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Influence of the magnetovolume effect on the transient reflectivity of MnSi
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The magnetovolume effect is a well established yet frequently overlooked phenomenon in magnetic materials
that may affect a wide range of physical properties. Our study explores the influence of the magnetovolume
effect on the transient reflectivity of MnSi, a well-known chiral magnet with strong magnetoelastic coupling.
We observe a unipolar reflectivity transient in the paramagnetic phase, contrasting with a bipolar response
in phases with magnetic long-range order. Comparing our findings with thermal expansion from literature,
we establish that the bipolar response originates in the magnetovolume effect which dominates the thermal
expansion and influences the optical reflectivity. Our results highlight not only that the magnetovolume effect
must be considered when discussing transient reflectivity measurements of magnetic materials but also that such
measurements permit to study the characteristic time scales of the magnetovolume effect itself, contributing to a

deeper understanding of this often-neglected phenomenon.
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I. INTRODUCTION

The interaction of femtosecond laser pulses with magnetic
materials gives rise to intriguing phenomena, such as ultrafast
demagnetization [1,2], all-optical switching [3], and excita-
tion of collective spin dynamics [4]. To effectively model
these effects in micromagnetic simulations and investigate
the underlying physical processes, knowledge of the transient
temperature response of the material after thermal excitation
represents a key prerequisite [5,6]. The standard technique
for determining the transient temperature responses is based
on time-resolved transient reflectivity measurements, probing
the change of the optical reflectivity AR due to thermal laser
excitation.

In the typical framework of transient reflectivity [7—12],
the reflectivity of a metal is used as a thermometer, as AR is
assumed to be proportional to the transient electron [7,11,13]
and lattice [8,12] temperature. The evolution of these tempera-
tures as a function of time is described by the two-temperature
model [14], which treats the electronic and lattice systems as
coupled heat baths. Thus, the laser-induced changes of the op-
tical reflectivity are commonly described as the result of two
contributions [9]: (i) thermal alteration of the electron density
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distribution [7,10] and (ii) excitation of phonons associated
with thermal expansion [8,12,13].

However, in magnetic materials additional effects may im-
pact the transient reflectivity due to the quenching of magnetic
order upon femtosecond laser excitation, challenging the stan-
dard picture of transient reflectivity. Perhaps most notably, the
magnetovolume effect, i.e., the volume change arising from
a change of the magnetic order [15] due to magnetoelastic
coupling, gives rise to modifications of the electron interband
and intraband transition rates at optical frequencies and thus to
changes of the optical reflectivity. The magnetovolume effect
was extensively studied in thermal equilibrium [15-20], but its
impact on ultrafast timescales [21-23] and its consequences
on optical reflectivity is less explored.

In this article, we investigate the influence of long-range
magnetic order and the magnetovolume effect on the tran-
sient reflectivity of the archetypical chiral magnet MnSi in
optical pump-probe experiments. We confirm the alteration
of magnetic order upon laser excitation in time-resolved
magneto-optical Kerr effect (TR-MOKE) measurements and
compare the magnetization dynamics to the transient reflec-
tivity. Our study reveals, that the temporal evolution of the
transient reflectivity changes drastically from a unipolar be-
havior in the paramagnetic phase to a bipolar signal in the
states with long-range magnetic order. By a comparison of
the transient reflectivity and thermal expansion we show that

©2024 American Physical Society


https://orcid.org/0000-0002-4725-6586
https://orcid.org/0000-0002-6848-8984
https://orcid.org/0000-0003-4809-9030
https://orcid.org/0000-0002-5706-5417
https://ror.org/05r3f7h03
https://orcid.org/0000-0002-1070-9748
https://ror.org/02kkvpp62
https://ror.org/02kkvpp62
https://ror.org/02kkvpp62
https://ror.org/02kkvpp62
https://ror.org/04xrcta15
https://ror.org/02kkvpp62
https://ror.org/02kkvpp62
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.110.014415&domain=pdf&date_stamp=2024-07-11
https://doi.org/10.1103/PhysRevB.110.014415

J. KALIN et al.

PHYSICAL REVIEW B 110, 014415 (2024)

(a) (b)

out-of-plane
MnSi 40F T T T

FA
0.7] field-aligned (FA) / 20t ;
o 1/l =
é V E Cg 15 ! conicald
o 1 conical \ 2| 2
kS o =0 -
= A ———
0.1 g 7f helical
= 0
7L ! 1 1
T(K) 0 80 160 240
aelay S
(C) in_plane (d) . Tdel y (p )
— ] = 30 9 m
2t 1 2 7|% o
0 SN
—~ S
3 ———
e 7} conicals -25 00 25
EN | (e H/H,
§—7-_ — EZO-' TS T
(7) I hehcal: S 10} YH 1
ST ¢ o=
0 80 160 240 0 80 160 240
T(l(‘,lay (ps) T(l(‘l;\y (pS)

FIG. 1. (a) Schematic magnetic phase diagram of MnSi for mag-
netic fields along <110>. The critical fields poH. ~ 0.1 T and
oHo =~ 0.7T for magnetic field transitions as well as the critical
temperature 7, = 29 K are indicated. (b) and (c) Typical out-of-plane
(b) and in-plane (c) TR-MOKE signals in the field-aligned (FA),
conical, and helical phases at 10 K. (d) Dispersion extracted from
the in-plane TR-MOKE signals at 10 K indicating the characteristic
spin modes of the helical, conical, and field-aligned phase. (¢) Out-
of-plane TR-MOKE signal of the paramagnetic phase for various
magnetic fields [0, 0.2, 0.5, 1.0] T at 39 K.

the bipolar signal is caused by the magnetovolume effect
dominating the thermal expansion. These results contribute to
an improved understanding of transient reflectivity of mate-
rials exhibiting magnetovolume effect, which is the case for
most magnetic materials close to phase transitions. Further,
this study shows how to accurately determine the transient
temperature response of these materials.

II. THE BULK CHIRAL MAGNET MnSi

We focus on the bulk chiral magnet MnSi, owing to its pro-
nounced magnetovolume effect [17-20,24] and its magnetic
phase diagram [25], depicted in Fig. 1(a), which permits to
study the transient reflectivity of different magnetic states. At
high temperatures, MnSi is a paramagnet. As the temperature
is lowered beneath the critical temperature 7, = 29 K, long-
range magnetic order emerges. In this temperature regime,
MnSi shows a helical phase for magnetic fields smaller than
a critical field value H.;. This phase is characterized by
long-wavelength spin spirals, which are aligned along the
magnetically easy axes <111> of the lattice. For magnetic
fields above H,;, the spins tilt toward the magnetic field

direction, resulting in a conical phase. Finally, for mag-
netic fields larger than the critical field H,,, the spins align
collinearly in the field-aligned phase. Just below the critical
temperature in a small regime in the magnetic phase diagram,
MnSi shows a skyrmion lattice state with a spin swirling
structure [26].

MnSi exhibits a significant magnetovolume effect
[17-20,24], driven by magnetoelastic coupling. Due to
that the sample’s volume, changes in response to variations in
magnetic field and temperature, as the magnetic order variates
with these parameters. Via the temperature dependence, the
magnetovolume effect influences the thermal expansion and
leads to an anomalous behavior. For T > T, and at low
magnetic fields in the paramagnetic phase, MnSi shows an
ordinary positive thermal expansion caused by the excitation
of phonons and electrons, leading to a contraction of the
lattice upon cooling. In contrast, the lattice of MnSi expands
upon cooling for temperatures below and in proximity to
T. and shows a negative thermal expansion. This behavior
is explained by the magnetovolume effect surpassing the
positive thermal expansion caused by phonons and electrons.
Thereby, the magnetovolume effect is largest close to the
phase transition at 7.. At high magnetic fields above T, where
the magnetic moments orient along the direction of the field,
the magnetovolume effect and a negative thermal expansion
is again observed [24].

III. EXPERIMENTAL SETUP FOR TRANSIENT
REFLECTIVITY AND TR-MOKE MEASUREMENTS

In this study, TR-MOKE and transient reflectivity mea-
surements were performed simultaneously in a femtosecond
pump-probe experiment. Laser pulses of about 150 fs duration
with a center wavelength of 800 nm and a repetition rate of
76 MHz are generated by a Ti:Sapphire oscillator. The linearly
polarized laser light is split into a pump and probe beam.
The pump beam, which hits the sample under nearly normal
incidence with a fluence of 2 uJem™2, thermally excites the
MnSi sample (2 x 2 x 0.5 mm?) by laser heating. In addition
to steady-state heating, which is around 4 K and accounted
for when estimating the base temperature, laser heating with
the femtosecond laser pulses introduces a temperature in-
crease on the ultrafast timescale. At 10K and for the used
laser fluence, laser heating in our experiment [27] leads to a
maximum change in electron, lattice, and spin temperature of
AT max = 18K, AT max = 14K, and AT o = (15 £ 3)K,
respectively. The transient temperature increase modulates the
optical properties of the sample on an ultrafast timescale and
excites spin dynamics. By analyzing the probe beam after
nearly normal reflection from the sample surface, the transient
reflectivity is inferred from the thermally induced amplitude
changes of the reflectivity AR/R. In contrast, in TR-MOKE
the change of the polarization state of the reflected probe beam
is measured and quantified by the variations in the Kerr angle
Ag@g. Due to the small incidence angle of the probe beam,
Ay is mainly sensitive to the changes of the out-of-plane
magnetization component. In order to enhance the detection
sensitivity, the amplitude of the pump beam is modulated at a
frequency of 3 kHz by an optical chopper. The time-resolved
measurements are achieved by modifying the time delay tgelay
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between the pump and probe beams. This enables the detec-
tion of optical changes versus time with subpicosecond reso-
lution. A cryostat with a superconducting magnet is utilized
to control the applied magnetic field and sample temperature.
We apply magnetic fields which point in and out of the sam-
ple plane in the <110 > crystal direction and refer to them
as in-plane and out-of-plane measurements. The in-plane
and out-of-plane TR-MOKE signals reflect thermally induced
changes in magnetization perpendicular (dm/dt 1. H) and par-
allel (dm/dt || H) to the applied magnetic field, respectively.

IV. LASER-EXCITED SPIN DYNAMICS OF MnSi

In Figs. 1(b) and 1(c), in- and out-of-plane TR-MOKE
signals are presented for the field-aligned (FA), conical, he-
lical, and paramagnetic phase. Following optical pump beam
excitation at zero time, we observe a rapid rise in the TR-
MOKE signal indicating thermal alteration of magnetic order
by laser heating [2]. Subsequently, the signal decreases as the
magnetic state recovers. In the FA and conical phase, recovery
manifests as collective precessional dynamics observed in the
in-plane TR-MOKE measurements in Fig. 1(c). As collective
dynamics predominantly occur in the sample plane perpendic-
ular to the applied magnetic field for the FA and conical phase,
the out-of-plane TR-MOKE signals exhibit a monotonous de-
cay, consistent with prior studies on chiral magnets [28,29]. In
the conical phase, the out-of-plane TR-MOKE signal decays
on a much faster timescale compared to the FA phase, with
a small overshoot to negative values. Precessional remagne-
tization behavior is observed for the helical phase in both
the in- and out-of-plane TR-MOKE signals, attributed to the
alignment of the helical phase with the direction of mag-
netically easy axes. An analysis of the oscillation frequency
as a function of the applied field shows that the observed
precessional dynamics exhibit the characteristic dispersion
of the spin eigenmodes of the different magnetic phases of
MnSi [30], as illustrated in Fig. 1(d). For the paramagnetic
phase, only the out-of-plane TR-MOKE signal for B > 0T is
nonzero. Here, we observe an increase of A¢; with the applied
magnetic field, see Fig. 1(e), indicating field-induced spin
alignment. Overall, the TR-MOKE measurements indicate a
thermally induced alteration of the magnetic order by laser
heating. Thereby, the different magnetic phases of MnSi can
be unambiguously identified using characteristic signatures
within the TR-MOKE signal.

V. TRANSIENT REFLECTIVITY OF MnSi

Next, we study the transient reflectivity of the different
magnetic phases of MnSi. In Figs. 2(a) and 2(b) the transient
reflectivity at zero magnetic field well above and below T¢,
i.e., in the paramagnetic and helical phase, is shown. For the
paramagnetic phase, we observe a rapid increase of AR/R
upon application of the pump pulse at ¢ = 0 ps. After this the
transient reflectivity shows an exponential decay as the signal
gradually returns to its initial state, resulting in a unipolar
transient reflectivity signal. In contrast, in the helical phase
the rapid increase of the reflectivity signal is followed by a
zero crossing and a large negative transient, leading to a bipo-
lar temporal evolution of the thermally induced reflectivity
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FIG. 2. Transient reflectivity of the different magnetic states of
MnSi. (a) Paramagnetic phase at 7 = 39K and poHoy = 0T shown
with fit to the experimental data using the model of Eq. (1). (b) He-
lical phase at 7 = 10K and poH,y = 0T shown with fit to the
experimental data using the model of Eq. (1). (c) Paramagnetic phase
atT = 39K > T; and various magnetic fields, which point out of the
sample plane along the <110 > direction. (d) States with long-range
magnetic order at low temperatures 7 = 10 K, namely, helical phase
at 0T, conical phase at 0.5 T, and field-aligned phase at 1.0 T. The
magnetic field is pointing out of the sample plane along the <110 >
direction.

change [31]. Thus, the transient reflectivity at zero magnetic
field shows a different behavior well above and below the
critical temperature.

In Figs. 2(c) and 2(d), we show transient reflectivity mea-
surements for different magnetic fields for 7 > T, and T <
T.. Well above T;, we observe a transition from the unipolar
transient to the bipolar signal with increasing magnetic field.
Here, the applied magnetic field forces an alignment of mag-
netic moments in the paramagnetic phase. In the magnetically
ordered states below 7., however, we observe independent
of the applied magnetic field and magnetic configuration a
bipolar signal, as shown by the comparison of the transient
reflectivity of the helical, conical, and field-aligned phase
in Fig. 2(d). Accordingly, the bipolar reflectivity signal oc-
curs independently of the exact magnetic state. Thereby, the
bipolar reflectivity transient is observed independent of the
magnetic field polarity and direction, i.e., out-of- and in-plane
magnetic fields, as well as the polarization of the probe beam
(not shown). Together with the absence of contributions at-
tributed to precessional dynamics in the reflectivity transient,
especially at O T in the helical phase, this rules out magneto-
optical effect as cause of the bipolar reflectivity. At the same
time it confirms that the TR-MOKE measurements in Fig. 1
represent the magnetization dynamics and not the change of
reflectivity [32].

To analyze the transient reflectivity of MnSi further, we
apply the conventional phenomenological model for metals
and assume that the reflectivity is proportional to the electron
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and lattice temperature [9,12]. Thus, AR/R is a superposition
of an electronic AR./R and a lattice reflectivity transient
ARL/R:
AR(Tdelay) ARf:(‘[delay) ARL(Tdf:lay)
R R R
=A- A]::(":delay) +B- ATL(":delay)- (D

The term AR./R describes the reflectivity change due to the
increase of the electron temperature 7, by laser heating and
accounts for the laser-excited electrons and their thermaliza-
tion. The second term ARy /R models the transient reflectivity
contribution stemming from an increase in lattice temperature
T and covers the change of the optical reflectivity due to
thermal expansion of the lattice. Thereby, A and B describe
the proportionality of AR./R and ARy /R to the change in
electron and lattice temperature, respectively. Both A and B
can be positive or negative depending on how the optical
transition rates and thus the optical reflectivity are modulated
by the change in the electron and lattice distribution [12]. The
key components of the transient electron AT, and lattice ATy,
temperature are exponential rise and decay functions. They
are given by

ATe('fde]ay) = ATe,max -[1— exp(_fdelay/fee)]‘
X exp(_":delay/TeL) - 0O(7), (2)

ATL(Tdelay) = ATL,max : [1 - exp(_fdclay/TcL)] : [,31
X exp(_Tdelay/Tth)
+ B> - exp(—Tgelay/Tn,2)] - O(T). 3)

Here, AT.max and AT . are the maximum change of the
electron and lattice temperature due to laser heating, which
we estimate in a framework based on the 3T model [27].
The time constant 7. describes the rise time of the electron
reflectivity transient, 7, is the electron-lattice thermalization,
T, 1s the diffusion time constant and 74, is a second decay
time of ARy. The 7. is determined by the time the electron
system needs to equilibrate in energy and form a Fermi-Dirac
distribution [12]. Further, t.. is influenced by the laser pulse
width, because it determines the time to deposit the laser
energy into the electron system [12]. The second decay time
T2 accounts for the double exponential decay of the nega-
tive transient observed in Figs. 2(b)-2(d). The parameters f;
represent the amplitudes of the exponential decay terms of
ATy, ranging between zero and one. The term ®(r) is an
error function and describes the finite width of the probe pulse
and the start of excitation at # = 0. In the analysis, we assume
that the thermalization of nonthermal electrons and lattice is
comparable or smaller than the laser pulse width. Therefore,
we do not consider nonthermal dynamics of electrons and the
lattice [33].

In Figs. 2(a) and 2(b) fits of the phenomenological model
to the unipolar and bipolar reflectivity transient are shown. In
both cases, we obtain excellent agreement of model and the
data. Remarkably, the electronic AR, /R and lattice reflectivity
transient ARy /R are both positive for the unipolar signal,
while ARy /R is negative in the case of the bipolar transient.
The transition from a unipolar to a bipolar reflectivity transient
can therefore be related to a change in polarity of ARy /R.
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FIG. 3. (a) Temperature dependence of the amplitude of the lat-
tice reflectivity transient AR, at four different magnetic field values.
(b) Magnetic field dependence of ARy, below (10K, top) and above
(35K, bottom) the critical temperature. (c) Coefficient of linear ther-
mal expansion o of MnSi from Ref. [19] as a function of temperature
for four different magnetic field values. (d) Magnetic field depen-
dence of @ at 10K < T, from Ref. [20] (top) and at 35K > T, from
Ref. [19].

We further investigate the polarity of ARy /R by analyz-
ing its amplitude as a function of temperature and applied
magnetic field. According to Egs. (1)—(3) the amplitude of
ARy /R is equal to B - AT max. We exclude the temperature
dependence of ATy max [27] in our analysis by considering
AR, = B in the following. As illustrated in Fig. 3(a) for
various magnetic fields, the amplitude of the transient re-
flectivity ARy changes sign with temperature. For T < T,
ARy is negative and decreases at higher temperatures. At T,
ARy shows its minimum and increases versus temperature
until it turns positive. Subsequently, the positive AR| rises
with temperature. Further, we observe a shift of the minimum
ARy to higher temperatures with increasing magnetic field.
At the same time, zero crossing of ARy occurs for larger
temperatures upon increase of the magnetic field.

The magnetic field dependence of ARy is presented in
Fig. 3(b). For T < T,, AR, varies only slightly with magnetic
field up to H, and increases for higher values in the field-
aligned phase [see the upper panel in Fig. 3(b)]. Thereby,
it remains negative in the entire magnetic field range. At
T > T., we observe a different behavior of the lattice transient
reflectivity, as shown in the lower panel in Fig. 3(b) for 35 K.
Here, ARy first decreases for increasing magnetic field and
then increases again, possibly due to a transition from the
paramagnetic to the field-aligned phase. Thereby, the sign of
AR; changes from positive to negative for small magnetic
fields at T > 35K, as shown as well in Fig. 3(a). Overall,
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we observe a different magnetic field dependence of ARy for
T <T.and T > T,.

VI. COMPARISON OF TRANSIENT REFLECTIVITY AND
THERMAL EXPANSION

According to the conventional model applied above, the
lattice contribution to transient reflectivity is due to the
changes in the optical properties caused by thermal expan-
sion of the lattice [9,12,13]. With the help of the amplitude
analysis of ARy /R, we can compare the transient reflectivity
measurements with thermal expansion data. For the com-
parison, we take the coefficient of linear thermal expansion
o = (1/Ly)dL/dT measured with a capacity dilatometer on
a comparable MnSi sample from Refs. [19] and [20] as a
measure of thermal expansion. Here, L is the sample length
at 300K and dL/dT is the change of sample length with
temperature. For the data from Ref. [20] we approximate o by
(I/Lo)(AL(T>) — AL(Ty))/(T; — Ty) using measurements of
the linear thermal expansion AL/L at different temperatures.

In Figs. 3(c) and 3(d) the coefficient of linear thermal ex-
pansion « as a function of temperature and applied magnetic
field is shown. Like the amplitude of the lattice reflectivity
transient, o peaks at 7. and changes sign with increasing
temperature. Note, that the sharp peak at 7. seen in « for
H < H,, is not observed for AR, most likely due to larger
temperature increases from laser heating and the averaging of
the temperature-dependent signal in the transient reflectivity
data. Further, « has a very similar dependence on the magnetic
field as ARy, since it shows the distinct variations with field
above and below T¢.. The similarity of AR, and « indicates
that the shift in polarity of ARy /R can be explained by the
temperature and magnetic field dependence of thermal ex-
pansion. It’s noteworthy that specific heat, thermal expansion,
and the temperature derivative of resistivity exhibit a unified
temperature dependence [24]. However, the sign change only
observed for the thermal expansion is the driving force for the
polarity reversal of ARy /R and the transition from unipolar to
bipolar reflectivity transient.

To analyze the polarity change of ARy /R with temper-
ature in more detail, we divide the thermal expansion of
MnSi in its nonmagnetic and magnetic contributions. The
first contribution is due to thermal expansion caused by the
excitation of conduction electrons as well as phonons and
the latter contribution is due to the magnetovolume effect.
To that end, we use the method proposed in Ref. [17]. In
this approach, it is assumed that the nonmagnetic coefficient
of linear thermal expansion is oy, = kT +ka3 and not
dependent on the magnetic field. This is because thermal
expansion due to the excitation of conduction electrons and
phonons are proportional to 7 and T3, respectively, and are
not affected by magnetic field changes. We extract k, and k,
by a least square fit to «. Further, we subtract k. T + ka3
from o to obtain the magnetic coefficient of linear thermal
expansion oy,. In Figs. 4(a) and 4(b), oy, and oy, are shown
exemplarily for OT as a function of temperature and at 10K
as a function of the magnetic field, respectively. As known
from literature [17], the negative o, dominates « for 7' < T,
peaks at 7. and is zero for T > T.. Further, o, and thus
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FIG. 4. (a) and (b) Magnetic (solid turquoise line) and nonmag-
netic (dashed black line) coefficient of linear thermal expansion of
MnSi at O T as a function of temperature (a) and at 10 K as a function
of magnetic field (b). (¢) and (d) Temperature and magnetic field
dependence of the magnetic (solid turquoise line) and nonmagnetic
(dashed black line) contributions to the lattice transient reflectivity at
0T (c) and 10K (d), respectively.

magnetovolume effect are the reason for the pronounced mag-
netic field dependence of «.

Using the analysis of «, we separate the magnetic AR,
and non-magnetic ARL,nm contribution to the lattice transient
reflectivity. Thereby, we assume that AI?L,nm is proportional
to aum. Further, by subtracting ARy ., from AR_ we
extract the magnetic contribution to the lattice transient
reflectivity ARp ., which is caused by thermal expansion
due to the magnetovolume effect. AI?L,m and AI?L,nm are
shown in Figs. 4(c) and 4(d) as a function of temperature and
magnetic field, respectively. The lattice transient reflectivity is
dominated by the negative ARy, at low temperatures, while
at T > T, the positive AI?L,nm determines the lattice transient
reflectivity. Thus, the bipolar reflectivity transient of Fig. 2,
which we associated with a negative ARy /R in Fig. 3, is due
to magnetovolume effect dominating the thermal expansion
below and in proximity to 7.. Thereby, the magnetovolume
effect changes the optical reflectivity in an opposite manner
than the nonmagnetic thermal expansion, due to its inverse
effect on the lattice. With that, this study shows that «, and
thus the magnetovolume effect must be carefully considered
when interpreting the transient reflectivity of magnetic
materials.

VII. CONCLUSION

In conclusion, this study explores the transient reflectivity
of MnSi under femtosecond alteration of long-range magnetic
order. The transient reflectivity in MnSi transforms from a
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unipolar behavior in the paramagnetic phase for 7 > T, to
a bipolar signal in the states exhibiting magnetic long-range
order for T < T.. By dividing the transient reflectivity in elec-
tron and lattice contribution, our findings explain the bipolar
response by the magnetovolume effect dominating the thermal
expansion of MnSi. Overall this study shows that magne-
tovolume effect can influence the transient reflectivity and
needs to be considered for a correct estimation of the transient
temperature response after femtosecond laser excitation. Our
work shows that the typical framework of electron and lattice
transient reflectivity is valid even when the magnetovolume
effect dominates the thermal expansion. This paves the way
to study the time constants of the magnetovolume effect by
transient reflectivity measurements, which might give further
insights into the dynamics of magnetoelastic coupling.

All data needed to evaluate the conclusions of the paper are
present in the paper and the Supplemental Material.
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