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EuFe,As, is unique among 122 iron pnictides due to its 4f
magnetic moments. We review its properties with particular
emphasis on the interplay between 4f and 3d moments. Af-
ter discussing the parent compound, we first focus on the
evolution of magnetism and superconductivity for hole-doped
Eu,_sKFe;As; as well as for chemical and hydrostatic pressure
in EuFe,(As;_4Py), . Non-Fermi liquid behavior for optimally

1 Introduction Since the discovery by Hosono’s
group [1], tremendous work has been performed on Fe-based
superconductors [2—6]. Materials in a variety of different
crystal structures have been investigated, which commonly
exhibit iron-pnictide or iron-chalcogenide layers, being re-
sponsible for superconductivity (SC). For understanding the
fundamental properties of these superconductors, the so-
called “122” systems AFe,As, (A = Ca, Sr, Ba, Eu), crystal-
lizing in the tetragonal ThCr,Si, structure, are well suited [7]:
these systems could be grown as large and clean single crys-
tals by flux techniques and there are various ways to tune the
electronic properties. For example, SC is induced by substi-
tutions on either one of the three lattice sites as well as by
hydrostatic pressure. There are many possibilities for hole-
and electron doping. Isovalent substitution could be used to
induce chemical pressure.

AFe,As, systems undergo a structural distortion from
tetragonal to orthorhombic upon cooling from room tem-
perature through T, and subsequent antiferromagnetic (AF)
ordering at Ty due to the formation of a spin-density-wave
(SDW). SC appears as these transitions are suppressed by
doping or pressure. Analogous behavior is found in other
unconventional superconductors like cuprates, organics, or
heavy-fermions, where different electronically ordered states
such as Mott insulators, pseudogap, magnetic order, or elec-
tronic nematic phases are in competition with SC. Often the
maximal transition temperature 7, ., is found at such doping

doped superconducting systems is highlighted in the electrical
resistivity and thermoelectric power. We also discuss the in-
plane anisotropy and how the indirect magnetoelastic coupling
between Eu 4f moments and the crystal structure can be used
for persistent detwinning of EuFe; As; in the orthorhombic state
by small magnetic fields.

or pressure where the suppressed competing order leads to a
quantum phase transition. In addition, there is growing evi-
dence for non-Fermi liquid (NFL) normal state behavior at
T > T, .x, Which could be related to quantum criticality. It is
of particular interest, with respect to iron pnictides, to inves-
tigate the nature of the electronic order competing with SC,
its anisotropic fluctuations [8], the relation to quantum criti-
cality, as well as consequences for the SC order parameter.

In this review, we focus on EuFe,As,-based iron pnic-
tide systems. In contrast to AFe,As, with nonmagnetic A =
Ca, Ba, or Sr, Eu-based materials are special due to their
local 4f magnetic moments, which order antiferromagneti-
cally around 19 K. However, a metamagnetic transition to a
ferromagnetic state can be induced by application of small,
in-plane magnetic fields of the order of 1 T [9-11]. We re-
view the intricate interplay of these Eu?>* moments with SC,
magnetic and structural order related to 3d electrons. The
paper is organized as follows: first, we discuss the structural
and magnetic properties of the EuFe,As, parent compound
and then examine the effect of hole- and isovalent-doping
together with the application of external pressure on those
properties. We also focus on non-Fermi liquid behavior in
the electrical resistivity and the thermoelectric power (TEP)
in both doping series. Finally, we assess in detail the effect of
external magnetic fields on the distribution of structural twin
domains, which form in the low-temperature orthorhombic
phase.



Figure 1 Temperature dependence of the in-plane electrical resis-
tivity of EuFe,As,. The two arrows indicate the structural and 3d
magnetic ordering at T, ~ 190 K and 4f AF ordering at Ty = 19K,
respectively. The inset shows an enlarged view in the region near 7.
The magnetic ground state is sketched in the top left inset (replotted
from Ref. [10]).

2 Magnetic order in EuFe,As, Like other com-
pounds of the 122 family of the iron pnictides, EuFe,As,
crystallizes in the ThCr,Si, crystal structure with space group
I4/mmm. Layers of [FeAs]*~ are stacked with spacer layers of
Eu**. At high temperatures, the system is in a paramagnetic
state with a tetragonal crystal structure (a = 3.908(3) Ac=
12.165(7) A) [12,13]. At T, ~ 190K, the system exhibits a
combined transition of structural and SDW ordering of Fe 3d
moments. More precisely, an orthorhombic lattice distortion
into space group Cmma and a columnar AF arrangement of
Fe moments is found [10], as indicated by the orange-colored
arrows in the inset of Fig. 1. Distinct from other 122 pnictides,
EuFe,As, contains 4f Eu>* magnetic moments. They order
in an A-type AF structure below Ty = 19 K, as sketched by
blue arrows in the inset of Fig. 1. This ordering consists of
ferromagnetic (FM) layers of 4f moments aligned along the
crystallographic a-axis, which are stacked antiferromagnet-
ically along the c-axis [10].

Asdisplayed in Fig. 1 the electrical resistivity p(T'), mea-
sured within the tetragonal plane decreases slightly upon
cooling from room temperature down to T, where it displays
a sharp increase, attributed to the SDW gap formation [12].
Another change in slope is found at 7y due to the 4f magnetic
ordering. Typical values for the in-plane electrical resistiv-
ity are p(300K) = 630 pQcm and p(2 K) = 200 pQcm at
high and low temperatures, respectively. The resistivity along
the c-axis is about eight times larger than the in-plane resis-
tivity but follows a similar temperature dependence [14].

Band-structure calculations indicate that the electronic
structure of EuFe,As, is overall similar to its sister SrFe,As,
with no 4f moments [12]. Accordingly, EuFe,As, can be
tuned into a high-T; superconducting state by similar means
as Ba-, Sr-, and Ca-122 compounds. In particular, chemical
doping with electrons or holes, as well as chemical or
hydrostatic pressure induces SC [15-19].
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Figure 2 (Left) Phase diagram of Eu;_ K Fe,As, [17]. Filled
(black) circles illustrate phase transition temperatures extracted
from resistivity measurements, while open (blue) circles indicate
transition temperatures derived from susceptibility data. Solid and
dashed lines are guides to the eye. (Right) Specific heat over tem-
perature C/ T as a function of temperature for a sample with compo-
sition x = 0.5 [20]. The arrow indicates the superconducting tran-
sition.

3 Hole doping According to angle-resolved photo
emission spectroscopy (ARPES) data, the unreconstructed,
quasi two-dimensional (2D) Fermi surface of EuFe,As, con-
sists of three hole-like sheets at the Brillouin zone center
near the ['-point (k = (0, 0)) and two electron-like sheets
at the corners near the M-point (k = (7, 7)) [21, 22]. Time-
resolved ARPES has revealed ultrafast single- and many-
particle dynamics in EuFe,As, and the momentum averaged
electron-phonon coupling has been quantified [23, 24]. The
outer hole sheet has a more 3D character compared to the two
other more 2D hole sheets, due to a larger dispersion along
k,. The SDW ordering can be related to Fermi surface nest-
ing. The corresponding nesting vector Q, lies along the '-M
direction. Partial substitution of Eu?* by K'* atoms expands
the hole Fermi surface sheets, while the electron sheets in
the k,k,-plane shrink. This causes a weakening of the nest-
ing condition, which in turn leads to a suppression of the
SDW ordering temperature [22].

The phase diagram for Eu, K Fe,As, is shown in
the left part of Fig. 2. Upon K-doping up to x = 0.2 in
Eu,_ K Fe,As, T, continuously reduces to approximately
160 K. Beyond this composition, the SDW order rapidly
disappears. Above x > 0.3 SC sets in, reaching a maximal
T, ~ 34 K at the optimal doping of about x,,,,, = 0.5[16, 17].
The bulk nature of the SC has been confirmed by a clear jump
in the specific heat [20] (Fig. 2) and a strong Meissner ef-
fect in the magnetic susceptibility [16]. Optical conductivity
has revealed a gap 24, = 9.5meV = 3.7 kg T, with s-wave
symmetry and no nodes [25]. The electron spin resonance
of Eu** spins displays no Hebel-Slichter peak below T, and
the spin-lattice relaxation rate follows 1/T7% ~ T' [26].
The upper critical field H., amounts to 55 and 65 T for fields
parallel and perpendicular to the c-axis, respectively [27].
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Figure 3 (Left) Normalized in-plane electrical resistivity of a near
optimally doped (x = 0.51) Eu;_4K Fe,As, single crystal. The
dashed line indicates the non-Fermi liquid temperature dependence
o(T) = po + AT" with exponent n = 1.03. (Right) Seebeck coeffi-
cient divided by temperature S/ T versus log T'. The slightly under-
doped (x = 0.44) crystal exhibits strong signs of a logarithmic di-
vergence of S/ T, compatible with a magnetic quantum critical point
in the phase diagram. The dashed line is a guide to the eye. Data
taken from Ref. [17].

The dilution of the Eu** magnetic sublattice leads to a
weakening of 4f magnetic ordering and eventual change from
a long-range ordered into a glassy frozen (i.e., short-ranged)
state near x = 0.5. The temperature dependence of the mag-
netic penetration depth reveals a dip near 5 K related to short-
ranged ordering of 4f moments [28]. Due to problems in
crystal growth, there have been no systematic investigations
in the doping regime between x = 0.55 and x = 1. The end
member KFe, As, displays a significantly lower SC transition
temperature of T, = 3.4 K [29].

The suppression to the SDW order as well as the emer-
gence of SC would be compatible with a quantum criti-
cal point (QCP) in the phase diagram of Eu,_ K Fe,As,.
In order to search for signatures of quantum criticality, we
have carefully investigated the temperature dependencies of
the electrical resistivity and TEP for near optimally doped
Eu,_,K,Fe,As, above the superconducting transition, cf.,
Fig. 3. Indeed the electrical resistivity p(7") follows a lin-
ear temperature dependence between T, and 150 K while the
TEP coefficient S/ T displays an almost logarithmic diver-
gence in the same temperature regime [17]. Similar behavior
has also been found in K-doped SrFe,As, [30]. These temper-
ature dependencies would agree with the prediction for a 2D
SDW QCP [31]. However, the temperature range above T, is
too small in order to draw solid conclusions about quantum
criticality. The hole-doping dependence of the TEP S(x)7—cons
in Eu,_,K,Fe,As, has revealed clear anomalies near x = 0.3,
which suggest a Lifshitz transition, related to the suppression
of the SDW ordering [17].

4 Chemical and hydrostatic pressure Early hydro-
static pressure experiments on EuFe,As, have revealed the

Figure 4 Phase diagram of EuFe;(As;_,Py), as derived from single
crystals at ambient (black symbols) and hydrostatic pressure (red
symbols) [32].

suppression of SDW ordering and onset of SC for pressures
beyond 2.5 GPa [18, 19]. Since isovalent substitution of As
by the smaller P in EuFe,(As;_,P;), leads to a linear decrease
of the c-lattice parameter and unit cell volume with x [33],
hydrostatic and chemical pressure should result in similar ef-
fects on the physical properties of EuFe,As,. Indeed pressure
experiments on selected EuFe,(As;_,P,), single crystals, re-
vealed a one-to-one correspondence between the P content
and the applied hydrostatic pressure. The obtained phase di-
agram of EuFe,(As;_,P,), is shown in Fig. 4 [32]. Most im-
portantly, SC is confined to a very narrow range between
x = 0.18 and 0.23. In contrast to other 122 pnictides, SC
in EuFe,(As,_,P,), does not form over a broad range of the
phase diagram like, e.g., in BaFe,(As,_.P,), [34, 35], extend-
ing beyond the suppression of the SDW ordering. This could
either be related to the ordering of Eu 4f moments, which
may act detrimental on SC despite the occurrence of SC and
FM Eu ordering in a x = 0.3 polycrystal [36,37], or more
likely, due to the electronic changes induced by a Lifshitz
transition of the inner hole-Fermi surface (see below). An-
other difference in the phase diagram to other 122-type iron
pnictides is not only the presence of the low-temperature AF
phase stemming from 4f-moments of Eu, but a phase transi-
tion of these moments to a FM configuration with increased
P-doping.

ARPES measurements on EuFe,(As;_,P,), indicate that
chemical pressure leaves the electron Fermi surface sheets
basically unchanged, while the hole sheets develop a more
3D character due to the c-axis compression and decreasing
c/a ratio [33]. This leads to a continuous suppression of the
SDW ordering and structural phase transition, as indicated
in the phase diagram in Fig. 4.



In contrast to the case of Eu,_,K,Fe,As,, where the Eu
site is diluted and thus long-range ordering of 4f moments be-
comes weakened and suppressed, the Eu sublattice remains
intact for EuFe,(As,_.P,),. From magnetization measure-
ments for magnetic fields within the ab-plane, it has been
deduced, that the 4f ordering changes its character from AF
to FM at P concentrations beyond x = 0.23 [33]. Recent neu-
tron scattering has shown that the Eu 4f moments order ferro-
magnetically along the c-axis already for x = 0.19 [38]. The
proposed canted AF order, deduced from bulk magnetization
measurements [39] could not be confirmed [38]. As shown
in the phase diagram displayed in Fig. 4, after a sufficient
suppression of the iron ordering, SC emerges in the system
with amaximal transition temperature of 7,"* = 28 K around
x = 0.19. In a narrow region SC coexist with the Eu** or-
der [33], while the system is likely still in an orthorhombic
SDW state [33,32]. In-plane magnetization has suggested
that at a slightly higher doping level of x ~ 0.23, the Eu**
order changes abruptly to FM and SC disappears [39]. Sev-
eral effects appear to happen simultaneously around this
critical concentration: our TEP data show a distinct, non-
monotonic evolution of S(x) at constant temperature, indi-
cating a Lifshitz transition [17]. Further evidence for such a
transition was found by Thirupathaiah et al. Their ARPES
measurements indicate the vanishing of the inner hole-Fermi
surface sheet at this concentration [40]. At x > 0.2, the
electronic and structural phase transitions are likely fully
suppressed [32].

Fermi surface nesting can have a strong influence
on the Ruderman—Kittel-Kasuya—Yosida (RKKY) interac-
tion in multiband systems by modifying its strength and
anisotropy [41]. The evolution of the indirect exchange cou-
pling likely causes the rearrangement of the magnetic or-
der of the Eu?>* moments beyond the critical concentra-
tion. Furthermore, LDA+U calculations suggest that the
Eu ordering in the parent compound is close to an in-
stability toward ferromagnetism [33]. Clearly, the narrow-
ness of the SC dome in EuFe,(As,_,P,), is not caused by
disorder, as it has been confirmed by hydrostatic pressure
experiments [32].

Previously, the following scenario has been proposed to
account for the phase diagram of EuFe,(As,_P,), [32]: A
Lifshitz transition around x = 0.23 breaks the Fermi surface
nesting and hence suppresses the SDW transition which in
turn impedes the structural transition. The disappearance of
the SDW transition changes the RKKY interaction and — in
agreement with the LDA+U calculations — increases inter-
layer coupling which leads to a FM arrangement of the Eu®*
moments. The FM state may be incompatible with the s*~-
wave paring proposed for this system [4, 33,42], because the
Zeeman effect, which arises due to the FM order, strongly
disfavors the formation of Cooper pair singlets. However,
recent resonant magnetic x-ray scattering as well as neu-
tron scattering have confirmed the microscopic coexistence
of SC with FM Eu ordering in which moments of 6.6y are
primarily aligned along the c-axis [38, 43]. Furthermore, hy-
drostatic pressure experiments at 3.2 GPa on EuFe, As, reveal
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Figure 5 (Left) Normalized electrical resistivity of an almost opti-
mally doped (x = 0.20) EuFe,(As;_«Py), single crystal. The dashed
line indicates the non-Fermi liquid temperature dependence with
o(T) = po + AT" with n = 1.09. Data extracted from Ref. [33].
(Right) Seebeck coefficient divided by temperature S/ 7T vs log T
The optimally doped (x = 0.21) crystal exhibits strong signs of
a logarithmic divergence of S/ T, suggesting a magnetic quantum
critical point in the phase diagram. Data replotted from Ref. [17].

a broader SC dome, extending beyond the vanishing of the
structural and SDW order [44].

In the context of 4f magnetic ordering we finally men-
tion, that a careful study of the magnetization and differential
susceptibility at very small magnetic fields below 0.1 T has
revealed indications for a “re-entrant spin-glass” freezing at
temperatures below the magnetic ordering of the Eu 4f mo-
ments [45].

Furthermore, the system displays pronounced non-Fermi
liquid behavior evidenced by the linear electrical resistivity
and the logarithmic divergence of S/T depicted in Fig. 5.
These signatures are similar to those for optimally doped
Eu,_,K,Fe,As, [17]. However, we note that a recent de-
tailed study of the x dependence of the scattering rates in
EuFe,(As,_.P,), determined by ARPES has found a linear
energy dependence but no enhancement near the putative
QCP [46]. The “strange metal” normal state properties have
thus been interpreted in terms of a Lifshitz transition due to
the crossing of the top (bottom) of a hole (electron) pocket
through the chemical potential, causing an anomalous band
dispersion at the Fermi level. The latter leads to a strong mass
enhancement in the normal state.

5 Persistent magnetic detwinning 122-type iron
pnictides display a strong in-plane anisotropy in various
physical properties, which is much larger compared to what
is expected from the orthorhombic lattice distortion. In
Co-doped BaFe,As,, for example, the electrical resistivity
anisotropy reaches p,/p, &~ 2, while the lattice distortion
has a maximum size of (a — b)/(a + b) = 0.36 % [47]. This
observation has been associated with electronic nematicity
and is being discussed as a relevant ingredient for high-
temperature SC in these materials [6,8,48—54].
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The in-plane anisotropy can only be detected by avoiding
the formation of twin domains upon cooling a single crys-
tal from the high-temperature tetragonal into the orthorhom-
bic state. A similar problem occurs for copper oxide SCs,
where magnetic and mechanical detwinning methods have
been established [55, 56]. The coupling of magnetic fields of
the order of several Tesla on the Fe moments is much too
weak to allow a sizable detwinning [8, 57]. Instead, mechan-
ical clamps are commonly used to apply uniaxial pressure,
which in turn detwins the crystals [8]. However, this method
is problematic, because the uniaxial pressure acts as an ex-
ternal symmetry breaking force to the system and therefore
does not allow to detect the intrinsic anisotropy [52].

As mentioned above, the EuFe,As, system is special
compared to other 122 pnictides due to its magnetic Eu**
moments. First evidence for a magnetically induced detwin-
ning in this system was found by Xiao et al. while conduct-
ing neutron diffraction experiments [11]. They found a com-
plete detwinning of EuFe,As, in a small in-plane magnetic
fields of the order of 1 T at low temperatures with the longer
crystallographic a-axis parallel to the external magnetic field
H || [110]y.

Recently, we have shown that this field-induced detwin-
ning does not only work below Ty, but even persists to
temperatures up to 7, ~ 190K after removing the magnetic
field [58]. For example, the electrical resistivity and the TEP
reveal similar anisotropy as found for mechanical detwinning
(see below).

In the following, we discuss these experiments, which
all have been performed using a well-defined measurement
protocol to ensure consistent conditions. At first, the single
crystals were cooled from above T; to low temperatures in
zero magnetic field and then the “zero-field-cooled” (ZFC)
response to the application of a magnetic field was detected.
Here, an in-plane magnetic field was applied along the tetrag-
onal [1 1 O]-direction. Afterward, the field has been removed
again before conducting further measurements. This leaves
the crystal aligned with the shorter b-axis parallel to the pre-
vious field direction. We call this process “field treatment”
(FT).

The detwinning effect is strongly visible in the
temperature-dependent resistivity p(7') after FT. Figure 6a
and b shows such data normalized to the ZFC curve. Although
the magnetic field is zero during the measurement a large
in-plane anisotropy along the orthorhombic axes is clearly
resolved. The anisotropy changes sign, depending on FT the
sample above or below Ty, but it remains almost unchanged
up to 7T, [58]. The thermal expansion (TE), AL(T)/L de-
picted in Fig. 6¢ exhibits a similar behavior as the sample is
shorter after FT at 4 T than in the ZFC state, indicating a de-
twinning with the smaller b-axis parallel to the applied mag-
netic field. Remarkably, the induced imbalance (adjusted for
temperature-related changes in the lattice parameters) stays
virtually constant up to 7; [58].

While the electrical resistivity and the TE show only the
effect of the FT, magnetostriction A L(H)/L, and magnetore-
sistance Ap(H)/p(H = 0) data shown in Fig. 6d—f provide

Figure 6 (Magneto)resistance, magnetostriction, and thermal ex-
pansion of ZFC EuFe,As, with magnetic field H || [1 1 0]r. (a-b)
Normalized resistivity versus temperature ppr(7) after field treat-
ment (FT) with 4T and current parallel (red) and perpendicular
(black) to H. The FT at (a) T = 4K and (b) 30K results in op-
posite behavior. (c) Thermal expansion AL(T)/Lo (AL || H) after
ZFC (black) and FT with 2T at 4K (cyan). (d—e) Magnetoresis-
tance oy (H)/p;(0 T) — 1 at (d) 5K and (e) 30 K. (f) Magnetostric-
tion AL(H)/Lg at 5 K for increasing (black, brown) and decreasing
(green) H. Replotted from Ref. [58].

insight into the detwinning process. The crystal (see Fig. 6f)
initially shrinks with increasing magnetic field. Around 0.6 T,
the crystal abruptly expands until the expansion saturates
roughly at 2 T. After removing the magnet field, the initial
length is not recovered (see Fig. 6¢ and f, dotted lines) and
the sample remains shorter. This observation is compatible
with a reorientation of the structural domains: first with the
shorter b-axis parallel to the magnetic field then with the
longer a-axis [58]. This behavior is also in accordance with
the magnetoresistance depicted in Fig. 6d, when consider-
ing, that the shorter b-axis has a higher resistivity than the
longer a-axis [8,59]. Thus, when the sample contracts, the
resistivity increases and vice versa. Therefore, we conclude
that two separate detwinning processes take place during FT
below Ty: an orientation of the b-axis parallel to H for low
magnetic fields and a reorientation of the domains with the
a-axis parallel to H at higher fields. Above Ty, however, only
one, the latter detwinning process occurs, as shown in Fig. 6e
for the electrical resistivity.
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In the following, we present further evidence that the
observed behavior is indeed related to Eu and the reorien-
tation of structural domains. The observed magnetostriction
is of the order of 10~* and exceeds the typical (electronic)
magnetostriction of Eu-based materials by at least two or-
ders of magnitude. Figure 7 shows a comparison between
magnetostriction data taken on EuFe,As, with the magnetic
field applied along [1 1 0] (see Fig. 7a, also cf., Fig. 6f) and
[100]; (see Fig. 7b) as well as BaFe, As, with the field along
[110]y (see Fig. 7c). Substituting Eu by Ba in measurements
parallel to [110]; shows no comparable signal. The same
holds when the Eu sample is rotated by 45°. At the [100];
direction, the easy axis of both twin types lies at an angle Figure.7 (a) Magnified magnetostriction of EuFe,As, with the
of 45° with respect to the magnetic field. This configuration ~magnetic field H [ [110]r. (b) Reference measurements of the
favors no twin and thus no detwinning occurs. same and a BaFe,As, single crystal with H || [100]r and H ||

. 110 fi tion, tively. All dat lotted th
From these measurements, we developed a simple [110}r configuration, respectively. ais, afe p ofed of the

.. . L . . same scale and were taken at 5 K. Detwinning is only observed
model for the detwinning mechanism which is depicted in for EuFe,As, with H || [110}r. Replotted from Supplement of

Fig. 8 [58]. It is based on the magnetocrystalline anisotropy — Ref. [58].

Figure 8 Depiction of the detwinning model for a (from left to right, increasing) magnetic field H || [1 1 0]y applied at T < Ty. The top
and bottom rows show sections of the EuFe; As; crystal and magnetic structure [Eu atoms and spins (blue), Fe atoms (yellow) and spins
(brown), and As atoms (green)] for A; and B twin type configurations, respectively. Arrows indicate spin directions. The corresponding
twin distribution is sketched in the middle row. (a) At H = 0 T, the crystal is twinned and the domains are equally distributed. The a-type
AF structure leaves the Eu** moments aligned along the crystallographic a-axis. (b) Eu>* moments of the B, twin type (red, bottom)
reduce their Zeeman energy by following the increasing magnetic field, leading to a growth of this domain type at the expense of variant
A, once the energy difference exceeds the twin boundary pinning energy. (c) At (higher) Hs half of the Eu?" moments of the remaining
A type twins start lowering their energy by flipping in field direction. (d) This leads to a re-population of the A, type twin once the
energy is lower than the energy of the B type twin, eventually leading to a fully detwinned crystal with the a-axis parallel to H. (e)
Corresponding energy curves (E: twinned ground state). At lower fields, the B twins are energetically favored (red area), while at higher
fields the A twins are favored (green area). The detwinning takes place at H, and H,, when the energy gain exceeds the pinning energies
of the twin boundaries. Replotted from Ref. [58].
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Figure 9 Electrical resistivity and thermoelectric power of (a,c) a mechanically detwinned EuFe,(As;_xPy), sample with x = 0.05 and
(b,d) a magnetically detwinned EuFe,As, crystal along their orthorhombic a- and b-axis. The in-plane anisotropy can be resolved in both
cases. Arrows indicate the structural/SDW phase transitions. Data in (a,c) replotted from Ref. [53].

A, the AF exchange coupling J, and the Zeeman energy,
but does not directly incorporate the 3d moments of the Fe
sublattice.

Consider two twin types, one with the easy a-axis par-
allel to H — which we will refer to as A — and another one
perpendicular — called B). After ZFC, the crystal is twinned
with equally distributed domains. At 7T < Tyand H || [1 1 0]¢
each domain has an energy minimum at

M?(uoH)*
BN, = Ey— ol (1)
2JM? + A
M?(juyH)
Al _ 0
Elnin_EO+A_2JM2_Aa (2)

with the ground state energy E,.

Atlow fields (H,), the Eu** moments of the B, twin grad-
ually rotate toward H, reducing their Zeeman energy. In the
A, twin, the antiparalle] moments are kept in place by the
magnetocrystalline anisotropy and the system keeps occu-
pying the former ground state. The domain population shifts
toward more B twins once the energy difference E i'i‘n —E Qg‘n
exceeds the pinning energies of the twin boundaries.

At Hgr > Hj, the magnetic field induces a spin flip of the
antiparallel moments in the A twins. This causes E‘:‘,‘n to also
reduce with increasing magnetic fields, according to Eq. (2)

which is plotted in Fig. 8e. The slope of Eﬂn is greater than
that of Efl!n due to the anisotropy — the spins of A are parallel

to the systems easy axis. The two energies intersect at

S A2
B=—\[22M* — —.
M 2

The domain population shifts toward more A; twins once
the energy difference Eﬁ‘i‘n — Eﬂ‘n again exceeds the pinning
energies of the twin boundaries.

At T > Ty, the Eu*" moments are paramagnetic and can
all gradually align along the magnetic field. This detwins the
crystal witha || H.

In short, we have a two-step detwinning process at T <
Tx, in which the crystal first detwins with the b-axis parallel
to H and then with the a-axis parallel to H at higher fields. In
the paramagnetic state of the Eu*" moments, only the latter
orientation occurs. The samples stay detwinned up to 7; in
both cases.

The overall effect after FT is perhaps most prominently
shown in Fig. 9. On the left side measurements of the
electrical resistivity and the TEP performed in the typi-
cal “clamped” setup are shown, where a mechanical clamp
was used to apply an uniaxial pressure of roughly 6 MPa
to the sample during measurements. The anisotropy in the
orthorhombic phase is visible together with an anisotropy



above T, that has a reversed sign. This has been discussed
to arise from two contributions due to anisotropic scatter-
ing and orbital polarization above and below T, respec-
tively [53]. On the right side, the same set of measurements is
presented. Instead of the mechanical clamp, the magnetic de-
twinning was used to resolve the low-temperature anisotropy.
An anisotropy above T is not evident.

Field-induced detwinning has also been used to investi-
gate the in-plane anisotropy of the optical conductivity, where
a higher Drude weight and lower scattering rate was found
along the crystallographic a-axis [58, 60].

Since Eu®" has a spin-only moment, the large magne-
tostriction related to the field-induced detwinning must arise
from an indirect coupling between the 4f moments and the
lattice, via the Fe 3d moments [58]. The relevance of RKKY
coupling to EuFe, As, has been pointed out previously [41]. A
preliminary study on EuFe,(As,_,P,), showed a weakening
of the field-induced detwinning with P substitution and com-
plete disappearance for x = 0.14 [61]. Nevertheless, even for
samples with x = 0.19 which display superconductivity, ’Fe
Mossbauer spectroscopy has found a significant coupling be-
tween the 3d and 4f magnetic subsystems, evidenced by an
enhancement of Fe spin dynamics by Eu spin fluctuations
at low temperatures [62]. This coupling, however, does not
lead to a bottleneck effect in the Eu spin relaxation via the
conduction electrons in electron spin resonance [63].

6 Conclusions Compared to other 122 pnictides,
EuFe,As, is special due to the presence of additional 4f Eu**
magnetic moments. It appears that they have only weak in-
fluence on the electronic properties. However, their indirect
coupling to the lattice via the Fe moments allows to use mag-
netic fields to very effectively detwin single crystals. Quite
remarkably, fields of only 1 T induced a persistent (even after
field is reduced to zero) detwinning which holds upon warm-
ing up to the structural phase transition of almost 200 K.
Related to the field-induced detwinning, a very large (for
Eu magnets) isothermal magnetostriction has been found.
Our studies of the electrical resistivity and TEP prove that
field-induced detwinning allows to investigate the in-plane
anisotropy in EuFe,As,.

We have also reviewed the structural and magnetic prop-
erties of the hole-doped Eu,_,K,Fe,As, and chemically pres-
surized EuFe,(As,_,P,), alterations. These systems exhibit
rich phase diagrams with indications for non-Fermi liquid
behavior, evident from the T-linear resistivity and the di-
verging temperature behavior of the TEP divided by temper-
ature. These effects could be related to Lifshitz transitions
that trigger the breaking of Fermi surface nesting and leads
to a suppression of Fe magnetic ordering and the occurrence
of superconductivity. For EuFe,(As,_,P,), a very narrow SC
dome has been found with coexistence of FM Eu ordering.
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