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The spin ladder system BaFe,Se; presents puzzling magnetic behaviors, such as a spin-glass-like phase below
~50 K. In this paper, an exchange bias effect with a large vertical shift in the field-cooled hysteresis loop
is observed below 50 K. We also evidence the existence of uncompensated spins by susceptibility, magnetic
remanence, and hysteresis loop measurements. The thermoremanent and isothermoremanent magnetization
curves evidence a two-dimensional diluted antiferromagnet (DAFF) nature. Moreover, a nanometer-sized layered
structure is observed by scanning electron microscope (SEM) and confirmed by scanning transmission electron
microscope (STEM) coupled with electron energy loss spectroscopy (EELS). The discovery of exchange bias
in antiferromagnetic BaFe,Se; crystals adds a new dimension to the research of its superconducting and

multiferroic properties.
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I. INTRODUCTION

During the last decade, the quasi-one-dimensional com-
pound BaFe,Se; attracted a lot of attention because of its
multiferroic property and superconductivity [1,2]. The super-
conducting phase emerges between 10 and 15 GPa below 11 K
[2]. A ferrielectric state is also evidenced and persists up to
~600 K [3]. The Fe atoms form a ladder structure. Each ladder
is constituted of two Fe legs, which extend along the b axis [4].
BaFe,Se; exhibits an unconventional block antiferromagnetic
order below the Néel temperature (7y) [5]. The Fe moments
of about 3 p are parallel or anti-parallel to the a axis, which
is also the magnetic easy axis [6]. Besides, puzzling magnetic
features are reported at low temperature: (i) An anomaly in the
susceptibility curve below a frozenlike temperature 7y ~ 50 K
and (ii) the absence of long-range magnetic transition at 7
in the neutron diffraction measurements [5,7,8]. Until now,
this behavior has been attributed to a spin-glass transition
coming from either the underlying magnetic frustration or the
presence of random spins [6,7,9]. In this work, we propose a
microscopic interpretation of the 7 anomaly in terms of the
exchange bias effect.

The exchange bias effect was discovered by Meiklejohn
and Bean in Co particles covered with antiferromagnetic oxide
CoO [10]. Generally, the exchange bias (EB) is character-
ized by a horizontal shift of the magnetic hysteresis loop
after field-cooling (FC). It occurs in various systems, which
possess interfaces between antiferromagnetic (AFM) and fer-
romagnetic (FM) phases, like AFM/FM thin film bilayers,
nanoparticles, AFM single crystal coated with an FM mate-
rial, and even spin glasses [11]. On the microscopic scale,
uncompensated spins of the AFM phase which are coupled
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to the FM phase by magnetic exchanges are believed to be
at the origin of the exchange bias effect [12,13]. Moreover,
the presence of a vertical shift of the magnetic hysteresis
loop under FC is observed in a few systems: Bilayers or
multilayers of AFM and FM [12,14-19], nanoparticles with
AFM core and FM shell [20-23] or ferrimagnetic (FIM) core
and AFM shell [24]. In the systems above, interfaces between
at least two different AFM and FM/FIM materials are re-
quired. Although it is relatively rare, an exchange bias with
vertical shift can also be observed in some antiferromagnetic
systems without the presence of ferromagnetism, e.g., on NiO,
BiFey sMn( 03, or maghemite nanoparticles [25-27], Co3O4
nanowires [28], and Co-doped ZnO films [29]. In these cases,
the EB effect is attributed to uncompensated spins related
either to uncompensated AFM sublattices in a nanoparticle
or to dilute AFM in a field (DAFF) in a core-shell system
such as Co304 [28]. Despite the large variety of EB systems,
the presence of uncompensated or disordered spins is always
the key to understanding the microscopic mechanism of the
exchange bias effect [11,29].

In this paper, we focus on the complex magnetic prop-
erties of BaFe,Se; at low temperature. We investigate the
spin-glass-like transition by studying the hysteresis loops in
zero-field-cooling (ZFC) and field-cooling (FC). By ther-
moremanent magnetization (TRM) and isothermoremanent
magnetization (IRM) curves, we evidence that the sizable
exchange bias effect is related to a 2D-DAFF behavior in-
stead of a classical spin glass. We finally demonstrate that the
intrinsic layered structure of the BaFe,Se; single crystals is
responsible for an exchange bias effect.

II. EXPERIMENTAL

High-quality single-crystal BaFe,Se; were grown by the
melt-growth method [6]. We first mixed the small pieces of
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Ba (99.9%), powder of Fe (99.9%), and Se (99.999%) with
the nominal composition 1:2:3. The resulting pellets were
placed in a carbon crucible and then sealed in an evacuated
quartz tube with a partial pressure of 300 mbar of Ar gas.
The quartz tube is then annealed and cooled to obtain the
crystal. Magnetic properties was measured by a commer-
cial superconducting quantum interference device (SQUID)
on various magnetic fields and temperatures. The scanning
electron microscopy (SEM) images were recorded using a
Zeiss Supra 55 VP SEM (Zeiss, Oberkochen, Germany). To
further assess the atomic and elemental structures of the
BaFe,Ses single crystals down to the atomic scale, we ad-
ditionally acquire high-angle annular dark-field (HAADF)
images in a C3/C5-corrected Nion UltraSTEM 200 operated
at 100 kV with 30 mrad convergence angle, 50 mrad EELS
collection angle, and around 50 pA of probe current. The
microscope is equipped with a Medipix3 direct electron de-
tection (Merlin EM Quantum Detectors). EELS spectra were
gain-corrected with a gain reference acquired prior to the
experiments. Spectrum-images were denoised using Princi-
pal Component Analyses retaining the first four components.
Cross-sectional electron-transparent samples were prepared
for electron spectro-microscopy (STEM-EELS) studies by
focused ion-beam on a SCIOS dual-beam platform (FEI-
Thermofischer) following the standard procedure.

II1. RESULTS
A. Magnetometry

The quality of the BaFe,Se; crystals used for our magnetic
measurements has been checked by single-crystal diffrac-
tion and powder neutron diffraction in our previous paper
[30]. The temperature dependence of dc magnetization under
10 kOe has been measured along a (perpendicular to the
ladder plane), b (leg), and ¢ (rung) directions, respectively
[Fig. 1(a)]. The decrease below Ty (around 200 K) along the
a axis indicates the presence of long-range AFM order as
reported in Ref. [30]. Besides, the increasing of the » and ¢
magnetic components with cooling shows that the antiferro-
magnetic easy axis is along the a-axis. Below Ty ~ 50 K, the
ZFC and FC (under 10 kOe) curves, mainly along a and c,
move away from each other while it is not the case along b.
This behavior has also been reported in Refs. [6,7,31] as well
as in Ref. [8] for Co-doped BaFe,Se; system. The origin was
attributed to a spin-glass effect [7,31].

We thus checked a spin-glass origin for this behavior. As
shown in Fig. 1(b), we applied 10 kOe at room tempera-
ture and cooled the sample down to 5 K, then switch off
the external field and measured the remanent magnetization.
An immediate drop was observed, incompatible with a spin
glass state that would relax slowly [inset of Fig. 1(b)]. This
observation challenged the spin-glass nature of BaFe,Ses.

We then measured the magnetization as a function of the
magnetic field at low temperature after ZFC and FC from
300 K. As shown in Fig. 2(a), the ZFC curve shows a hys-
teresis, with a coercivity of He = 325 & 15 Oe, unusual for
an antiferromagnetic bulk material. Besides, we also observed
that the magnetization does not saturate up to 70 kOe (not
shown). This indicates that the field cannot easily align the
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FIG. 1. (a) Temperature dependence of dc magnetization for
BaFe,Se;. The magnetic field of 10 kOe is applied along the a, b,
and ¢ axes. The open and close circles represent the curves after
ZFC and FC, respectively. (b) Time dependence of the remanent
magnetization measured immediately after the field setting to zero.
The inset shows the case of La; Srg04Cu04 which displays a spin-
glass behavior below 7 K [32].

magnetic domains and the exchange interactions Jagyv are
strong which is consistent with the high 7y (200 K = 17 meV
= 1000 kOe for 2.8 up Fe moments as determined exper-
imentally [30]). The FM-like cycle could be due to (i) a
small amount of ferromagnetic impurities (ii) interfacial or
trapped uncompensated spins [12,18,22,25,28,29,33]. As for
the FC curves measured after cooling with applied fields
of £10 kOe, they show similar trends: A hysteresis loop,
a similar coercivity within the error bars, and unsaturated
magnetization at 70 kOe. In addition, the FC curves exhibit
a remarkable vertical shift (Mgs) in the direction depending
on the sign of the cooling field. Mgs is defined as [(Mpyax +
Mmin)/z)]/[(Mmax - min)/z)] [33]’ where Mmax and Mmin
are the maximum and minimum of the hysteresis loop. No
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FIG. 2. (a) Hysteresis loops for the applying field along a at 5 K
after ZFC and FC. [(b) and (c)] Hysteresis loops for the applying
field along b and c, respectively. The cooling field is 10 kOe for the
FC measurement.

obvious horizontal shift was observed. Besides, the FC curves
display a loop opening, emphasized by the black circles in
Fig. 2(a), which could be the fingerprint of uncompensated
spins in the sample [18,29]. Interestingly, as shown in Fig. 2,
while the hysteresis behavior is present whatever the direction
of the applied magnetic field, the vertical shift is only visible
for H along a or c, similar to the bifurcations in the tempera-
ture dependence of magnetization measurements in Fig. 1(a).
The coercivities of the FC curves are 201 & 10 and 249 + 10
Oe for H along b and c, respectively. This not only suggests
that the two features have different origin but also reveals an
anisotropy of Mgt

To further understand the possible origin of this unusual
behavior at 50 K, we performed TRM and IRM measurements
[28]. TRM is the remanent magnetization in zero field after
FC while for IRM the field is applied after ZFC and then cut
off to measure the remanent magnetization in zero field [see
the inset of Fig. 3(a)]. Usually, for a spin glass, the TRM curve
displays a peak at low field, and the IRM curve meets the TRM
one at high field [28]. As can be seen in Fig. 3(a), the TRM for
BaFe;,Se; increases continuously with increasing field while
the IRM stays low even at high field. Such a behavior is
characteristic of a diluted AFM in a field (DAFF) [28]. A
power law fit of the TRM curve as a function of H, derived
from random field Ising model [28,34], gives an exponent of
vy = 0.63 [Fig. 3(a)]. For bulk DAFF systems, this exponent
is generally found to be close to vy = 3 [35]. Our small value
for vy is rather consistent with a 2D finite-size DAFF system
[28].
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FIG. 3. (a) TRM and IRM vs Hgc of BaFe,Se; at 5 K. The red
line is the fitting to the power law, TRM o< HH. The inset shows how
the filed changed with temperature during the measurement of TRM
and IRM. (b) Temperature dependence of the vertical shift after FC.
(c) The vertical shift as a function of cooling field Hgc at 5 K. The
red line is a linear fitting of the data. (d) Temperature dependence of
coercivity in the hysteresis loops after ZFC and FC, respectively. The
data is from the same measurements of (b). The red line is a guide
for the eyes.

We then studied the temperature dependence of Mgpif
for FC curves. All hysteresis loops are recorded between
+10 kOe at different temperatures after cooling from 300 K
under a field of 10 kOe. As shown in Fig. 3(b), the Mg van-
ishes above 50 K, suggesting an intricate link with the Ty ~
50 K anomaly observed in the magnetization measurements.
This result behaves as the bifurcation between FC and ZFC
curves which starts to increase below Ty in Fig. 1(a). Indeed,
this Mgpife is non zero only in the temperature range where
ZFC and FC curves differ from each other. The interpretation
of this result in term of DAFF-like behavior enables to give
an order of magnitude for the magnetic coupling between
uncompensated spins: Jparr = kpT; = 4.2 meV. The corre-
sponding magnetic field for the 2.8 up Fe ordered moments
determined experimentally [30], would be around 250 kOe.
Above 250 kOe, a saturation of the magnetization due to spin
flip is expected. To test this interpretation, we studied the
evolution of M, as a function of the FC magnetic field at
5 K. The hysteresis loop was measured between + 70 kOe
after cooling down to 5 K under Hpc with different Hgc
values from 0 to 70 kOe. As reported in Fig. 3(c), Mpix
increases linearly with Hgc, showing no sign of saturation up
to 70 kOe. The same behavior was found previously in some
nanosystems [19,36].

As for the temperature dependence of coercive fields
(H¢), presented in Fig. 3(d), no significant difference be-
tween ZFC and FC is observed. The thermal variation
of H¢ displays a monotonic decrease with increasing
temperature but remains finite (Hc=200 + 15 Oe) at
300 K. The absence of anomalies at specific temperatures
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20 um

FIG. 4. [(a) and (b)] SEM images of bc and ab planes,
respectively.

Ty and Ty keeps the interpretation of FM-like hysteresis
elusive.

B. Electron microscopy measurements

These results, pointing toward an effect of 2D-DAFF, seem
to be irreconcilable with the fact that our measurements are
done on single crystals. Indeed, in a bulk system, surface
defects cannot produce such a strong exchange bias signal. To
resolve the inconsistency, we performed SEM measurements
on the BaFe,Se; crystal. A piece of 0.5 x 2 x 5 mm® was
used [inset of Fig. 4(a)]. The largest face of the crystal is re-
lated to the bc plane [9]. Figures 4(a) and 4(b) show the bc and
ab surfaces of the crystal, respectively. Many cleavages can be
observed on the ab plane, while it is flatter on the bc plane.

Furthermore, to study the nature of the cleavages, we
extracted a cross-sectional FIB lamella to perform the
STEM/EELS studies along the ¢ axis. A typical low-
magnification HAADF-STEM image of the BaFe,Se; crystal
on the ab plane is presented in Fig. 5(a). Interestingly,
nanometer-thick planar faults with a darker contrast in
HAADF mode can be well-identified among the BaFe,Se;
lattice, i.e., characterized by a brighter HAADF contrast.
All these planar faults are aligned parallel to the b axis.
At higher magnification in Fig. 5(b), atomic planes can be
clearly distinguished in these darker planar faults, ruling
out amorphous regions. This change in HAADF contrast in
the planar faults may originate from different reasons since
the HAADF intensity is roughly proportional to the Z?2, the
crystallographic density as well as the probed thickness. In
Fig. 5(c), the atomically resolved HAADF-STEM image of
the BaFe,Se; lattice confirms the expected atomic structure
[see inset Fig. 5(c)] where the darker contrasts correspond to
the lines of Fe columns, while the brighter ones to the Ba/Se
atomic columns forming a zig-zag chain with an intermedi-
ate HAADF contrast assigned for the single Ba columns. To
clarify the elemental structure of the planar faults, core-loss
hyper-spectral data were acquired in the region of interest
[marked by a red rectangle in Fig. 5(d)] across a 3.5-nm-thick
planar fault by probing both Fe-L, 3 and Ba-M, 5 edges. Fig-
ures S(e) and 5(f) present the reconstructed Ba-Ms and Fe-Ls
maps, respectively, on the top and bottom well crystallized
regions as well as in the layered fault. Figures 5(h) and 5(g)
represent the combined Ba-Ms (in cyan) and Fe-Ls (in red)
maps and the relative Ba and Fe profiles, respectively, for the
same region of interest. In top and bottom well crystallized
regions, the elemental structure between Ba and Fe planes

FIG. 5. (a) Low-magnification HAADF-STEM image of the
BaFe,Se; crystal along the a-b plane. (b) High-magnification
HAADF-STEM image presenting a typical planar fault. (c) Atom-
ically resolved HAADF-STEM image of the BaFe,Se; structure
supported with an atomic model for guiding the reader. The
red, green, and blue balls represent Fe, Se, and Ba, respectively.
(d) HAADF-STEM image including the region of interest, i.e.,
highlighted by the red rectangle, where the EELS hyper-spectral
acquisition was performed across a nanometer-scale planar fault. [(e)
and (f)] Elemental reconstructed maps from Ba-Ms and Fe-L; edges,
respectively, probed across the planar fault and (h) the corresponding
“false” color map combining both Ba (red) and Fe (cyan) compo-
nents. (g) Relative Ba and Fe composition profiles extracted from the
map (h) and summed along the b direction, parallel to the planar fault.

is well retrieved as expected for the BaFe,Ses lattice char-
acterized by a typical interdistance d between atomic planes
as depicted in Fig. 5(g). In the planar fault, both Fe and Ba
profiles present lower intensities, i.e., from Ba-7 to Ba-13 line
in Fig. 5(g), however atomic planes can be still distinguished
confirming the ordered nature of these planar faults. One
should note that in average the relative Ba intensity remains
always below 0.5 while the Fe one is higher than 0.5 indicating
a likely Ba deficiency in the planar fault. At both top and bot-
tom interfaces between the BaFe,Se; lattice/planar fault, the
termination planes correspond both to the Fe planes, i.e., Fe-6
and Fe-13 lines. Interestingly, an additional Ba plane, i.e.,
Ba-10, is clearly determined in the middle of the planar fault
yielding a structural accommodation along the a axis. Indeed,
interdistances (Ba-9 to -11) and (Fe-11 to -12) increase up to
0.73 nm compared to the nominal interdistance d = 0.57 nm
in the BaFe,Ses lattice. Hence, a single additional Ba plane
along the a axis and the subsequent structural accommodation
over few nm on both sides of this extra plane yields to such
nm-thick planar fault feature running along the a axis. In
addition, a slight deficiency of Ba is probed on average in the
planar fault.
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FIG. 6. [(a)—(c)] ZFC and FC hysteresis loops of crystal (along
a), powderl, and powder2 measured at 5 K. [(d)—(f)]Temperature
dependence of ZFC and FC magnetization curves under 10 kOe for
crystal (along a), powderl, and powder2. The insets of (e) and (f)
show the SEM images of powderl and powder2, respectively.

To further investigate the influence of this layered mor-
phology on the magnetic properties, we ground the crystal in
two successive steps to obtain two different grain sizes. The
average grain lengths estimated from our SEM images were
75 and 35 pum, that we refer in the following as powderl and
powder2, respectively. The SEM images of the two powder
samples are shown in the insets of Figs. 6(e) and 6(f). Notice
that the grains present a needle-like shape. As reported in
Figs. 6(a)-6(c), the hysteresis loop amplitude decreases by
reducing the grain size. As any ferromagnetic impurity would
have not been affected by grinding, this hypothesis can be
ruled out. The grain size reduction also affects the Mgp;x
which is almost absent for powder2 [see Figs. 6(d)-6(f)].
These observations are compatible with the 2D-DAFF nature
of the sample which is destroyed by the grinding. Indeed,
the grinding is likely to affect mainly the regions with weak
mechanical properties. We can thus infer from our results
that the grinding preferentially targets the stacking faults. The
interfaces associated with the 2D-DAFF are ruined, and the
hysteresis loop and Mz disappear.

IV. DISCUSSION

Based on our results, we propose a phenomenological
model to explain the 50 K anomaly of magnetic susceptibility

characterized by the bifurcation between the FC and ZFC
curves as well as the vertical shift of the magnetization upon
field cooling. Let us recall that the BaFe,Se; single crystals
are in fact made of stacks along the a-axis of ordered layers
and planar faults. In the ordered layers, the spins Sapy are in a
block AFM state associated with strong exchange interactions
Japm as Ty is high. The Sapv spins can only be aligned
under a strong magnetic field and are thus expected to behave
similarly in our FC or ZFC measurements. As for the thin
planar faults, they are responsible for the 2D-DAFF behavior
characterized by a bifurcation between the FC and ZFC curves
and a specific evolution of the TRM and IRM curves as a
function of Hpc [28]. The spins in the 2D-DAFF appear to
be coupled by Jpapr which is reduced compared to Japm.
A vertical shift of the global magnetization after FC is also
expected to be due to these AFM-DAFF multilayers such as in
core-shell systems [28]. This M, should naturally disappear
at Ty, as observed. Therefore, the vertical shift in our single
crystal with a layered structure can originate from additional
effects due to the multiple interfaces which give rise to the
surface or trapped uncompensated spins.

As for the FM-like cycle, we also attribute this effect to
surface/interface uncompensated spins which could present
FM behavior. Indeed, the magnetic structure is made of blocks
of four FM Fe spins ordered in an AFM manner along the
ladder. Thus islands of FM uncompensated spins can appear
at the interfaces and lead to a FM cycle. Another contribution
to the FM behavior usually comes from free uncompensated
spins as well as disordered spins in the 2D-DAFF layers
because they behave as free moments. When grinding the
crystals, the number of interfaces between ordered layers and
planar faults is reduced. Thus the FM character and the Mg
amplitude disappear.

In conclusion, we elucidated in this paper the origin of the
50 K anomaly of magnetization measurement in BaFe,Ses
attributing it to a 2D-DAFF. We also evidenced that our
crystals, which present the same quality as the ones of the
previous literature (a good mosaicity and a 200 K AFM tran-
sition and multiferroic behaviors [30]), are in fact layered
structures. This particular morphology leads to an exchange
bias effect which adds a new interest in the investigation of
the superconducting and multiferroic character of this Fe spin
ladder.
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