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Here, we present a combination of magnetization and magnetic torque experiments to investigate
the magnetic orders in undoped EuFezAsy and Co doped EuFe; §Cog.2Ass single crystals. Although
at low temperatures typical results for an antiferromagnetic (AFM) state in EuFepAsy were found,
our data strongly indicate the occurrence of a canted antiferromagnetic (C-AFM) order of the Eu®*
moments between 17 K and 19 K, observed even in the lowest studied magnetic fields. However,
unlike in the parent compound, no low-field and low-temperature AFM state of the Eu?" moments
was observed in the doped EuFe; sCop.2As2. Only a C-AFM phase is present at low fields and
low temperatures, with a reduced magnetic anisotropy as compared to the undoped system. We
present and discuss for both, EuFesAsy and EuFe; s§Cog.2Asz, the experimentally deduced magnetic
phase diagrams of the magnetic ordering of the Eu?* sublattice with respect to the temperature,
the applied magnetic field, and its orientation to the crystallographic axes. It is likely that the
magnetic coupling of the Eu and the Fe sublattice is strongly depending on Co doping, having
detrimental influence on the magnetic phase diagrams as determined in this work. Their impact on
the occurrence of superconductivity with higher Co doping is discussed.

PACS numbers: 74.70.Xa, 75.30.Gw, 75.30.Kz, 75.50.Ee

I. INTRODUCTION

The discovery of superconductivity in the iron-based pnictides! provided a new class of compounds to the high
temperature superconductor (HTS) family. Three main groups of these iron-based superconductors are intensively
studied: the RFeAsO compounds with R=La-Gd ('1111°),? the ternary arsenides AFepAsy with A=Ba, Sr, Ca,
Eu (’1227),® and the binary chalcogenides such as FeSe;_, (’11°).% Similar to the cuprate HTS’s, the undoped iron-
puictides are not superconducting (SC) at ambient pressure and undergo a spin-density wave (SDW) transition
at high temperatures.® The SC state in iron-based compounds can be achieved either under pressure (chemical
and hydrostatic)®1® or by appropriate charge carrier doping of the parent compounds,'®'® both accompanied by a
suppression of the SDW state.

Here, we focus on EuFeyAs,; which is a particularly interesting member of the ternary system AFe;Ass, since
the A site is occupied by a rare earth Eu?* S-state (orbital moment L=0) ion with a 4f7 electronic configuration.
Eu?* has a total electron spin S=7/2, corresponding to a theoretical effective magnetic moment of 7.94 up. It is
the only known member of the 122’ family containing 4f electrons. In addition to the SDW ordering of the Fe
moments at Tspw ~ 190 K, an antiferromagnetic (AFM) order of the Eu?t spins at Tapm ~ 19 K was reported
by Méssbauer and susceptibility measurements.'®2! Recently, neutron diffraction measurements were performed on
EuFe,As; and the magnetic structure illustrated in Fig. 1 was established.? This material exhibits an A-type AFM
order of the Eu?* moments, e.g., the Eu?T spins align ferromagnetically in the planes, while the planes are coupled
antiferromagnetically.®?? It was demonstrated that by applying a high enough magnetic field, the Eu?>* moments
can be realigned ferromagnetically in both the parent compound EuFe;Asy?123 as well as in the Co-doped system
EuFe,_,Co,Asy (£=0.22).2* In addition, neutron diffraction measurements?® suggested a canted AFM (C-AFM)
structure of the Eu?>T moments in EuFesAs, at intermediate magnetic fields.



Co-substitution may induce superconductivity in EuFe;_,Co,Ass with a reentrant behavior of resistivity due to the
AFM ordering of the Eu?* spins.?® Reentrant superconducting behavior was also observed in resistivity experiments
on EuFeyAs, under an applied pressure up to 2.5 GPa.'%15 However, only above 2.8 GPa, where a valence change of
the Eu ions from a divalent magnetic state (4f7, J=7/2) to a trivalent nonmagnetic state (4f5, J=0) was suggested
to occur,” a sharp transition to a zero-resistivity state was observed.'? Bulk superconductivity was also achieved
in EuFesAss_,P,"?% where isovalent P-substitution of the As-site includes chemical pressure in EuFesAs,. No
superconductivity was detected in EuFes_,Ni,Asg,?” while superconductivity with a maximum 7, ~ 20 K was reported
for BaFey_,NigAs,.28 It was suggested in various reports2!:27:29:30 that there is a strong coupling between the localized
Eu?* spins and the conduction electrons of the FeyAs, layers. Recently, the hyperfine coupling constant Ag, between
the ™ As nuclei and the Eu 4f states in EuFe; ¢Cog 1 Asy was quantitatively determined from >As NMR to be Ag,=-
1.9 x 107 A/mpug.3! This large value of Ag, indicates a strong coupling between the Eu?* localized moments and the
charge carriers in the Fes Asy layers and points to a strong correlation between the ordering of the localized magnetic
moments and superconductivity in EuFe;_,Co,Ass.

It is well established that the SDW state of the Fe moments is suppressed as a result of Co doping. However, at
present there is no clear picture how the ordering of the Eu spins develops with increasing Co concentration. Generally,
it was assumed that in the '122’ systems the direction of the sublattice magnetization of the Eu?>* magnetic moments
is strongly affected by the magnetic behavior of the Fe atoms.?3273¢ Thus, it is important to compare the magnetic
properties of the Eu-sublattice in EuFes_,Co,Asy without and with Co doping in order to study the correlation
between ordering of Eu?T moments and the magnetism of the Fe sublattice. This in turn, is crucial to understand
the interplay between magnetism of localized moments and supercondcutivity in EuFes_,Co,Ass.

In this work, we present magnetic susceptibility, magnetization, and magnetic torque experiment performed on
single crystals of EuFes_,Co,Ass (=0, 0.2). The goal of this study is to investigate the macroscopic magnetic
properties of the Eu-sublattice. Magnetic susceptibility and magnetization investigations provide information on
the magnetic structure of a single-crystal sample in magnetic fields applied along the principal axes. In addition, the
evolution of the magnetic structure as a function of the tilting angle of the magnetic field and the crystallographic axis
can be studied by magnetic torque. This paper is organized as follows: Experimental details are described in Sec. II.
The results of the magnetic susceptibility, the magnetization and the magnetic torque measurements are presented
and discussed in Sec. III. In Sec. IV the magnetic phase diagrams of the Eu?>t sublattice ordering with respect to
magnetic field and temperature in single crystals of EuFes_,Co,Ass (2=0, 0.2) are discussed. The conclusions follow
in Sec. V.

II. EXPERIMENTAL DETAILS

Single crystals of EuFey_,Co,Asy (z = 0, 0.2) were grown out of Sn flux.3! The magnetization measurements of
the EuFey_,Co,Asy (2 = 0, 0.2) samples were performed with a commercial SQUID magnetometer (Quantum Design
MPMS-XL) with the magnetic field H applied parallel (H || ¢) or perpendicular (H L ¢) to the crystallographic c-axis.
The magnetic torque measurements were carried out using a home-made torque sensor.?” The sample is mounted on
a platform hanging on piezoresistive legs. A magnetic field H applied to the sample having magnetic moment m
results in a mechanical torque 7 = Momxﬁ . This torque bends the legs, and thus creats a measurable electric signal
proportional to the torque amplitude. The temperature is controlled by an Ozford flow cryostat, and the magnetic
field is provided by a rotatable resistive Bruker magnet with a maximum magnetic field of 1.4 T.

III. RESULTS
A. Magnetization measurements
1.  Temperature dependence

The temperature dependence of the magnetic susceptibility x = M /H (here M is the magnetization determined as
magnetic moment per mol) for the crystal of EuFesAss in a field of uoH = 0.01 T for H L ¢ and for H || ¢ is shown
in Fig. 2a. In agreement with previous reports,?>:2! the magnetic susceptibility for H L ¢ (x1) and for H || ¢ (X))
determined in the temperature range from 30 to 190 K (i.e., far above Tapy =~ 19 K of the Eu moments up to Tspw
~ 190 K of the Fe moments) is well described by the Curie-Weiss law:
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Here, C denotes the Curie constant and fcw the Curie-Weiss temperature. Analyzing the data in Fig. 2a with Eq. (1)
yields: C = 1853(15)x10~7 m® K/mol, fcw = 19.74(8) K for H || c and C = 2127(23)x10~" m® K/mol, fcw =
20.69(4) K for H L ¢. The calculated effective magnetic moment is pieg ~ 7.6 ug for H || ¢ and preg ~ 8.3 ug for H L c.
These estimates of ji.¢ are close to the theoretical value of the magnetic moment of a free Eu?* ion (pgy2+ = 7.94 up).
The positive value of Ocw for both H || ¢ and H L c is consistent with previous magnetization measurements,?%:?!
indicating that the direct interaction between the Eu?* moments is ferromagnetic (FM). This is in agreement with
the magnetic structure of EuFeyAsy suggested by zero field neutron diffraction measurements,® revealing that the
intralayer arrangment of the Eu?t spins is FM. The sharp increase of y with decreasing temperature below 30 K also
indicates a FM coupling between the Eu?>* moments. The Eu moments align with respect to the Fe moments along
the a axis® as illustrated in Fig. 1.

With decreasing temperature from 19 K to 17 K, the susceptibility x| of single-crystal EuFe;Asy decreases rapidly
and below 17 K the decrease of x| is less pronounced. On the other hand, x| decreases with decreasing temperature
from 19 K to 17 K and remains constant below 17 K. Moreover, the values of x| and x| at 19 K are substantially
different (x1 /x| ~ 1.33), already in a rather low magnetic field o = 0.01 T (see Fig. 2a). Note that within the
classical picture of an ideal antiferromagnet, the magnetic susceptibility x in a magnetic field perpendicular to the
easy axis is constant, and y in a field parallel to the easy plane decreases linearly with decreasing temperature. In
addition, for an antiferromagnet the values of x at the antiferromagnetic (AFM) transition temperature are the same
for both H L ¢ and H || ¢.?? The inset of Fig. 2a illustrates the temperature dependence of the difference between
both susceptibilities x4 = x1 — x|. Note that below 19 K the quantity xq decreases with decreasing temperature
and reaches zero at around 17 K. This behavior of x4(7T") can be explained by invoking a transition from the high-
temperature paramagnetic state to a FM state or to a C-AFM state at about 19 K. The transition from a FM or
a C-AFM to an AFM state of the Eu?* spins occurs only below 17 K. The pronounced increase of X|| above 17 K
indicates the appearence of a magnetic moment along the c-axis. Since x| is smaller than x, in the FM/C-AFM
state, it is suggested that the ab-plane is the easy plane of this ordered state. In Fig. 2b the temperature dependences
of x1 and x| of single-crystal EuFesAs, in a magnetic field of 0.3 T and 0.5 T (inset) are shown. Obviously, the
AFM transition temperatures for H L ¢ (crossing point of x| and x| ) and for H || ¢ (temperature at which x| starts
to increase) are shifted to lower temperature with higher magnetic field (see Fig. 2a for comparison). However, at
poH = 0.5 T the curves x1 and x| do not cross in the investigated temperature range, indicating that the AFM
state of the Eu?* ions is suppressed in EuFesAss in magnetic fields H L ¢ exceeding pugH ~ 0.5 T. For H || ¢ the
suppresion of the AFM state occurs in fields higher than pgH ~ 1.2 T, since above this field the susceptibility for
H || ¢ is temperature dependent even at temperature as low as 2 K (see Fig. 3b). Importantly, the magnetic field at
which the magnetic moments of the Eu sublattice saturates (i.e., the field at which the FM state is reached) is much
higher than the field of suppresion of the AFM state. This implies that a FM state appears in a magnetic field higher
than the field of suppression of antiferromagnetism and that those two transitions are distinguishable. The peak in
the magnetic susceptibility at about 19 K in low fields (see Fig. 2) can be associated with the transition from a PM
to a C-AFM state. This peak is shifted to lower temperature with applied magnetic field above puoH ~ 0.3 T for H
L ¢ and above poH ~ 0.5 T for H || ¢ (see Figs. 2b and 3b). Finally, we may conclude that a field-induced magnetic
phase transition from an AFM via a C-AFM configuration to a FM state takes place below 17 K. Such a transition
is visible even at the lowest temperature of 2 K reached in our experiment.

The magnetization M (7T') in the FM state in the vicinity of the Curie temperature T¢ can be described by the
power law:

M(T) = M, (1 - g(j)ﬁ (2)

Here 3 and M, are empirical constants. Analyzing the data at 1.5 T with Eq.(2) yields: Tc = 27.2(1) K and B =
0.39(1) for both directions of the magnetic field (solid lines in the insets of Fig. 3a and 3b). It was found that T¢
increases gradually with increasing applied magnetic field for H L ¢ and H || ¢. By extrapolating T¢(H) to low fields
the zero-field value of T was found to be ~ 19 K. The present values of T:(H) are in agreement with those reported
by Xiao et al.?3

The temperature dependence of the magnetic susceptibility for the Co doped crystal EuFe; §Cog.2Ass in an applied
field of poH = 0.01 T for H L ¢ and H || ¢ is presented in Fig. 4. In the inset the temperature dependence of the
difference between the susceptibilities for two field configurations xq = x 1 — x| is shown. Analyzing the susceptibility
data above 30 K with Eq. (2) yields: C = 2108(32)x10~" m?® K/mol, fcw = 21.86(6) K for H 1 ¢ and C =
1915(34)x10™7 m® K/mol, fcw = 20.67(7) K for H || ¢. Again fcw turns out to be positive. Like in the parent
compound a sharp increase of x below 30 K is observed, which is attributed to the in-plane FM coupling between
the Eu?* moments. Below 17 K the susceptibility x| starts to decrease with decreasing temperature, indicating the
onset of an AFM transition of the Eu?t spins. On the other hand, X|| remains almost constant below 17 K. This
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suggests that the Eu?T moments align along the ab-plane, similar to undoped EuFesAsy. However, for EuFesAsy the
AFM ordering temperature of the Eu?t spins is about 2 K higher. Below 17 K, x is significantly larger than X|[s
even in magnetic fields as low as 110 #/=0.01 T (see Fig. 4). Thus, no crossing between x| and x| is observed (inset of
Fig. 4), in contrast to the parent compound EuFesAss (see Fig. 2). Furthermore, x| is temperature dependent even
at the lowest applied magnetic field. This is inconsistent with an AFM state with an easy c-axis. Hence, we suggest
that for all temperatures below 17 K the ground state of the coupled Eu?* spins in EuFe; §Cog 2As, is a C-AFM state
with a FM component in the ab-plane. This implies that the magnetic configuration of the Eu moments is strongly
influenced by the magnetization of the Fe-sublattice. This is consistent with previous NMR studies, revealing a strong
coupling between the Eu and Fey_,Co,As, layers.3!

The temperature dependences of x| and x| at different magnetic fields of single-crystal EuFe; §Cog 2Asg are shown
in Fig. 5. Zero field cooling (ZFC) and field cooling (FC) susceptibilities x; (7') measured in an applied field of pgH
= 0.001 T are shown in the inset of Fig. 5a. Below 17 K the ZFC and FC curves deviate from each other, indicating
the presence of a C-AFM state of the Eu?* moments. The data reveal a decrease of the C-AFM ordering temperature
Tc_arMm With increasing magnetic field for both field orientations, similar as for the parent compound EuFesAs,.
However, the values for Tc_apn for EuFe; gCog.oAss are substantially smaller than those for EuFesAss.

2.  Field dependence

The susceptibility investigations of the previous section clearly demonstrate that the system EuFes_,Co,Ass (x =
0, 0.2) shows a rich variety of magnetic phases. In order to explore in detail the various magnetic field-induced phases,
magnetization experiments were also performed as a function of the applied magnetic field at different temperatures.

The field dependence of the magnetization of single-crystal EuFesAss at different temperatures for H | ¢ is shown
in Fig. 6. In the inset the low field magnetization M, at 5 K is shown. M increases almost linearly with increasing
magnetic field H up to pgH =~ 0.45 T where a sudden increase of M, appears. Then M, further increases with
increasing H, and finally saturates for pgH > 0.8 T. The value of the saturation magnetization corresponds to an
effective magnetic moment of 6.8 up/f.u., which is close to gupS = 7 up/f.u. expected for Eu?* moments. This result
suggests that there is a metamagnetic (MM)38’39 transition at poHyn =~ 0.45 T at 5 K in EuFeyAs,, consistent with
previous observations.??:2! Such a metamagnetic transition is characteristic for A-type antiferromagnetism in layered
systems as, e.g., Nag.g5Co02® and Las_,Sr14,Mny07.4° Figure 6 shows that the MM transition shifts towards lower
fields with increasing temperature. The values of the magnetic field at which the MM transition occurs is in agreement
with the results obtained from the susceptibility for the AFM to C-AFM transition. Thus, we propose that the MM
transition corresponds to the onset of a spin-flop transition?? from an AFM to a C-AFM state in EuFepAs,. However,
no MM transition for H L c¢ is detected in EuFe; §Cog 2Asy (Fig. 7a). Both M, and M | first increase almost linearly
with increasing H and then saturate at higher fields (Fig. 7). The absence of a MM transition in EuFe; §Cog2Asy
is consistent with the susceptibility measurements presented above, suggesting that the Eu?t moments exhibit a
C-AFM ground state even at very low H. This conclusion is also supported by magnetic hysteresis measurements at
5 K performed in magnetic fields up to 0.5 T. As demonstrated in the inset of Fig. 7a the field dependence of M, at
5 K shows a well developed hysteresis for EuFe; sCog.2Ass, in contrast to the parent compound EuFes Asy where no
hysteresis is observed.

Obviously, the presented susceptibility and magnetization measurements reveal a complex and rather sophisticated
interplay of magnetic phases in the EuFes_,.Co,Asy system. Additional information on the complex magnetic phases
in EuFes_,Co,As, is obtained from angular dependent magnetic torque studies presented in the next section.

B. Magnetic torque

In low magnetic fields the Eu?T magnetic moments prefer to order antiferromagnetically in EuFesAsy. High
magnetic fields reorient the magnetic moments, leading to various magnetic field induced phases. Magnetic torque
allows to investigate multiple aspects of magnetic order as a function of the magnetic field with respect to the principal
axes. Whereas magnetization provides direct information on the magnetic moment oriented along the field, magnetic
torque directly probes the anisotropy of the susceptibility in magnetic systems.

The angular dependence of the magnetic torque 7 of single-crystal EuFe; Asy measured at 13 K in various magnetic
fields is presented in Fig. 8a. In Fig. 8b the same data are plotted in terms of 7/(uoH?). The torque data below 0.3 T
are of sinusoidal shape, following a simple angular dependence for a uniaxial antiferromagnet:*!

XL —XH)
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Here, 6 denotes the angle between the field H and the crystallographic c-axis, V' is the volume of the sample, and
x. and x| are the magnetic susceptibilities for H L ¢ and for H || ¢, respectively. Above 0.3 T the shape of the
torque signal changes drastically (see Fig. 8). For 6 ~ 90°(H almost parallel to the ab-plane) an additional torque
signal appears, with an opposite sign relative to the AFM torque. Upon increasing the magnetic field this additional
signal rises steeply and leads to a sign change of the torque signal for all angles . A similar behavior was observed
in RbVBrs*? and was interpreted as the appearance of a weak field-induced magnetic moment. This additional
contribution to the torque signal observed here is substantially larger than the AFM torque signal. This is consistent
with the magnetization data (see Sec. III(A)), from which the presence of a C-AFM phase was concluded above 0.3 T
at 13 K. The sign change of the torque signal is in agreement with the sign change of the quantity xa = x1 — x|,
which was interpreted as a signature of a transition to a C-AFM state of the Eu?* magnetic moments. It was shown
previously?® that EuFepAsy exhibits a weak in-plane anisotropy. Since the in-plane anisotropy is much weaker than the
out-of-plane anisotropy, this system can be treated approximately as a uniaxial anisotropic antiferromagnet. However,
even a small in-plane anisotropy may lead to discrepancies between experimental results and theoretical predictions
for a uniaxial anisotropic ferromagnet. Particularly, the torque signal of the AFM state shown in Fig. 8a is shifted
by Af ~ 10° with respect to one of the C-AFM state (see Fig 8b). A similar phase shift A0 was observed in A -
(BETS)2FeCly*? and interpreted as a change of the easy-axis. However, here the phase shift appears to indicate a
crystallographic multi-domain state, due to a twinning of the crystal in the AFM state.

Figure 9a shows the measured magnetic torque for the same EuFeyAss single crystal at 20 K, where according to
the magnetization results the AFM regime has disappeared. Consistently, no AFM torque signal is observed. Instead,
the magnetic torque amplitude increases with H? and saturates at higher H. Such a behavior is characteristic for a
paramagnet. Consistently, the quantity 7/(uoH?) plotted in in Fig. 9b decreases with increasing field.

In Fig. 10 the scaled magnetic torque 7/(pugH?) for EuFesAsy and EuFe; gCog2Assy is shown in a color map for
the representative temperatures of 13 K, 17 K, and 20 K as a function of angle  and field H. Note that 7/(uoH?)
is scaling according to the magnetic susceptibility. As seen in Fig. 10a the low field regime of undoped EuFeyAss at
13 K is dominated by the AFM state, whereas for higher fields, the C-AFM state appears abruptly along a clearly
angular dependent boundary line (dotted line), demonstrating the anisotropy of this magnetically ordered system.
At 17 K (Fig. 10b) the AFM phase is not present, consistent with the conclusions from the above susceptibility
measurements. At 20 K (Fig. 10c) the signal is clearly sinusoidal, consistent with FM behavior. In order to induce the
canting of a planar antiferromagnetically ordered subsystem, the in-plane component of the magnetic field H; must
surpass a threshold value Hcant,1 . In order to induce a canting of a planar antiferromagnetically ordered subsystem,
the in-plane component of the magnetic field H;, must overcome the in-plane magnetization M in one of the two

magnetic sublattices:
HL>A~Ml:A-,/M2—Mﬁ. (4)

Here, M is the saturation magnetization of the magnetic sublattice, M| its out-of-plane component, and A is a
constant. Taking into account

H, = Hsin(0), (5)
1
M = §XHHCOS(9),

where x| is the suceptibility of the total Eu’" magnetic sublattice, we obtain for the boundary condition:
1
H?sin?(0) = A? (./\/l2 - zxﬁHQ 0052(0)> . (6)

Solving this equality for H yields the angle dependent canting field:
A-M
\/sin2(9) + 71X A2 cos?(0)

Hcant(e) = (7)

Interestingly, the resulting Heant () is analog to the expression for the angular dependence of the upper critical field
Heo(0) in a type II superconductor.** Hence, Eq. (7) can be simplified according to

Hcan
Hcant(e) = = 5 (8)
\/sin2 9) + %;?m cos?(6)




where Heant, 1 = Heant(90°) is the in-plane canting field, Yeant = Hcant,”/Hcam} 1 its anisotropy parameter, and
Heant,| = Heant(0°) the out-of-plane canting field. This shape of the angular dependence of the transition between
the AFM and C-AFM phase in the (H, 6) diagram is represented by the dashed line in Fig. 10a. It describes the
experimental torque data rather well, with the parameters Heant,1 (13 K) ~ 0.42(2) T and 7ycant =~ 2.0(2). This yields
an estimate of the canting field parallel to the c-axis Heans, (13 K) ~ 0.84(6) T.

The low field torque signal of EuFe; §Cog2Asy at 20 K (Fig. 10f) shows a shape typical for an anisotropic param-
agnet. However, the anisotropy of the system is quite quickly suppressed with increasing magnetic field, which may
indicate a transformation of the paramagnetic state to a short range ordered state at relatively low field. It might
be caused by large fluctuations of the magnetic moments in the vicinity of the transition from a disordered PM state
to an ordered one in EuFe; gCog.2Asy. Furthermore, at low temperatures we do not observe any indication of a field
induced transition from the AFM to the C-AFM state (Fig. 10d-e). Therefore, we conclude that for EuFe; §Cog 2Asy
even at the lowest magnetic field a transition from a PM to a C-AFM state takes place with decreasing temperature,
in agreement with the above magnetization data.

IV. DISCUSSION

In Fig. 11 the results of the susceptibility, magnetization, and magnetic torque experiments are summarized. They
are discussed in terms of the phase diagram of the Eu?* magnetic sublattice of EuFe;Asy and EuFe; gCog.oAsy for H
L cand H || c

A. EuFes;Ass

For the parent compound EuFesAss four different magnetic phases were identified (see Fig. 11a and b): a param-
agnetic (PM), an antiferromagnetic (AFM), a canted antiferromagnetic (C-AFM), and a ferromagnetic (FM) phase.
The determination of the corresponding transition temperatures and fields is described in Sec. ITI. The present exper-
iments suggest a C-AFM order of the Eu?* spins in EuFeyAs, in the temperature range between 17 K and 19 K, while
below 17 K an AFM structure is proposed. We suggest that at low temperatures the system can be well described
with a uniaxial model with easy plane and A-type AFM order. By applying a magnetic field within the AFM phase, a
transition from AFM order via a canted configuration to a FM structure is observed. The observed Tyv (H) at which
the metamagnetic (MM) transition occurs (open symbols in Fig. 11a) is in agreement with the results obtained from
the susceptibility for the AFM to C-AFM transition (black filled symbols in Fig. 11a). Thus, we propose that the MM
transition corresponds to a spin-flop transition from an AFM to a C-AFM state in EuFeyAsy. The critical magnetic
field H.(T) at which the magnetic moment in the Eu sublattice saturates was determined at different temperatures.
The values of He, extrapolated to zero temperature were found to be poHcr,1(0) ~ 0.85 T and pgHer,)(0) ~ 1.5 T
for H L cand H || ¢, respectively. By analyzing the shape of the angular dependence of H.(6) shown in Fig. 10a,
we may conclude that the in-plane component of the magnetic field is responsible for the canting of the spins.

The magnetic ordering of the Eu?* moments at low temperatures is consistent with the magnetic structure estab-
lished by neutron diffraction at 2.5 K.5 Note that in previous reports?®:2! a possible C-AFM state in the temperature
range 17 K < T < 19 K was not discussed. To our knowledge no neutron data for the magnetic configuration of the
Eu sublattice in this temperature range is available.

B. EuFelASCOOAQASQ

The corresponding magnetic phase diagrams for Co-doped EuFe; §CogoAss are shown in Fig. 11c and d. The
magnetic ordering temperature of ~ 17 K is only about 2 K lower as compared to the parent compound. However, in
the Co-doped EuFe; §Cog 2Ass, no signatures of a low-field and low-temperature AFM state of the Eu?T moments was
found. Only a C-AFM phase (with a FM component in the ab-plane) is present at low fields and low temperatures.
The ordering temperature To_apm decreases with increasing magnetic field, similar to the parent compound (see
Fig. 11a and b). The critical magnetic field H., at which the Eu magnetic ordering is saturated was determined
for different temperatures, and the extrapolated zero-temperature values were found to be: pgHer,) (0) ~ 043 T
and o Hery(0) ~ 0.58 T for H L cand H || ¢, respectively. These values of ygHe, are much smaller than those
obtained for the parent compound. Moreover, the magnetic anisotropy Yer = Her,((0)/Her,1(0)~1.35 of Co-doped
EuFe; §Cog.2Ass is also smaller than ., ~ 1.76 of the parent compound.

It was concluded from different experiments?!:27:29-31 that there is a strong coupling between the localized Eu?™
spins and the conduction electrons of the two-dimensional (2D) FesAss layers. Recently, direct experimental evidence



for a strong interlayer coupling was obtained by means of > As NMR,3! revealing a magnetic exchange interaction
between the localized Eu 4f moments which is mediated by the itinerant Fe 3d electrons. However, the direct
interaction of the Eu moments and the magnetic moments in Fe sublattice cannot be neglected. Only a combination
of both interactions can further elucidate the C-AFM ground state observed in the parent compound EuFesAss as
well as in the Co-doped system EuFe; §Cog 2Asy (see Fig. 11).

Note that the present results for EuFe; Cog.oAsy, exhibiting a SDW ground state below 60 K30 reveal a C-
AFM structure of the Eu spins with a FM component in the ab-plane. This finding confirms previous assumptions
that for materials in which the Fe ions are in the SDW ground state (such as EuFe;Ass) the direction of the Eu
magnetic moments is in the ab-plane.’3? On the other hand, in the case of non-magnetic Fe ground states, like in
superconducting EuFey_,Co,Ass compounds, where the SDW magnetic state is totally suppresed, the direction of
the Eu magnetic moments is parallel to the c-axis.3336

V. CONCLUSIONS

The magnetic properties of single crystals of EuFe; Asy and EuFe; §Cog .2 Asy were studied by means of susceptibility,
magnetization, and magnetic torque investigations. The susceptibility and magnetization experiments performed for
various temperatures and magnetic fields along the crystallographic axes provided information on the magnetic struc-
ture of the studied crystals. In addition, the evolution of the magnetic structure as a function of the tilting angle of the
field and the crystallographic axes is studied by magnetic torque experiments. The phase diagrams for the ordering
of the Eu?* magnetic sublattice with respect to temperature, magnetic field and the angle between the magnetic field
and the crystallographic c-axis in EuFe;_,Co,Asy are determined and discussed. The present investigations reveal
a complex and sophisticated interplay of magnetic phases in EuFey;_,Co,Ass. The magnetic ordering temperature
of the Eu?" moments remains nearly unchanged upon Co-doping. However, unlike the parent compound, in which
the Eu?* moments order antiferromagnetically at low temperatures, the Co-doped system EuFe; sCog 2As, exhibits
a C-AFM state with a FM component in the ab-plane. The magnetic anisotropy 7., becomes smaller as a result of
Co-doping. This implies that the magnetic configuration of the Eu moments is strongly influenced by the magnetic
moments of the Fe-sublattice, where superconductivity takes place for a certain range of Co-doping. A detailed
knowledge of the interplay between the Eu?t moments and magnetism of the Fe sublattice is important to under-
stand the role of magnetism of the localized Eu?* moments for the occurence of supercondcutivity in EuFe,_,Co,Ass.
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FIG. 1: (Color online) Schematic illustration of the magnetic structure of EuFes Asy. The Fe moments (red) form a SDW state,
whereas the Eu moments (blue) order ferromagnetically in the ab-plane and align antiferromagnetically along the c-axis.
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FIG. 2: (Color online) Temperature dependence of the magnetic susceptibility measured at fixed magnetic fields applied
perpendicular (H L c¢) and parallel (H || ¢) to the crystallographic c-axis of single-crystal EuFezAss: (a) poH = 0.01 T; (b)
woH = 0.3 T and poH = 0.5 T (inset). The inset of panel (a) illustrates the temperature dependence of the difference between
both susceptibilities (xa = x1 — Xx|). The arrows mark the AFM and C-AFM ordering temperatures of the Eu?T moments,
and Tarm, 1 and Tarm,| refer to the AFM ordering temperatures for H L c and H || ¢, respectively. The canted-AFM ordering
temperature for H 1 c is denoted by Tc—arm, .1 -
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FIG. 3: (Color online) Temperature dependence of the magnetic susceptibility measured at fixed magnetic fields of single-crystal
EuFezAsy for H L ¢ (a) and H || ¢ (b). The arrows mark the canted antiferromagnetic ordering temperature Tc—arm of the
Eu?t moments in low fields. Tc-arm,1 and Tc-arM,)| refer to the C-AFM ordering temperatures for H L ¢ and H | ¢,
respectively. The insets illustrate the determination of T¢ using the power law given in Eq. (3).
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FIG. 7: (Color online) Field dependence of the magnetization at low temperatures of single-crystal EuFe; §Coo.2Ass for H L
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FIG. 10: (Color online) Color map of T/(uoHZ) (in a.u.) for EuFezAsy and EuFe; sCop.2As: as a function of angle § and field
H for T = 13 K, 17 K and 20 K. The dotted line in (a) is a fit according to Eq. (6). Panels (a), (b), and (c) are the data for
EuFe2As; at 13 K, 17 K, and 20 K, respectively, whereas (d), (e) and (f) are the data for EuFe; §Cop.2As2 at 13 K, 17 K, and
20 K, respectively.
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