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For ultrafast magnetization switching devices, critical slowing down in conventional ferromagnets near
their Curie temperature constitutes a key challenge that must be overcome. In contrast to this typical
behavior, we observe an anomalous acceleration of demagnetization in CaRuQO;/SrTiO; superlattices,
which are moderately correlated weak itinerant ferromagnets. The demagnetization rate increases with
rising temperature, pump fluence, and applied magnetic field. To explain these anomalous phenomena, we
develop a phenomenological model integrating the three-temperature model with self-consistent renorm-
alization theory. Because the intrinsic gradient magnetism of the superlattice suppresses the typical
divergence of specific heat, the conventional thermodynamic bottleneck is bypassed. Our model reveals
that this decoupling enables the ultrafast dynamics to be predominantly governed by the spin-fluctuation-
driven enhancement of the electron-spin scattering vertex. This Letter demonstrates how spatial
inhomogeneity can decouple macroscopic thermodynamic singularities from microscopic scattering
processes, offering a new paradigm for manipulating ultrafast spin dynamics in correlated quantum
materials. The pronounced sensitivity of the demagnetization rate to external parameters further suggests
the potential for designing highly tunable ultrafast spintronic devices that leverage enhanced fluctuations

near the magnetic instability.
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Introduction—The ultrafast manipulation of magnetic
order represents a central goal of modern spintronics and
a vital frontier for investigating nonequilibrium dynamics in
condensed matter physics [1-4]. While interest has intensi-
fied since the discovery of ultrafast demagnetization in
nickel [5] and other systems [6—11], the fundamental
microscopic mechanisms driving these processes remain
fiercely debated [12-18]. While phenomenological frame-
works like the three-temperature model (3TM) describe
macroscopic energy transfer [5], identifying the specific
microscopic spin-flip channels remains a primary objective
[19-21]. Unraveling these mechanisms is critical for
addressing intrinsic limitations in spintronics, such as the
critical slowing down near phase transitions [22,23]. Beyond
nonlocal transport [11,24], intrinsic demagnetization is
conventionally attributed to two local channels. The first
involves spin-orbit coupling mediated Elliott-Yafet scatter-
ing [25,26], such as the microscopic three-temperature
model (M3TM) [13]. Although successful in describing
macroscopic demagnetization via the mean-field collapse of
the exchange gap, their spin-flip events rely on nonmagnetic
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scattering [9,13,27]. The second emphasizes the rapid
redistribution of energy and angular momentum by
exchange interactions, including Stoner excitations [16,20]
and electron-magnon scattering [12,28,29]. However, these
conventional frameworks rarely treat the mode-mode cou-
pling between spin fluctuations, which provides a crucial
vertex renormalization channel for electrons. Such strongly
coupled collective fluctuations dominate itinerant systems
near magnetic instability [30,31], driving anomalous scatter-
ing rates that cannot be captured by conventional non-
interacting magnon theories alone [32,33]. Their critical role
is corroborated by recent phase transition experiments [34]
and theoretical demonstrations of light-induced nonequili-
brium spin fluctuations [35]. Thus, integrating these strongly
coupled spin fluctuations into the ultrafast demagnetization
paradigm is essential for explaining novel phenomena in
correlated quantum materials and completing a comprehen-
sive microscopic picture of ultrafast spin dynamics.
Recent studies have reported the emergence of a
well-defined ferromagnetic (FM) ground state in hetero-
structures comprising two nonmagnetic constituents with
significant symmetry mismatch [36,37]. This interfacial
ferromagnetism arises in [(CaRuO;),/(SrTiO3),,], super-
lattices (CRO/STO SLs), comprising » unit-cell (u.c.) CRO

© 2026 American Physical Society
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Experimental setup and ultrafast demagnetization in CRO/STO SLs. (a) The left panel is the schematic of the ultrafast all-

optical pump-probe setup. The laboratory coordinate system (xyz) is defined as shown. Pump pulses at 780 nm and probe pulses at
390 nm propagate along the z axis and are incident normally onto the SL surface (shown at a slight angle in the schematic for clarity). A
static external magnetic field is applied along the z axis. The right panel is a schematic of the gradient-magnetism layered distribution.
The gradient magnetism is induced by symmetry mismatch, where ferromagnetic (FM) order is robust at the interfaces and decays
toward the paramagnetic (PM) center. The minimum saturation magnetization (M) is O and represents the paramagnetic state. (b) Time-
resolved magneto-optical (MO) signals for the SL acquired under varying temperatures and pump fluences. Time zero (time delay = 0)
corresponds to the onset of the MO response. Here “type I” and “type II” are used only as phenomenological labels to describe the

temporal profiles of the demagnetization curves.

and m u.c. STO layers, repeated x times. Unless otherwise
noted, all experimental data presented in this Letter are
from the [CRO;,/STO,],, superlattice, which exhibits a
Curie temperature 7¢c = 90 K and a saturation magnetiza-
tion M, = 0.36 ug/fu. [37]. The system behaves as a
moderately correlated weak itinerant ferromagnet [38,39],
with a magnetic ground state situated near the quantum
critical point (QCP) [40]. The proximity to the QCP,
inherent electronic correlations, and quasi-two-dimensional
(quasi-2D) magnetic confinement collectively amplify
intense spin fluctuations, aligning with the Mermin-
Wagner theorem [41,42]. Furthermore, unlike uniform
ferromagnets, the magnetic order in CRO/STO SLs,
induced by interfacial symmetry breaking, exhibits a spatial
gradient that decays away from the interfaces [36,37], as
shown in the right panel of Fig. 1(a). This depth-dependent
distribution of the order parameter effectively smears the
macroscopic phase transition and suppresses the character-
istic divergence of specific heat near 7 [43].

Here, we systematically investigate ultrafast spin dynam-
ics in CRO/STO SLs via time-resolved pump-probe mea-
surements dependent on temperature, pump fluence, and
magnetic field. While the critical slowing down near T¢
typically imposes a fundamental speed limit on magnetic
switching devices [44], our experiments reveal a significant
departure from this constraint. As the temperature rises, the
demagnetization process accelerates continuously, effec-
tively bypassing this thermodynamic bottleneck. Unlike
conventional ferromagnets, the demagnetization rate here
increases pronouncedly with increasing pump fluence and
magnetic field, demonstrating sensitive tunability. To
explain these results, we develop a phenomenological

model integrating self-consistent renormalization (SCR)
theory. The model successfully captures the observed
anomalies, revealing that the system’s inherent gradient
magnetism unmasks the spin-fluctuation-driven scattering
enhancement, allowing it to dominate the dynamics. Our
Letter provides new insight into nonequilibrium spin
dynamics in correlated materials with strong coupled
fluctuations and demonstrates a pathway to actively
manipulate ultrafast demagnetization using multiple exter-
nal parameters.

Ultrafast demagnetization dynamics in SLs—To inves-
tigate the ultrafast spin dynamics of the CRO/STO SLs,
time-resolved magneto-optical Kerr effect (TR-MOKE)
and transient reflectivity measurements were performed
using an ultrafast all-optical pump-probe system. The
schematic of the experimental geometry is shown in the
left panel of Fig. 1(a). Figure 1(b) displays representative
ultrafast demagnetization curves under varying temperature
(T), pump fluence (F), and magnetic field (H), with
nonmagnetic artifacts removed via field-reversal symmetry
subtraction (see Supplemental Material Sec. S2 [45]).
These dynamics are strongly modulated by 7, F, and H,
evolving most significantly within the initial ~3 ps.
Specifically, conditions of low-T and low-F (black sym-
bols: 20 K, 0.35 mJcm™2, 5.8 kOe) yield a slow, two-step
(type-II) demagnetization process. Conversely, high-7" and
high-F conditions (red symbols: 90 K, 1.38 mJcm™2,
18.5 kOe) trigger a distinctly faster, one-step (type-I)
demagnetization process. An intermediate regime (blue
symbols: 20 K, 1.38 mJcm™2, 18.5 kOe) continuously
bridges these two distinct kinetic behaviors. While sensi-
tivity to external parameters is a general feature of ultrafast
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FIG. 2. Dependence of ultrafast demagnetization of SLs on temperature, pump fluence, and magnetic field. TR-MOKE traces
measured under varied (a) temperature (7), (b) pump fluence (F), and (c) magnetic field (H), with remaining parameters held constant in
each case. Experimental data (open squares) are fitted (solid lines) using Eq. (1) to extract the spin relaxation rate; the stars indicate the
time to maximum demagnetization (7,,,, ). Traces are offset vertically for clarity. The dependence of #,,,,, (green) and 7y, (orange) on each
control parameter is summarized in panels (d)—(f), respectively. The signals are min-max normalized to [0,1] to facilitate intuitive

comparison of the characteristic timescales.

magnetism, the specific trends observed here deviate from
the conventional type-I to type-II transition [9], manifesting
an anomalous crossover from slow type-II to fast type-I
dynamics with increasing excitation. This distinct response
implies an unconventional microscopic mechanism gov-
erning the ultrafast demagnetization in this system.

To quantitatively analyze the demagnetization dynamics,
the TR-MOKE data are fitted using the 3TM [5]. This model
treats the ferromagnet as three coupled subsystems: electrons,
phonons, and spins, each of which has its own effective
temperature (7, T}, and 7'y) [56]. Assuming that the transient
reflectivity change |AR/R| o AT, and the MO signal change
|AMO|  (—AM /M) x AT [5], we fitted the MO signals
[solid lines in Fig. 1(b)] using the following relation:

dr,
dr

:Fs[Te([)_Ts]’ (1)

where T,(¢) is approximated by fitting the reflectivity curves,
measured under identical conditions as the MO signals
[see Figs. S2(a), S3(a), and S4 [45] ], with a biexponential
function [57]: AR/R = A exp(—t/t|) + Asexp(—1t/1;).
Both reflectivity and MO signal fits are convolved with
a Lorentzian laser pulse profile. To account for thermal
diffusion, a prefactor exp(—z/7p) is applied to T(z).
The contribution of spin-phonon interaction term G, (T, —
T,) is considered negligible compared to the electron-
spin (e-s) interaction on the timescale < 10 ps [9,15]. We
define the spin relaxation rate as I'y = G,/ C,, where G
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denotes the e-s interaction and C; is the spin specific heat.
Within this framework, I is the sole parameter governing the
evolution of T'; according to Eq. (1), thereby providing a direct
quantitative measure of the demagnetization speed.

To further clarify the variations in demagnetization char-
acteristics and to explore the underlying microscopic mecha-
nism, we systematically measured TR-MOKE dynamics
across varying T, F, and H. As shown in Fig. 2(a), under
fixed H and F, the demagnetization dynamics exhibit a clear
temperature dependence. The corresponding reflectivity data
used for the fitting are presented in Fig. S2 [45]. In Fig. 2(a),
the time delay (7,,,, ) at which the MO signal change reaches its
maximum is marked by star symbols. To quantify the
demagnetization speed, we extracted the characteristic
demagnetization time 7, using a phenomenological fitting
function (detailed in Supplemental Material Sec. S6 [45]). The
acceleration of demagnetization is visualized in Fig. 2(d),
which plots the temperature dependence of both ¢,,,, and 7y;.
For T < T¢(~90 K), t,.« and 7y; decrease monotonically
with increasing temperature, indicating a faster demagneti-
zation process. Above T, both ¢,,,, and 7); remain nearly
constant, suggesting that the acceleration of demagnetization
saturates. The persistence of the transient MO signal well
above T is attributed to the H-induced paramagnetic
response of localized magnetic clusters originating from
interfacial St/Caintermixing [36]. Notably, the spin relaxation
rate saturates above T, as detailed and experimentally
verified in Supplemental Material Sec. S13 [45]. Similarly,
Figs. 2(b) and 2(c) demonstrate that demagnetization accel-
erates with increasing F and H(T = 20 K), respectively. The
corresponding decreasing trends of 7,,,,, and ) are plotted in
Figs. 2(e) and 2(f). For the F-dependent (or H-dependent)
measurements at 20 K, two distinct fixed values of H (or F') are
selected to confirm the robustness of the results (see Fig. S6
[45]). These observations were further validated by measure-
ments on a [CRO,(/STO;],, SL (see Fig. S7 [45]). The spin
relaxation rates I, extracted from fitting the MO signals, will
be presented in the following section in conjunction with the
theoretical analysis.

Significantly, the spin dynamics observed in CRO/STO
SLs are highly anomalous. In most 7-dependent ultrafast
demagnetization studies, the demagnetization process
slows down as the temperature approaches T¢ [22,58],
the phenomenon known as critical slowing down, often
accompanied by a crossover from type-I to type-II char-
acteristics [9,59]. The increasing F is often considered to be
equivalent to elevating 7 experimentally, resulting in
similar trends [9,13]. In contrast, our results exhibit the
opposite trend: an acceleration of demagnetization as the
temperature rises, persisting over a wide temperature range,
concurrent with a transition from type-II to type-I behavior.
Furthermore, we find that the spin relaxation rate in this
system can be sensitively manipulated, showing a pro-
nounced increase with increasing F or H. This counterin-
tuitive trend necessitates a deeper theoretical analysis that

explicitly incorporates the unique properties of the CRO/
STO SLs.

Microscopic mechanism of spin-fluctuation-governed
demagnetization—To describe the ultrafast dynamics of
such system, the nonnegligible impact of coupled spin
fluctuations must be explicitly addressed. We therefore start
with the single-band Hubbard model to capture the core
physics of itinerant ferromagnetism and electronic corre-
lations [60]. By applying self-consistent renormalization
(SCR) theory [61], we treat the Coulomb interaction
beyond the mean-field approximation to incorporate
mode-mode coupling of spin fluctuations. This mode-mode
coupling, intrinsic to the SCR approach, identifies spin
fluctuations as the dominant scattering channel responsible
for the ultrafast demagnetization dynamics in the strong
fluctuation regime.

Within the 3TM framework, the spin relaxation rate is
defined as I'y = G,/ C;,. In itinerant systems near magnetic
instability, longitudinal modes become notably soft and
strongly couple with transverse modes [30,31]. We there-
fore focus on the scattering channel heavily renormalized
by these spin fluctuations, denoting the resulting relaxation
rate as I'"°, By deriving the energy transfer rate between
itinerant electrons and the spin fluctuation system (detailed
in Supplemental Material Sec. S15 [45]), we obtain the
expression for the electron-spin fluctuation (e-sf) inter-
action coefficient as

Gl = 2M'PDyDy Y
q

anB (a)’ Ts)
or,

x A ® doo(w?) Imly(q. o) @)

where |M'|? is the effective e-sf scattering matrix element,
Dy} is the density of states at the Fermi surface for spin-
up (down) electrons, np is the Bose-Einstein distribution,
and Im[y(q,w)] represents the imaginary part of the
magnetic susceptibility, where q and @ denote the wave
vector and frequency of spin fluctuations, respectively.
In conventional Stoner or Heisenberg models, the
scattering matrix element is typically derived from the
Coulomb interaction in the random phase approximation,
treated as a T-independent constant: |M,|> « U? = const,
where U denotes the Coulomb interaction [61]. However,
this approximation breaks down in regimes dominated by
strong fluctuations. As described by the SCR theory,
distinct spin fluctuation modes are not independent; they
interact and scatter with one another through mode-mode
coupling [62]. This mode-mode coupling renormalizes not
only the spin fluctuation propagator but also the interaction
vertex between itinerant electrons and spin fluctuations.
We account for this by assuming that the effective scatter-
ing matrix element |M’|? is renormalized by thermal spin
fluctuations: |M'|*> ~ 1(S?)2.. Here, A is a coupling constant,
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Microscopic mechanism of ultrafast demagnetization. Schematic illustration comparing the governing dynamics in (a) a

conventional ferromagnet and (b) the CRO/STO superlattice (SL). (a) In conventional ferromagnets, the divergence of the spin specific
heat C (yellow dashed line) near the Curie temperature T creates a thermodynamic bottleneck. This leads to critical slowing down,
causing the spin relaxation rate Iy (red solid line) to decrease. (b) In CRO/STO SLs, gradient magnetism suppresses the divergence of
C,, allowing the spin-fluctuation-driven vertex renormalization (G) to dominate the critical dynamics. Far above T (indicated by the
axis break), the saturation of G, and C imposes a thermalization bottleneck, leading to a constant asymptotic limit of I'. Note that the
curves are schematic representations scaled from the theoretical model to qualitatively illustrate the dynamic trends.

and (S?); is the mean-square amplitude of thermal spin
fluctuations. As the temperature increases, (S?); increases
significantly, leading to a thermal enhancement of the e-sf
scattering strength. By combining the results of the quasi-
2D SCR theory and the integration of the imaginary part of
the susceptibility over the spin fluctuation spectrum [63],
the e-sf interaction can be expressed as

_
(4_452))3 [G(y.e)Pr,

GIe(y, ¢
Sy )°<(3

G(y,€) —y<1 —I—Siz) —g\/§—|—2—21n8. (3)

Under high-7" and long-range correlation approximations,
the dynamic scaling of GI% is uniquely determined by the
reduced temperature t = T/T, (T, being the characteristic
frequency scale), the dimensionless inverse susceptibility y,
and the structural dimensionality factor e (detailed in
Supplemental Material Sec. S15 [45]) [63]. For a given
material, € is constant, implying that ¢ and y determine the
behavior of GI'°. In conventional ferromagnets, the renor-
malized vertex correction is appreciable only in the strong-
coupling and critical regime, which corresponds to a very
narrow temperature range near 7. In contrast, our SLs
exhibit intrinsically strong fluctuations and a pronounced
gradient magnetism below 7', which considerably expand
the temperature interval over which the renormalization of
|IM'|? remains effective. Consequently, the expression
above can serve as an effective description for the ordered
and crossover regimes where itinerant spin fluctuations
dominate.

The spin relaxation rate I'!"® depends not only on Gl
but also on the specific heat C'°, which appears in the
denominator. By invoking the same approximations
employed for GI", we derive the relation for CI as
follows:

1 1
Cguc(y,f) x <§—E€3) Inz— Y(y,e) + const,

1 1 2 21 In
Y(y.e) = —y3—+y21ny—+y2< ————— —€>

4¢3 4e 3 3¢ 2¢

2 ¢ 1

&) f iy 4
+y<3 2>+3ny (4)

The detailed description can be found in Supplemental
Material Sec. S16 [45]. The Iny term of Y(y, ¢) in Eq. (4)
is of particular importance. In conventional ferromagnets,
the magnetic susceptibility diverges as the temperature
approaches the Curie point 7 [64], causing the inverse
susceptibility y — O and Iny — —co. This C1* — co diver-
gence forces I'' — 0, creating the thermodynamic bottle-
neck responsible for critical slowing down. However, in our
SLs, the gradient magnetism implies a spatial distribution of
M and T [see the right panel of Fig. 1(a)]. This distribution
prevents the macroscopic susceptibility from diverging, as
shown in Fig. S8(b) [45], keeping y finite and thereby
smearing out the divergence of CIU°.

To intuitively illustrate the competition between the scat-
tering and thermodynamic factors, we present a schematic
model in Fig. 3. In conventional ferromagnets [Fig. 3(a)], the
thermodynamic divergence of spin specific heat overwhelms
the scattering term and suppresses the spin relaxation rate.
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FIG. 4. Dependence of the spin relaxation rate on external parameters (7', F, and H). The spin relaxation rate I' extracted from fits to
the TR-MOKE data is plotted as a function of (a) temperature (7'), (b) pump fluence (F), and (c) magnetic field (H) (open symbols). The
solid-colored lines represent fits using the theoretical model for the fluctuation-mediated relaxation rate,I'"(y, ¢), given by Eq. (5).

This typifies critical slowing down, often observed exper-
imentally as a decrease in demagnetization rate or a type-I
to type-II transition [9,65]. In contrast, the CRO/STO SL
[Fig. 3(b)] is not a homogeneous system, for which static
magnetic measurements indicate a significant spatial distri-
bution of M, [36]. Similar to finite-size scaling where
singularities are rounded off [66], the spatial gradient in the
order parameter prevents the correlation length fromdiverging
globally [67]. The gradient magnetism smears the specific
heat divergence. Consequently, the intrinsic acceleration of
spin-flip scattering driven by vertex renormalization is
unmasked and dominates the dynamics, resulting in a con-
tinuous acceleration of I'y with rising temperature when
T < Tc. Far above T, however, I'y plateaus at a constant
asymptotic limit [see Fig. 3(b) and Supplemental Material
Sec. S13 [45]]. This acceleration does not violate the
universality of critical phenomena in continuous phase
transitions.

Mathematically, combining the expressions for G1° and
Cfuc | the relation between '™ and reduced parameters
(v, 1) is derived as

Gy, e))*r
(3—35¢€)Int—Y(y,e) + const’

Te(y. 1) o

(5)

The resulting expression captures the anomalous ultrafast
demagnetization observed in our experiments. To quanti-
tatively evaluate whether our spin-fluctuation framework
can account for these behaviors, the I' data are fitted using
the T(y,¢) function in Eq. (5), which integrates the
experimental y~' — 7 and y~! — H relations shown in
Figs. S8(c) and S8(e) [45]. As shown by the colored lines
in Fig. 4, the theoretical model exhibits excellent agreement
with the experimental data, strictly reproducing the sharp
rise of I'y with increasing T [see Fig. 4(a)]. The global
fitting yields the dimensionality factor &€ ~ 0.498, reflecting
the quasi-2D magnetic confinement at the interfaces, and
the spin-fluctuation characteristic temperature 7y =~ 398 K,

which falls within the expected energy scale for typical weak
itinerant ferromagnets [68]. These physically compatible
parameters suggest that incorporating spin-fluctuation scat-
tering beyond the mean-field approximation is a viable
approach to capture the observed dynamics, supporting
the decoupling of thermodynamic singularity and scattering
enhancement as a key microscopic mechanism of the
observed anomalies. Furthermore, the observed F depend-
ence offers additional evidence for this fluctuation-driven
thermal excitation mechanism. In the ultrafast regime, the
pump pulse determines the peak transient electron temper-
ature, creating a highly nonequilibrium state. Physically, this
transient high-temperature environment is analogous to an
elevated ambient temperature [13], which amplifies the spin
fluctuation amplitude and further opens efficient angular
momentum dissipation channels. This accounts for the
systematic increase in I’y with F.

The H dependence in Fig. 4(c) allows us to explicitly
distinguish our mechanism from conventional magnon-
driven scattering. In a conventional magnon-driven sce-
nario, an applied field H induces a Zeeman gap in the
magnon spectrum [15]. This gap effectively suppresses
the thermal excitation of low-energy magnons, limiting the
available scattering channels and consequently reducing
the spin-flip probability [62]. In contrast, our experiments
show that Iy increases with H [Fig. 4(c)], inconsistent with
the simple magnon scenario. Furthermore, this significant
H dependence cannot be explained by conventional mean-
field approaches such as M3TM, where the Zeeman
splitting under our experimental fields yields an almost
negligible modification to the spin-flip rate. This anoma-
lous H-induced acceleration is naturally explained by the
SCR theory for weak itinerant ferromagnets, where the
mathematical form of the susceptibility used in our model
[Eq. (S13) [45]] describes the overdamped, diffusive spin
fluctuations characteristic of such systems. In this frame-
work, H modulates the coupled spin fluctuation spectrum
by increasing the dimensionless reciprocal magnetic
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susceptibility y. Unlike the magnon suppression effect, the
scattering rate '] evolves nonlinearly with y within the
quasi-2D SCR model. We note that this trend refers to
the experimentally accessible moderate-H regime; in the
high-H limit, the overall suppression of spin fluctuations is
expected to weaken the vertex-renormalization effect, as
discussed in Supplemental Material Sec. S14 [45]. The
agreement between this model and the observed acceler-
ation supports that the ultrafast dynamics are governed by
the spin-fluctuation-driven renormalization of the electron-
spin scattering vertex.

Conclusion—In summary, we observed a counterintuitive
acceleration of ultrafast demagnetization in CaRuQ5 /SrTiO;
superlattices with increasing temperature, pump fluence, and
magnetic field, defying the conventional behavior of critical
slowing down in conventional ferromagnets. By integrating
self-consistent renormalization theory with the three-
temperature model framework, we demonstrate that this
acceleration is governed by strongly enhanced electron-spin
scattering driven by thermal spin fluctuations. This spin-
fluctuation-governed mechanism is uniquely enabled by the
system’s gradient magnetism, revealing a general principle: in
spatially inhomogeneous quantum materials, macroscopic
thermodynamic singularities can be effectively decoupled
from the microscopic scattering rate. By bypassing the tradi-
tional thermodynamic bottleneck, this insight provides a
new pathway for manipulating complex correlated quantum
matter. The high sensitivity of the demagnetization rate to
external parameters such as temperature, optical excitation,
and magnetic field demonstrates the potential for designing
highly tunable ultrafast spintronic devices that turn the
enhanced fluctuations from a liability into an asset for
boosting operational speeds.

Acknowledgments—This work was supported by the
National Key Research Program of China (Grants
No. 2022YFA1403302 and No. 2024YFA1408702) the
National Natural Sciences Foundation of China (Grants
No. U22A20115 and No. 52031015), and the Key
Research Program of Frontier Sciences, CAS (Grant
No. ZDYZ2012-2).

Z.H. C. conceived and supervised the project. Y. H. G.
performed time-resolved pump-probe measurements and
theoretical calculations. W.X.S., Y.S.C., and J.R.S.
synthesized the samples. Q.L.Y., X. Y., Z.D,, PT.Y,,
and Z.C. assisted with the pump-probe measurements.
H. M. F. made significant contributions to static magnetic
measurements. X.Q.Z. and W.H. contributed to the
development and maintenance of the ultrafast optical
system. Y. H. G. and Z. H. C. drafted the manuscript. All
authors discussed the results and commented on the
manuscript.

The authors declare no conflict of interest.

Data availability—The data that support the findings of
this study are available from the corresponding author upon
reasonable request.

[1] A. Kirilyuk, A. V. Kimel, and T. Rasing, Ultrafast optical
manipulation of magnetic order, Rev. Mod. Phys. 82, 2731
(2010).

[2] J.-Y. Bigot, M. Vomir, and E. Beaurepaire, Coherent ultra-
fast magnetism induced by femtosecond laser pulses, Nat.
Phys. 5, 515 (2009).

[3] S. Mathias et al., Probing the timescale of the exchange
interaction in a ferromagnetic alloy, Proc. Natl. Acad. Sci.
U.S.A. 109, 4792 (2012).

[4] S.R. Tauchert et al., Polarized phonons carry angular
momentum in ultrafast demagnetization, Nature (London)
602, 73 (2022).

[5] E. Beaurepaire, J. C. Merle, A. Daunois, and J. Y. Bigot,
Ultrafast spin dynamics in ferromagnetic nickel, Phys. Rev.
Lett. 76, 4250 (1996).

[6] G. M. Miiller et al., Spin polarization in half-metals probed
by femtosecond spin excitation, Nat. Mater. 8, 56 (2009).

[7] M. Wietstruk, A. Melnikov, C. Stamm, T. Kachel, N.
Pontius, M. Sultan, C. Gahl, M. Weinelt, H. A. Diirr, and
U. Bovensiepen, Hot-electron-driven enhancement of spin-
lattice coupling in Gd and Tb 4f ferromagnets observed by
femtosecond x-ray magnetic circular dichroism, Phys. Rev.
Lett. 106, 127401 (2011).

[8] A. Mann et al., Insights into ultrafast demagnetization in
pseudogap half-metals, Phys. Rev. X 2, 041008 (2012).

[9] T. Roth, A.J. Schellekens, S. Alebrand, O. Schmitt, D. Steil,
B. Koopmans, M. Cinchetti, and M. Aeschlimann, Temper-
ature dependence of laser-induced demagnetization in Ni: A
key for identifying the underlying mechanism, Phys. Rev. X
2, 021006 (2012).

[10] T. Ogasawara, K. Ohgushi, Y. Tomioka, K. S. Takahashi, H.
Okamoto, M. Kawasaki, and Y. Tokura, General features of
photoinduced spin dynamics in ferromagnetic and ferri-
magnetic compounds, Phys. Rev. Lett. 94, 087202 (2005).

[11] G. Malinowski, F. Dalla Longa, J. H. H. Rietjens, P. V.
Paluskar, R. Huijink, H.J.M. Swagten, and B.
Koopmans, Control of speed and efficiency of ultrafast
demagnetization by direct transfer of spin angular momen-
tum, Nat. Phys. 4, 855 (2008).

[12] £. Cywinski and L.J. Sham, Ultrafast demagnetization in
the sp-d model: A theoretical study, Phys. Rev. B 76,
045205 (2007).

[13] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf,
M. Fihnle, T. Roth, M. Cinchetti, and M. Aeschlimann,
Explaining the paradoxical diversity of ultrafast laser-
induced demagnetization, Nat. Mater. 9, 259 (2010).

[14] B.Y. Mueller, T. Roth, M. Cinchetti, M. Aeschlimann, and
B. Rethfeld, Driving force of ultrafast magnetization dy-
namics, New J. Phys. 13, 123010 (2011).

[15] A. Manchon, Q. Li, L. Xu, and S. Zhang, Theory of laser-
induced demagnetization at high temperatures, Phys. Rev. B
85, 064408 (2012).

[16] B.Y. Mueller, A. Baral, S. Vollmar, M. Cinchetti, M.
Aeschlimann, H. C. Schneider, and B. Rethfeld, Feedback

126903-7


https://doi.org/10.1103/RevModPhys.82.2731
https://doi.org/10.1103/RevModPhys.82.2731
https://doi.org/10.1038/nphys1285
https://doi.org/10.1038/nphys1285
https://doi.org/10.1073/pnas.1201371109
https://doi.org/10.1073/pnas.1201371109
https://doi.org/10.1038/s41586-021-04306-4
https://doi.org/10.1038/s41586-021-04306-4
https://doi.org/10.1103/PhysRevLett.76.4250
https://doi.org/10.1103/PhysRevLett.76.4250
https://doi.org/10.1038/nmat2341
https://doi.org/10.1103/PhysRevLett.106.127401
https://doi.org/10.1103/PhysRevLett.106.127401
https://doi.org/10.1103/PhysRevX.2.041008
https://doi.org/10.1103/PhysRevX.2.021006
https://doi.org/10.1103/PhysRevX.2.021006
https://doi.org/10.1103/PhysRevLett.94.087202
https://doi.org/10.1038/nphys1092
https://doi.org/10.1103/PhysRevB.76.045205
https://doi.org/10.1103/PhysRevB.76.045205
https://doi.org/10.1038/nmat2593
https://doi.org/10.1088/1367-2630/13/12/123010
https://doi.org/10.1103/PhysRevB.85.064408
https://doi.org/10.1103/PhysRevB.85.064408

PHYSICAL REVIEW LETTERS 137, 126903 (2026)

effect during ultrafast demagnetization dynamics in ferro-
magnets, Phys. Rev. Lett. 111, 167204 (2013).

[17] M. WeiBlenhofer and P. M. Oppeneer, Ultrafast demagneti-
zation through femtosecond generation of non-thermal
magnons, Adv. Phys. Res. 4, 2300103 (2025).

[18] M. Battiato, K. Carva, and P. M. Oppeneer, Superdiffusive
spin transport as a mechanism of ultrafast demagnetization,
Phys. Rev. Lett. 105, 027203 (2010).

[19] J. Wieczorek, A. Eschenlohr, B. Weidtmann, M. Rosner, N.
Bergeard, A. Tarasevitch, T. O. Wehling, and U. Bovensiepen,
Separation of ultrafast spin currents and spin-flip scattering in
Co/Cu(001) driven by femtosecond laser excitation employing
the complex magneto-optical Kerr effect, Phys. Rev. B 92,
174410 (2015).

[20] E. Turgut et al, Stoner versus Heisenberg: Ultrafast
exchange reduction and magnon generation during laser-
induced demagnetization, Phys. Rev. B 94, 220408 (2016).

[21] Z. Chen and L.-W. Wang, Role of initial magnetic disorder:
A time-dependent ab initio study of ultrafast demagnetiza-
tion mechanisms, Sci. Adv. 5, eaau8000 (2019).

[22] T. Kise, T. Ogasawara, M. Ashida, Y. Tomioka, Y. Tokura,
and M. Kuwata-Gonokami, Ultrafast spin dynamics and
critical behavior in half-metallic ferromagnet: Sr,FeMoOg,
Phys. Rev. Lett. 85, 1986 (2000).

[23] C.L.S. Kantner, M. C. Langner, W. Siemons, J. L. Blok, G.
Koster, A.J. H. M. Rijnders, R. Ramesh, and J. Orenstein,
Determination of the spin-flip time in ferromagnetic StTRuO;
from time-resolved Kerr measurements, Phys. Rev. B 83,
134432 (2011).

[24] D. Rudolf et al., Ultrafast magnetization enhancement in
metallic multilayers driven by superdiffusive spin current,
Nat. Commun. 3, 1037 (2012).

[25] B. Koopmans, J.J. M. Ruigrok, F. D. Longa, and W.J. M.
de Jonge, Unifying ultrafast magnetization dynamics, Phys.
Rev. Lett. 95, 267207 (2005).

[26] M. KrauB3, T. Roth, S. Alebrand, D. Steil, M. Cinchetti, M.
Aeschlimann, and H. C. Schneider, Ultrafast demagnetiza-
tion of ferromagnetic transition metals: The role of the
Coulomb interaction, Phys. Rev. B 80, 180407 (2009).

[27] D. Steil, S. Alebrand, T. Roth, M. KrauB, T. Kubota, M.
Oogane, Y. Ando, H. C. Schneider, M. Aeschlimann, and
M. Cinchetti, Band-structure-dependent demagnetization in
the Heusler alloy Co,Mn,_,Fe,Si, Phys. Rev. Lett. 105,
217202 (2010).

[28] A.B. Schmidt, M. Pickel, M. Donath, P. Buczek, A. Ernst,
V.P. Zhukov, P.M. Echenique, L. M. Sandratskii, E. V.
Chulkov, and M. Weinelt, Ultrafast magnon generation in
an Fe film on Cu(100), Phys. Rev. Lett. 105, 197401 (2010).

[29] S. Eich et al., Band structure evolution during the ultrafast
ferromagnetic-paramagnetic phase transition in cobalt, Sci.
Adv. 3, 1602094 (2017).

[30] Y. Li et al., Critical fluctuations and noise spectra in two-
dimensional Fe;GeTe, magnets, Nat. Commun. 16, 8585
(2025).

[31] C. Lester et al., Magnetic-field-controlled spin fluctuations
and quantum criticality in Sr3Ru,O5, Nat. Commun. 12,
5798 (2021).

[32] L. Hao et al., Anomalous magnetoresistance due to longi-
tudinal spin fluctuations in a J; = 1/2 Mott semiconduc-
tor, Nat. Commun. 10, 5301 (2019).

[33] P-W. Ma and S.L. Dudarev, Longitudinal magnetic fluc-
tuations in Langevin spin dynamics, Phys. Rev. B 86,
054416 (2012).

[34] T. Lee et al., Signatures of longitudinal spin pumping in a
magnetic phase transition, Nature (London) 638, 106
(2025).

[35] T. Sato, S. Watanabe, M. Matsuo, and T. Kato, Fluctuations
in spin dynamics excited by pulsed light, Phys. Rev. Lett.
134, 106702 (2025).

[36] W. Shi et al., Symmetry-mismatch-induced ferromagnetism
in the interfacial layers of CaRuQOj;/SrTiO; superlattices,
Adv. Funct. Mater. 33, 2300338 (2023).

[37] W. Shi et al., Enhancing interfacial ferromagnetism and
magnetic anisotropy of CaRuO;/SrTiOs superlattices via
substrate orientation, Small 20, 2308172 (2024).

[38] N. Kikugawa, L. Balicas, and A. Peter Mackenzie, Physical
properties of single-crystalline CaRuO; grown by a
floating-zone method, J. Phys. Soc. Jpn. 78, 014701
(2008).

[39] Y. Liu, H. P. Nair, J. P. Ruf, D. G. Schlom, and K. M. Shen,
Revealing the hidden heavy Fermi liquid in CaRuOj, Phys.
Rev. B 98, 041110 (2018).

[40] G. Cao, O. Korneta, S. Chikara, L.E. DeLong, and P.
Schlottmann, Non-Fermi-liquid behavior in single-crystal
CaRuOj3: Comparison to ferromagnetic SrRuO;, Solid State
Commun. 148, 305 (2008).

[41] K. Yoshimura, T. Imai, T. Kiyama, K. R. Thurber, A. W.
Hunt, and K. Kosuge, 70 NMR observation of universal
behavior of ferromagnetic spin fluctuations in the itinerant
magnetic system Sr;_,Ca,RuQOj3, Phys. Rev. Lett. 83, 4397
(1999).

[42] N.D. Mermin and H. Wagner, Absence of ferromagnetism
or antiferromagnetism in one- or two-dimensional isotropic
Heisenberg models, Phys. Rev. Lett. 17, 1133 (1966).

[43] L. Demko et al., Disorder promotes ferromagnetism: round-
ing of the quantum phase transition in Sr;_,Ca,RuQOs, Phys.
Rev. Lett. 108, 185701 (2012).

[44] Q. Remy, J. Hohlfeld, M. Verges, Y. Le Guen, J. Gorchon,
G. Malinowski, S. Mangin, and M. Hehn, Accelerating
ultrafast magnetization reversal by non-local spin transfer,
Nat. Commun. 14, 445 (2023).

[45] See Supplemental Material http://link.aps.org/supplemental/
10.1103/1yn6-5qdw for methods, additional data, and dis-
cussions, which includes Refs. [46-55].

[46] E. Carpene, E. Mancini, C. Dallera, M. Brenna, E. Puppin,
and S. De Silvestri, Dynamics of electron-magnon inter-
action and ultrafast demagnetization in thin iron films, Phys.
Rev. B 78, 174422 (2008).

[47] R.D. Averitt, A. 1. Lobad, C. Kwon, S. A. Trugman, V. K.
Thorsmglle, and A. J. Taylor, Ultrafast conductivity dynam-
ics in colossal magnetoresistance manganites, Phys. Rev.
Lett. 87, 017401 (2001).

[48] E. Baldini et al., Electron—phonon-driven three-dimensional
metallicity in an insulating cuprate, Proc. Natl. Acad. Sci.
U.S.A. 117, 6409 (2020).

[49] L. Tian, M. Sachs, L.G. Verga, V.F. Kunzelmann, A.
Kafizas, 1. D. Sharp, S.K. Cushing, A. Walsh, and J.R.
Durrant, Optical spectroscopic determination of photoex-
cited small-polaron hopping in transition metal oxide
photocatalysts, Chem. Sci. 17, 4203 (2026).

126903-8


https://doi.org/10.1103/PhysRevLett.111.167204
https://doi.org/10.1002/apxr.202300103
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1103/PhysRevB.92.174410
https://doi.org/10.1103/PhysRevB.92.174410
https://doi.org/10.1103/PhysRevB.94.220408
https://doi.org/10.1126/sciadv.aau8000
https://doi.org/10.1103/PhysRevLett.85.1986
https://doi.org/10.1103/PhysRevB.83.134432
https://doi.org/10.1103/PhysRevB.83.134432
https://doi.org/10.1038/ncomms2029
https://doi.org/10.1103/PhysRevLett.95.267207
https://doi.org/10.1103/PhysRevLett.95.267207
https://doi.org/10.1103/PhysRevB.80.180407
https://doi.org/10.1103/PhysRevLett.105.217202
https://doi.org/10.1103/PhysRevLett.105.217202
https://doi.org/10.1103/PhysRevLett.105.197401
https://doi.org/10.1126/sciadv.1602094
https://doi.org/10.1126/sciadv.1602094
https://doi.org/10.1038/s41467-025-63578-w
https://doi.org/10.1038/s41467-025-63578-w
https://doi.org/10.1038/s41467-021-26068-3
https://doi.org/10.1038/s41467-021-26068-3
https://doi.org/10.1038/s41467-019-13271-6
https://doi.org/10.1103/PhysRevB.86.054416
https://doi.org/10.1103/PhysRevB.86.054416
https://doi.org/10.1038/s41586-024-08367-z
https://doi.org/10.1038/s41586-024-08367-z
https://doi.org/10.1103/PhysRevLett.134.106702
https://doi.org/10.1103/PhysRevLett.134.106702
https://doi.org/10.1002/adfm.202300338
https://doi.org/10.1002/smll.202308172
https://doi.org/10.1143/JPSJ.78.014701
https://doi.org/10.1143/JPSJ.78.014701
https://doi.org/10.1103/PhysRevB.98.041110
https://doi.org/10.1103/PhysRevB.98.041110
https://doi.org/10.1016/j.ssc.2008.09.007
https://doi.org/10.1016/j.ssc.2008.09.007
https://doi.org/10.1103/PhysRevLett.83.4397
https://doi.org/10.1103/PhysRevLett.83.4397
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.108.185701
https://doi.org/10.1103/PhysRevLett.108.185701
https://doi.org/10.1038/s41467-023-36164-1
http://link.aps.org/supplemental/10.1103/1yn6-5qdw
http://link.aps.org/supplemental/10.1103/1yn6-5qdw
http://link.aps.org/supplemental/10.1103/1yn6-5qdw
http://link.aps.org/supplemental/10.1103/1yn6-5qdw
http://link.aps.org/supplemental/10.1103/1yn6-5qdw
https://doi.org/10.1103/PhysRevB.78.174422
https://doi.org/10.1103/PhysRevB.78.174422
https://doi.org/10.1103/PhysRevLett.87.017401
https://doi.org/10.1103/PhysRevLett.87.017401
https://doi.org/10.1073/pnas.1919451117
https://doi.org/10.1073/pnas.1919451117
https://doi.org/10.1039/D5SC08101G

PHYSICAL REVIEW LETTERS 137, 126903 (2026)

[50] P.B. Allen, Theory of thermal relaxation of electrons in
metals, Phys. Rev. Lett. 59, 1460 (1987).

[51] Y. Liu et al., Ultrafast magnetization dynamics of Mn-doped
L1, FePt with spatial inhomogeneity, J. Magn. Magn.
Mater. 502, 166477 (2020).

[52] M. Hatatani and T. Moriya, Ferromagnetic spin fluctuations
in two-dimensional metals, J. Phys. Soc. Jpn. 64, 3434
(1995).

[53] P. Tengdin et al., Critical behavior within 20 fs drives the
out-of-equilibrium laser-induced magnetic phase transition
in nickel, Sci. Adv. 4, eaap9744 (2018).

[54] S. A. Hartnoll and A. P. Mackenzie, Colloquium: Planckian
dissipation in metals, Rev. Mod. Phys. 94, 041002 (2022).

[55] L. I. Mazin and D. J. Singh, Electronic structure and magnet-
ism in Ru-based perovskites, Phys. Rev. B 56, 2556 (1997).

[56] W. You et al., Revealing the nature of the ultrafast magnetic
phase transition in Ni by correlating extreme ultraviolet
magneto-optic and photoemission spectroscopies, Phys.
Rev. Lett. 121, 077204 (2018).

[57] Y.C. Tian et al., Ultrafast dynamics evidence of high
temperature superconductivity in single unit cell FeSe on
SrTiO3, Phys. Rev. Lett. 116, 107001 (2016).

[58] M. C. Langner, C. L. S. Kantner, Y. H. Chu, L. M. Martin, P.
Yu, J. Seidel, R. Ramesh, and J. Orenstein, Observation of
ferromagnetic resonance in SrRuO; by the time-resolved
magneto-optical Kerr effect, Phys. Rev. Lett. 102, 177601
(2009).

[59] Z. Wang et al., Acceleration of ultrafast demagnetization in
van der Waals ferromagnet Fe;GeTe, in high magnetic
field, Natl. Sci. Rev. 12, nwaf185 (2025).

[60] S. Watanabe and K. Miyake, in Quantum Critical Phenom-
ena of Valence Transition: Heavy Fermion Metals and
Related Systems, edited by S. Watanabe and K. Miyake
(Springer Nature Singapore, Singapore, 2023), pp. 69.

[61] T. Moriya, in Spin Fluctuations in lItinerant Electron
Magnetism, edited by T. Moriya (Springer, Berlin,
Heidelberg, 1985), p. 44.

[62] K. Ueda and T. Moriya, Contribution of spin fluctuations to
the electrical and thermal resistivities of weakly and nearly
ferromagnetic metals, J. Phys. Soc. Jpn. 39, 605 (1975).

[63] Y. Takahashi, Spin-fluctuation theory of quasi-two-dimen-
sional itinerant-electron ferromagnets, J. Phys. Condens.
Matter 9, 10359 (1997).

[64] Y. Klein, S. Hébert, A. Maignan, S. Kolesnik, T. Maxwell,
and B. Dabrowski, Insensitivity of the band structure of
substituted SrRuO; as probed by Seebeck coefficient
measurements, Phys. Rev. B 73, 052412 (2006).

[65] J. Kimling, J. Kimling, R.B. Wilson, B. Hebler, M.
Albrecht, and D. G. Cahill, Ultrafast demagnetization of
FePt:Cu thin films and the role of magnetic heat capacity,
Phys. Rev. B 90, 224408 (2014).

[66] M. E. Fisher and M. N. Barber, Scaling theory for finite-size
effects in the critical region, Phys. Rev. Lett. 28, 1516 (1972).

[67] A.M. Bratkovsky and A.P. Levanyuk, Smearing of phase
transition due to a surface effect or a bulk inhomogeneity in
ferroelectric nanostructures, Phys. Rev. Lett. 94, 107601
(2005).

[68] Y. Takahashi, Quantum spin fluctuation theory of the
magnetic equation of state of weak itinerant-electron ferro-
magnets, J. Phys. Condens. Matter 13, 6323 (2001).

126903-9


https://doi.org/10.1103/PhysRevLett.59.1460
https://doi.org/10.1016/j.jmmm.2020.166477
https://doi.org/10.1016/j.jmmm.2020.166477
https://doi.org/10.1143/JPSJ.64.3434
https://doi.org/10.1143/JPSJ.64.3434
https://doi.org/10.1126/sciadv.aap9744
https://doi.org/10.1103/RevModPhys.94.041002
https://doi.org/10.1103/PhysRevB.56.2556
https://doi.org/10.1103/PhysRevLett.121.077204
https://doi.org/10.1103/PhysRevLett.121.077204
https://doi.org/10.1103/PhysRevLett.116.107001
https://doi.org/10.1103/PhysRevLett.102.177601
https://doi.org/10.1103/PhysRevLett.102.177601
https://doi.org/10.1093/nsr/nwaf185
https://doi.org/10.1143/JPSJ.39.605
https://doi.org/10.1088/0953-8984/9/47/006
https://doi.org/10.1088/0953-8984/9/47/006
https://doi.org/10.1103/PhysRevB.73.052412
https://doi.org/10.1103/PhysRevB.90.224408
https://doi.org/10.1103/PhysRevLett.28.1516
https://doi.org/10.1103/PhysRevLett.94.107601
https://doi.org/10.1103/PhysRevLett.94.107601
https://doi.org/10.1088/0953-8984/13/29/305

	Ultrafast Demagnetization Governed by Spin Fluctuations in CaRuO3/SrTiO3 Superlattice
	Introduction
	Ultrafast demagnetization dynamics in SLs
	Microscopic mechanism of spin-fluctuation-governed demagnetization
	Conclusion
	Acknowledgments
	Data availability
	References


