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Speed of electronic phase propagation in BaFe2As2 revealed by dilatometry
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Thermal expansion offers deep insights into phase transitions in condensed-matter physics. Utilizing an
advanced ac temperature dilatometer with picometer resolution, this study clearly resolves the antiferro-
magnetic and structural transition in BaFe2As2. The implementation of temperature oscillation reveals a
hysteresis near the transition temperature, TN , with unprecedented resolution. Unexpectedly, we find that
the hysteretic width exhibits a universal dependence on the parameters of temperature oscillation and the
sample’s longitudinal dimension, which, in turn, reveals a finite transition speed. Our quantitative analysis
shows that this phase boundary propagates at a mere 188 µm/s—a speed 7 orders of magnitude slower
than acoustic waves. It suggests a hidden thermodynamic constraint imposed by the electronic degrees of
freedom. Our research not only sheds light on the dynamics of phase transitions between different corre-
lated phases, but also establishes high-precision dilatometry as a powerful tool for material studies. This
measurement technique, when properly modified, can be extended to studies of other material properties,
such as piezoelectric, magnetostriction, and elastic modulus.
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a. Introduction. Phase transitions are of great interest in the
study of materials, where a variety of degrees of freedom
are often coupled together. It is important to experimen-
tally differentiate closely related transitions, as well as to
identify the primary driving force behind the transition.
Because density is a true scalar that remains invariant
under all symmetry operations relevant to solids, it is
expected to have symmetry-allowed coupling to all phase
transitions. As a result, accurately measured density can
be used for detection and classification of phase transi-
tions. In practice, this is often done with length measure-
ments, such as the linear thermal-expansion coefficient,
α [1–6]. Along with atomic microscope piezocantilevers,
strain gauges, piezobenders, and x-ray diffractometers [7–
10], the most used and accurate dilatometer is based on
plate capacitors. The length change of the sample, �L, is
captured through monitoring the capacitance between the
sample’s upper surface and a metal reference surface, and
α is deduced by numerical differentiation, α = L−1dL/dT
[11–16]. Unfortunately, the sample is always at equilib-
rium, because this method needs an ultrahigh temperature
uniformity of the whole mechanical structure to achieve its
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high accuracy, and its capacitance measurement limits the
temperature-varying speed to about 10−3 K/s.

In condensed-matter physics, the dynamic behavior of
transitions is always attractive and many techniques have
been implemented [17–21]. Limited by either resolution or
slow response, conventional dilatometers are not suitable
for studying the dynamic procedure of phase transitions.
Here, we present an alternative approach for measuring
thermal expansion with picometer resolution using opti-
cal interferometers. Using oscillating temperature, we can
analyze the dynamic response of thermal expansion in
the frequency domain. As a demonstration, we exam-
ine the antiferromagnetic phase transitions in BaFe2As2
[22–25]. Our systematic investigation reveals a hystere-
sis that originates from the nonequilibrium state of the
sample near the transition temperature, TN . The width of
the hysteresis in temperature is proportional to the sam-
ple thickness, L; the frequency; and the amplitude of the
temperature oscillation, δT. Thanks to continuous pertur-
bation by δT, this hysteresis is likely a manifestation of
the fact that the phase transitions are not infinitely sharp
in time and the phase boundary propagates with a finite
speed. The measured speed, approximately equal to 188
µm/s, is significantly lower than the acoustic velocity, thus
shining light on the complex nature of domain-boundary
dynamics.
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b. Experimental setup. We use BaFe2As2, the parent
compound of “122” Fe-based superconductors, an ideal
prototypical example of phase transition(s) with coupled
degrees of freedom, for demonstration. It is generally
believed to have a two-step phase transition when the tem-
perature is lowered [22–25], i.e., a second-order structural
transition at TS = 134.5 K followed by a first-order mag-
netic transition at TN = 133.75 K [26,27]. An electronic
nematic phase is reported between TS and TN [28–32]. We
study four single-crystal as-grown samples (S1–S4), with
typical in-plane sizes of (2–4)×(2–4) mm2 and different
thicknesses L = 430, 210, 400, and 75 µm, respectively.
Samples S1 and S2 are cleaved from the same piece, while
S3 and S4 come from another one.

The samples are placed on the upper surface of a sap-
phire sample holder with extremely thin (∼5 µm) N-Grase
for better thermal conductivity, so they are considered
to be free-standing, and thermal expansion is measured
along the c-axis direction. There are three pairs of evap-
orated Pt wires on the lower surface of the sample holder,
which are used as a thermometer and ac and dc heaters,
respectively; see Fig. 1(b). We measure the thermometer’s
resistance and calibrate it by the cryostat temperature when
the heaters are switched OFF. The real-time sample tem-
perature can be separated into a slowly sweeping dc part,
T0, by the dc heater and an ac oscillation, δT, by the ac
heater. δT of the sample induces an oscillation, δL, in sam-
ple thickness, and then the thermal-expansion coefficient,
α, can be deduced from α = L−1δL/δT, with the measure-
ment of δL and δT by using the lock-in technique. We are
able to achieve a comparable performance to that of the
reported capacitive dilatometry [16], i.e., picometer reso-
lution in δL amplitude, 〈δL〉, and millikelvin resolution in
δT amplitude, 〈δT〉, with a dynamic measurement nature.

The δL measurement of our dilatometer is based on
a high-resolution optical fiber Michelson interferometer,
with the output interference light intensity, I , depending
on the phase difference, �, between the probing and ref-
erence light beams of I = I0[1 + cos(�)]. We can tune
the optical length of the two beams by applying the mod-
ulation and feedback voltages, VM and VF , respectively,
to the corresponding piezoelectric transducer (PZT) rings;
see Fig. 1(a). � consists of three different components:
the modulation phase, φM = C cos(2π fM t) ∝ VM ; the ac
phase signal, φS = 4π/λδL, where δL = αLδT is the sam-
ple’s thermal expansion induced by ac temperature oscil-
lation, δT; and the slowly varying φ0 caused by thermal
drift. C and fM are the amplitude and frequency of modu-
lation, respectively; α is the thermal-expansion coefficient;
and λ = 1550 nm is the optical wavelength. We compen-
sate for thermal drift using the feedback voltage, VF , so
that φ0 can be neglected. According to the Jacobi-Anger
expansion, the amplitudes of the output optical power’s
first- and second-harmonic components at fM and 2fM
are I1 = I0J1(C) sin(φS(t)) and I2 = I0J2(C) cos(φS(t)),

(a)

(c)

(b)
Laser

in

Laser
out

Coupler

VF VM

PZTs

Collimator

ΦS

 (rad)

S – C
S + C

L

Sample holder
Sample

FIG. 1. (a) Our dilatometer uses a fiber Michelson interferom-
eter. Probing (left) and reference (right) arms are wound around
cylindrical PZT rings, through which we can tune their lengths
using the modulation and feedback voltages, VM and VF , respec-
tively. VM generates a phase modulation, φM = C cos(ωM t), and
VF eliminates the thermal drift, �0 ≈ 0. (b) Detailed cartoon of
the sapphire sample holder. White, red, and green Pt wires are
used as the thermometer and ac and dc heaters, respectively.
(c) Interference light intensity, I = cos(�), is an odd function
of the two beams’ phase difference, � = �M + φS , where φS
originates from thermal expansion induced by the ac temperature
oscillation. � oscillates between φS ± C, and the optical power
difference between the two � extremes has a positive dependence
on φS; see text for a detailed description of our measurement
principle.

respectively; JN is the Bessel function of the N th order. We
measure I1 and I2 using the lock-in technique to deduce the
sample’s thermal expansion through

δL = λ

4π
tan−1

(
J2(C)I1

J1(C)I2

)
≈ J2(C)λ

4πJ1(C)I2
I1.

The phase-modulation frequency, fM , is typically a few
kilohertz; the ac temperature oscillation frequency, fS, is
100 and 250 mHz; the feedback eliminates drift at �0.1
Hz; and the T0 sweeping rate is 10−4 K/s. Our resolution
of 〈δL〉 is as small as about 5 pm when using 50-mHz-
resolution bandwidth, so that we can use 〈δT〉 as small as
5 mK; see Fig. 3. More details about the design, princi-
ple, and performance of our dilatometer can be found in
Ref. [33].

c. Experimental results. Figure 2(a) shows typically mea-
sured δT and δL oscillations (T0 � 130 K). The phases
of these two oscillations are perfectly aligned, leading
to a linear line in Fig. 2(b), the slope of which is the
thermal-expansion coefficient, α. α can be measured using
the lock-in technique by separating δL oscillation into
in-phase and out-of-phase components with reference to
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FIG. 2. (a) Typical δL and δT oscillations measured at T0 �
130 K. (b) δL/L versus δT plot of data given in (a). (c) In-phase
(red) and out-of-phase (pink) thermal-expansion coefficient, α,
by comparing δL and δT oscillations. dc thickness variation, �L
(black), is deduced from GVF . Data measured from sample S1
using δT frequency fS = 250 mHz and amplitude 〈δT〉 = 0.14
K. Magnetic transition temperature, TN , and structural transi-
tion temperature, TS , are marked by blue and green dashed lines,
respectively. Left inset is the zero-field normalized resistivity
in a-b plane, and the right inset illustrates the δL versus δT
hysteresis loop at T = TN .

δT. The in-phase component of α is finite and its out-
of-phase component remains nearly zero at temperatures
away from TN , i.e., T > 136.5 K or T < 135 K, suggest-
ing that the sample is at equilibrium and has a uniform
phase. Besides the ac differential measurement of α, we
can also measure the sample’s dc thickness change directly
from the feedback voltage, VF , through �L = GVF , where
G = |λ/π × d�/dVF | is the feedback gain.

In Fig. 2(c), �L taken from sample S1 (L � 430 µm)
exhibits a jump of about �L/L � 1.5 × 10−4 at TN =
135.67 K, where the in-phase component of α has a huge
negative peak. This first-order phase transition is consis-
tent with our characterization of resistivity shown in the
left inset of Fig. 2(c) and previous reports that the sample
makes a transition from a high-temperature paramagnetic
(PM) phase to a low-temperature antiferromagnetic (AFM)
phase [26]. Unlike the smooth and gradual increase on
the low-temperature side of TN , α exhibits a clear kink
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FIG. 3. α measured using extremely small 〈δT〉 = 5 and 10
mK at 250 mHz from S2 (IP and OP are in-phase and out-of-
phase parts of α, respectively). Abrupt α drop at TO � TN + 0.1
K suggests the formation of the AFM domains (blue dots) in the
PM bath, as illustrated by the right-inset cartoon. Black dots rep-
resent the condensation nuclei of AFM domains, which might
be defects. Left inset shows measured 〈δL〉 in the range marked
by the two vertical bars using 50-mHz-resolution bandwidth. We
deduce 5-pm resolution from the histogram of 〈δL〉 noise by
subtracting the fitted green curve.

in Fig. 2(c) at TS � 136.44 K, signaling the second-order
phase transition. This is consistent with work by Kim et
al. [26], who observed a structural transition from a tetrag-
onal to an orthorhombic lattice by high-resolution x-ray
diffraction studies.

The small 〈δT〉 provides a high resolution in temper-
ature and reveals many features near the phase transi-
tion. Figure 3 shows α measured from sample S2 (L �
210 µm), where 〈δT〉 is as small as 5 and 10 mK. The α

peak of the S2 data is narrow and deep, providing evidence
of the sample’s high quality, since most of its bulk has the
same TN . The temperature resolutions are about 10 and 20
mK and both of them are smaller than the detailed features
of the α peak. Clear kinks in α appear at TS about 0.8 K
above TN , similar to sample S1, providing evidence of a
strong link between these two transitions. Additionally, we
observe an extra abrupt change of α at TO � TN + 0.1 K,
which can be qualitatively explained by the formation of
AFM clusters around condensation nuclei, such as defects,
while a substantial part of the sample remains PM; see the
inset of Fig. 3 [31].

Interestingly, the phases of δL and δT oscillation are no
longer aligned near TN , as signaled by the large out-of-
phase component of α in Figs. 2 and 3. In other words,
δL versus δT exhibits a hysteric ellipse, as shown in the
right inset of Fig. 2(c). We choose data for sample S1 at
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FIG. 4. (a) Thickness-temperature hysteresis. Data measured
using fS = 100 mHz and 〈δT〉 = 0.25 K. Note that the peak-to-
peak amplitude of temperature oscillation is 2〈δT〉 = 0.5 K. We
highlight one thermal cycle with a thick-red line and mark four
positions in the loop. Inset cartoons illustrate the coexistence of
PM (white) and AFM (blue) phases and the propagation of their
phase boundary. (b) Summary of �T versus LfS〈δT〉 measured
from different samples. We use fS = 100 (open diamond) and 250
mHz (open square) for sample S1 data, and fS = 250 mHz for all
other data. Uncertainty is comparable to the symbol size. Inset is
a magnified plot near zero.

fS = 100 mHz and 〈δT〉 � 0.25 K as an example and sum
dc component �L, induced by sweeping of the dc tem-
perature T0 and measured by VF , and ac component δL,
induced by the ac temperature change δT and measured by
the lock-in technique, as the real-time thickness of sam-
ple �L + δL and plot it as a function of the real-time
temperature T0 + δT [black dots in Fig. 4(a)]. We high-
light the relationship between �L + δL and T0 + δT within
one period of δT at T0 = TN with a red line, and all the
real-time-thickness dots in the phase-transition region fall
inside the area enclosed by this red line. The clear square
hysteresis loop indicates that the sample is off equilibrium
and has two coexisting phases at the transition.

A detailed and accurate description of this hystere-
sis involves the dynamic process of the phase transition,
which is rather complicated and beyond the scope of this

article. Fortunately, we can understand the observed phe-
nomenon using a simple model. In Fig. 4(a), we highlight
one thermal loop with a red line, and the four numbers
mark four different conditions. The sample starts from a
uniform AFM phase at low temperature. When the tem-
perature increases through TN at spot 1, the PM phase
appears at the sample’s bottom surface, which is thermally
anchored to the sample holder. The PM domain grows
and the phase boundary propagates upward until it reaches
the sample’s top surface. When we cool the sample back
through TN at spot 3, the AFM phase forms at the bottom of
the sample and grows upward. We can identify two specific
positions, labeled 2 and 4 in Fig. 4(a), which correspond to
the midpoint of the phase transition. At these two points,
the sample is divided in half into AFM and PM phases; see
the inset cartoons. We define the distance between the two
points, �T � 0.22 K, as the width of the hysteresis loop.

It is worthwhile mentioning several facts about �T.
First, the hysteresis width is not limited by the range of
temperature oscillation, i.e., the peak-to-peak amplitude,
2〈δT〉. For example, �T � 0.22 K in Fig. 4(a) is about
40% of 2〈δT〉 � 0.5 K. This ratio becomes even smaller
with lower frequency or a thinner sample. Second, in
contrast with systems such as supercooled pristine water,
which has a liquid configuration well below its crystal-
lization temperature if cooled slowly [34], the finite-width
hysteresis loop only occurs because the temperature is
changing “too fast” for this phase transition. �T vanishes
when the amplitude or frequency of δT approaches zero.
The ratio of the out-of-phase part to the in-phase part of α

can symbolize �T qualitatively. So, the extremely narrow
peak of the out-of-phase part of α at 〈δT〉 = 10 mK shown
in Fig. 3, compared with the width peak at 〈δT〉 = 0.14
K shown in Fig. 2(c), also indicates that the transition
becomes infinitely sharp if we sweep the ac temperature
change sufficiently slowly, which is consistent with previ-
ous capacitive dilatometry studies in which no hysteresis
is seen.

We measure the hysteresis loop from different sam-
ples using different δT frequencies, fS, and amplitudes,
〈δT〉. We use fS = 100 and 250 mHz to measure S1, and
fS = 250 mHz for the other samples. We find that �T is
proportional to the sample thickness, L; the ac tempera-
ture oscillation frequency, fS; and the amplitude, 〈δT〉. We
summarize �T as a function of LfS〈δT〉 in Fig. 4(b). It
is quite remarkable that all data points collapse onto the
same curve highlighted by the blue band. We note that the
phase boundary propagates by a distance L/2 to the mid-
point of the sample from its bottom surface at spots 2 and
4, as shown in the cartoons of Fig. 4(a), and fS〈δT〉 is the
maximum temperature-change rate. Therefore, the slope of
the blue curve corresponds to the propagation speed of the
phase boundary, which is v = 188 µm/s at small LfS〈δT〉.
This speed is 7 orders of magnitude slower than that of
acoustic waves [35]. The constraint on the phase-boundary
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propagation speed is likely related to the magnetoelastic
nature of the transition at TN , where the electronic degrees
of freedom correlate with lattice deformation. The forma-
tion of structural domains [36] is not directly related to the
hysteresis, since the domains span the whole sample along
the c-axis direction. However, it may be one of the rea-
sons limiting the propagation speed by causing strain and
dissipating energy.

d. Conclusion. Our study of the thermal-expansion coeffi-
cient of BaFe2As2 using an interferometer-based dilatome-
ter reveals interesting information about its magnetic tran-
sition. Our results clearly resolve the two-step transition,
where the second-order structural transition appears at TS
and the first-order magnetic transition at TN . Thanks to
the extremely high resolution and “true” differential nature
of our technique, we discover the samples’ thickness-
temperature hysteresis loop at TN . We can describe this
dynamic process with a simple model, and our systematic
study reveals the propagation speed of the phase boundary
to be v = 188 µm/s. More research is needed to further
understand the intrinsic origin of the phase-boundary prop-
agation speed. This work highlights that ac temperature
dilatometry with extraordinarily high resolution is a pow-
erful probe of correlation effects in quantum materials,
and it is a high-resolution approach for phase-transition
research.
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[16] R. Küchler, R. Wawrzyńczak, H. Dawczak-Debicki, J.
Gooth, and S. Galeski, New applications for the world’s
smallest high-precision capacitance dilatometer and its
stress-implementing counterpart, Rev. Sci. Instrum. 94,
045108 (2023).

L041003-5

https://doi.org/10.1103/PhysRevLett.105.167002
https://doi.org/10.1088/1361-648X/aada1e
https://doi.org/10.1103/PhysRevLett.106.087003
https://doi.org/10.1103/PhysRevLett.91.066405
https://doi.org/10.1103/PhysRevLett.108.177004
https://doi.org/10.1063/1.1136488
https://doi.org/10.1080/14786435608238150
https://doi.org/10.1063/5.0010826
https://doi.org/10.1088/1361-6501/aa62e2
https://doi.org/10.1063/1.1149009
https://doi.org/10.1063/1.4747272
https://doi.org/10.1063/1.4748864
https://doi.org/10.1016/j.cryogenics.2012.04.008
https://doi.org/10.1063/1.4997073
https://doi.org/10.1063/5.0141974


XIN QIN et al. PHYS. REV. APPLIED 21, L041003 (2024)

[17] S. O. Mariager, F. Pressacco, G. Ingold, A. Caviezel, E.
Möhr-Vorobeva, P. Beaud, S. L. Johnson, C. J. Milne, E.
Mancini, S. Moyerman, E. E. Fullerton, R. Feidenhans’l, C.
H. Back, and C. Quitmann, Structural and magnetic dynam-
ics of a laser induced phase transition in FeRh, Phys. Rev.
Lett. 108, 087201 (2012).

[18] S. L. Johnson, et al., Femtosecond dynamics of the
collinear-to-spiral antiferromagnetic phase transition in
CuO, Phys. Rev. Lett. 108, 037203 (2012).

[19] I. Radu, K. Vahaplar, C. Stamm, T. Kachel, N. Pontius,
H. A. Dürr, T. A. Ostler, J. Barker, R. F. L. Evans, R. W.
Chantrell, A. Tsukamoto, A. Itoh, A. Kirilyuk, T. Rasing,
and A. V. Kimel, Transient ferromagnetic-like state medi-
ating ultrafast reversal of antiferromagnetically coupled
spins, Nature 472, 205 (2011).

[20] K. A. Seu, S. Roy, J. J. Turner, S. Park, C. M. Falco, and
S. D. Kevan, Cone phase and magnetization fluctuations in
Au/Co/Au thin films near the spin-reorientation transition,
Phys. Rev. B 82, 012404 (2010).

[21] S. Yoshimoto, Y. Tabata, T. Waki, and H. Nakamura, Novel
slow dynamics of phase transition in the partially ordered
frustrated magnet DyRu2Si2, J. Phys. Soc. Jpn. 92, 094705
(2023).

[22] Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn, Y.
C. Gasparovic, T. Wu, G. Wu, and X. H. Chen, Neutron-
diffraction measurements of magnetic order and a structural
transition in the parent BaFe2As2 compound of FeAs-based
high-temperature superconductors, Phys. Rev. Lett. 101,
257003 (2008).

[23] C. R. Rotundu, B. Freelon, T. R. Forrest, S. D. Wilson, P.
N. Valdivia, G. Pinuellas, A. Kim, J.-W. Kim, Z. Islam, E.
Bourret-Courchesne, N. E. Phillips, and R. J. Birgeneau,
Heat capacity study of BaFe2As2: Effects of annealing,
Phys. Rev. B 82, 144525 (2010).

[24] S. D. Wilson, C. R. Rotundu, Z. Yamani, P. N. Valdivia,
B. Freelon, E. Bourret-Courchesne, and R. J. Birgeneau,
Universal magnetic and structural behaviors in the iron
arsenides, Phys. Rev. B 81, 014501 (2010).

[25] S. D. Wilson, Z. Yamani, C. R. Rotundu, B. Freelon,
E. Bourret-Courchesne, and R. J. Birgeneau, Neutron
diffraction study of the magnetic and structural phase
transitions in BaFe2As2, Phys. Rev. B 79, 184519
(2009).

[26] M. G. Kim, R. M. Fernandes, A. Kreyssig, J. W. Kim, A.
Thaler, S. L. Bud’ko, P. C. Canfield, R. J. McQueeney, J.
Schmalian, and A. I. Goldman, Character of the structural
and magnetic phase transitions in the parent and electron-
doped BaFe2As2 compounds, Phys. Rev. B 83, 134522
(2011).

[27] T. R. Forrest, P. N. Valdivia, C. R. Rotundu, E. Bourret-
Courchesne, and R. J. Birgeneau, The effects of post-growth
annealing on the structural and magnetic properties of
BaFe2As2, J. Phys.: Condens. Matter 28, 115702 (2016).

[28] A. E. Böhmer, Electronic nematic susceptibility of iron-
based superconductors, Comptes Rendus. Physique (En
Ligne) 17, 90 (2016).

[29] R. M. Fernandes, A. V. Chubukov, and J. Schmalian, What
drives nematic order in iron-based superconductors?, Nat.
Phys. 10, 97 (2014).

[30] E. Gati, L. Xiang, S. L. Bud’Ko, and P. C. Canfield, Role of
the Fermi surface for the pressure-tuned nematic transition
in the BaFe2As2 family, Phys. Rev. B 100, 064512 (2019).

[31] X. Ren, L. Duan, Y. Hu, J. Li, R. Zhang, H. Luo, P. Dai,
and Y. Li, Nematic crossover in BaFe2As2 under uniaxial
stress, Phys. Rev. Lett. 115, 197002 (2015).

[32] D. W. Tam, W. Wang, L. Zhang, Y. Song, R. Zhang, S.
V. Carr, H. C. Walker, T. G. Perring, D. T. Adroja, and
P. Dai, Weaker nematic phase connected to the first order
antiferromagnetic phase transition in SrFe2As2 compared
to BaFe2As2, Phys. Rev. B 99, 134519 (2019).

[33] X. Qin, G. Cao, S. Liu, and Y. Liu, A high res-
olution dilatometer using optical fiber interferometer,
ArXiv:2311.16641.

[34] P. Gallo, K. Amann-Winkel, C. A. Angell, M. A. Anisimov,
F. Caupin, C. Chakravarty, E. Lascaris, T. Loerting, A. Z.
Panagiotopoulos, J. Russo, J. A. Sellberg, H. E. Stanley, H.
Tanaka, C. Vega, L. Xu, and L. G. M. Pettersson, Water: A
tale of two liquids, Chem. Rev. 116, 7463 (2016).

[35] Y. Xu, N. G. Petrik, R. S. Smith, B. D. Kay, and G. A.
Kimmel, Growth rate of crystalline ice and the diffusivity
of supercooled water from 126 to 262 K, Proc. Natl. Acad.
Sci. 113, 14921 (2016).

[36] M. A. Tanatar, A. Kreyssig, S. Nandi, N. Ni, S. L. Bud’ko,
P. C. Canfield, A. I. Goldman, and R. Prozorov, Direct
imaging of the structural domains in the iron pnictides
AFe2As2 (A=Ca, Sr, Ba), Phys. Rev. B 79, 180508 (2009).

L041003-6

https://doi.org/10.1103/PhysRevLett.108.087201
https://doi.org/10.1103/PhysRevLett.108.037203
https://doi.org/10.1038/nature09901
https://doi.org/10.1103/PhysRevB.82.012404
https://doi.org/10.7566/JPSJ.92.094705
https://doi.org/10.1103/PhysRevLett.101.257003
https://doi.org/10.1103/PhysRevB.82.144525
https://doi.org/10.1103/PhysRevB.81.014501
https://doi.org/10.1103/PhysRevB.79.184519
https://doi.org/10.1103/PhysRevB.83.134522
https://doi.org/10.1088/0953-8984/28/11/115702
https://doi.org/10.1016/j.crhy.2015.07.001
https://doi.org/10.1038/nphys2877
https://doi.org/10.1103/PhysRevB.100.064512
https://doi.org/10.1103/PhysRevLett.115.197002
https://doi.org/10.1103/PhysRevB.99.134519
https://arxiv.org/abs/2311.16641
https://doi.org/10.1021/acs.chemrev.5b00750
https://doi.org/10.1073/pnas.1611395114
https://doi.org/10.1103/PhysRevB.79.180508

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


