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In solid crystals, phases of matter are generally very stable against external perturbations. Large pressure or
very high magnetic fields are required to change a thermodynamically stable state at a constant temperature.
It has been argued that multiple phases, which are quasi-degenerate in energy, can exist in the vicinity of a
quantum critical point (QCP), the point at zero temperature that separates two different states of matter.
Such a degeneracy allows tuning between these phases by small external perturbations. This concept has led
to the discovery of unconventional superconductivity in many different materials, such as heavy-fermion
(HF) or iron-based superconductors. We present here two novel states of matter found at low temperatures
in the vicinity of QCPs in two HF systems, YbRh;Si; and CeRh;As;. Both compounds were discovered in
our institute and are unconventional superconductors. More specifically, we show that YbRh,Si, undergoes
a unique electro-nuclear phase transition from a weak magnetically ordered state into a modulated magnetic
state at a temperature as low as 1.5 mK, whereas CeRh;As, may host the first example of a ’quadrupole
density wave’ below 0.5 K, a theoretically complex ordering pattern among free electrons that has not yet
been observed.

Electro-nuclear order in YbRh,Si,

YbRh;Si; is a canonical heavy-fermion (HF) compound
which shows weak antiferromagnetic (AFM) order be-
low Ty = 70 mK. This very small ordering temperature
signalizes that this compound is near a magnetic QCP.
The AFM state was thought to be stable down to zero
temperature. However, superconductivity was recently
discovered at the ultra-low temperature 7, = 2mK [1].
This discovery was unexpected because it is a rare
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Fig. 1: Noise measurements of the YbRh,Si, meander

Yb isotopes '71Yb and '73Yb - it was suggested that the
suppression of the weak AFM order by nuclear ordering
promotes the emergence of superconductivity [1]. But
no clear understanding of the nature of the transition at
Ta could be provided.

While superconductivity was first demonstrated by AC-
susceptibility measurements, high-resolution resistivity
and heat capacity measurements were considered ex-
tremely difficult to be realized at such ultra-low temper-
atures. A resistivity measurement was deemed infeasi-
ble in as-grown crystals, as resistive dissipation in the
contacts is prohibitively high. Also, in heat capacity
measurements, the difficulties to know the exact tem-
perature of the bulk sample limited the precision of the
measurements. These problems caused very large error
bars in both experiments [1, 2].

In order to be able to perform resistivity and heat capac-
ity measurement with outstanding resolution we have
employed two new techniques: We decided to pattern
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down to ultra-low temperatures at Earth’s field: (a) PSD
of the current measured by the SQUID current sensor as
a function of frequency and fits (cf. [4]). (b) Temperature
dependence of the resistance of the meander extracted
from noise measurements across the AFM transition at
Ty = 120 mK. The transition is as sharp as that measured
in bulk samples. Inset: Photo of the used meander. (c)
Resistance of the meander for temperatures below 10 mK,
lowest sample temperature = 0.95 mK. The grey region
indicates the temperature range T, = 1.2 + 0.1 mK, were
strong resistance fluctuations prevent reliable estimation
of the sample resistance and temperature. We attribute
T, to the superconducting transition, as the resistance
drops by more than an order of magnitude across this
narrow temperature range, with an onset at 1.6 mK. The
inset shows a linear plot of the sample temperature ver-
sus the stage temperature, indicating excellent thermal-
ization of the meander down to I mK. Figure taken from
[3] ©2022 The Authors, publ. by IOP Publishing.
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a bulk sample into a meander geometry by microstruc-
turing using focused-ion-beam (FIB) technique as illus-
trated in Figure 1b. The resulting amplification of the
resistive signal enables a significant increase of signal-
to-noise ratios. We could achieve high resolution and
ultra-low temperatures by using SQUID-based current-
sensing noise thermometry [4], using the sample itself
as sensor [3]: The sample temperature 7(K) and its
resistance R(Q) were inferred from fitting the power
spectral density (PSD) of the SQUID input current noise,
as exemplarily shown in Figure 1a.

The high-resolution resistivity data are plotted in
Figure 1b and c. We observe a sharp AFM transition at
Tn = 120 mK, at higher T than in bulk samples because
of strain induced from the substrate to the meander [3].
On cooling below 10 mK we observe a steep decrease
with onset at 7% = 1.6 mK. Between 1.1 and 1.3 mK (grey
area in Figure 1c), strong resistance fluctuations were
observed, and the sample resistance and temperature
could not be reliably inferred. The resistance drops by
more than an order of magnitude over this temperature
range, therefore we associate it with the superconducting
transition temperature 7, = 1.2 = 0.1 mK. We observe
that 7" is close to the temperature 74 ~ 2mK of the
proposed electro-nuclear magnetic transition [1], and
suggest that 7* may be the resistive signature of 7.

To gain more insight into the origin of the transition at
Ta we have designed a compact calorimeter for ultra-low
temperatures in which the YbRh,Si, sample is thermal-
ized via an aluminium wire, operating as a supercon-
ducting heat switch. A superconducting solenoid both
provides the sample field and operates the heat switch.
Heater and noise thermometer, made out of PtW ribbons,
are connected to the sample via spot-welded gold wires
(more details in Ref. [5]).

The results of such experiment are summarized in
Figure 2 which shows the heat capacity data taken with
remarkably-high resolution and within a challenging
temperature range of 180 uK — 80 mK. The two mag-
netic phase transitions can be seen at 7a = 1.5 mK and
Tn = 70.5mK. It can be shown that the heat capac-
ity measured around 1 mK exceeds the heavy-electron
term by 3 orders of magnitude and only arises from the
nuclear isotopes with natural abundances 0.1431 and
0.1613, respectively, distributed randomly across Yb
sites. In Ref. [6] it is demonstrated that the state be-
low TA = 1.5mK is a new AFM electronic state, with
larger ordered moments of the Yb 4 f-electrons. The
hyperfine interaction between the tiny nuclear moments
and the much larger electron moments favors states with
large magnetic polarization of both the electrons and
the nuclear moments. At 7 this interaction drives a
‘nuclear assisted’ transition into a state in which the elec-
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Fig. 2: Molar heat capacity in zero field of the compound
YbRh;,Si>. Two sharp anomalies can be seen: While the
one at Ty = 70.5 mK indicates an electronic transition
from a paramagnetic state into an antiferromagnetic
state, the anomaly at Ty = 1.5 mK reflects a cooperative
magnetic transition involving both nuclei and electrons.
Note that the lowest point was taken at 180 uK. Figure
taken from [6] ©2023 The Authors, publ. by APS.

tronic magnetism appears to be stronger and spatially
modulated. This is illustrated in Figure 3 in which the
heat capacity of YbRh,Si, below T}y is fitted with spa-
tially modulated electronic order (SMO) state (inset of
Figure 3), with a sinusoidal distribution of the hyper-
fine field on the randomly distributed !”'Yb and '73Yb
nuclei produced by the electronic moments. So, the
polarization of the nuclear moments results in a spec-
tacular phase transition between two states which differ
in energy only by 1.5mK. The observation of super-
conductivity below Tx opens an intriguing possibility
that superconductivity and SMO may be intertwined,
forming a pair density wave.
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Fig. 3: Zero field Cp /T fitted by the SMO model below
0.5mK; the “best fit” according to spatially homoge-
neous Schottky model clearly disagrees with the data.
Inset: electronic moments in SMO, black arrows rep-
resent randomly distributed Yb sites with active nuclei.

Figure taken from [6] ©2023 The Authors, publ. by APS.
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Quadrupole density wave order in CeRh,As;

Free conduction electrons in a periodic environment —
such as a crystalline metal — can organize themselves
into ordered states with a spatial modulation of their
charge or magnetic dipoles. Such ordered states are
called charge density waves (CDW) and spin density
waves (SDW), respectively. Basic electrodynamics al-
lows for patterns more complex than a point charge or a
magnetic dipole, such as electric quadrupoles. However,
free electrons do not carry quadrupoles and, accordingly,
a quadrupole density wave (QDW) formed by conduc-
tion electrons has not been reported yet.

In this respect, the discovery of the unconventional su-
perconductor CeRhyAs; was crucial [7, 8, 9, 10]. This
compound attracted considerable attention from the com-
munity because it is the first Ce-based multiphase su-
perconductor characterized by a field-induced transition
from an even-parity low-field state (SC1 in Figure 5) to
an odd-parity high-field state (SC2) (for more details see
PQM_06_Khim and Status Report section 1.10). Re-
cent improvements in sample quality have resulted in an
increase of 7; as well as the sharpness of the phase tran-
sition (cf. Figure 4): For instance, the superconducting
transition at 7, = 0.36 K in a sample of new generation
can be seen in the specific heat plotted in Figure 4 and
compared to that of a old-generation sample.

In this report, however, we focus on the second tran-
sition visible at 7y = 0.54 K. In the first generation of
samples (red points in Figure 4) this transition was so
weak that doubts were raised about its existence, but in
the new generation of samples it becomes as sharp as
the superconducting transition.

In the last years we have performed a comprehensive
study of several thermodynamic, transport and magnetic
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Fig. 4: Temperature dependent specific heat measured
in an old-generation sample published in Ref. [7] com-
pared to that of a new-generation sample published in
Ref. [15]. Figure taken from [15].
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properties of the phase below Tj, labeled ’phase I’ in
Figure 5. All findings point to the presence of a rare
case of a non-magnetic, possibly multipolar phase: The
absence of an anomaly in magnetic probes, the increase
of the transition temperature with magnetic field H,
perpendicular to the crystallographic c-axis and with
pressure [11]. Also the anisotropy of the magnetic phase
diagrams indicated the presence of multipolar degrees of
freedom in phase I [11, 12]. This is shown in Figure 5
and Figure 6: For H || ¢ (Figure 5), Ty monotonically
decreases with increasing field and the phase I boundary
line enters the superconducting odd-parity phase SC2,
suggesting that phase I still exists within the SC2 state.
On the other hand, Tj is almost constant for H 1 ¢
(Figure 6) up to 5T and then increases steeply. At a
critical field H., ~ 9T a 1%"-order phase transition into
another phase (phase II) is detected.

While all experimental observations pointed to the pres-
ence of multipolar degrees of freedom in the ground-
state, the tetragonal crystalline electric field (CEF) level
scheme of the localized 4 f-electrons of Ce** seems
to prohibit such order. As illustrated in Figure 7, the
J =5/2 multiplet is split by the CEF into three Kramers
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Fig. 5: Temperature-c-axis magnetic field (T — H) phase
diagram of CeRhyAsy depicting the two superconduct-
ing (SC) states SCI and SC2 and the ordered phase 1.
Critical temperatures for the SC states and phase I (T,
and Ty , respectively) were determined by measurements
of specific heat C(T) and electrical resistivity p(T) con-
ducted on new-generation samples. The SC1-SC2 phase
boundary, terminating in a bicritical point b, is plotted
according to earlier ac magnetic susceptibility y (H)
data [7]. The solid black lines are guides for the eye.
The dashed line marks a segment of a so far undetected
hypothetical phase boundary expected from thermody-
namic considerations, while t marks the corresponding
tetracritical point. Figure taken from [12] ©2023 The
Authors, publ. by APS.


https://www.cpfs.mpg.de/2024_SR_PQM_06
https://www.cpfs.mpg.de/2024_SR

PHYSICS OF QUANTUM MATERIALS

Y —
e T[] o M®H) . } ]
e T.C/T[] ¢ |
L o am P o {
LST o pun ¢ 2D i i 7
[
< ok Ter, Heyr % ]
= PM \®£% ’
: 185 m \@
I LA -
oot -
'\ ! % CeRhoAs;
_SC. AP N - I N B |
0.0
0 5 10 15

HoH L (T)

Fig. 6: Magnetic phase diagram of CeRhyAs, deter-
mined by several thermodynamic and transport probes
listed in the inset: y is the magnetic susceptibility, C
the specific heat, A the magnetostriction, p the electrical
resistivity, M the magnetization and « the thermal ex-
pansion. SC1 indicates the even-parity superconducting
phase. At a critical field of about 9T phase I changes
into phase II. The inset is a simplistic illustration of a
possible QDW. Figure taken from [11] ©2022 The Au-
thors, publ. by APS.

doublets. The groundstate doublet F7(1) is separated
from the first excited state by about A ~ 30 K. Thus,
at Ty = 0.5 K only the CEF ground state is populated,
which does not bear quadrupolar degrees of freedoms,
and therefore, quadrupolar or multipolar order should
not be possible.

The material, however, offers one intriguing possibil-
ity: Its Kondo temperature Tx = 30K is of the same
magnitude as A [7]. We could demonstrate in Ref. [11]
by renormalized-band-structure calculations that 7k af-
fects substantially the quadrupole moment of the CEF-
split 4 f states in CeRhyAs, because Tx ~ A. This is
schematically illustrated in Figure 7: The formation of
the heavy-Fermi-liquid state leads to a significant ad-
mixture of excited CEF states into the low-energy states,
because of broadening of the CEF levels (red lines in Fig-
ure 7) due to the Kondo effect. This allows the presence
of quadrupolar degrees of freedom in the groundstate
Kramers doublet and can induce a ’quadrupole density
wave’ (QDW) by nesting of part of the relevant Fermi
surface sheets [11]. This also implies the presence of a
quadrupolar QCP and strong quadrupolar fluctuations
above this phase.

Quadrupolar ordering at such low temperature is ex-
tremely demanding to prove. Techniques like resonant
inelastic X-ray scattering (RIXS), for instance, are lim-
ited to temperatures above 2 K. Therefore, there is cur-
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Fig. 7: Proposed CEF scheme for CeRhyAs;: Different
contributions B, O, of the CEF split the Ce’*J=5/2
multiplet into three Kramers doublets. The broadening
of the energy levels due to the Kondo hybridization is

schematically illustrated by red lines. Figure taken from
Ref. [11] ©2022 The Authors, publ. by APS.

rently no direct evidence of this QDW state.

Recent nuclear quadrupole resonance (NQR) and nuclear
magnetic resonance (NMR) experiments [10, 13, 14] as
well as muon spin resonance (uSR) experiments [15] on
new generation of samples have provided clear evidence
of dipolar order below Tj, thus questioning the presence
of a QDW in phase I. An elegant and reliable solution
has been proposed by the authors of Ref. [16] who could
reproduce both magnetic phase diagrams (for H parallel
and perpendicular to the c-axis) as well as the phase
transition at H.,. In their model, the primary order in
phase I is AFM (dipolar) with in-plane moments that
induce a quadrupole order (phase II) of the O, type
with in-plane field. Therefore, if not in phase I, the
QDW should at least exist in phase II.
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