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P H Y S I C S

Dynamics of proximity-induced magnetism at 
cobalt/molecular interfaces
Jaka Strohsack1,2, Andrei V. Shumilin1,3, Hui Zhao1, Gregor Jecl1, Viktor V. Kabanov1,  
Mattia Benini4, Rajib K. Rakshit4, Valentin A. Dediu4, Matthew D. Rogers5, Servet Ozdemir5,  
Oscar Cespedes5, Umut Parlak6, Mirko Cinchetti6, Tomaz Mertelj1,7*

Interfacing ferromagnetic metals with organic molecules is a versatile strategy to control key parameters in mag-
netic and spintronic technologies. Hybridization between the metal’s surface d orbitals and molecular p orbitals 
profoundly alters both the interfacial molecular layer and adjacent metal interface atomic layers, causing substan-
tial changes in the magnetic properties of metal/molecule heterostructures. While magnetic modifications within 
the metallic layer are relatively well understood, the interfacial magnetism remains elusive. Using ultrafast time-
resolved magneto-optical spectroscopy, we investigate the magnetic dynamics in such heterostructures and 
identify a distinct interfacial magnetic component that appears universal across various cobalt/molecule combi-
nations. Our findings reveal a highly anisotropic magnetic layer localized at the interface, which has remained 
undetected in static measurements. This interfacial layer likely originates from strong chemical modifications in 
the cobalt surface induced by chemisorbed molecules. These results underscore the crucial role of molecular che-
misorption in shaping interfacial magnetic properties, offering further opportunities for tuning functionalities in 
molecule-based spintronic devices.

INTRODUCTION
Hybridized interfaces between 3d ferromagnetic (FM) metals and 
organic molecules have attracted substantial attention due to their 
fundamental phenomena and promising functional properties (1). 
These interfaces have been extensively studied over the past decade 
(2–12), revealing substantial alterations in the magnetic behavior of 
thin FM films following the deposition of a single molecular layer 
(3, 4). These changes are primarily attributed to the hybridization 
between the surface d orbitals of the FM metal and the p orbitals of 
the adsorbed molecules (1, 4, 12, 13).

Most previous studies have focused on static magnetization 
properties (2–5, 7, 8, 10–12, 14), often reporting enhanced coer-
civity at low temperatures. It was also demonstrated that the 
magnetic hardening is accompanied by a transition to an unusual 
correlated FM glass state (14). While the enhanced coercivity can 
be understood in the frame of a phenomenological description, 
its relationship to microscopic magnetic parameters remains 
indirect (14). Furthermore, the frequently observed tempera-
ture dependence—where effects diminish at room temperature 
(3, 4, 7, 8, 10)—is not yet fully understood. In cobalt (Co)/buck-
minsterfullerene (C60) systems, for example, this temperature be-
havior has been linked to a specific rotational transition of the 
C60 molecule (7), which does not apply to molecules with differ-
ent geometries.

To advance our understanding, more direct and complemen-
tary data are needed, particularly for interfaces with molecules of 

diverse shapes. These data should probe microscopic quantities 
such as magnetic anisotropy and possible exchange bias. Time-
resolved magneto-optical Kerr effect (TR-MOKE) spectroscopy is 
ideally suited for this purpose, as it enables spatially localized and 
broadband probing of magnetic dynamics (15). In particular, it can 
be used to map the effective anisotropy field of thin films, thereby 
revealing microscopic parameters of the magnetic free energy 
(16, 17).

In this study, we present a systematic TR-MOKE investigation of 
several Co/molecule interfaces. We examine the effects of four mo-
lecular species with distinctly different geometries: the highly asym-
metric tris(8-hydroxyquinoline)gallium (Gaq3), the spherical C60, 
and two nearly planar metal-phthalocyanines (MPcs; with M = Cu 
and Co). A detailed list of the studied heterostructures is shown 
in Fig. 1C. Using femtosecond laser pulses, we weakly perturb the 
equilibrium magnetization (16, 17) and excite coherent spin waves, 
which we detect with time-delayed probe pulses, as schematically 
illustrated in Fig. 1A. To remain within the linear response regime 
and avoid nonlinear excitation of the molecular layers or nonequi-
librium effects in the ferromagnet (18–20), we keep the laser pertur-
bation rather weak.

By varying the external magnetic field, H, in a quasi-polar MOKE 
geometry, we map the effective anisotropy field, Heff, over a range of 
out-of-plane magnetization angles, allowing us to extract the pa-
rameters of the effective magnetic free energy. Our measurements 
reveal a strong hardening of the spin-wave frequency upon cooling 
below ~200 K. The magnetic field–dependent spin-wave spectra in-
dicate that the Co/molecule interface suppresses the effective easy-
plane anisotropy of the Co film while also introducing a strong 
in-plane exchange-bias–like anisotropy. The corresponding effective 
bias field reaches values of μ0Hb = 0.6 T at low temperatures. Nota-
bly, this behavior is consistent across all molecular species studied, 
regardless of their shape, and is attributed to the onset of a strongly 
anisotropic magnetic ordering at the hybridized interface below 170 
to 200 K.
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RESULTS
In Fig. 2 (A and B), we show, as an example, the temperature- and 
magnetic field–dependent transient magneto-optical Kerr angle, 
ΔΦK , in the Pt(5)/Co(5)/CoPc(20)/Cu(5) heterostructure where 
numbers in parentheses correspond to the thickness of the layers 
given in nanometers. ΔΦK is characterized by the presence of coher-
ent oscillations that correspond to the spin waves (16, 17). The com-
parison to the reference Co(5)/Al(3) heterostructure, where the Al 
layer is used to protect the Co film from oxidation, shows similar 
spin waves at room temperature. Upon cooling, the reference tran-
sients show only minor change (see Fig. 1B), while the Co/molecu-
lar heterostructures show hardening of the spin-wave frequency 
(Fig.  2, D and E), increased damping (Fig.  2F), and a ΔΦK sign 
change below T = 170 K (Fig. 2A). Other samples from Fig. 1C show 
qualitatively similar behavior (see fig. S1). A similar hardening of 
the ferromagnetic resonance (FMR) frequency has also been report-
ed in thicker Co/C60 heterostructures (21).

The spin-wave frequency is dependent on the external magnetic 
field, H, showing hysteretic behavior (see  Fig.  3 and fig.  S2). The 
hysteresis depends on the applied external magnetic field during 
cooling and exhibits training behavior. In the Pt(5)/Co(5)/C60(20)/
Cu(5) sample upon field cooling, for example, we initially observe a 
reversible monotonous magnetic-field frequency dependence down 
to the negative irreversibility field, μ0Hir− = −0.7 T (ν = 19 GHz) 
(see  Fig.  3A, point #37). In the subsequent loops (Fig.  3B), after 
some training, the frequency does not drop below ν = 20.5 GHz any-
more and shows an upturn with decreasing H around μ0H = −0.4 T 
already. The hysteresis closing is asymmetric at μ0Hc− = −0.9 T on 

the negative and μ0Hc+ = −0.6 T on the positive side, showing a 
field-offset behavior.

The zero-field cooling data show qualitatively similar hysteresis 
(see fig. S2), albeit with a smaller field offset, which was not studied 
in detail. Most of the data (Figs. 2E and 4A) were acquired upon 
zero-field cooling without reversing H. These scans showed mostly 
reversible behavior when sweeping H from a small to the largest 
field and back. Some additional scatter sometimes observed at low 
H can be attributed to the presence of the hysteresis.

The damping shows only a weak magnetic field dependence 
while increasing ~3 to 4 times with decreasing T below ~170 K 
(Fig. 2F). From the present data, it is not possible to distinguish the 
dissipation and dephasing contributions to the damping. As the mo-
lecular layer is disordered (14), the dominant contribution to the 
increase is tentatively attributed to dephasing. Comparing the low-T 
H dependence for different molecules, we observe qualitatively sim-
ilar behavior with the low-H spin-wave frequency in the 20 to 30 GHz 
range, which is ~10 times larger than the room-T [as well as the 
Co(5)/Al(3) reference sample] value (Fig.  2E and  4A). The static 
magneto-optical Kerr angle, corresponding to the magnetization 
component perpendicular to the film, is shown in Fig. 2C. Within 
the experimental accuracy, the static Kerr angle does not show any 
T dependence or a clear hysteresis.

The low-H spin-wave frequency T dependence is summarized 
in Fig. 4 (B to D). The behavior is qualitatively similar in all studied 
heterostructures. The spin-wave frequency hardening with decreasing 
T sets in around T = 200 K with a more pronounced jump in the 150- 
to 170-K range (depending on the molecular species) concurrently 

A B

C

Fig. 1. Experimental setup and samples. (A) Schematics of the experimental geometry. (B) Transient magneto-optical Kerr rotation in a reference Co(5)/Al(3) sample at 
T = 50 K. A trace obtained at T = 270 K and μ0H = 0.5 T (gray) is shown for comparison to emphasize weak T dependence. The lines correspond to the damped oscillator 
fit eq. S1 discussed in the main text. (C) Schematic representation of the studied heterostructures. det., detector.
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with the oscillation sign change. The effect does not depend notably 
on the details of the auxiliary heterostructure layers as indicated by the 
data from two different C60-based heterostructures (Fig. 4D).

DISCUSSION
Origin of coherent spin waves
The reference Co(5)/Al(3) heterostructure H dependence of the spin-
wave frequency can be successfully modeled (the fit line in Fig. 4A), as-
suming a homogeneous magnetization precession with an easy-plane 
anisotropy of K

⊥
M0 = 1.1 T, in the full T range [see Supplementary 

Text and (22)]. For simplicity, we merge both the shape and magneto-
crystalline anisotropy contributions into K

⊥
 . At high T, the Co/mole-

cule heterostructure spin-wave frequency H dependencies show similar 
behaviors as the Co(5)/Al(3) reference sample (see Fig. 2E). The high-T 
dynamic behavior, together with the static data (see Fig. 2C), is there-
fore consistent with the easy-plane anisotropy of K

⊥
M0 = 1.1 T, as in 

the Co(5)/Al(3) reference sample.
At low T, however, the spin-wave frequency H dependencies 

(Fig. 4A) appear incompatible with the simple easy-plane anisotropy 
model. Concurrently, the static ΦK data (Fig. 2C) show a virtually T-
independent behavior, suggesting the easy-plane–anisotropy model 
also at low T. The apparent dichotomy between the static and dynam-
ic behavior could indicate that the observed coherent oscillations do 
not correspond to the uniform spin precession at low T but to a 

localized mode at the Co/molecule interface or a higher-order (23) 
standing spin-wave mode. This scenario is, however, very unlikely. 
The uniform mode (with a lower frequency) should always contribute 
to the response, but in the data, only one frequency component is 
observed in all samples (see fig. S1). Moreover, the optical penetration 
depth in Co at the probe wavelength of ~13 nm (24) is more than 
twice as large as the Co thickness. Any higher-order standing modes 
should have weak intensities in comparison to the uniform mode.

The uniform-mode bulk excitation is a consequence of a rapid 
change of the Co-film electronic and lattice temperatures (17) and 
cannot be directly suppressed by the interface interaction. The 
uniform-mode oscillation can therefore be suppressed only if the 
bulk and interface excitation contributions exactly cancel. This ap-
pears to happen around T = 170 K, where the hardening sets in and 
the signal vanishes (see  Fig.  5). It is, however, extremely unlikely 
that both contributions would remain exactly balanced in the broad 
range of T below T = 170 K in all studied samples.

It is also unlikely that the interfacial magnetization would be 
pinned (23) because of the high exchange coupling and the small 
thickness of the Co film. The mean-field Weiss molecular field is 
estimated to be μ0HW = 1000 T in Co (25). The fundamental stand-
ing spin-wave mode is therefore expected to be negligibly nonuni-
form. As a result, the observed spin-wave oscillations correspond to 
the bulk Co-film dynamics, with a high degree of certainty. We can 
therefore discuss the magnetization precession as being uniform 

A B C

D E F

Fig. 2. Transient and static MOKE in Pt(5)/Co(5)/CoPc(20)/Cu(5) heterostructure. (A) Temperature dependence of MOKE transients at μ0H = 0.5 T. (B) Magnetic field 
dependence of MOKE transients at T = 50 K. (C) The static Kerr rotation loops as a function of T. (D) The spin-wave frequency as a function of T. The open symbols corre-
spond to the coherent Brillouin waves observed in transient reflectivity (see fig. S6). (E) The spin-wave frequency as a function of H at different T. (F) The spin-wave damp-
ing as a function of H at different T. The traces in (A) to (C) are vertically offset for clarity. The lines in (A) and (B) are damped oscillator fits (see eq. S1).
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along the thickness of the Co film, where the interface-induced an-
isotropy and/or exchange bias can be treated as a (properly renor-
malized) volume contribution.

Magnetic field dependence modeling
To understand the static behavior in an in-plane external magnetic 
field, they previously assumed (14) that the effect of molecules at 
the interface is an induced effective in-plane magnetic-anisotropy 
free-energy term, K∥

(

M ⋅eR

)2
∕2 , where K∥ ≪ K

⊥
 and K∥M0 = 0.1 T, 

with a random but spatially correlated in-plane vector eR . Although 
such an anisotropy can lead to a quite unusual FM glass state for 
small external magnetic fields and explain the static measurements 
in an in-plane magnetic field (14), it cannot describe the observed 
spin-wave frequency magnitudes. At small external fields, where 

the magnetization lies in the heterostructure plane, the spin-wave 
frequency of ~25 GHz (Fig. 4A) corresponds to an in-plane effec-
tive field, μ0H∥eff = 0.9 T. This value is much larger than expected 
from the static in-plane model parameters (14), where (26) 
μ0H∥eff =M0

√

K∥

(

K∥ +K
⊥

)

= 0.35 T could be estimated from 
K∥M0 = 0.1 T and K

⊥
M0 = 1.1 T.

The increase of the spin-wave frequency in weak external fields 
could also be a consequence of the laterally inhomogeneous FM 
glass state (14); however, the low-T increase [with respect to the 
Co(5)/Al(3) reference] persists in the uniformly magnetized satu-
rated magnetic state at large external magnetic fields. At μ0H = 2 T, 
for example, the precession frequency of ~40 GHz corresponds to an 
out-of-plane effective field of μ0H⊥eff = 1.5 T, while a substantially 
smaller μ0H⊥eff = 1 T is inferred (dominated by the easy-plane an-
isotropy) for the case of the Co(5)/Al(3) reference sample at the 
same external field.

To model the magnetic field dependence on equal footing 
through the full H range, we therefore, at first, neglect the low-H 
lateral inhomogeneity. The large low-H frequency suggests the pres-
ence of a rather strong in-plane anisotropy; however, this anisotropy 
leads to the spin-wave frequency H dependence that is incompatible 
with the observed behavior (see Fig. 6, fig. S7, and Supplementary 
Text). Alternatively, the strong in-plane effective field can be attrib-
uted to an exchange bias (5, 7, 11) present at the Co/molecule inter-
face. As shown in Fig. 6, it turns out that an addition of the in-plane 
exchange-bias–like free-energy term to the easy-plane–anisotropy 
model (see eq. S4) fairly reproduces both the dynamic and the out-
of-plane static data, with an effective in-plane exchange-bias field of 
μ0Hb = 0.6 T and a reduced (with respect to the high-T behavior) 
effective easy-plane anisotropy of K

⊥
M0 = 0.5 T. Here, we take into 

account the zero-field cooling so we average over a random in-plane 
exchange-bias direction distribution.

Our data therefore suggest a picture where the presence of the 
Co/molecule interface induces rather strong modifications to the 
interfacial Co layer(s) in the form akin to an in-plane exchange bias. 
While the molecular-induced exchange-bias behavior has been ob-
served previously (5, 9, 27), it might not be intrinsic (11). In particu-
lar, it has not been observed in the samples studied in this work [see 
Supplementary Text and (3, 10, 14)]. Moreover, the static in-plane 
magnetic behavior suggests a correlated random anisotropy (CRA) 
in the absence of any exchange-bias term (14). The above homoge-
neous model with a static exchange bias therefore appears inconsis-
tent with the static in-plane behavior.

While the absence of a major static in-plane exchange-bias H 
shift can be attributed to a random in-plane distribution of the Hb 
directions, the assumed fixed Hb cannot be substantiated. The effec-
tive bulk exchange bias of μ0Hb = 0.6 T corresponds to the interface 
exchange field of the order of ~10 T. To realize a fixed exchange field 
of such a magnitude, the proximity of a bulk hard (anti)ferromagnet 
would be necessary. As the molecules a few layers away from the Co 
interface are unlikely to support any magnetic order, an interfacial 
magnetic state providing the exchange-bias–like free-energy term 
cannot be thick and bulk like.

Advanced model
There is, however, a possibility that the hybridization of the interface 
Co layer with molecules leads to the formation of a strongly aniso-
tropic molecular-magnet–like interface magnetism. For example, 

Fig. 3. Magnetic field dependence of the spin-wave frequency in the field-
cooled (in-plane; u0Hcool  =  5  T) Pt(5)/Co(5)/C60(20)/Cu(5) heterostructure. 
(A) The initial-branch reversible region (open diamonds) and the first irreversible 
loop. The initial oscillating magnetic-field sequence, corresponding to the open 
symbols, is shown in the inset. The full symbols represent subsequent measurements 
where the magnetic field was swept monotonously from −1 to 0.8 T and back to 
−0.2 T. The number labels indicate the sequential measurements to emphasize the 
nonmonotonous field sequence in the first part of the loop. (B) The second and the 
beginning of the third loop measured after the first loop. The magnetic field was 
swept in a monotonous manner: –0.1 T → –1 T → 1.4 T → –0.6 T.
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the high-spin Co(II) in low-symmetry organic complexes shows un-
quenched orbital momentum (28, 29) with possibly large magnetic 
anisotropy up to several mega–electron volts per Co ion. A strong 
covalent bonding of the surface Co with the molecules combined 
with charge transfer might result in a similar magnetic anisotropy. 
To check whether such a molecular-magnet–like interface magne-
tism hypothesis can consistently explain the static in-plane and out-
of-plane behavior together with the dynamical response, we 
extended the previously studied CRA model (14) by including an 
interfacial magnetic layer (IML) that is exchange coupled (J) to the 
bulk Co film. The correlated random in-plane anisotropy ( Khy ) is 
assumed to act on the IML only (see Supplementary Text and inset 
to Fig. 7A). Furthermore, we assume that the Néel relaxation time is 
much faster than the spin-wave frequency so the local IML magne-
tization always follows the local IML effective field and is not 
blocked. As shown in Supplementary Text, the IML effective field is 
always large enough to keep the IML magnetization saturated. If the 
exchange coupling, J, is very large, then the IML magnetization, m, 
always follows the bulk Co-film magnetization, M, and the model 
becomes equivalent to the original CRA model. On the other hand, 
when the effective exchange field in the IML, �m,e = JM∕μ0M0m0 , is 
comparable to the local anisotropy field, Hm,a = Khym∕μ0 , the IML 
magnetization acquires a finite angle with respect to M, resulting in 

an effective pseudo–exchange-bias (PEB) free-energy term, which is 
similar to an exchange-bias term (see eq. S10). (To describe the data 
in the full H range using the exchange-bias term, one would need to 
assume that the exchange-bias field is not blocked and reverses 
when the Co-film magnetization is reversed.)

As shown in Fig. 7, the behavior of such PEB-CRA model quali-
tatively matches all the in-plane and the out-of-plane static data, as 
well as the magnetic dynamics data. Comparing the theoretical 
spin-wave frequency hysteresis (Fig.  7A) with the Pt(5)/Co(5)/
CuPc(20)/Cu(5) heterostructure data, the main discrepancy is the 
magnitude of the splitting between the lower and upper hysteresis 
branches. In the data, this splitting also varies with molecular spe-
cies (see Fig. 3). Because, in addition to the model parameters and T, 
the hysteresis can be also affected by extrinsic effects such as grain 
boundaries and the laser excitation during measurement, we believe 
that the discrepancy is not essential.

The PEB-CRA model is also qualitatively consistent with the in-
plane field-cooled dynamical hysteresis data (Fig. 3). However, similar 
to the low-T static in-plane hysteresis data upon field cooling [see (7) 
and fig. S9], strong training effects are observed during the initial out-
of-plane magnetization saturation, and the subsequent hysteresis loops 
show a magnetic-field offset of ~0.1 to 0.2 T. While some training ef-
fects are observed in the simulations, the magnetic-field offset is 

A B

C D

Fig. 4. The spin-wave frequency as a function of H and T in different heterostructures. (A) The frequency as a function of external magnetic field at T = 50 K in all 
studied samples upon zero-field cooling. The continuous gray line is the uniform-precession easy-plane fit (see eq. S2) to the reference Co(5)/Al(3) sample data. The 
dashed lines indicate the large-H asymptotics. (B) The frequency as a function of temperature at a constant external magnetic field in samples with CoPc and CuPc. (C) The 
frequency as a function of temperature at a constant external magnetic field in the sample with Gaq3. (D) The frequency as a function of temperature at a constant exter-
nal magnetic field in samples with C60. The full single color symbols in (C) to (D) correspond to the data points obtained from the zero-field–cooling isothermal H scans at 
different T, while the nonuniform symbols correspond to the constant-H temperature scans. The blue symbols correspond to ℏωp = 3.1 eV and F = 0.3 to 0.4 mJ/cm2, while 
the symbols with a red border correspond to ℏωp = 1.55 eV and F = 1.1 mJ/cm2.
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forbidden by the symmetry. The presence of the magnetic-field offset in 
the field-cooling experiment therefore cannot be explained by the PEB-
CRA model. As the magnetic field is nearly perpendicular to the het-
erostructure plane and the in-plane magnetic-field component in Fig. 3 
did not exceed ~0.1 T, which is comparable to the in-plane coercivity 
(14), it is possible that the in-plane magnetization component in all 
grains was not fully reversed, and the experimental data correspond to 
a minor loop. This is very likely, as the presence of the low-T training 
effects indicates that the IML becomes partially blocked below T = 
50 K. A partial IML blocking implies that the model is not strictly 
consistent at low T. However, the IML effective field is rather large 
and can overcome blocking in most of the IML layer even at low T.

Analysis of possible microscopic mechanisms behind 
frequency hardening
The data indicate that the general molecular shape does not strongly 
influence the molecule-induced PEB and the characteristic T scale. 
This could indicate that the interface is possibly oxidized as proposed 
recently (11). To check for oxidation, we also performed transient 
MOKE experiments in a thin film sample consisting of naturally oxi-
dized 5-nm-thick Co. The presence of antiferromagnetic CoOx at the 

surface also resulted in low-T spin-wave frequency hardening. The 
degree of hardening (ν = 10 GHz at μ0H = 0 T) is, however, substan-
tially smaller with completely different T and H dependencies. A 
sharp, T-dependent, metamagnetic transition was observed around 
μ0H = 0.8 T (at T =  50 K), which will be discussed in detail else-
where (see Fig. 4, A and C, and fig. S5). The observed effects in the 
Co/molecule heterostructures can therefore be reliably attributed to 
the molecular chemisorption to the Co-film surface, although the 
possible role of oxygen contamination in the chemisorption remains 
unclear (11).

Empirically, the common feature of all the investigated mole-
cules is the presence of aromatic rings that are predicted to hybrid-
ize with Co (8, 13, 30) via their π orbitals. In the case of Gaq3 and 
C60, the molecular geometry is such that only part of the rings is 
close enough to the interface to hybridize, while, in the case of MPc, 
all rings can hybridize. The surface density of the hybridized rings is 
therefore expected to be different for different molecules. The ab-
sence of large differences in the molecule-induced spin-wave fre-
quency hardening and the onset T for different molecules suggests 
that the effect might be saturated beyond some critical hybridized 
Co-atom surface density; however, further studies are necessary to 
prove the hypothesis.

While strong interfacial modification is also experimentally 
hinted by the decrease of the saturated magnetic moment, up to 
~15% upon covering a 5-nm-thick Co film with 20 nm of C60 (3, 8), 
the ab-initio calculations (8,  12,  13,  30) generally do not predict 
such strong effects. Here, we should take into account that our data 
suggest that the interfacial magnetic state should involve a correlat-
ed state possibly distributed laterally across several molecules, while 
the ab-initio calculations are usually limited to well-separated inde-
pendent molecules and might miss the longer-range correlation 
effects. A related modification of a few-monolayer-thick Co-film 

A

B

Fig. 5. Oscillation amplitude and damping as a function of T. Comparison of 
(A) the initial oscillation amplitude and (B) damping as a function of T in different 
heterostructures at μ0H = 0.25 T.

Fig. 6. Comparison of the exchange-bias model (eq. S4) spin-wave frequency 
to the data. The static out-of-plane response is shown in the inset. The full lines 
correspond to the average over a random in-plane exchange-bias direction distri-
bution, while the gray band corresponds to the spread of frequencies across the 
distribution. The dashed line corresponds to the in-plane easy-axis model (eq. S3). 
anis., anisotropy.
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anisotropy upon covering with a graphene monolayer reported re-
cently (31) also suggests that a formation of correlated C─Co bond 
arrays might be necessary to achieve the effect. The characteristic 
onset T =  200 K, associated with the spin-wave hardening effect, 
could therefore be connected with the enhancement of the correla-
tion effects, leading to the interface magnetic ordering.

Conclusions and outlook
We systematically investigated the influence of Co/molecular inter-
faces on the magnetization dynamics of 5-nm-thick Co films using 
TR-MOKE spectroscopy. Despite the pronounced differences in mo-
lecular geometry—from spherical to planar and asymmetric struc-
tures—all studied molecules induced a substantial hardening of the 
spin-wave frequency below ~200 K. This consistency across diverse 
molecular systems points to a common interfacial mechanism. One 

plausible unifying feature is the presence of aromatic rings, which are 
known to hybridize effectively with Co d orbitals. While the specific 
role of aromaticity remains an open question and cannot be conclu-
sively established within the scope of this work, our findings suggest 
that such hybridization plays a central role in modifying the interfa-
cial magnetic properties. Further comparative studies involving 
nonaromatic molecules would be necessary to isolate this effect.

The observed hardening of the spin-wave frequency in zero 
external field indicates the emergence of a substantial in-plane ef-
fective field ( μ0H∥eff = 0.9 T) originating from the Co/molecule 
interface. Field-dependent measurements of both static and dynam-
ic magnetizations reveal that this field is associated with a spatially 
correlated, random in-plane PEB. Unlike the conventional exchange 
bias, this effect reverses with the magnetization of the adjacent Co 
layer, indicating that it stems from a distinct anisotropic IML that 
forms below ~200 K and is confined to the interfacial region. This 
IML is likely a consequence of strong chemical modification of the 
Co surface through chemisorption of the molecular overlayer. Pre-
vious studies have shown that such chemisorption can lead to pro-
found restructuring of the magnetic environment extending several 
nanometers into the metal layer, but the presence of a distinct and 
additional interface component has been revealed in this work 
through ultrafast magnetization dynamics.

Our results demonstrate that hybridization with molecular layers 
can strongly influence surface magnetism without compromising 
structural integrity—an encouraging sign for the integration of such 
interfaces into existing device fabrication processes. The robustness 
and reproducibility of the observed PEB and highly anisotropic 
magnetic behavior at low temperatures suggest that hybrid Co/mol-
ecule interfaces offer a promising platform for further exploration. 
In particular, they open up opportunities for tuning spin-dependent 
phenomena such as magnetic switching fields, spin-wave propaga-
tion characteristics, and spin pumping efficiency—key parameters 
in next-generation spintronic devices. These findings highlight the 
potential of molecular hybridization as a powerful tool for tailoring 
interfacial magnetic properties. Continued exploration of such in-
terfaces, including systematic variation of molecular structure and 
adsorption conditions, will be essential for developing design strate-
gies toward functional molecular spintronic architectures.

MATERIALS AND METHODS
Time-resolved magneto-optical Kerr measurements
The sample is mounted in a magneto-cryostat with the external 
magnetic field H approximately perpendicular to the Co-molecular 
thin-film heterostructure as shown in  Fig.  1A. An ultrafast laser 
pump pulse (τp <  60 fs and photon-energy ℏω =  3.1 or 1.55 eV) 
excites the system, inducing a rapid change of the effective anisot-
ropy field from the thermal equilibrium value, Ha, to a perturbed 
value, H′

a
 , where both can be statically affected by the external field, 

H. As a result, the magnetization, M, starts to coherently precess 
around the perturbed equilibrium position while losing the un-
aligned angular momentum component by interactions with the 
system’s electronic and lattice excitations (16). The magnetization 
dynamics is probed using a probe laser pulse (photon-energy 
ℏω = 1.55 eV, within the optical gaps of all the studied molecules) 
with a variable time delay with respect to the pump pulse. This dy-
namics is related to the one observed in the FMR experiments, and 
the spin-wave oscillation frequency, ν, is expected to depend on the 

A

B

Fig. 7. Comparison of the PEB random-anisotropy model to the experimental 
data. (A) The spin-wave frequency hysteresis after zero-field cooling in the CuPc-
based heterostructure compared to the model. The inset is a graphical illustration of 
the model. (B) The static out-of-plane response data compared to the model. The in-
set is a comparison of the theoretical in-plane hysteresis calculated with the random-
anisotropy model (14) and the PEM random-anisotropy model. The parameters 
(eq. S11) for the simulated curves are K

⊥
M0 = 0.6 T, Khym0 = 14.6 T, J ∕m0 = 18.3 T, 

and dM0 ∕m0 = 12 , corresponding to α  =  1.2 and KRM0 = 0.61 T. The correlation 
length is rc = 5.5ξc with ξc being the Co exchange length. Rand., random.
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anisotropy field of the system (16, 17). This means that this experi-
mental configuration can be used to extract information about the 
magnetic anisotropy due to the presence of the interfacial FM-
molecular hybridization. To minimize the possible effects of the lat-
eral inhomogeneity, the probe laser beam diameter (~50 μm) was 
kept slightly smaller than the pump laser beam diameter (~70 μm).

Heterostructure fabrication and characterization
For the two-layer heterostructures, thin Co films (5 nm) were 
deposited by electron beam (e-beam) evaporation on Al2O3 (0001) 
substrates at room temperature and base pressure of 1.1 × 10−10 mbar 
with the deposition rate of 0.03 Å/s. The organic layer or the Al layer 
was subsequently deposited on top of the Co layer by thermal evapo-
ration (base pressure: 1.1 × 10−9 mbar) at room temperature with-
out breaking vacuum. The deposition rates were 0.15 Å/s for C60, 
0.25 Å/s for Gaq3, and 0.1 Å/s for Al.

The four-layer thin-film structures were grown on 0.5-mm-thick 
(0001) Al2O3 substrates. The (111) textured Pt layers of ~4-nm 
thickness were grown at 500°C by means of e-beam evaporation at a 
growth rate of ~0.1 Å/s. The substrate was then cooled down to 
room temperature, and the Co layer (5 nm) was grown also with the 
e-beam evaporation technique at a rate of ~0.1 Å/s. Within the same 
chamber, organic molecule layers were sublimed onto the Co sur-
face at a pressure of 5 × 10−10 mbar with a rate of ~0.3 Å/s until a 
thickness of 20 nm was measured through a quartz monitor. The Cu 
cap layer (5 nm) was magnetron sputtered on top of the thin-film 
structure. The heterostructures were then structurally characterized 
by means of x-ray reflectivity and Raman spectroscopy.
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