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1 Synthesis and exfoliation of CrSBr flakes

Crystals of CrSBr were synthesized using a chemical vapor transport method. This synthetic tech-
nique involved the transport of material from 950 °C at the source side to 850 °C at the sink side
of a slightly off stoichiometric combination of Cr, S, and CrBrs in an evacuated fused silica am-
poule. The detailed synthesis and cleaning procedure can be found elsewhere.! Exfoliation of
CrSBr flakes is performed directly on a polydimethylsiloxane (PDMS) square of approximately 1
mm X 1 mm positioned on a glass slide. This is a well-known methodology to transfer 2D materials
and a complete description can be found elsewhere.?> The PDMS surface is cleaned by bringing
some fresh tape in contact with it and peeling it off as quickly as possible. CrSBr flakes are then
mechanically exfoliated on the PDMS square using the Scotch tape method.*> Thin flakes are then
selected via optical contrast. In order to avoid contamination and air degradation, exposed CrSBr
flakes are constantly handled under inert atmosphere in a N; glove box, with <0.5 ppm of O, and

<0.5 ppm of H,O content.

2 Atomic Force Microscopy measurements

The thickness of each flake, firstly identified by optical contrast, is confirmed by means of Atomic
Force Microscopy. Topography maps are measured in tapping mode in a Bruker Dimension Icon
system. Results are then analyzed on the software Gwyddion. Thickness values () of the flake are
extracted as the height difference with respect to the substrate level, considered as reference level
and therefore set as zero (see Fig. S1). Fig. S1 displays the topography map of the CrSBr flake

studied in the main text. Its thickness is found to be equal to 6.2 nm, corresponding to 8 layers.

3 Evaluation of the electrical conductivity

Flake lenght (/) and width (w) are easily evaluated via optical microscopy and respectively equal to

5 um and 2.5 pm. Once these three parameters are known, it is possible to calculate the electrical



conductivity o of the device from its resistance values by applying the following formula:

O =

l
T ()

x| =

The temperature-dependent electrical conductivity of the device is reported in Fig. S2. Such

values are then used to evaluate the temperature-dependent power factor as PF = a? - ©.

4 Pre-patterned thermopower contacts

Thermopower contacts are defined by standard Electron Beam Lithography (EBL) on a Silicon
(Si) wafer with a 285 nm top layer of Silicon Oxide (SiO;). First, the heaters are fabricated by
depositing 3 nm of Titanium (T1) and 27 nm of Palladium (Pd). Afterwards, the sample is covered
by 10 nm of Aluminum Oxide (Al,03) via atomic layer deposition (ALD), performed in an Oxford
Instruments FlexAL system. Finally, 3 nm of Ti and 47 nm of Gold (Au) are deposited as top

contacts.

5 CrSBr device fabrication

CrSBr selected flakes are stamped on top of the golden contacts by means of a home-built 2D
materials transfer system controlled via Thorlabs Kinesis software. The PDMS stamp is positioned
on top of the contacts, making sure that the chosen flake is bridging between the two golden
resistors. Thus, the glass slide is lowered and the CrSBr flake is brought in contact with the sample
surface, on which it adheres. The PDMS stamp is then slowly lifted in order to let the flake stick to
the surface.?> No heat sources are used in the context of this process. In order to preserve CrSBr
uncontaminated and to avoid air degradation, the flake is encapsulated with an hexagonal Boron
Nitride (hBN) flake by means of a polypropylene carbonate (PPC)-PDMS stamp, according to the

dry release transfer method described elsewhere. %7



6 Thermoelectric and electrical transport measurements

Electrical transport and thermopower measurements are performed in a *He cryostat using home-
built ultra-low noise voltage/current sources and pre-amplifiers. We employ a lock-in double-
demodulation technique,® which allows to decouple the thermally induced electric current (ther-
mocurrent) [y, flowing as a response to a thermal bias AT from Iy , the response to a voltage bias
V.4.2 To this end, an AC current J, = 0.5 mA (power P = 0.12 mW) at frequency @; = 3 Hz is
applied to the Pd heater with a Stanford Research SR830 lock-in connected to a current source. Si-
multaneously, an AC voltage V,q = 10 mV at @, = 13 Hz is applied to the drain contact. The current
at the source contact is pre-amplified by a low-noise transimpedance amplifier and demodulated at

2, and @, to obtain Iy, and Iy, respectively.

7 Field-dependent measurements of the thermoelectric prop-

erties of CrSBr

Additional thermoelectric measurements have been performed on other CrSBr flakes. The device
shown in Fig. S3a consists in a 35 layer-thick non-encapsulated CrSBr flake. Thickness has been
measured by means of Atomic Force Microscopy (see Fig. S3b) and evaluated as described in Sec-
tion 2. In this case, the thermovoltage is extracted directly using the lock-in double-demodulation
technique. The field dependence of the Seebeck coefficient, normalized with respect to the value
at B =0T, is reported in Fig. S3d-e. The magnetic field is oriented along the a and b axis, respec-
tively. The different shape of the curves represents the evidence for the strong anisotropy in CrSBr.
In Fig. S3d the spins are canting as B is aligned with the medium axis a, while in Fig. S3e the field

is applied along the easy axis b and therefore a spin-flip transition occurs.



8 Calibration of AT

In order to evaluate the Seebeck coefficient of CrSBr, it is necessary to know the temperature differ-
ence AT along the flake. Such parameter can be obtained by calibrating the temperature-dependent
resistance of the two gold thermometers, defined as R4 and Rp. The setup used to calibrate ther-
mometers A and B is displayed in Fig. S4a and b respectively. The calibration consists in a re-
sistance measurement with and without a thermal gradient applied. Such gradient is generated via
Joule effect, by feeding the heater on a current /;,. Fig. S5a-b shows the resistance values R4 and
Rp, respectively, in a range between 20 K and 200 K. To perform the resistance measurement, both
resistors are biased with a current of 1 pA. Let us consider the formula R = Ry(1+TCR(T —Tp)),
where TCR stands for Temperature Coefficient of Resistance. By linearly fitting the two curves,
we extract the slopes in Fig. S5a-b, corresponding respectively to the products TCRAR, = 0.045
Q/K and TCRgRy, = 0.290 Q/K. Fig. S5c-d report the resistance values on thermometers R and
Rp, respectively, as a function of the power P produced on the heater. The AC current /}, is swept
between 0 and 1.5 mA. The measurement is performed at a constant temperature of 30 K. Resis-
tance values are then converted in temperature jumps 67 induced by the thermal gradient on the
two thermometers A and B, equal to 1.4 K and 0.1 K at 30 K. By subtracting the two temperature-
dependent 6T, we obtain the temperature difference AT at the extremes of the device at a given
temperature. For the used power value of 0.12 mW we extract a AT of 1.3 £ 0.1 K at 30 K. By
following this procedure, we are able to extract the values of AT for the temperatures in range

between 20 and 220 K, therefore taking into account the temperature-dependent variation of AT

9 Evaluation of the saturation field H,

To extract the values of H reported in the main text (see Fig. 2f in the main text), a colormap of
the second derivative of the MRR versus magnetic field and temperature, displayed in Fig. S6 was
exploited. Here the saturation field values can be identified as the contour of the curve, where the

second derivative tends to zero.?



10 Reactivity of CrSBr flakes

Despite CrSBr has been advertized as an air-stable material in many works, 10-12

recent studies,
however, have proven that thin flakes of CrSBr undergo oxidation when exposed to ambient con-
ditions. 3~15 A thorough study of the air instability of CrSBr flakes has been conducted by mea-
suring the change in electrical resistance R of CrSBr flakes while initially keeping them in an inert
atmosphere and thereafter exposing them to ambient conditions. To do so, two-terminal device ge-
ometries are patterned by EBL on a Si wafer with a 285 nm top layer of SiO,. In order to exclude
from the possible factors of degradation the mechanical strain on the flake edges, the contacts are
almost completely buried in the oxide layer. To do so, an oxygen plasma descum process is per-
formed on the sample, in order to ensure that there are no polymer traces - readily, the polymethyl
methacrylate (PMMA) used in the previous lithography step - left on the exposed regions. Then,
40 nm of Si0O; in the contact areas are etched by CHF3 plasma via Reactive lon Etching (RIE). The
etched areas are then filled with 5 nm of Chromium (Cr) and 40 nm of Gold (Au) are deposited
via e-beam evaporation. A CrSBr flake is then transferred on top of the pre-patterned structure
via the dry transfer technique explained in Section 5. The device is then inserted in a home-made
hermetically closed chamber equipped with a butterfly valve. The chamber is initially filled with
N, and the resistance is recorded as a function of time (t < 0). At t =0, the valve is open and the
resistance 1s now measured while the flake is exposed to air (see Fig. S8a). Fig. S8b shows the
resistance curves recorded for flakes with different thicknesses as a function of time t. A general
increase of R has been detected in all the samples, ranging from a thickness of 6 nm to 27 nm. This
study confirms the degradation of CrSBr when in air conditions. Therefore, in order to maintain
the pristine state of the material when measuring its thermoelectric properties, the CrSBr flakes

analyzed in this work have been encapsulated in hBN.



11 First principle simulations

We employ Density Functional Theory'®!7 as implemented in the ABINIT!® software suite, in
a projector augmented wave'® basis using JTH?? format atomic datasets with plane wave kinetic
energy cutoffs of 25 and 30 Ha for the wavefunctions and density (total energies are converged to
within 1 meV/atom). The first Brillouin Zone is sampled using a uniform grid of 13x 9x 3 points
for the ground state and 26 x 18x 6 to prepare transport calculations. The exchange correlation
functional used was the generalized gradient approximation of Perdew Burke and Ernzerhof,?!
augmented by the Grimme D3 van der Waals dispersion.?> The magnetism of Cr necessitates ad-
ditional Hubbard repulsion in the DFT+U method*? (Fully Localized Limit) with a U of 4 eV and
Jof 1 eV on Cr only (effective U of 3 eV). Most calculations are performed for collinear spins, and
additional checks with non collinear magnetization and spin orbit coupling. The electronic bands
are occupied with a Gaussian smearing of 10~* Ha to improve convergence and allow for variable
spin polarized occupations, though the final band structures are all semiconducting. The PM high
temperature phase is approximated using the Special Quasirandom Structure (SQS) approach?* im-
plemented in the icet package? to generate spin configurations in the infinite temperature limit. >
By averaging over 5 different 3 x 3 x 2 supercells with these disordered spins configurations, we

obtain a representative electronic DOS and states for the high temperature phase.

12 Evaluation of the transport coefficients

The transport coefficients are calculated within the constant relaxation time approximation using
the Boltztrap2 code’ for constant doping levels. The Seebeck coefficient is obtained quantitatively
as the (unknown) relaxation time drops out of its expression. We infer the experimental doping
level (~ 8-10'8 carriers per cm®) by the best fit to the experimental o(T') at low temperature in the
AFM phase. The doping is considered constant above Ty as well. This is a good approximation
if T is high enough that all dopants are ionized, but not so high that new charge-donating defects

are created. We also apply the Boltztrap2 code to the PM approximant SQS supercells, then the



results are averaged, in order to estimate the transport of the PM phase. To compare to the exper-
imental transport measures, we add a crossover/switching from AFM to PM, inspired by Ref.?’

The switching is chosen as an error function (erf) centered at 7y with a width of 30 K.
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Fig. S 1. Atomic Force Microscopy image of the CrSBr flake. a) Topography of the flake.
b) Thickness profile (in magenta) along the dashed line in (a). The average height of the flake is
defined by the black dashed line. Scale bar: 1 pm.
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Fig. S 2. Temperature-dependent electrical conductivity ¢ of the CrSBr flake. o is evaluated
by measuring the conductance G with B = 0 T (purple curve) and B =4 T (blue curve). The geo-
metrical parameters are extrapolated via optical microscopy (/,w) and Atomic Force Microscopy
(t). The characteristic temperatures Ty and Tieeze are reported on top of the graph. The white area
is associated to the PM phase, while the grey/cyan one is associated to the AFM one.

11



d 30 K e 30 K
30/
80
25/ 40 K
o 40 K 60 U 60 K
) o TN
g ) 80 K
151
S 60 K S a0 A~
S S N ' 100 K
e NN
10/ 100 K
= 120 K 120 K
- 125 K 20
5
T 130K] 130K
140 K 140 K
0 01
-2 1 0 1 2 -2 1 0 1 2
B (T) B (T)

Fig. S 3. Additional field-dependent measurements of the thermoelectric properties of CrSBr.
a) Optical image of the CrSBr device. Scale bar: 20 um. b) Topography of the device measured via
Atomic Force Microscopy. ¢) Thickness profile (in cyan) along the dashed line in (b). The average
height of the flake is defined by the black dashed line. Scale bar: 2 um. d,e) Magneto-Seebeck
coefficient as a function of temperature, with external field B aligned with a axis (d) and b axis (e).
Each curve is offset for clarity by 2% (d) and 10% (e) respectively.
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Fig. S 4. Measurement setup for the calibration of thermometers. A standard resistance
measurement is performed on thermometer A (a) and B (b), while feeding the heater on a current
Iy. The measurement is done with /=0 and then repeated with I;, # 0.
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Fig. S 5. Calibration of the thermometers. a,b) Resistance of gold thermometers A (a) and
B (b) vs T. c,d) Resistance of gold thermometers A (c) and B (d) as a function of the power P
applied to the heater. e,f) Extracted temperature jump 67 on thermometers A (e) and B (f) vs P.
The black dashed line indicates the power value used in the experiments described in the main
text (0.12 mW), while the cyan dashed line shows the corresponding temperature jump for the two
thermometers (1.4 and 0.1 respectively).
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Fig. S 6. Evaluation of the saturation field. Colormap of the second derivative of the magneto-
resistance ratio (MRR) versus temperature and applied magnetic field. The black dashed line
defines the saturation field Hy.°
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Fig. S 7. Field dependence of the magneto-power factor. The magneto-power factor is defined
as %, where PF = o - 6. Curves recorded at temperatures raging from 30 K to 160 K
are reported in a), while b) shows in detail the curves between 20 K and 45 K.
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Fig. S 8. Degradation study of CrSBr flakes. a) Schematic of the measurement setup. The
device is positioned in a home-made hermetically closed chamber equipped with a butterfly valve,
which allows to first maintain the internal atmosphere of chamber inert and subsequently fill the
chamber with air. b) Time-dependent resistance curves of CrSBr flakes with different thicknesses
(see legend). At t = 0 (highlighted by a cyan dotted line), the valve is open and the chamber is
filled with ambient air.
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Fig. S 9. Temperature dependence of the Seebeck coefficient of CrSBr. Temperature-dependent
variation of the Seebeck coefficient o at B =0 T as a function of the doping concentration in the
a) AFM state and b) PM state. The doping concentration values are reported in the colorbar on
the right. With increasing doping, « amplitude decreases, and the values in the PM state are
systematically smaller than in the AFM one. As discussed in the main text this is due to a smaller
band gap and disorder effects on the electronic bands, which reduce their average dispersion and
group velocity.
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