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Metal-organic frameworks (MOFs) are crystalline and porous, molecular solids consisting of metal nodes
and organic ligands. An interesting example is the MOF-2 system, where Cu®" ions form antiferromagnetically
coupled dimers to yield so-called paddlewheels. In the case of surface-anchored MOF-2 (SURMOF-2) systems
the Cu®" ions are connected via carboxylate and OH groups in a zipperlike fashion. This unusual coupling of
the spin-1/2 ions within the resulting one-dimensional chains stabilizes a low-temperature ferromagnetic (FM)
phase. In this study, the magnetic properties of two SURMOF-2 systems (Cu(bdc) and Cu(bpdc) with bdc =
1, 4-benzendicarboxylic acid, bpdc = 4.4-biphenyldicarboxylic acid) were investigated using x-ray magnetic
circular dichroism both in the absorption and in the scattering geometry. The presence of the FM phase in
these SURMOF-2 systems is confirmed. Taking advantage of the element sensitivity of this technique. it was
established that the magnetic signal originates from Cu** ions. After loading of SURMOF-2 with metallocene
molecules, no remarkable changes of the magnetic properties of the host matrix were observed. However, the
magnetic behavior of the guest molecules, as it turned out, is rather different. In the case of nickelocene loading,
a polarization effect was found, resulting in ferromagnetic ordering of the guest molecules. However, in the
case of manganocene derivatives, the polarization effect is not observed and these molecules remained in their
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paramagnetic state. The details of these effects are discussed.
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I. INTRODUCTION

Metal-organic frameworks (MOFs), also known as porous
coordination polymers (PCPs), are crystalline, molecular
solids that have emerged in the last three decades as a
family of novel materials. The common property of all these
crystalline frameworks, constructed from the assembly of in-
organic subunits (metal nodes) and organic linkers, is their
high permanent porosity [1,2]. The porosity, in combination
with other unique properties, like the enormous variety and
flexibility, makes MOFs suitable for various applications, for
example, the storage and separation of small molecules [3]
as well as a greenhouse gas sequestration [4]. In addition
the presence of inorganic subunits has led to applications in
heterogeneous catalysis [5,6] as well as in conductivity [7-9]
and magnetism [8—12]. Moreover, the presence of magnetic
centers either in the nodes or in the pores of a crystalline
MOF allows to create organized magnetic nanostructures,
while keeping them well separated in space. Such a fea-
ture may be of potential interest in quantum technologies,
since there a controlled disposition of magnetic moieties in
space is required. And, a recent study of the quasilinear
metal-ion chains suggested that this easy-to-fabricate class of
materials exhibits interesting one-dimensional (1D) magnetic
properties [13].
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Surface-anchored MOFs (SURMOFs) are oriented, highly
crystalline thin films of MOFs [14,15], which are grown
by liquid-phase (quasi)-epitaxy in a well-defined step-by-
step mode on a functionalized substrate. For our study we
used a particular class of SURMOFs, denoted as SUR-
MOF 2 [Figs. 1(a) and 1(b)], which is derived from MOF 2,
one of the simplest framework architectures [16,17]. MOF-
2 is based on paddlewheel (pw) units formed by attaching
4 dicarboxylate moieties to Cu’t or Zn>* dimers, yield-
ing planar sheets with fourfold symmetry. These planes
are held together by strong carboxylate—metal bonds [18].
Conventional solvothermal synthesis yields a stack of pw
planes shifted relative to each other, with a correspond-
ing reduction in symmetry to yield a P2 or C2 structure
[16,19,20]. The motivation for the present work is based on
results of Friedldnder et al., who have recently reported the
ferromagnetic ordering in the Cu(bdc)/Cu(bpdc) (bdc =1,
4-benzendicarboxylic acid, bpdc = 4,4-biphenyldicarboxylic
acid) SURMOF-2 series with Curie temperatures around 20 K
[21]. It is important to note that, in contrast to other 1D sys-
tems, no strong magnetic fields are needed to induce a sizable
magnetization.

A growing number of experiments using atom and shell
selectivity of synchrotron radiation techniques are carried out
to study magnetic properties. In this context, x-ray magnetic
circular dichroism (XMCD) spectroscopy is a powerful
technique that measures the difference in absorption of
left- and right-circularly polarized x rays by a magnetized
sample, often at cryogenic temperatures. By now XMCD

©2023 American Physical Society
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FIG. 1. Cu(bdc) (a) and Cu(bpdc) (b) SURMOF-2 structures (blue: copper, red: oxygen, brown: carbon, white: hydrogen). The zipperlike
chain of Cu®* is presented; Metallocene molecules: brown, carbon: white, hydrogen: magenta Me (Ni, Mn). Sketches of the host matrix and

guest molecules are presented only for illustration.

is well established in magnetic materials science, and has
also become an important tool for the investigation of both
(metallo)organic [22] and (bio)inorganic [23] samples. As
with all x-ray absorption spectroscopies (XAS), XMCD has
the advantage of being element specific, i.e., it allows to
separate different magnetic components in heterogeneous
samples [24]. X-ray resonant magnetic scattering (XRMS),
which is XMCD in the scattering geometry, uses the energy
dependence of corrective terms to the atomic scattering factor
being sensitive to the magnetization of the sample [25,26].
This method is very useful to study magnetic thin films,
heterostructures, and multilayers, including a determination
of magnetic order or disorder on the interfaces (magnetic
roughness) and interlayer coupling. In order to study XMCD
and XRMS in 3d transition metals, experiments are conve-
niently carried out over their L3 » absorption edges, which are
placed in the soft x-ray range and special vacuum conditions
are required. With new synchrotron radiation sources and
improved end stations, XMCD/XRMS measurements on
heterogeneous samples are becoming more routine.

The aim of the current study was to shed more light
on magnetic coupling of the metallocenes with the Cu
magnetic moments in Cu(bdc)/Cu(bpdc) systems [Figs. 1(a)
and 1(b)]. For that, the metallocene guest molecules
were loaded into the pores of the SURMOF-2 host.
Subsequently, the magnetic behavior of both the empty
host frame and host/guest system have been investigated.
We have chosen nickelocene and manganocene deriva-
tive (nickelocene — bis(cyclopentadienyl)nickel, manganocene
derivative —bis(isopropyl-cyclopentadienyl)manganese) for a
loading in Cu(bdc)/Cu(bpdc) surface-anchored frameworks.
This manganocene derivative is below referred to as
manganocene*. The choice of possible guest molecules is
limited, because other metallocenes are either very sensitive to
air and unstable (vanadocene, cobaltocene) or do not exhibit
any magnetic moment (ferrocene). The additional interest to
use manganocene derivatives in the study is based both on
possible steric effect and on the observation of a high-spin
electron configuration in such compounds [27].

II. EXPERIMENT

A. Sample preparation

Before the SURMOF synthesis, the gold substrate
(100-nm Au/5-nm TiO; deposited on Si wafer) was function-
alized by a carboxylic acid-terminated self-assembled mono-
layer (SAM) [28]. To this end, the substrate was immersed
in a 20 uM ethanolic solution of 16-mercaptohexadecanoic
acid for about 2 days. Then, the Cu(bdc) and Cu(bpdc)
SURMOF-2 films (bdc =1, 4-benzendicarboxylic acid,
bpdc = 4,4-biphenyldicarboxylic acid) have been grown at
room temperature in a step-by-step fashion using spray-
coating process [29-31]. The substrates were placed on the
sample holder and subsequently sprayed with 1 mM copper
acetate (Cuy(CH3COO), - H,0) ethanolic solution for 10 s
and with 0.2 mM of bdc or 0.1 mM of bpdc ethanolic solutions
for 20 s, respectively. In between these two steps there was a
break of 30 s, during which the sample was cleaned by rinsing
with pure ethanol. Each cycle was repeated 50 times. The total
thickness of the SURMOF films amounted to about 100 nm.

The loading with nickelocene and manganocene* was per-
formed from the liquid phase. The SURMOFs were immersed
for 4 h in the ethanolic nickelocene and manganocene*
solutions with a concentration of 17 and 24 mg per ml,
respectively. The concentrations amounted to approximately
10% of the saturation concentration. To avoid oxygen and
air exposure, the solution preparation and SURMOF loading
were done in an oxygen-free nitrogen glovebox.

The crystallinity of the SURMOF samples was investi-
gated with x-ray diffraction (XRD), using x-ray radiation
of A =0.15419nm (Cu Ko, radiation). The x-ray diffrac-
tograms (Fig. S1 in the Supplemental Material (SM) [32])
show clear diffraction peaks in full agreement with the calcu-
lated structures, verifying a high degree of crystallinity with
the SURMOF-2 structures as described previously [15].

B. XMCD/XRMS experiments

The XMCD/XRMS experiments were performed at the
high-field end station VEKMAG [33] installed at the dipole
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beamline PM2 of the synchrotron facility BESSY II, which is
operated by the Helmholtz-Zentrum Berlin (HZB). This end
station offers unique capabilities for this type of research,
since it provides a vector magnetic field with a maximum
magnetic field up to 9 T in the beam direction, 2 T in the
horizontal plane, and 1 T in all directions for a temperature
range of 2-500 K. The temperature calibration was done
by using a calibrated Cernox sensor that was mounted on a
sample holder. The base pressure in the end station at room
temperature was 2 x 107'0 mbar.

The x-ray absorption spectra were recorded by means of to-
tal electron yield, measuring the drain current as a function of
the photon energy. Measured signals were normalized by a Ta
grid x-ray monitor mounted in a magnetically shielded envi-
ronment as the last optical element before the sample. During
the XAS/XMCD measurements, the magnetic field was ap-
plied collinear with the photon beam; the sample was oriented
both in grazing (6 = 20°, in-plane magnetization) and in
normal (out-of-plane magnetization) incidence geometry. The
following normalization procedure of x-ray absorption spectra
was used—first, the linear preedge background is subtracted;
second, the rest intensity is normalized to the intensity of the
L3 peak.

XRMS measurements were carried out both in 6-26 mode
around the (001) reflection keeping the photon energy of the
synchrotron radiation at the Cu L3 edge as well as at the
fixed incidence angle while varying the photon energy. A
Si photodiode has been used as a detector of the scattered
beam. XMCD/XRMS were measured with fixed helicity and
alternating magnetic field B = £8 T parallel to the incoming
beam. The degree of circular polarization is P = 0.77.

In order to get an acceptable signal-to-noise ratio for the
magnetization curves the following procedure was applied:
First, for every value of the magnetic field, XMCD spectra
were acquired five times at the energies of the Cu (Ni, Mn)
L; and L, peaks, which were determined from corresponding
wide-range XAS/XMCD scans. Then, after averaging, the
magnetic contrast (I — I™) was normalized to the intensities
of the corresponding XAS L3, peaks (IT + I7). Since for all
magnetization curves no differences in the data measured both
during the increase and during the decrease of the magnetic
field were observed (no visible hysteresis), the measured data
were additionally averaged. In order to get stable temperature
conditions, the samples were first cooled down to the low-
est possible temperature, and then they were kept at these
conditions up to 2 h. The XMCD/XRMS measurements were
started only after the temperature had stabilized. For most of
the measurements the temperature, based on the calibration,
was 8.4 K. For temperature-dependent experiments, an ad-
ditional radiation shield was installed, resulting in a lowest
temperature of 3 K.

In order to determine whether the x-ray beam does not
damage the sample structure (reduction of Cu?* ion to a
nonmagnetic Cu™ state) or/and no possible water adsorp-
tion/growth of ice layer takes place, XAS data have been
measured twice, before and after rather long series of mag-
netization curves. Fortunately, even after several hours of
measurements we did not detect any changes in the x-ray
absorption spectra. We thus conclude that under the experi-

mental conditions used here both radiation damage and water
adsorption were absent or negligible.

III. RESULTS AND DISCUSSION

A. Pristine SURMOF-2 samples

X-ray absorption Cu L3, edge spectra ((I™ +17)/2) and
the corresponding XMCD signals (/T — I~) measured for the
Cu(bdc) and Cu(bpdc) SURMOF-2 samples in the grazing-
incidence geometry are presented in Figs. 2(a) and 2(b),
respectively. Both XAS measurements look very similar with
two pronounced peaks at photon energies of 931.1 and
950.9 eV, corresponding to the L3, edges of Cu®*. These
XAS spectra are almost identical to the XAS spectra of CuO
presented in the paper of Kvashnina et al. [34]. The ground
state in this case can be also described as a mixture of 3d° and
3d'% L character [35], where L stands for a hole in the O 2p
band. The main peak at 931.1 eV corresponds to the 2p33d'°
final state. This state gives a single line without multiplet
splitting, because the d shell is filled. At ~20 eV above this
peak (2p3/2), another structure with lower intensity appears
(2p1,2). This structure is broader due to a shorter core-hole
lifetime and interaction with the 2p3/; continuum [34]. Cu
L3> XAS data and corresponding XMCD signal obtained for
normal-incidence geometry are presented in Figs. S2(a) and
S2(b) in the Supplemental Material (SM) [32]. No feature
corresponding to Cu* at around 933.5 and 953.4 eV was ob-
served for all spectra, confirming the absence of SURMOF-2
degradation under the synchrotron radiation. The XMCD
signals (red-filled areas) look typical, demonstrating rather
strong magnetic contribution in x-ray absorption spectra for
all samples. The ferromagnetic behavior is clearly seen for
all magnetization curves ([Figs. 2(c) and 2(d) and S2(c) and
S2(d)] in SM [32]) with some paramagnetic contribution,
which is more pronounced for Cu(bpdc) measured at the
normal-incidence geometry. Additionally, rather small, but
clearly visible anisotropy (easy axis parallel to the surface)
was observed in full accordance with previous results of
Friedlinder et al. [21].

In a next step, the magnetic properties of Cu(bdc)
SURMOF-2 were investigated in dependence on the sample
temperature. As mentioned above, a special thermoshield was
additionally installed to reach temperatures less than 8 K.
Because of the design of this shield, XAS/XMCD experiments
could be carried out in the normal-incidence geometry only
and, therefore, the presented data were obtained for the out-of-
plane magnetization. First, the sample was cooled down to 3 K
at zero magnetic field. After temperature stabilization, XMCD
measurements were carried out around the Cu L; edge with
the reswitching of the direction of the magnetic field, which
was varied from 0.5 to 4 T. Then, the sample temperature was
increased and, after its stabilization, the measurements were
carried out again. This procedure was repeated for tempera-
tures in the range of 3-50 K. The obtained data are presented
in Fig. 3. They are in very good agreement with similar mea-
surements by superconducting quantum interference device
reported in Ref. [21]. The steplike shape of the curves proves
ferromagnetic behavior; the different height of the saturation
of the XMCD signal towards low temperatures for different
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FIG. 2. X-ray absorption spectra [(I* + I7)/2, black lines] and corresponding XMCD signals (It — I, red-filled areas) measured on the
Cu L3, edges of Cu(bdc) (a) and Cu(bpdc) (b) SURMOF-2 in the grazing-incidence geometry. The magnetic field during the measurements
was +8 T, pointing parallel to the incident beam. Magnetization curves (I + 17)/(I*™ — I™) of Cu(bdc) (c) and Cu(bpdc) (d) SURMOF-2

measured at 7 = 8.4 K for in-plane magnetization.

fields indicates the presence of some secondary antiferromag-
netic interactions, as discussed in Ref. [21].

B. X-ray resonant magnetic scattering

As mentioned above, SURMOFs are highly oriented crys-
talline thin films with high structural quality. Since the
unit-cell size amounts to about 1 nm, it is possible to observe
Bragg peaks not only with hard x-ray diffraction (Fig. S1 in
SM [32]), but in the soft x-ray range as well. Moreover, with

3.0

—_ Cu(bdc)

_‘.é 25 -0.0.... e

: 20 EEm d | 2T

5 '.l-I ° 1T

< s} s ® & 05T

g'i § ... LY

g 1.0 -“§ §§§ ., [ . .-

é 05} §§§ "a . LR
00} \ ; M s pe ¢ 9.

0 10 20 30 40 50

Temperature (K)

FIG. 3. Temperature dependence of the XMCD signal measured
at normal incidence on Cu(bdc) SURMOE-2 film.

the use of circular-polarized radiation with a photon energy
corresponding to an absorption edge, the magnetic contribu-
tion in scattering intensity can be detected as well [26]. The
Cu(bpdc)(100) Bragg peak, measured in 6/260 mode at the
fixed photon energy corresponding to the maximum of the Cu
Ls edge, is presented in Fig. 4(a). In Fig. 4(b) the same Bragg
peak was measured at fixed 6/26 angle positions while varying
the photon energy around the Cu L3 edge. The magnetic field
was set to =8 T. The magnetic contrast is clearly visible here
as well.

As it was mentioned above, the XRMS technique suited
well for the study of magnetic multilayers and a determination
of a possible interlayer (ferromagnetic or antiferromagnetic)
coupling in such systems. This opportunity is rather unique,
because such kind of coupling cannot be recognized from
XMCD measurements in a straightforward way. Surface-
anchored MOFs grown by the step-by-step method with
magnetic Cu?* chains could be considered as magnetic mul-
tilayer as well, and interlayer coupling could be expected. In
the case of antiferromagnetic coupling, the magnetic period
will be doubled and the so-called half-order peak should be
observed. In order to check for such an antiferromagnetic cou-
pling between neighboring Cu®*" chains, the photon energy
was fixed at E = 931.1 eV (Cu L3 edge) and XRMS measure-
ments around the position of the half-order peak (6 ~ 13°)
were carried out, but no additional features were observed in
the measured spectra.
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FIG. 4. Cu(bpdc)(100) Bragg peak measured: (a) in /26 mode at
the fixed photon energy corresponding to the maximum of the Cu L;
edge and (b) at fixed 6/20 angle positions while varying the photon
energy around this absorption edge. The black curve was measured
at zero field, the red and green curves at 8 and —8 T, correspondingly.

To summarize this part of our study, we have successfully
demonstrated the applicability of XMCD/XRMS techniques
for the investigation of the magnetic properties of SURMOF-2
systems. Both for Cu(bdc) and Cu(bpdc) the magnetic be-
havior is very similar and no dependence of the magnetic
behavior on the chain-chain distance in SURMOF-2 systems
has been observed. This observation strongly suggests that
a ferromagnetic coupling between two neighboring chains is
absent and, on the basis of XRMS results, antiferromagnetic
coupling between these chains could be also excluded. Our
results directly confirm the statements made by Friedldn-
der et al. that such systems could be considered as 1D
magnet [21].

C. Metallocene-loaded SURMOF-2 samples

Since in empty SURMOF-2 systems there is no mag-
netic coupling between the chains formed by the Cu®* ions,
it was decided to check whether such a coupling can be
induced by loading the pores of the SURMOFs with mag-
netic metallocene guest molecules, namely nickelocene and
manganocene*. In the latter case it was interesting to check
also for a possible effect of the presence of additional iso-
propyl groups on the behavior of the guest molecules in the
host SURMOEF-2 structure.

Cu L3, edge x-ray absorption spectra and corresponding
XMCD signal measured on nickelocene-loaded Cu(bdc) in the
grazing-incidence geometry are presented in Fig. 5(a). The
XAS/XMCD data look very similar to the spectra measured
on unloaded SURMOF-2 sample [Fig. 2(a)]. In Fig. 5(b),
x-ray absorption spectra and corresponding XMCD signals
measured on the Ni L3 » edges for this sample are presented as
well. The XAS/XMCD data obtained for nickelocene-loaded
Cu(bpdc) in the grazing-incidence geometry both for Cu-
and Ni L3, edges are presented in Figs. S3(a) and S3(b)
in the Supplemental Material [32]. All data obtained in the
normal-incidence geometry for both SURMOF-2 systems are
presented in Figs. S5 and S6 in SM [32]. In all Ni L3 , spectra,
in addition to the main peaks at photon energies of 852.7 and
870.0 eV corresponding to a Ni L3 >-edges splitting of ~17 eV,
a fine structure is observed. Such a fine structure is typical for
a 3d® configuration of Ni** as it was calculated for such ion
in bis(diphenylbis((methylthio)- methyl)borate)nickel [36].

The XMCD signal of Ni [red-filled area in Fig. 5(b)]
demonstrates a sizable magnetic contribution from the guest
molecules. The small positive XMCD signal at E = 854.9 eV
originates possibly from a partly occupied d.” orbital. In this
case it has an opposite sign with respect to the XMCD signal
at 852.7 eV, similar to observations of Arruda et al. for Co
porphyrins adsorbed on a Cu(100) substrate [37]. However,
since the spectra do not change considerably with the inci-
dence angle, this would then imply that the Ni quantization
axes (in respect to the d,? orbitals) lie in different directions
in different molecules according to our suppositions.

In Figs. 5(c) and 5(d) we present the magnetization curves
(in-plane magnetization) of nickelocene-loaded Cu(bdc) mea-
sured at the Cu- and the Ni L3, edges, respectively. The
shape of the magnetization curve measured at the Cu Ls;
edges [Fig. 5(c)] clearly demonstrates the ferromagnetic be-
havior. Its shape is almost the same as for the empty samples
[Fig. 2(c)]. The magnetization curve measured at the Ni L3 »
edges [Fig. 5(d)] demonstrates a magnetic behavior of the
guest molecules as well. In spite of pure paramagnetic prop-
erties of nickelocene in the solid phase [38], here the presence
of both ferromagnetic and paramagnetic contributions in the
magnetic signal is clearly seen. We explain this behavior with
a polarization of some part of the guest molecules from fer-
romagnetically ordered Cu>t chains, keeping the rest of the
molecules in unpolarized paramagnetic state. No reasonable
magnetic anisotropy was observed in this case that allows us
to conclude about an absence of any ordered configuration of
the nickelocene molecules in the SURMOF-2 host system.

To get more information about the magnetic properties
of this system, we analyze the field-dependent XMCD data
of Ni-loaded Cu(bdc). In a first step, we model the field-
dependent XMCD of the Cu L3, edges [Fig. 5(c)], using
a simple mean-field approximation for purely ferromagnetic
coupling between Cu magnetic moments. The following as-
sumptions are made: S = 1/2 (then there is no anisotropy
in zero-field splitting), identical ferromagnetic interactions
between all Cu atoms, neglecting any antiferromagnetic in-
teractions as well as additional coupling across the Ni atoms,
T = 8.4 K (see Supplemental Material [32] for further de-
tails). The black curve is the best fit, which was obtained for
a parameter of 7o = 8.7 K. The only other fit parameter is a
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FIG. 5. X-ray absorption spectra (I + 17)/2 (black lines) measured at Cu (a) and Ni L3, edges (b) on nickelocene-loaded Cu(bdc)
samples in the grazing-incidence geometry. The corresponding XMCD signals /™ — I~ are shown as red-filled area. Magnetic field during the
XMCD measurements was +8 T, parallel to the incident beam. Magnetization curves (points) of nickelocene-loaded Cu(bdc) measured at the
Cu L3, edges (c) and the Ni L; , edges (d). The black curves in (c), (d) are the calculation using mean-field approximation for ferromagnetic
coupling between Cu magnetic moments. The red curve in (d) is a fit by a simple model taking into account the coupling between Cu and Ni
ions (for details see the text). Pure paramagnetic behavior of the Ni ions is presented by the blue curve (d).

factor used to match the experimental XMCD signal to the
simulation. The good agreement between experimental and
calculated data is clearly seen in spite of some asymmetry of
the experimental data around +2 T. We can also convert this
Tc value into a coupling energy Jc, using Joy, = 3kg/nyn-Tc
(still neglecting the role of nickelocene for that), nyy is the
number of nearest Cu-neighbor atoms. Since there are 2 Cu
nearest neighbors, we obtain Jo, = 1.1 meV.

In the next step we use this simulated curve, representing
the Cu L3, edge XMCD data, and compare it to the Ni L3 »
edge XMCD data [Fig. 5(d))]. A very rough approximation
to estimate the coupling energy of individual Ni atoms is
applied: coupling to the average Cu magnetization as con-
tribution to the effective field for the Ni moments [39] and
identical coupling strength for all nickelocenes. For details see
the Supplemental Material [32]. The black curve in [Fig. 5(d)]
is the same as on [Fig. 5(c)] with a small rescaling only; it
is used as the average Cu magnetization in the model. From
the deviation of the Ni data from that curve it is seen that
the coupling energy must be of about the same order as kg7 .
Assumptions made for the Nidataare S =1, u =2 ug, T =
8.4 K, no anisotropy. The red curve is now a fit of this sim-
ple model to the experimental data points, using the vertical
scaling and the coupling energy Jxi = 0.7 meV as fit parame-

ters. Paramagnetic moments, in contrast, would yield the blue
curve. If paramagnetic excess nickelocene molecules were
present in the sample, the coupling energy of the coupled nick-
elocenes would be accordingly higher. It seems that the Ni-Cu
coupling is a direct double-exchange coupling, with a cou-
pling strength of the same order as the Cu-Cu coupling Jc,.

In order to investigate the possible proximity effect, we
used manganocene* (bis(isopropyl-cyclopentadienyl) man-
ganese), in which two hydrogen atoms were substituted with
two isopropyl groups. In this situation the presence of these
groups does not allow guest molecules to come very close
to Cu?* chains and thus any polarization induced by a direct
contact should be absent.

To clarify this point, the Cu L3 » XAS spectrum (black line)
and corresponding XMCD signal (red-filled area) measured
on manganocene*-loaded Cu(bdc) in the grazing-incidence
geometry are presented in Fig. 6(a). Both XAS spectrum
and XMCD signal look almost the same as for the pristine
SURMOF-2 films. X-ray absorption spectra and correspond-
ing XMCD signal measured on the Mn L3, edges for these
samples are presented as well [Fig. 6(b)]. The XAS/XMCD
data obtained for the Mn-cene*-loaded Cu(bpdc) SURMOF-2
film are presented in Figs. S4(a) and S4(b) in the SM [32].
In the XAS spectrum, in addition to the L3 main peak at a
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FIG. 6. X-ray absorption spectra (/T 4 I7)/2 (black lines) measured at the Cu L; ; edges (a) and the Mn L; , edges (b) on Cu(bdc) in the
grazing-incidence geometry. The corresponding XMCD signals It — I~ are shown as red-filled area. The magnetic field during the XMCD
measurements was +8 T, parallel to the incident beam. Magnetization curves of Mn*-loaded Cu(bdc) measured at in-plane (black points)
magnetization at T = 8.4 K. Experimental curves were measured at the Cu L;, edges (c) and the Mn L;, edges (d). Solid line in (d) is an
isotropic Brillouin function (T = 8.4 K, S = 2; the vertical scaling was chosen to fit the calculated curve with the corresponding experimental

data).

photon energy of 639.1 eV, two less-resolved satellites are ob-
served and the L, peak has a doubletlike structure. Such a fine
structure is typical for a Mn?" state (3d° configuration) [40],
which is also expected for manganocene*. The rather broad
line shape of the L3 peak could be explained with a formation
of Mn?*-Mn?* dimers [40] or an oxidation of manganese to
the Mn>" state [41]. The XMCD signal at the Mn Ls » edges
(red-filled areas) is also clearly visible, but the intensity is
much lower in comparison to the one at the Ni L3, edges
in nickelocene-loaded samples. XAS/XMCD data measured
in the normal-incidence geometry as well as corresponding
magnetization curves look very similar (see Figs. S7 and S8
in Supplemental Material [32]).

The magnetization curves of manganocene*-loaded
SURMOF-2 samples have been measured in in-plane/out-of-
plane magnetization at 7 = 8.4 K as well. In Fig. 6(c) we
present the magnetization curve acquired at the Cu L3, edges
for Cu(bdc). The ferromagnetic behavior is clearly seen for the
curve measured at the Cu L3, edges with some paramagnetic
contribution. The shape of the curve is almost the same as for
the pristine (empty) samples [Fig. 2(c)]. The magnetization
curve measured at the Mn L3 , edges [Fig. 6(d)] demonstrates
substantially different magnetic behavior of these guest

molecules. While in the case of nickelocene, the main part
of the guest molecules was ferromagnetically aligned with
the Cu moments, for manganocene®, the magnetic signal
is paramagnetic. To confirm this statement, we compared
the experimental Mn XMCD magnetization data with an
isotropic Brillouin function (calculated for 8.4 K and § =2
[solid line in Fig. 6(d)]; see Supplemental Material [32] for
further details. Although the Brillouin function shows already
some curvature at this temperature, it is compatible with the
experimental data, considering a different vertical scaling.
This behavior could be explained with the absence of any
polarization from ferromagnetically ordered Cu?* chains,
which could be explained either by the internal electronic
structure of manganocene* or, more probably, the presence
of the substituted isopropyl groups. In the latter case these
groups could prevent an opportunity for Mn>* centers to be
placed close to Cu>* chains and to be polarized.
Summarizing our observations, we conclude that the
guest molecules do not change the magnetic ordering of
Cu®*t chains in the SURMOF-2 host. Moreover, nickelocene
molecules are polarized themselves from the ferromagneti-
cally ordered Cu?* ions. These effects could be explained with
a proximity effect, i.e., only those molecules which are placed
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close to the Cu®t chains could be polarized. In the case of
manganocene*, no polarization was observed at all.

IV. CONCLUSIONS

In conclusion, the magnetic properties of the SURMOF-2
systems Cu(bdc) and Cu(bpdc) were investigated using x-ray
magnetic circular dichroism both in the absorption and in the
scattering geometry. The presence of the FM phase in these
SURMOF-2 systems has been confirmed. Taking advantage
of the element sensitivity of this technique it was directly
established that the magnetic signal originates from Cu’*
ions. For both SURMOF-2 films, Cu(bdc) and Cu(bpdc), the
magnetic behavior is very similar and no dependence on the
chain-chain distance in these systems has been observed. It
means that a ferromagnetic coupling between two neighbor-
ing chains is absent and, on the basis of XRMS results,
antiferromagnetic coupling between these chains could be
also excluded. After loading of SURMOF-2 with metallocene
molecules, a different behavior of magnetic properties was
found. In the case of nickelocene loading a polarization effect

was found, resulting in ferromagnetic alignment of the guest
molecules. However, the polarization effect was not observed
in the case of manganocene derivatives and the molecules
remain paramagnetic. It seems that the Ni-Cu coupling is a
direct double-exchange coupling, while the coupling between
Cu-Mn is absent.
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