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Controllable Broadband Absorption in the Mixed Phase

of Metamagnets

Matej Pregelj,* Oksana Zaharko, Andrej Zorko, MatjaZ GomilSek, Oles Sendetskyi,
Axel Giinther, Mykhaylo Ozerov, Sergei A. Zvyagin, Hubertus Luetkens,

Christopher Baines, Vladimir Tsurkan, and Alois Loid|

Materials with broad absorption bands are highly desirable for electromag-
netic filtering and processing applications, especially if the absorption can be
externally controlled. Here, a new class of broadband-absorption materials is
introduced. Namely, layered metamagnets exhibit an electromagnetic
excitation continuum in the magnetic-field-induced mixed ferro- and anti-
ferromagnetic phase. Employing a series of complementary experimental tech-
niques involving neutron scattering, muon spin relaxation, specific heat, ac and
dc magnetization measurements, and electron magnetic resonance, a detailed
magnetic phase diagram of Cu;Bi(SeO;),0,Br is determined and it is found
that the excitations in the mixed phase extend over at least ten decades of fre-
quency. The results, which reveal a new dynamical aspect of the mixed phase in

unconventional fractional excitations, -l
nontrivial scale-invariant quantum excita-
tions at quantum critical points,”'? and
nonresonant absorption in superconduc-
tors.3] In the context of applications,
broadband microwave absorption is highly
desirable in microwave filters,'* signal-
to-noise enhancers, optical signal pro-
cessing,[">"7I electromagnetic interference
shielding,['#1% etc. Most of these applica-
tions are based on conducting materials,
even though normal metals possess rela-
tively narrow absorption ranges (typically

metamagnets, open up a novel approach to controllable microwave filtering.

1. Introduction

The existence of magnetic excitation continua is intriguing
from a theoretical as well as from an application point of view.
In condensed matter physics they are typically associated with
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100-1000 MHz).'®¥l Hence, composite
carbon-based materials,1*-2! which extend
the absorption range from hundreds of
kHz up to hundreds of GHz,'8 and mul-
tilayer magnetic structures that cover the range between several
GHz and several THz?272% are being developed. However, none
of these materials allow for external control of their absorption
properties, e.g., by the electric or the magnetic field.

A class of materials that could allow for a controllable (on-
demand) broadband absorption are metamagnets. These sys-
tems are, typically, highly anisotropic and, as a function of the
external magnetic field, undergo a first-order phase transition
from a state with low magnetization to a state with high mag-
netization.””] Prominent examples are layered metamagnets
with perpendicular anisotropy, where ferromagnetic (FM) layers
are antiferromagnetically (AFM) aligned. Such systems are not
affected by magnetic fields perpendicular to the layers until the
applied field becomes comparable to the AFM interlayer inter-
action, when a first-order transition to an FM structure occurs.
If a finite demagnetization field is present, the high-field FM
phase is reached through a “mixed phase,” existing in a finite
range of fields. In this phase, AFM and FM orders coexist.?’-3%
There are numerous possible arrangements of FM and AFM
domains,?%3% and consequently a very rich excitation spectrum
can be anticipated. Up to now, studies of the mixed phase have
almost exclusively been restricted to ac susceptibility meas-
urements and thus to a frequency range of 0.1-100 kHz.31-3]
Therefore, the intriguing dynamics of the mixed phase have
remained elusive.

In this paper, we focus on the recently discovered layered
metamagnet Cu3Bi(SeOs),0,Br, with kagome-like Cu layers
stacked along the c-axis.’%1 At Ty = 27.4 K, the system develops



the AFM order of alternating FM (ab) layers, which in a mag-
netic field of B¢(10 K) = 0.8 T that is applied perpendicular to
the layers undergoes a metamagnetic transition.’”) This con-
venient field and temperature range allow for the use of various
complementary experimental techniques to investigate its mag-
netic excitations in a very broad frequency range. Employing
neutron scattering, muon spin relaxation (pSR), specific heat,
ac and dc magnetization, and electron magnetic resonance
(EMR), we precisely map the mixed phase in the magnetic
phase diagram and trace its dynamics in the range from 100 Hz
to 480 GHz. Our results show that the dynamics pertinent to the
mixed phase extend over the whole frequency range, i.e., at least
over ten decades of frequency—a sign of a scale invariance char-
acteristic of enigmatic entangled-quantum-critical states.’~12
Alternatively, such an extremely broad frequency range sug-
gests that several different fluctuation channels have to be
active simultaneously as only a single one would result in a
much narrower frequency spectrum.?¥ The observed behavior
highlights a new aspect of layered metamagnets, making them
highly attractive for testing theories, as well as for applica-
tions, where magnetic-field control of broadband absorption is
desired.

2. Results

2.1. Coexistence of the FM and AFM Phases
To investigate the magnetic order in the vicinity of the meta-

magnetic transition, we performed neutron diffraction meas-
urements in magnetic fields applied along the c-axis. The

temperature dependence of the intensities of the FM (2 -1 0)
and the AFM (2 -1 0.5) reflections measured at several mag-
netic field strengths clearly shows that the two reflections
coexist in a narrow field range (Figure 1a). A complementary
field dependence measured at 2 K reveals that the AFM reflec-
tion persists up to Be,y(T = 2 K) = 0.84 T, whereas the FM one
emerges already at Bey(T = 2 K) = 0.76 T (Figure 1b). Impor-
tantly, the widths of the peaks do not change until their intensity
is almost completely suppressed (Figure 1c), which evidences
that both coexisting orders within the mixed FM/AFM phase
are well correlated, i.e., the correlation lengths of both orders
exceed the instrumental resolution along the b- and c-axes,
respectively (see the Experimental Section). Finally, a com-
parison of l-scans (not shown) measured between (0 2 0.5) and
(02 1) at 0.79 T and 2 K (where AFM and FM orders coexist)
with the same scans measured at 35 K (above Ty) shows no
sign of diffuse magnetic scattering and thus excludes potential
incommensurate correlations between the ab FM layers, i.e.,
along the c-axis.

2.2. Development of the Demagnetization Field

Neutron scattering experiments clearly demonstrate the coexist-
ence of the AFM and FM orders in a certain temperature-field
region (Figure 1). However, the short time scale of the neutron
experiment does not allow us to differentiate between a frozen
phase-separated state and a dynamical/fluctuating state. Hence,
we resort to uSR, a local-probe technique that can resolve whether
local magnetic fields B, are static on time scales of < 27r/(y,B,) =
107 s (=10 MHz), where ¥, = 27 x 135.5 MHz Tl The
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Figure 1. a) Temperature dependencies of the FM (blue) and AFM (yellow) reflections in neutron diffraction, corresponding to high- and low-field
magnetic phases, respectively, measured in a magnetic field applied along the c-axis. Field dependence of b) intensities and c) widths of the AFM
magnetic peak measured at 2 K. The latter do not change (they are limited by instrumental resolution) until the peak almost completely disappears,

indicating that both orders are well correlated in the mixed phase.
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Figure 2. a) Fourier transform power spectra of muon spin polarization at 20 K plotted as a function of the applied magnetic field. b) Local magnetic
fields at the muon sites as a function of the applied magnetic field. The latter has no effect on the local fields in the mixed phase, which is a direct

consequence of the demagnetization effect.

experiments were performed at several magnetic fields
strengths (B||c) at 20 K, focusing on the mixed phase between
Bey(T =20 K) = 0.61(1) T and Be,(T = 20 K) = 0.69(1) T.7 At
B=0.5T, ie., well below Bc;(T = 20 K), a Fourier transforma-
tion of the time-dependent muon polarization perpendicular
to the applied field clearly reveals three spectral components,
corresponding to three distinct resonant fields (Figure 2a). The
strongest signal at B, = B corresponds to the muons that stop
in the Ag sample holder (=50%), where local fields match the
applied external field B. The other two signals are symmetri-
cally displaced from the main line, i.e., they appear at B, = B +
AB,, where AB, =%0.10(1) T, and thus clearly correspond to the
muons experiencing the alternating static AFM arrangement.
As expected, within the AFM phase, AB, does not change with
increasing fields. On the other hand, in the mixed phase, the
symmetry of the two lines shifted by AB. from the external field
is lost, as both modes become field independent (Figure 2b).
In parallel, a new signal emerges at B, = B + ABpy, with
ABgy < 0, which also does not shift with increasing external field
(Figure 2b). The observed behavior directly shows the effect of
the demagnetization field that shields the interior of the sample
from the external magnetic field and thus enables the existence
of the mixed phase.?”?8] In particular, the width of the mixed
phase (B¢, — Bcy) = 0.08(2) T equals the maximum demagneti-
zation field By, = —-NpoMn/V. Here, N is the shape-dependent
demagnetization factor, y, is the vacuum permeability, and n is
the number of Cu atoms in the unit cell with volume V (see the
Experimental Section). Furthermore, similarly as in the neutron
diffraction experiment, the changes in the population of the

AFM and FM domains are reflected in the intensities of the AB..
and ABgy signals in Figure 2a. As these signals are very sharp,
they indicate that the corresponding dipolar magnetic fields are
indeed static on the time scales of <107 s.

2.3. Macroscopic Characterization of the Mixed Phase

The coexistence of the AFM and FM phases is also reflected
in the magnetization response. In particular, the field-sweep
measurements show that the magnetization step is gradual and
extends over the entire mixed phase, i.e., from B¢; to Bc,, indi-
cating also a continuous evolution of the FM-ordered volume
fraction (Figure 3a). In addition, a magnetic hysteresis, which is
very pronounced at 2 K, is almost completely suppressed above
10 K. To further explore the “magnetically soft” mixed phase,
we performed detailed ac magnetic susceptibility (y) measure-
ments at 0.1-10 kHz (for clarity we show only the 1 kHz data
in Figure 3Db). In small magnetic fields, i.e., below 0.2 T, the
real part of the susceptibility )y exhibits a sharp anomaly that
exactly coincides with the onset of magnetic order at Ty. In
contrast, the imaginary component y” is completely insensitive
to this transition, which indicates that there is no associated
energy dissipation. This suggests that in the low-filed range
the transition is static on the kHz time scale. With increasing
fields approaching the metamagnetic transition, however, both
components, ¥ and x”, increase dramatically (by at least two
orders of magnitude, Figure 3b), clearly identifying the mixed
phase (Figure 4), which is evidently extremely susceptible to ac
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Figure 3. a) Magnetization as a function of the magnetic field measured at different temperatures. b) The real part of the ac susceptibility measured
as a function of temperature for a series of fixed magnetic field strengths, revealing a pronounced increase in the mixed phase. c¢) The magnetic part of
the specific heat, i.e., after subtraction of the lattice contribution, measured as a function of temperature in several magnetic fields. d) Magnetic-field
scans of the specific heat at fixed temperatures, exhibiting a pronounced increase in the mixed phase.

magnetic fields. Such a response is, for instance, anticipated for
shifting domain walls.?2-3°]

To probe the thermodynamic response of the mixed phase,
we performed detailed specific-heat measurements, employing
temperature and magnetic-field sweeps. In Figure 3¢, we show
the temperature evolution of the magnetic contribution, i.e.,
after subtraction of the phonon contribution (see the Experi-
mental Section). The zero-field data exhibit a sharp A-type
anomaly at Ty = 27 K, which indicates the magnetic ordering
transition. Above 0.5 T, this anomaly splits into two peaks, one
of which rapidly shifts to lower temperatures and then disap-
pears above 0.7 T, signifying its relation to the mixed phase.
The response of the mixed phase is even more pronounced
in the magnetic-field scans measured at fixed temperatures
(Figure 3d), where it is reflected in a dramatic increase of the
specific heat. The latter is related to the latent heat associated
with the first-order (metamagnetic) phase transition, which is

B (M)

35
T(K)

Figure 4. Phase diagram determined from the magnetic neutron diffrac-
tion and the ac susceptibility measurements (solid symbols) as well as
from the specific heat data (empty symbols).

due to the demagnetization field distributed over a finite field
region.

2.4. Phase Diagram

Based on the results presented above, we plot the magnetic
(Blc) phase diagram of Cu;Bi(SeOs),0,Br (Figure 4). The
metamagnetic transition is directly related to the interlayer
exchange energy, so it scales with the size of the ordered mag-
netic moments multiplied by the interlayer exchange constant.
Since the latter is expected to be temperature independent, a
pronounced temperature dependence of Bc(T) reflects the
evolution of the magnetic order parameter. The latter dic-
tates the saturation magnetization and thus via the demag-
netization field also determines the temperature dependence
of the width of the mixed phase, (B, — Bcy)(T) (Figure 4).
Surprisingly, the mixed phase emerges very close to Ty, even
though such a phase in layered metamagnets typically emerges
only when ordered magnetic moments are already significantly
developed.l?”] This feature could be a consequence of relatively
strong intralayer exchange interactions (compared to Ty),
which may ensure strong correlations already close to Ty.

2.5. Dynamics in the Mixed Phase

Focusing on the dynamical aspects of the mixed phase, we first
point out the imaginary part of the ac susceptibility, y” (B, T)
(Figure 5). As mentioned above, ¥” (B, T) is not sensitive to
Ty, whereas in the mixed phase it escalates by three to four
orders of magnitude. Such a response is observed all across
the mixed phase in the entire experimentally accessible fre-
quency range, extending from 0.1 to 10 kHz. Similar behavior
in other metamagnets has been usually ascribed to hysteretic
effects, i.e., to noncritical fluctuations originating from slow
domain motion.?334 Such a process is likely also present in
Cu3Bi(SeO3)ZOZB1’.
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Figure 5. The imaginary part of the ac susceptibility, x” (bottom panel),
and electron magnetic resonance at 480 GHz (top panel) plotted as a
function of field and temperature. The red and the violet regions cor-
respond to the highest and lowest absorption intensities, respectively.

The dynamics in the MHz range should be reflected in the
PSR data. However, the applied magnetic field, necessary to
push the system into the mixed phase, strongly hinders the
decay of the pSR signal and apparently suppresses any evi-
dence of spin dynamics. To extend the investigated frequency
range we, therefore, resort to EMR measurements. Our study
extends beyond the standard X-band frequencies (8-12 GHz), as
we employed additional high-frequency sources reaching up to
480 GHz. All experiments were conducted in the continuous-
wave regime by sweeping the applied magnetic field and probing
the EMR response at fixed frequencies and temperatures that
were chosen to cover the complete phase diagram. Indeed,
strong nonresonant microwave absorption was detected across
the entire mixed phase region (Figure 5), for all corresponding
temperatures and field strengths, and all experimentally acces-
sible microwave frequencies from 9.4 to 480 GHz, i.e., for ener-
gies from 0.04 up to 2 meV. Our results thus imply the presence
of an extended nonresonant excitation continuum, which cannot
be described by the standard spin-wave theory of long-range
ordered systems.[*0#! The latter, in fact, predicts a pronounced
temperature and frequency dependence of all, AFM or FM,
resonance modes, dictated by the size of the ordered magnetic
moment,*? which clearly contradicts our experiments.

3. Discussion

We have presented a detailed investigation of the magnetic-
field-induced mixed FM/AFM phase in a layered metamagnet
with a perpendicular (to the layers) anisotropy, which is sta-
bilized by finite demagnetization fields.”’-3% By employing
several complementary experimental techniques, covering an

almost ten-decade wide frequency range from hundreds of Hz
to almost a THz (from =5 x 107! meV to =2 meV in energy),
we unexpectedly found strong magnetic absorption in the
entire experimentally accessible frequency range that exists
solely in the mixed phase. This is a sign of scale invariance,
which is typically associated with critical points where spin
fluctuations extend over all length scales.®'!) However, below
10 K the observed response is dictated solely by the applied
magnetic field and thus contrasts the behavior at a quantum
critical point, where the width of the critical region grows
steadily with increasing temperature.!!l In fact, the scale-invar-
iant excitations are, in our case, restricted to the entire field
region of the mixed phase, which is determined by the finite
demagnetization field and should, therefore, not change down
to T— 0.

The observed response is reminiscent of the hyster-
etic field region of FM films, where finite absorption was
observed in a narrow region of 0.1-10 GHz and where the
dynamics were ascribed to the changes of domain configura-
tions.['] Yet, the broad absorption frequency range found
in Cu3Bi(SeO3),0,Br clearly indicates the importance of addi-
tional driving mechanisms.®® In particular, the low-frequency
excitations (up to several kHz) are most likely associated
with the so-called noncritical fluctuations emerging from the
motion of the magnetic-domain walls.?3! Much faster domain
dynamics (up to several MHz) have been reported in multi-
ferroic MnWO,, where the magnetoelectric-domain response
was probed by dielectric spectroscopy.*®! High-frequency exci-
tations (GHz to THz), on the other hand, probably stem from
the periodic®?? and quasiperiodic arrangements of the FM
layers,?3] where the absorption frequencies are proportional
to film thicknessi?*?*] and domain configurations.**=*I Since
our neutron diffraction data did not show any diffuse features
that would indicate a preferred thickness of the FM/AFM
stacks, they must have a wide distribution of thicknesses,
which would explain the continuous fluctuation spectrum. At
the same time, the broad excitation continuum is reminiscent
of a spinon continuum characteristic of AFM spin chains.l?!
In fact, if at temperatures well below the interlayer coupling
each layer is considered a large single spin, the layered meta-
magnet may be interpreted as a spin chain that, at the critical
field, undergoes the AFM to PM transition. However, due
to the demagnetization field, the scale-invariant, critical-like
response in a finite field range of the mixed FM/AFM phase is
now extended even to T — 0.

Another interesting aspect of such a broad absorption con-
tinuum in the mixed phase of metamagnets concerns its appli-
cability in microwave filtering. In particular, metamagnetic
materials could provide a controllable, magnetic-field-driven,
broadband filtering functionality, where the operating field
region can be precisely tuned by adjusting the strength of the
AFM interlayer coupling and the demagnetization factor. The
former, affecting the (controlling) B¢ field, may be achieved by
changing the interlayer distance, e.g., by synthesizing materials
with larger/smaller interlayer ions, while the latter, determining
the width of the absorbing (operating) region, is achieved by
choosing different crystal shapes (thin plate-like crystals should
have the widest absorbing region). Moreover, the extremely
broad absorption spectrum of the mixed state may act as an



effective electromagnetic interference shielding, comparable
to the state-of-the-art composite carbon-based materials,!%-2!]
which, however, do not allow external control, e.g., by the mag-
netic field.

4, Conclusions

Our work presents a comprehensive experimental study, which
reveals intriguing broadband microwave absorption in the
mixed FM/AFM phase of the metamagnet Cu3Bi(SeO;),0,Br.
This magnetic-field-induced phase stems from demagnetiza-
tion effects and is a universal property of layered metamagnets.
The interlayer exchange coupling in these systems determines
the size of the magnetic field that is required to enter the mixed
phase and thus to switch on the excitation continuum, while
the shape of the sample dictates the field range in which this
phase is stable. Our study, therefore, opens a new perspective
on these materials, introducing new physical aspects, e.g., scale-
invariant critical-like behavior, and novel applications, e.g., con-
trollable filtering and electromagnetic interference shielding.
Future investigations involving imaging and time-resolved
spectroscopy techniques should provide better understanding
of domain distribution, as well as probe the dynamical pro-
cesses on even shorter time scales (in the THz range). Finally,
we stress that the technology of producing artificial metamag-
nets, ie., antiferromagnetically coupled FM multilayers, is
already well developed and should thus allow for a direct tuning
of the essential functional properties of these materials.

5. Experimental Section

Samples: All experiments were performed on single crystal samples
that were grown at 500-550 °C by a chemical-transport-reaction method
with bromine as the transport agent. Their high quality and phase purity
were checked with neutron diffraction.

Neutron Diffraction: The experiments were performed on the single-
crystal diffractometer TriCS and spectrometer RITA 2, using vertical and
horizontal magnets, respectively, at the Swiss spallation source SINQ
at the Paul Scherrer Institute (PSI), Villigen, Switzerland. A 6 mm X
7 mm X 1 mm sized single crystal was used. The correlation length was
calculated from the full width at half maximum of a magnetic reflection
(FWHM in Figure 1c) as & = x/(m FWHM),*l where & and x; are
the correlation length and the unit-cell size along the i = a, b, ¢ axes,
respectively.’’]

Muon Spin Relaxation: The experiments were performed on a
6 mm x 7 mm x 1 mm single-crystal and a mosaic of coaligned plate-
like crystals, covering 14 mm x 7.5 mm at GPS and LTF instruments,
respectively, at the Paul Scherrer Institute (PSI), Villigen, Switzerland.
The demagnetization factors of our samples are thus =0.74 and =0.79
for the single crystal and the mosaic sample, respectively.*¥ Assuming
that the saturated magnetization at 20 K is M = 0.6pg/Cu, where g is
the Bohr magneton (Figure 3a), we obtain By, (20 K) = 0.07 T, in very
good agreement with the experiment.

Magnetization, Magnetic ac Susceptibility and Specific Heat Measure-
ments: The experiments were performed on commercial PPMS
instruments in the temperature range of 1.8-40 K and applied magnetic
fields up to 1 T. The phonon contribution to the specific heat was
modeled with the Debye approximation!*’}

Clatt(T) = ONamks (T/0p) 3f:°/Tx4eX/(eX —1)2dx m

where 6 is the Debye temperature, N, is the number of atoms in
the crystal, and kg is the Boltzmann constant. The best agreement with
experiment was obtained for 6p = 180 K.

Electron Magnetic Resonance: X-band measurements were performed
on a home-built resonator-based spectrometer at the JoZef Stefan
Institute, Ljubljana, Slovenia, whereas the rest of the data were collected
at the High Magnetic Field Laboratory at Helmholtz-Zentrum Dresden-
Rossendorf, Germany, with a custom-made transmission-type EMR
spectrometer.
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