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Antiferromagnetic resonances in twinned EuFe,As, single crystals
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In this paper, we report the results of magnetic resonance spectroscopy of EuFe,As, single crystals. We
observe magnetic resonance responses, which are attributed to antiferromagnetic resonances of the Eu sublattice
with orthorhombic crystal structure and with different orientations of twin domains relative to the external field.
We confirm the validity of the recently proposed spin Hamiltonian with anisotropic Eu-Eu exchange interaction

and biquadratic Eu-Fe exchange interaction.
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I. INTRODUCTION

The discovery of the iron pnictide high-temperature su-
perconductors has been one of the most striking discoveries
in recent years in condensed-matter physics. In this class of
materials, intriguing properties were recently found in the
subclass of compounds originating from the parent EuFe,As;
[1-8]. Superconductivity in a EuFe,As,-based ferromagnetic
superconductor emerges by doping it with phosphorus [9-14],
by substituting europium layers with rubidium [15-21], or
by applying pressure [22,23]. In these materials the Fe 3d
orbitals exhibit a dual itinerant-localized magnetism and, si-
multaneously, participate in superconducting pairing. When it
comes to the interplay between the superconductivity and the
ferromagnetism, the studies are mainly focused on their super-
conducting properties and on the physical origin behind the
emergence of superconductivity. In the case of EuFeAs-based
ferromagnetic superconductors the coexistence is considered
between magnetic ordering of Eu?>* ions with large spin num-
ber S = 7/2 and superconducting ordering of Fe-3d electrons.

The EuFe;As, compound itself is rich in various magnetic
phenomena. Its magnetic structure was studied extensively in
recent years using neutron scattering [4-6], x-ray scattering
[24], nuclear magnetic resonance (NMR) [25], x-ray magnetic
circular dichroism (XMCD) [8], and transport measurements
[6]. At about 190 K the crystal structure of EuFe,As, under-
goes the tetragonal-to-orthorhombic phase transition [4,7,8]
accompanied by the spin density wave antiferromagnetic tran-
sition in the Fe sublattice. The direction of spins in the spin
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density wave is locked along the longer a crystal axis of
the orthorhombic structure (see Fig. 1). At about 20 K the
Eu subsystem undergoes the A-type antiferromagnetic tran-
sition [5,7,8]. The orthorhombic crystal structure is naturally
subjected to twinning, while the Eu-Fe exchange interaction
and large magnetoelastic coupling drive the detwinning of
the crystal lattice. A possible scenario of the detwinning
process in in-plane magnetic fields can be described as fol-
lows [5-7,25]. At zero field the crystal is twinned, and the
structural domains with mutually perpendicular a axis are
equally distributed in the sample. By applying an external
field, domains having the a axis perpendicular to the external
field (B domains) become energetically favored and grow. In
these domains the Eu spins begin to deviate from the a axis to
the direction of the external field, while the spins in opposite
domains having the a axis along the external field (A do-
mains) are robust and their directions are still maintained. In
Refs. [6,7,25] it was discussed that this process continues until
the B domains occupy the entire sample, while A domains
vanish. With a further increasing magnetic field, the Eu spins
in B domains keep deviating from their original direction,
while the Eu spins in A domains flip along the external field
direction. When the field exceeds the saturation field, all Eu
spins are aligned with the external field, and A and B domains
merge into a single A domain. In Ref. [6] it was reported that
the structure of EuFe,As; being field detwinned may persist
at zero field.

This detwinning scenario, however, is under debate due
to unclear role of the domain pinning. In fact, different
groups report different magnetization curves of free un-
stressed EuFe; As, single crystals (compare the magnetization

©2022 American Physical Society
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FIG. 1. Magnetic crystal structure of EuFe,As, [made using Vi-
sualization for Electronic and Structural Analysis (VESTA) software].
The crystal structure of EuFe,As, is orthorhombic with the space
group Fmmm [4]. The Fe spin sublattice is in the spin density wave
antiferromagnetic state aligned with the a axis. The Eu spin sublattice
is in the A-type antiferromagnetic state.

curves in Refs. [6,7] and in Refs. [3,26]), which indicates the
dependence of sample properties on sample growth specifics.
Notably, magnetization curves of free unstressed EuFe;As,
single crystals in Refs. [3,26] are consistent with magnetiza-
tion curves of twinned EuFe,As, single crystals with fixed
population of domains [8], which is an indication of rather
rigid domain pinning in some of EuFe;As; single crystals.

Possible detwinning is one of the main obstacles for studies
of magnetic ordering in EuFe,As, with magnetization mea-
surements: Upon magnetization the variation in populations
of differently oriented twin domains additionally impacts the
magnetization. Only recently has the complete microscopic
form of magnetic interactions in EuFe,As, been established
[7,8]. It includes the anisotropic Eu-Eu exchange interaction
and the biquadratic Eu-Fe exchange interaction and implies
the spin-flip transition in the A-type antiferromagnetic Eu
sublattice when the magnetic field is applied along the a
crystal axis. Metamagnetic transitions in EuFe,As, [3,8,26]
are developed due to magnetization of twin domains with a
7 /2 difference in their orthorhombic orientation.

In this paper, we consider magnetization dynamics in
single-crystal EuFe,As,. In general, magnetic resonance
(MR) measurements are the ultimate tool for testing
anisotropy and interlayer exchange interactions in various an-
tiferromagnets [27-32]. In addition, MR studies are free from
the twinning problem, since the ratio of differently oriented
twin domains impacts the intensity but not the position of res-
onance lines. By observing and analyzing MR spectral lines
we have found that the MR spectrum confirms the validity
of the three-dimensional (3D) expanded version of the spin
Hamiltonian proposed in Ref. [8].

II. EXPERIMENTAL DETAILS

EuFe,As, single crystals were grown using the self-
flux method, by analogy with previous works [33,34].

The initial high-purity components of phase-homogeneous
EuAs (99.95% Eu + 99.9999% As) obtained by the high-
pressure technique and preliminary synthesized precursor
Fe,As (99.98% Fe 4+ 99.9999% As) were mixed witha 1 : 6
molar ratio. The mixture in an alumina crucible was sealed
in a niobium tube under residual argon pressure. The sealed
container was loaded into a tube furnace with an argon at-
mosphere to prevent niobium oxidation. Then, the furnace
was heated up to 1250 °C, held at this temperature for 24 h
to homogenize melting, cooled down to 900 °C at a rate of
2°C/h, and then cooled down to room temperature inside the
furnace. Finally, crystals were collected from the crucible in
an argon glovebox. Visually, as-grown bulk crystals demon-
strate a well-defined layered structure and their pliability for
cleavage and exfoliation along the layering direction only.
X-ray diffraction (XRD) studies confirm the alignment of
ab crystal planes within the layers and orientation of the ¢
crystal axis across the layers. Magnetization measurements
[35] show a steplike magnetization behavior consistent with
Refs. [3,8,26]. Samples for magnetic resonance spectroscopy
were obtained by cleavage of as-synthesized bulk crystals.
Cleaved EuFe;As; samples were a few millimeters in size
along the ab crystal planes and about 50 um thick along the
c crystal axis, which ensured the “thin film” geometry with
defined crystal orientation.

Magnetic resonance spectroscopy was performed using
the vector-network-analyzer-magnetic-resonance (VNA-MR)
flip-chip approach [36,37]. A cleaved EuFe,As, sample is
glued on top of the transmission line of the coplanar waveg-
uide. The waveguide with impedance 50 €2 and a transmission
line of width 0.5 mm is patterned on an Arlon AD1000 cop-
per board and is equipped with subminiature push-on (SMP)
rf connectors. The board with the sample is installed in a
brass sample holder. A thermometer and a heater are attached
directly to the holder for precise temperature control. The
holder is placed in a homemade superconducting solenoid
inside a closed-cycle cryostat (Oxford Instruments Triton,
base temperature 1.2 K). A magnetic field is applied in plane
along the direction of the waveguide. The response of the
experimental samples is studied by analyzing the transmitted
microwave signal Sy (f, H) with the VNA Rohde & Schwarz
ZNVB20. This setup allows us to perform spectroscopy in the
temperature range from 2 K up to 30 K, in the field range up
to 1 T, and in the frequency range up to 26.5 GHz.

III. RESULTS AND DISCUSSION

Figure 2 shows MR absorption spectra of a EuFe,As; sam-
ple measured with a magnetic field applied in plane along the
ab layers at T = 5 and 20 K. At 5 K [Fig. 2(a)] the spectrum
contains three absorption features (encircled with red dashed
lines): (i) a resonance line at 0 < uoH < 0.5Tand 10 < f <
23 GHz with a negative-slope linear field dependence, referred
to as line I; (ii) a weaker resonance line at uoH 2 0.7 T
and 18 < f < 22 GHz, which also has approximately linear
field dependence with a negative slope, referred to as line II;
and (iii) an absorption “patch” at 0.55 < puoH < 0.7 T and
f > 20 GHz, referred to as absorption feature III. A spectral
line with a negative field slope is commonly attributed to an
antiferromagnetic resonance response. Cross sections Sy (H)

024412-2



ANTIFERROMAGNETIC RESONANCES IN TWINNED ...

PHYSICAL REVIEW B 106, 024412 (2022)

25
_20F
S =
s =
< I5F =
oy —— 1005
=i _—
Q T c—
510 F Sl A J
Sy
e
=~
5 - -
0.985
0.0 0.2 0.4 0.6 0.8 1.0
Magnetic field p H (T) (a)
T T T T T T T T T
--"'"""'!ii
1.000 =" pr
%
'S, 0.998 -
o
£ 099
2
g I
7] 9 n
g 0994 . + f=13.5GHz 1
= line fit at £= 13.5 GHz
I e f=19.0GHz
0992 Ix line fitat /=19 GHz |
0.0 0.2 0.4 0.6 0.8 1.0
Magnetic field p H (T) (b)

. . . . .
25 -
_20f -
N
an)
S
< I5F d
& 1.005
|
Q
2 10f -
(=
B~
5 L -
0.955
1 " 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0
Magnetic field p H (T) (c)
T T T T T T T T T T
1.00 .—*—#g--‘q,a 4
L]
- ".
% p
8099 .
— L]
n " :
g n un‘
‘% 098 " o -
.— L
£ 097} " 4
n M = f=175GHz ]
- line fit at = 13.5 GHz
0.96 " 1 " 1 " 1 " 1 " 1
0.0 0.2 0.4 0.6 0.8 1.0
Magnetic field p H (T) (d)

FIG. 2. (a) and (c) MR absorption spectra Sy, (f, H) of EuFe,As, measured at 7 = 5 K (a) and 20 K (c). A magnetic field is applied in
plane along the ab crystal planes. The red dashed lines in (a) highlight three absorption features. The red line in (c) corresponds to the linear
fit of the spectral line with the slope 36.6 GHz/T. (b) and (d) Cross sections S»;(H) of spectra at T =5 K (b) and 20 K (d) at specified
frequencies. Solid lines in (b) and (d) show the fit of resonance lines, while arrows indicate corresponding absorption features. Here, abs.,
denotes the absolute units, i.e., the ratio of the output signal to the input signal.

of the spectrum at 5 K and at selected frequencies are shown
in Fig. 2(b). The S,;(H) curves clearly indicate absorption
peaks of resonance lines I and II. Derivation of the MR fre-
quency dependence on the applied magnetic field f.(H) was
performed by fitting S»; (H ) curves with the complex resonant
susceptibility [37].

In contrast, at temperatures above 19 K the spectrum
contains a single resonance line with approximately linear
dependence of the resonance frequency on the magnetic
field, corresponding to paramagnetic resonance of Eu spins.
Figure 2(c) shows a representative example of the spectrum
at T = 20 K. The field slope of the paramagnetic resonance
at 20 K, f,/uoH =~ 36.6 GHz/T, is slightly higher than the
gyromagnetic ratio of free electrons, 28 GHz/T. In addition,
the resonance line shows some deviation from linear behavior.
These effects are attributed to the residual susceptibility of the
paramagnetic phase in the vicinity of the Curie temperature
[38] and should be understood as follows. The magnetiza-
tion of the paramagnetic phase is proportional to the applied
field M = x (T, H)H. In the thin-film geometry the resonance
frequency of the paramagnetic phase is still provided by the

Kittel formula 27 f = yo/HH +M) =yHJ/1+ x(T, H).

At temperatures slightly above the Curie temperature, the
magnetization x (T, H)H is comparable to the saturation mag-
netization at high fields and shows a nonlinear dependence on
H. These factors result in a larger slope of the linear fit and in
some nonlinearity of the resonance line, which are observed
in Fig. 2(c). At higher temperatures, x (7, H) is gradually
reduced, and the resonance line approaches the conventional
paramagnetic one, which is observed at 25 and 30 K [35].
Figure 2(d) shows the cross section of the spectrum S»;(H) at
f = 17.5 GHz, which contains a single resonance peak, and
its fit with the complex susceptibility.

The spin configuration of Eu and Fe subsystems in
EuFe;As, and the twinning problem were studied extensively
in a number of previous works with neutron scattering and
XMCD measurements. As a consensus view [8], it is shown
that at low temperature the Fe sublattice is in the spin den-
sity wave antiferromagnetic state aligned with the longer side
of orthorhombic lattice, while the Eu sublattice has the A-
type antiferromagnetic order (see Fig. 1). Importantly, Eu-Fe
exchange interaction results in anisotropic Eu-Eu exchange
interaction and in the development of the easy axis along
the direction of the spin density wave (a direction) due to
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biquadratic Eu-Fe exchange. The total free energy of the spin
configuration in a unit cell of Eu layers is [8]

F =2(J +W)eicer +2(J — W)eyyeo, + 2Jey e,
2 2 2
—8K, Y et + K,y ek —M Y &H, M
i=1 i=1 i=1

where (ejy, ejy, ¢;;) is the unit vector of the ferromagnetic
moment of the Fu atomic layer in spherical coordinates
é = sin 0 cos ¢X + sin O sin ¢9 + cos 6%, the [%, 9, 2] axes are
aligned with the [a, b, c] crystal axes in Fig. 1, respectively,
the first three terms are the exchange interaction terms, which
are anisotropic in the x and y directions by the parameter W,
the fourth term is the biquadratic Eu-Fe exchange interaction
in the form of the x-axis uniaxial anisotropy, the fifth term is
the z-axis uniaxial anisotropy, and the last term is the Zeeman
energy with the external field A, which is applied in the ab
plane at the angle ¢y with respect to the a axis. In comparison
to Ref. [8], two terms, [2Je;,e5.] and [K,, Z?:l e?z], are added
to complete the 3D representation of the free energy, while the
Eu-Fe exchange interaction is redefined in the x-axis uniaxial
form.

Following Ref. [8], exchange and anisotropy parameters of
the free energy can be derived from saturation fields of the
canted spin state and of the spin-flip transition as follows.
When the magnetic field is applied along the b crystal axis,
magnetization of Eu occurs via spin canting, and the satura-
tion field of the spin-canted state is Hbselt = (4J + 16K,,)/M;.
When the magnetic field is applied along the a crystal axis,
magnetization saturation occurs via abrupt spin-flip transition,
and the saturation field (i.e., the spin-flip field) is H3* =
2(J + W)/M;. Notice that counterintuitively H;* and H;* do
not match each other even in the isotropic case of W =0,
K, = 0. This is the consequence of the spin flip as the domi-
nating magnetization process for the corresponding magnetic
orientation [8]. The condition for the spin-flip transition is
J/(8K, + W) < 1. When the magnetic field is applied at 45°
with respect to the a or b direction, the saturation field is
H;2' = 4J/M;. By expanding the treatment to the 3D case, the
saturation field of the canted spin state for the field orientation
along the ¢ axis is H3* = (4J + 2W + 16K, + 2K,,) /M.

The dependence of orientations of Eu magnetic moments
on the magnetic field can be derived numerically by mini-
mizing the energy in Eq. (1) with predefined anisotropy and
exchange parameters. By knowing the orientations of the Eu
magnetic moments, the magnetic resonances of Eu can be de-
rived using the Suhl-Smit-Beljers approach [39,40] extended
for the case of magnetization dynamics in coupled magnetic
multilayers [31,41-43]. With this approach the following set
of equations of motion for the magnetization vector in each
Eu layer defines the collective dispersion of the spin system
with orientation along the ab planes (6; = 7 /2):
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FIG. 3. Experimental and theoretical dependencies of the mag-
netic resonance frequency on the magnetic field f,(H). Black lines
show theoretical data for the A domain with ¢ = 0. Red lines show
theoretical data for the B domain with ¢y = 7 /2. Solid lines show
either individual resonances of Eu sublattices, as in the case of ¢y =
0 and poH < 0.5, or the collective acoustic response. Dashed lines
show the collective optical response. Arrows indicate transition fields
H* and H;*. Solid black circles show experimental f,.(H) lines
derived from the spectrum at 5 K. Error bars indicate the linewidth of
experimental resonance lines AH ~ 0.17 T and Af ~ 4.5 GHz for
lineland AH =~ 0.13 T and Af =~ 4 GHz for line II. The blue short-
dashed line indicates the accessible range of the experimental setup.
The pictograms at bottom illustrate spin configurations in twinned
domains at different fields. A domains (shown in blue) correspond
to domains with the spin density wave axis (a axis) aligned with
the magnetic field. B domains (shown in red) correspond to domains
with the spin density wave axis (a axis) aligned perpendicular to the
magnetic field.

where §6; and 8¢; are components of small deviations of
the magnetization vector in spherical coordinates, Fyy, and
Fy,4, are corresponding second-order partial derivatives of the
free energy [Eq. (1)], @ is the eigenfrequency of magneti-
zation precession, and y = 28 GHz/T is the gyromagnetic
ratio. Diagonal terms Fpg, = 0 in Eq. (2) due to the in-plane
configuration of magnetization (6; = 7 /2). The expression
> cos (¢pi — ¢u )S¢; corresponds to the dynamic susceptibility
of the resonance.

Figure 3 collects experimental and theoretical dependen-
cies of MR frequencies on the magnetic field f.(H). In
calculations we consider the in-plane magnetic field aligned
with the ab crystal planes, with the angle ¢y relative to the a
crystal axis. In accordance with the twinning domain concept
[6-8], the sample also contains domains where the orientation
of the magnetic field is 7w /2 — ¢y relative to the a crystal axis.

In general, optimization of resonance lines with Egs. (1)
and (2) showed that the value ¢y is close to 0, which indicates
that the sample consists of domains whose a axis is aligned
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with the magnetic field and domains whose a axis is perpen-
dicular to the magnetic field (A and B domains, respectively;
see illustrations in Fig. 3). For A domains at H < H:* the
spectrum consists of two antiferromagnetic spectral lines with
linear-in-field increasing (decreasing) resonant frequency, at-
tributed to individual resonances of oppositely aligned Eu spin
sublattices. At H > H:™ the spin-flip transition in A domains
occurs, and the spectrum consists of two collective modes:
the higher-frequency acoustic mode and the lower-frequency
optical mode, both with linear field dependence. Antiferro-
magnetic interaction between layers, which are magnetized
to saturation, results in higher resonance frequency for the
acoustic mode in comparison to the optical mode [28,43]. For
B domains with the b axis aligned with the magnetic field the
spectrum also consists of two lines. At H < H;* the spectrum
of B domains contains collective modes: the higher-frequency
acoustic mode with positive frequency dependence on the
magnetic field and the lower-frequency optical mode with
negative frequency dependence on the magnetic field. At H >
H;* the spin-flip transition (saturation) occurs in B domains
manifested by a kink in both curves, and both collective modes
show a positive dependence of the frequency on the magnetic
field.

A rough numerical optimization of magnetic parameters in
Egs. (1) and (2) yields the following range for the parame-
ters, consistent with Ref. [8], which can be used to obtain
resonance curves that are consistent with the experiment:
4J/M; ~ 0.8-0.9 T, 2W/M, ~ 0.1-0.2 T, H:* ~ 0.45-0.55T,
H* = (4] + 16K,)/M, ~ 1.15-1.25 T, 2K, /M, ~ 0.2-0.3 T,
and |¢y| < 5°. The large width of resonance lines and limited
experiential range did not allow us to perform a more accurate
optimization of the parameters. Solid and dashed lines in
Fig. 3 show f,(H) obtained using Eqs. (1) and (2) and the
following set of parameters: 4J/M; = 0.8 T, 2W/M; = 0.1 T,
H* =05 T, H"=(4J 4+ 16K,)/M; =12 T, 2K,/M; =
0.25 T, and ¢y = 0. According to Fig. 3, spectral line I
corresponds to the resonance of Eu spins aligned against the
external field in the domain having the angle ¢y = 0 with
the external field. Spectral line II corresponds to the optical
antiferromagnetic response in the domain having the angle
¢y = m /2 with the external field. Its optical origin explains
the low intensity in comparison to line I. The dependence of
the resonance lines on the angle ¢y can be found in Ref. [35].

It is important to note that the presence of line I at low
fields, which is the signature of the A domain, means that
the midfield detwinning stage when the B-domain population
consumes the A-domain population at uoH ~ 0.3 T [6,7,25]
does not take place. On the other side, the presence of line
II at high fields up to 0.95 T, which is the signature of the
B domain, means that the high-field detwinning stage when
the A-domain population consumes the B-domain population
at woH 2 0.7 T [6,7,25] also does not take place. Therefore
the experimental spectral lines in Fig. 3 evidence to some
extent that the detwinning process does not take place in
our EuFe,As, single-crystal sample. However, the large res-
onance linewidth and insufficient signal-to-noise ratio do not
allow us to undertake any quantitative analysis of the domain
populations.

Spectral feature Il in Figs. 2(a) and 3 may be attributed
to the optical antiferromagnetic response in the same B do-
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FIG. 4. (a) MR absorption spectra S,,(f, H) of EuFe,As, mea-
sured at 7 = 13 K. The magnetic field is applied in plane along
the ab crystal planes. Solid red circles show the experimental res-
onance curves f,(H) obtained by fitting spectral lines. (b) Cross
section Sy (H) of the spectrum at 7 = 13 K at f =25 GHz. The
solid line in (b) shows the fit of the resonant feature.

main. In this case the change in the line intensity is the
signature of the twin domain wall relocation when the frac-
tion of these domains is reduced with the magnetic field.
Alternatively, spectral feature III may be a trace of the acous-
tic mode of the A domain with ¢y =0 and H > H*". The
origin of spectral feature III can be established by studying
the temperature dependence of the spectrum. Upon increas-
ing the measurement temperature, all spectral lines shift to
lower frequencies, while the transition fields decrease [35].
Figure 4(a) shows the MR absorption spectrum of a EuFe, As;
sample measured with the magnetic field applied in plane
along the ab layers at T = 13 K. The spectrum contains the
same three absorption features [experimental f,(H) depen-
dencies are shown with solid red circles]. Resonance line I
at 0.2 < uoH < 0.4 Tand 10 < f < 15 GHz corresponds to
the resonance of Eu spins aligned against the external field in
the A domain having the angle ¢y = 0 with the external field
(see schematic images in Fig. 3). A weak resonance line II
at 0.7 < uoH < 0.8 Tand 12 < f < 18 GHz corresponds to
the optical antiferromagnetic response in the B domain having
the angle ¢y = 7 /2 with the external field. Spectral feature
IIT at T = 5 K [Fig. 2(a)] is transformed at 7 = 13 K into a
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clearly distinguishable resonance line at 0.45 < uoH < 0.7 T
and 18 < f < 26 GHz with positive-slope linear dependence
fr(H), thus manifesting the acoustic mode of A domains
with ¢y = 0 and H > H*. Lines I and III indicate that the
spin-flip field at T = 13 K is reduced to H;** ~ 0.4 T as
compared with 3 ~ 0.5 T at 5 K. Figure 4(b) shows the
cross section of the spectrum S, (H) at f =25 GHz. The
cross section indicates a drop in the transmission at uoH ~
0.4 T. This drop is attributed to the spin-flip transition of A
domains but is not related to a spin resonance process. At
noH > 0.4 T the magnetization of the A domains is changed
in a stepwise manner, which results in corresponding changes
in the impedance of the transmission line and, consequently,
in its transmission characteristics regardless of the resonance
process. In addition, the curve S, (H ) shows a resonance peak
IIT at uoH =~ 0.58 T. The fit of the resonance peaks with the
complex susceptibility allowed us to derive the resonance line
fr(H), which is shown in Fig. 4(a) with solid red circles.

The overall correspondence between experimental and the-
oretical lines in Fig. 3 and the established nature of all lines in
Figs. 3 and 4 confirm the validity of the free-energy relation
in Eq. (1) with the anisotropic Eu-Eu exchange interaction
and biquadratic Eu-Fe exchange interaction for the EuFe,As;
compound together with the domain twinning concept of its
orthorhombic crystal structure.

It should be noticed that, in general, according to the
temperature dependence of the spectrum [35] at higher tem-
peratures the acoustic mode of the B domains is expected
to appear in the accessible frequency range at low fields
H<H as‘“. However, the amplitude of the acoustic mode of B
domains is proportional to the magnetization of B domains
and thus is expected to be zero at zero fields and to show
a linear increase with the magnetic field. Therefore the in-
tensity of the acoustic mode of B domains at H < H* is
expected to be low. In addition, the low overall ferromagnetic
resonance (FMR) signals [see Fig. 2(b)], large linewidth of
resonance lines, proximity of this mode to line III, and abrupt
change in the impedance at H ~ H* [see Fig. 4(b)] make the
acoustic mode of B domains at H < H:* unobservable. Also,
according to Fig. 3, the optic mode of A domains is expected
at H > H?" in the frequency range 5-20 GHz. This line is
not observed experimentally in Fig. 2 due to zero dynamic
susceptibility of optic modes in the uniform ac magnetic field,
which is perpendicular to the magnetization direction. How-
ever, in general, in FMR experiments, optic modes appear in
the spectrum if the ac field is not uniform across the thickness
of the sample, if the sample itself is inhomogeneous across its
thickness (inhomogeneity in exchange, anisotropy, or magne-
tization of the magnetic layers), or if the sample is misoriented
with respect to the external field. In this regard, observation of
the optic mode of the B domains [line I in Figs. 2(a) and 4(a)]
indicates possible misalignment of the b axis with respect to
the direction of the magnetic field, or some inhomogeneity in
the B domains across the thickness of the sample. Apparently,
some of these factors did not work out for the optic mode of
the A domains at H > H:™.

Once the validity of the Hamiltonian (1) and the origin
of all three lines are established it is instructive to consider
resonance properties of EuFe,As, theoretically in more de-
tail. First, it can be noticed that at zero field in Fig. 3,

T T T T T
] =(°
N 120 hi
5 X ¢,=0°, optical o
Z- 100 — ¢,70° Eq.(4) *
e ®  4,=90°, acoustic +1
S g0t ) X +t
g +  4,=90°, optical +
>3 L +F
& B #,=0°,Eq. (5) + |
60 +
3 +7
=] i +
g 40 + -
2 L
Q
® 20 §
x +
0 1 1 1 1
0 1 2 3 4

Magnetic field p H (T)

FIG. 5. Theoretical dependencies of the magnetic resonance fre-
quency on the magnetic field f,(H) obtained numerically with
Egs. (1) and (2) using the same parameters as in Fig. 3 (symbols)
and analytically with Egs. (4) and (5) (solid lines).

resonance lines are split by Af, ~ 0.5 GHz. In general, for
two-sublattice antiferromagnets the zero-field split occurs due
to the two-axis anisotropy. From Eq. (2) at H = 0 it can be
derived that the split in MR frequency is set by the difference
between two eigenfrequencies given by the expressions

<2nf,
Hoy

2
> — QW + 16K, + 2K,)(4J + 16K,),

2
(2”f’> — (4] 4+ 2W + 16K, + 2K,)(4W + 16K,). (3)
Koy
As follows from Eq. (3), in the case of EuFe,As, the width of
the split A f; is also affected by the anisotropy in the exchange
interaction. In the isotropic case, W =0 and K, = 0, both
expressions relax to the known textbook splitless expression
[28,30]. However, it should be noticed that Af, is by far
smaller than the linewidth of the resonance lines and thus
cannot be verified directly for EuFe,As,.

Next, we consider the resonance of magnetically saturated
A and B domains. In terms of Eq. (1), by setting ¢] = é; the
Suhl-Smit-Beljers approach yields for a single magnetic layer

27 f\?
( utl ) = (H + 16K, — AW )(H + 16K, — 2W + 2K,,)
Hoy
)

for the higher-frequency acoustic mode of the A domain at
H > H™ and

2
(2”f’) — (H — 16K, + 4W)(H + 2W +2K,)  (5)
Koy

for the higher-frequency acoustic mode of the B domain
at H > H;™. Figure 5 shows theoretical dependencies of
the magnetic resonance frequency on the magnetic field
f+(H) obtained numerically with Egs. (1) and (2) using the
same parameters as in Fig. 3 and analytically with Eqgs. (4)
and (5). The consistency between corresponding resonance
lines confirms the validity of the numerical studies. Interest-
ingly, the exchange anisotropy parameter W enters into both
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expressions, which can be used additionally in MR determi-
nation of magnetic properties of complex antiferromagnets.
In the case in which a complete high-field detwinning of the
single crystal takes place, the resonance lines f,(H) of the B
domains having ¢r = 90° in Fig. 5 should disappear, while
the f,(H) of the A domains having ¢ = 0 should remain.

IV. CONCLUSION

In conclusion, in this paper we report the results of mag-
netic resonance spectroscopy of EuFe,As, single crystals.
The spectrum reveals several resonant features attributed to
antiferromagnetic resonances of the Eu sublattice. By employ-
ing the recently proposed spin Hamiltonian with anisotropic
Eu-Eu exchange interaction and biquadratic Eu-Fe exchange
interaction, the spectral features have been identified and
attributed to antiferromagnetic and collective resonances of

Eu layers in the orthorhombic twinned crystal with differ-
ent orientations of twin domains with respect to the external
field. The obtained magnetic parameters are quantitatively
consistent with those reported previously, thus confirming the
complex biquadratic Hamiltonian for Eu spins in EuFe,As;
proposed earlier.
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