T, Beyy) and pp(T, Bey) are found by minimising G,
then the entropy and heat capacity are evaluated (see
Supplemental Material [36]).

The model successfully captures most features of the
experimental data, see Fig. 5. Here f = 1/(2y) ~ 0.4 T/up

4
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FIG. 5. Comparison of the experimental data to the pheno-
menological mean-field model based on Eq. (6). (a) Heat
capacity. The sharpness of the anomaly is the only major feature
not captured by the model. (b) Phase diagram of SMO in
YbRh,Si,. Diamonds and straight line represent the experimental
data and model, respectively.

and 0 = 0 are fixed from the susceptibility measured at
T>T, [47]; a~0.026 T/up is determined from T, at
zero field; the nonessential 4th order terms y ~ 0.2 T/u3,
and 5 ~ 4 T/u3 improve the agreement with the measured
temperature dependence of the heat capacity below 74 and
the suppression of 7, with field.

At zero magnetic field the SMO is established via a
second-order phase transition. In-plane field additionally
induces the paramagnetic component yp, similar to that
shown in Fig. 2(c), and gradually suppresses T4 and 4, but
the transition remains second order up to the ultimate
suppression of SMO at B, = 36 mT. Both T4 and B, are
sensitive to the Yb isotopic composition. The key features
of this numerical model are illustrated by a simple analytic
I = 1/2 model in the Supplemental Material [36].

We conclude by discussing the insight provided by these
heat capacity measurements on superconductivity in
YbRh,Si, [1,30,49-52]. The heat capacity signature at
T, is well aligned in temperature with an abrupt change in
the shielding factor [1,49,51] and sample electrical imped-
ance [52]. According to Ref. [1], the superconducting
transition occurs in the vicinity of 74, however, both the
magnetic shielding [1,51] and electrical transport [30,52]
exhibit sharp onset of superconductivity around 10 mK. At
T 4 the nuclear heat capacity dominates the heavy-electron
term by at least 3 orders of magnitude. Therefore any
anomaly in the electronic heat capacity associated with a
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BCS-like superconducting transition at that temperature is
undetectable in these measurements. On the other hand at
6—12 mK our data would reveal such a signature against
the nuclear quadrupole background (see Supplemental
Material [36], Fig. S9). Its absence points towards inho-
mogeneous superconductivity.

References [1,50] postulated competition between elec-
tronic magnetism and the superconductivity, and proposed
that the latter is only established after the former is weakened
at T . By contrast we find that below T4, where the super-
conductivity is more robust, the electronic magnetism is
simultaneously strengthened. Whether the AFM order esta-
blished at Ty is suppressed below T, remains an open
question. The two magnetic orders may coexist and even
share the same q (more in Supplemental Material [36]).

The observation of superconductivity both above and
below T, opens an intriguing possibility of different
superconducting order parameters in these regimes. The
superconductivity and SMO may be intertwined, forming a
pair density wave [53,54] below T,.

Our heat capacity method should be applied to the
investigation of isotopically enriched samples. This includes
potential nuclear spin ordering in !"'YbRh,Si, and
173YbRh,Si,, as well as heavy-fermion quantum criticality
in 17*YbRh,Si,, in the absence of nuclear magnetism.

We demonstrated how strong hyperfine interactions can
give rise to a nuclear-assisted transition in the electronic
magnetism at a temperature below the onset of super-
conductivity. This offers a fresh opportunity to further the
understanding of the interplay between magnetism and
superconductivity, accessible by new experimental tech-
niques which extend studies of strongly correlated electron
systems into the microkelvin regime.
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