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Supplementary Notes

1. Crystal structure, structural motives and magnetic as well as
dielectric units of PbCuTe20e¢

PbCuTe20s6 crystallizes in a non-centrosymmetric cubic structure with space group
P4132 (No. 213), see Fig. 1. According to density functional theory calculations [1]
based on room-temperature structural data, the magnetic lattice can be described by
isolated equilateral S = 1/2 triangles with nearest-neighbour interaction J1 = 1.13 meV,
which are coupled via the second-nearest neighbour interaction J2 = 1.07 meV into a
hyperkagome lattice (Fig. 1b). The weaker third- and fourth-nearest neighbour
interactions Jz = 0.59 meV and J4 = 0.12 meV couple the spins into chains. Another
unique feature of PbCuTe20s, which has been largely ignored until now, relates to its
dielectric degrees of freedom [2]. The material contains polar building blocks
originating from the free electron pairs (lone pairs) of the Te** ions in the oxotellurate
tetrahedrons and the asymmetrically coordinated Pb?* ions. These characteristics
together with the non-centrosymmetric structure imply the possibility of ferroelectric

order interacting with the strongly frustrated quantum spin system.

2. Specific heat and magnetic Griineisen parameter

At low temperatures (T < 1.6 K) there are basically two different contributions to the
specific heat, C, of PbCuTe20e6. The first one, Ce, arises from the magnetic moments
associated with the spins S of the 3d electrons of the Cu?* ions, and the second one,
Cn, is due to the magnetic moments of the 29’Pb, 12°Te, 63Cu and %°Cu nuclei. The
phonon contribution Cpn [3], however, is negligibly small and does not exceed 1 % of
Ce for T < 1.6 K. Below T ~ 0.1 K the nuclear contribution dominates and has to be
determined quite accurately in order to extract Ce reliably from the measured total

specific heat C.



The contributions Cn, of the above listed nuclei to the specific heat are Schottky

anomalies with equidistant energy levels produced by the different orientations of the

nuclear magnetic moments f; in the local magnetic fields E;*:

2 2
Cni = 2 F (kBT) . n(-2i)_q B n(&2i\_q | ° (D
cosh(gfp)=1  cosh(i)-

Here zi denotes the number of nuclei of type i in one formula unit, a; = 2 - I; + 1 (with

I; the nuclear spin quantum number) is the number of energy levels of such a nucleus

in the local magnetic field B; and A; = y; - B /I; (where B; = |B;

, 4; = |i;|) describes
the spacing between neighbouring energy levels of a nucleus of type i. In the case of
the 207Pb and 125Te nuclei B; is identical to the external magnetic field B, as there are
no electronic magnetic moments in the vicinity which would produce a (significant)
disturbance of the magnetic field. Thus Cn; can be calculated easily by using the

corresponding parameters from the table 1 below [4,5]. For the copper nuclei, however,
§l’-“ is strongly influenced by the magnetic field §e from the magnetic moment of the 3d
electrons of the Cu?* ion. Therefore, B, = |§e| has to be determined by asymptotically
fitting the low temperature specific heat C in |B| = B = 0 with the formula (1) using the
corresponding parameters of the copper nuclei and leaving B*cus3 = B*cues = Be as free
parameter (the other nuclei do not contribute in this case, as they do not experience a

local magnetic field. The fit is shown in the inset of Fig. 2 and yields the value Be = 10.2
T.

The magnetic Griineisen parameter I . of the electron spins can be extracted from the
measured magnetic Griineisen parameter /g = T 1.(0T/0B)s of the total system by
taking the specific heat contributions Ci and magnetic Grineisen parameters /g, of all

relevant subsystems into account. In general, the following relation holds:

1
Iy = =+ 2 Ci I, 2



with € = };; C; the total specific heat. In the case of PbCuTe20s, I is then given by

1
Iy = E (Ce ) FB,e + Cypp 'FB,nPb + Chre - FB,nTe + CnCu ) FB,nCu) . (3)

The nuclear magnetic moments of tellurium and lead behave as Langevin
paramagnets (for which the entropy S = S(T/B)) with the local magnetic field §;* being

identical to the external magnetic field B, so that

1
rB,nPb = rB,nTe = E . (4)

For I'sncu the situation is less simple due to the strong influence of Ee on Ei". As the
magnetic moments of the copper nuclei practically do not interact with one another,

their T/B{ ratio is constant in an adiabatic process:

T
— = const. (5
B;

The local field is given by

B; = /B2 + B2 + 2B,Bcosd , (6)

with 9 being the angle between B and B,. Thus the following expression is obtained

aT B + B.cosV
). 7)

1
o= =" (=—=) = .
BCu ™ T (63 B2 + B2 + 2B,Bcos)

This can be simplified for the case B « B, by a series expansion and taking into

account only the terms which are linear in B/Be:

1 B
Igncu = 5 [COSl9 + (1 — 2cos?9) 5| (8)

e e

As the copper spins show no indications of ordering in a small external magnetic field
B, they can be assumed to be oriented completely randomly relatively to B and thus

the same holds for §e too. Therefore, (8) has to be averaged evenly over the whole
solid angle:
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Substituting (4, 9) into (3) and solving the equation for I . yields the final formula

1 1
FB,e: - C'FB_(CnPb+ CnTe)'E_ Ch

c (10)

Cu’ 3_Bez
Figure 2 shows the specific heat contribution, Ce, associated with the Cu?* electron
spins of PbCuTe20s for two single crystals sc #1(b) and #5(b). The specific heat for
both crystals is almost identical around the phase transition anomaly and for
temperatures below. Some differences are visible for temperatures above the phase
transition where C(T) for #1(b) is slightly higher than C(T) for #5(b).

(1) The first technique applied [6] follows the definition 75 = T-X(6T/oB)s, by measuring
temperature changes AT" of the sample, which is in weak thermal contact to a bath at
temperature Tb, in response to changes of the magnetic field AB, i.e., 7s =~ T?
(AT*/AB)s<const.. A typical measuring cycle is shown in Fig. 3. Since this technique
measures the total Grineisen parameter 7, which is the sum of various contributions
(see eq. (3)), the determination of the electronic part 7se requires a careful

consideration of the nuclear contributions according to eq. (10).

2) As an alternative approach, we took advantage of the identity /5e = -Ce? -(0M/OT)
by using the electronic specific heat data, Ce, of sc #5(b) shown in Fig. 1 of the main
text, and the magnetization, M(T), of sc #5(b) displayed in the inset of Fig. 5 of the
main text. The so-derived /ge is also shown in Fig. 4 (blue spheres). As the figure
demonstrates, we find a good agreement between the results obtained by following
these different approaches. In particular, both approaches reveal a divergence of
Ige(T) for T — 0.



3. Thermal expansion

Figure 6 shows the coefficient of thermal expansion of PbCuTe20s single crystals sc
#1(a) along the [1-10] and #sc 5(c) along the [110] direction for T < 2 K.

In the dilatometer cell used (constructed following the design discussed in [7]), the
spring leafs, suspending the movable part, exert a force F to the sample along the
measuring direction, with F ~ 0.03 N — 3 N, the actual strength of which depends on
the chosen starting capacitance Cs. This results in a uniaxial pressure along the
measuring direction pua = F/A with A the cross-sectional area of the sample, typically

ranging from pua = 0.01 MPa — 5 MPa.

The data in Fig. 6 represent two data sets taken along an in-plane diagonal: the data
for sc #1(a) (green squares) were taken with a uniaxial pressure of moderate strength
pua = (2.3 £ 0.5) MPa, whereas for sc #5(c) (blue squares) the uniaxial pressure was
relatively high with pua = (6.5 + 1.3) MPa. The pressure values refer to values at low
temperatures around 4 K. The data sets show practically identical behaviour at the
high-temperature end, i.e., from around 2 K down to about 1.4 K. For lower
temperatures, both data sets show anomalous behaviour, which is qualitatively similar,
albeit with different amplitudes. We assign these differences to the influence of the
uniaxial pressure on the domain structure associated with the formation of ferroelectric
order around 1 K and the accompanying lattice distortions to a non-cubic low-
temperature state. The data for sc #5(c) demonstrate that for a preferential domain
orientation — or even a mono-domain configuration — realized here, the anomaly in the
coefficient of thermal expansion accompanying the ferroelectric order becomes more

pronounced.



4. Magnetic susceptibility

The main panel of figure 7 exhibits the ac-susceptibility of crystal #5(b) as a function
of temperature for 0.1 K< T < 1.6 K in a magnetic field of 0.1 T. The data were taken
by using a home-made ac-susceptometer adapted to a top-loading dilution refrigerator.
The ac-susceptometer was calibrated via magnetization measurements up to 5 T by
comparing the results with data obtained by using a SQUID magnetometer (Quantum
Design MPMS). For the yac measurements the external field was aligned along the
[100] (red filled circles, right scale) and [110] (blue filled circles, left scale) directions.
Unlike specific heat, thermal expansion and dielectric experiments, all of which
showing pronounced phase transition anomalies around 1 K, no indications for a phase
transition are visible in the magnetic response. The g-factor anisotropy for the two field
orientations amounts to approximately 5 %, an anisotropy which is typical for Cu?* in a
square-planar environment [8]. In the inset the results from the ac-susceptibility
measurements for T < 1.6 K are shown together with the static susceptibility data of sc
# 5(b) (red and blue squares) taken by using a commercial Quantum Design SQUID
magnetometer in the temperature range 2.0 K < T < 20.0 K for the same field
orientations. The data reveal a small anomaly around 6 K of unknown origin. A more
pronounced anomaly is also visible in the same temperature range for sc #2 (not
shown). In this sample sc #2 there is also a small but distinct difference visible between
field-cooled and zero-field cooled data. Similar anomalies in this temperature range
were also observed in other frustrated triangular-lattice systems and were ascribed to

a spin freezing induced by quenched disorder [9].

5. Elastic constant

Figure 8 exhibits the thermal expansion o110 (orange circles, sc #2) and the

longitudinal elastic constant ciii0; (blue squares, sc #5(a)) both as a function of

temperature for 1.3 K< T < 20.0 K. The elastic constant was also measured along the

[110] direction. The thermal expansion of sample sc #2 continuously decreases and

exhibits a small hump-like anomaly around 7 K. With further decreasing temperature
7



there is a significant increase of o100 below 2.2 K which is the precursor of the
ferroelectric transition at the Tre = 1 K, cf. Fig. 2 in the main text. For the longitudinal
elastic constant along the [110] direction, we observe a continuous increase of cij110]
upon cooling from room temperature down to approximately 10 K where it adopts a
broad maximum. Below 10 K cL decreases moderately strongly down to 1.3 K, the
lowest temperature of our experiment. Below approximately 2 K the softening becomes
stronger which we interpret - in analogy to the thermal expansion - as a precursor of

the ferroelectric transition.

6. Dielectric constant

The dielectric constant & was measured on 3 single crystals of PbCuTe20s in the
temperature range 0.25 K < T < 1.3 K, see Figure 9. In these measurements the
electrical field E was oriented parallel to the [110] direction for sc #5(b) and sc #1(a),
and parallel to the [001] direction for sc #4. For the determination of the dielectric
constant £, a plate capacitor geometry was realized by attaching two electrodes (silver
paste) to opposite parallel surfaces of the samples. The dielectric constant was then
derived from the capacitance, read out by using an LCR meter (Agilent E4980), and
the geometrical dimensions of the plate capacitor. This procedure implies an
uncertainty of about £ 5 %. For all single crystals investigated, we observe a peakin ¢
with small variations in the peak position at (0.97 + 0.05) K. There is, however, some
variation in the size of the peaks, even for the same orientation of the electrical field,
indicating some sample-to-sample dependence. The relatively narrow peak sits on top
of a temperature-independent background contribution &’. We find similarly high
values around &’ ~ 18 for sc #5(b) and sc #1(a) for E parallel [110] and an even higher
value of &’ = 23 for sc #4 where E was parallel to [001]. In contrast, for the pressed-
powder sample pd #I(b), we find a reduced &’ ~ 12 and only a tiny anomaly around 1
K. From the size of the anomaly and the fact that thermal expansion measurements
failed to detect any lattice distortion associated with it (see Fig. 2 main text), we claim



that there is no bulk ferroelectric transition in the investigated pressed-powder

samples.

7. Grain-size effect of ferroelectric order

The observation made here of a ferroelectric transition in PbCuTe20s single crystals
and the suppression of this transition in pressed-powder samples is consistent with
results on grain-size effects in ferroelectric ceramics [10-12], yielding a critical grain
size below which the transition disappears. Whereas for an isolated grain the instability
of the ferroelectric phase is mainly due to the surface effect, the situation becomes
more complex for ceramics where beside intrinsic grain-size effects other factors,
which may change with the size of the system, can be of relevance as well, see ref.

[12] and references cited therein.

8. Pyrocurrent

Figure 10a provides examples of the pyrocurrent results used to deduce the
temperature-dependent electric polarization curves shown in Fig. 4 as described in the
methods section of the main text. Typical results for two different positive prepoling
fields with a standard heating rate of 60 mK/min, used for all measurements in Fig. 4,
are shown. The peak revealed at the transition temperature reflects the successive
reorientation of the poled electrical dipoles into disordered equilibrium positions upon
heating. As expected, the pyrocurrent is enhanced for higher poling field,

corresponding to stronger polarization.

Figure 10b shows the pyrocurrent for two different heating rates and identical, negative
prepoling fields. As expected, the current is enhanced for higher rate. For conducting

materials, thermally stimulated discharge currents can also lead to pyrocurrent peaks.



The fact that the peak temperature in Fig. 10b is unaffected by the heating rate
excludes this non-intrinsic effect, which should lead to a significant shift of the peak to
higher temperatures for higher heating rates [13,14].

Supplementary Figures

Figure 1. Crystal structure, structural motives and functional units of PbCuTe20s. For
the atoms in all subfigures a colour code is used as indicated in the figure: Pb1 dark

grey, Pb2 light grey, Cu dark orange, Te brown, O1 dark yellow, O2 yellow and O3 red.
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a: View along the [111]-direction of the cubic high-temperature structure with space
group P4132. The figure shows one unit cell containing 12 crystallographically
equivalent magnetic Cu?* ions with S = 1/2 forming a three-dimensional (3D)

geometrically frustrated hyperkagome lattice.

b: Reduced magnetic structure containing the key motifs. These are equilateral
triangles formed by the Cu?* (S = 1/2) ions representing the two dominant 1% (blue)
and 2" (yellow) nearest-neighbour interactions with corresponding magnetic coupling
constants J1 and J2 [1]. Whereas the blue triangles form isolated magnetic units, the
yellow ones build a 3D hyperkagome network (not shown here; see, e.g., Fig. 1 of ref.
1) of corner-sharing triangles.

c: Magnetic exchange paths corresponding to Ji and Jz for the isolated triangles (blue
arrow) and the 3D network of corner-sharing triangles (yellow arrow), respectively.
Whereas Ji (blue arrow) is mediated via the Cu-O1-Pb2-O1-Cu orbital overlap, J2

(yellow arrow) results from the Cu-O2-Te-O1-Cu orbital overlap.

d: The dielectric unit consists of chiral tellurate complexes and the Pb1?* and Pb2?%*
ions possessing stereochemically active lone pairs of their 6s electrons. These
dielectric units form chains along the [111]-direction, a three-fold rotation axis of the
cubic high-temperature structure. The Pbl ions are in a distorted oxygen coordination
with three short bonds to the O3 ions and three long bonds to O1 ions. These long
bonds provide a void for the lone pair electrons of Pbl. In contrast, there is no lone
pair associated with Pb2 in its symmetrically coordinated environment, forming bonds
of similar length to six O1 ions. Therefore, in the non-distorted high-temperature
structure the dipole moments originating from the tellurates and Pb1l within each unit
compensate each other. Thus a distortion along the three-fold rotation axis, i.e., a
displacement of the Pb2 out of its high-symmetry position, is necessary to allow for a
(sp) hybridization [15] resulting in the formation of a lone pair with asymmetric electron
distribution prerequisite to the formation of ferroelectric order. This process can be
described as a second-order Jahn-Teller instability [15]. As the O1 p orbitals are
involved in the dominant magnetic exchange paths, we expect that the distorted
structure (with the modified electron distribution) will also result in a change in the
magnetic coupling constants Ji1 and Jo.

11
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Figure 2. Electronic contribution to the specific heat, Ce, related to the Cu?* electron
spins of PbCuTe20s¢ for single crystals #1(b) and #5(b). The inset shows the total
specific heat, C, of crystal #1(b) (blue circles) together with the asymptotical low-
temperature fit to these data representing the nuclear contribution, Cn, associated with
the copper isotopes %Cu and 3Cu (orange line). As in the main graph the black
squares denote the specific heat Ce of the Cu?* electron spins after subtracting the

nuclear contribution Ch.

The magnetic Griineisen parameter of interest /&, = -Ce1(0Se/0B)r, which probes the
variation of electronic entropy, Se, with respect to changes of the magnetic field under

isothermal conditions, was measured in two different ways.
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Figure 3. lllustration of a typical measuring cycle for determining the magnetic
Grlneisen parameter. At the beginning of the cycle at time t = 0, the sample at the
temperature Ts is in thermal equilibrium with the bath temperature at Ts = Tp = 0.151
K. In the example shown, the sample is in a dc field of B=0.1 T. Att = 400 s the field
is ramped up by AB = +0.03 T which is accompanied by an increase in Ts. After the
field change is completed, Ts relaxes back to To. This relaxation is fitted by an
exponential decay Ts(t) «c exp(-t/t) with t the relaxation time (red solid line in Fig. 3).
By extrapolating the exponential decay back to times at which the field change started,
the increase in temperature AT can be determined from an equal-areas construction

as indicated in the inset of Fig. 3.
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Figure 4. Temperature dependence of the electronic contribution /e to the magnetic
Gruneisen parameter of single crystalline PbCuTe206. The main panel shows 7. for
sc #5(b), associated with the Cu?* spins, obtained by applying technique (1) described
in the text (black open squares) and taking into account the nuclear contributions
according to eq. (10). For comparison the figure also shows /e for sc #5(b) obtained
by using technique (2) (blue spheres). The inset shows the raw data (red spheres),

corresponding to /g, and /ge (black open squares) from the main panel for T < 0.4 K.

The magnetic Griineisen parameter was also measured as a function of magnetic field
at a constant temperature T = 0.15 K by using technique (1) described above. The
results are shown in Fig. 5 as 1/7se vs B. We find a rapid suppression following a 7g.e

o (B — Bc)* dependence with Bc ~ 0.
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Figure 5. Electronic contribution to the magnetic Grineisen parameter at a
temperature T = 0.15 K plotted as 1/7se vs. B. The suppression of 7se with field
approximately follows a behaviour 7se = - A/(B — Bc) with A = 0.058 + 0.005 and Bc =
(0.033+0.06) T = 0 (broken line).
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Figure 6. Coefficient of thermal expansion of PbCuTe20s single crystals sc #1(a)
measured along the [1-10] direction and sc #5(c) measured along the [110] direction.
In these measurements the uniaxial pressure along the measuring direction was pua =
(2.3 +0.5) MPa for sc #1(a) and pua = (6.5 + 1.3) MPa for sc #5(c). The pressure values

refer to the pressure at around 4 K.
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Figure 7. Temperature dependence of the ac-susceptibility, yac, of PbCuTe20s single
crystal #5(b) for temperatures 0.1 K < T < 1.6 K. The data were taken in a field of B =
0.1 T applied along the [100] (red spheres, right scale) and [110] (blue spheres, left
scale) directions. The inset shows the same data together with data (same colour code)

for T > 2 K measured by using a commercial SQUID magnetometer (Quantum Design).
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Figure 8. Coefficient of thermal expansion og110] for sc #2 together with the longitudinal

elastic constant ci110] for sc #5(a) for temperatures 1.3 K< T <20 K.
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Figure 9. Results of the dielectric constant £ of PbCuTe20s for single crystals sc #5(b)
(black spheres, upper left), sc #1(a) (light red spheres, upper right), sc #4 (dark red
spheres, lower left), and a pressed-powder sample pd #I(b) (orange spheres, lower

right). The orientation of the electric field E is indicated in the figure. Data were taken

at a frequency of 11 kHz.
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Figure 10. a: Pyrocurrent as measured with identical heating rates for two different
poling fields. b: Pyrocurrent measured with two different heating rates for identical
poling field.
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Supplementary Tables

Isotope z I | (unN)
63Cu 0.692 | 3/2 | 2.22
%5Cu 0.308 | 3/2 | 2.38
125Te ] 0.143 | 1/2 | 0.887
207pp 0.221 | 1/2 | 0.578

un =5.05095-10-2" J T2

Table 1. List of isotopes with their natural abundances z, their nuclear spins 7and the

associated nuclear magnetic moment x in units of the nuclear magneton un taken from
[4,5].
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