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Abstract:  15 

Of all parent compounds of iron-based high-temperature superconductors, EuFe2As2 exhibits by far the 16 

largest magnetostructural coupling due to the sizable biquadratic interaction between Eu and Fe 17 

moments. While the coupling between Eu antiferromagnetic order and Fe structural/antiferromagnetic 18 

domains enables rapid field detwinning, this prevents simple magnetometry measurements from 19 

extracting the critical fields of the Eu metamagnetic transition. Here we measure these critical fields by 20 

combining x-ray magnetic circular dichroism spectroscopy with in-situ tunable uniaxial stress and 21 

applied magnetic field. The combination of two tuning knobs allows us to separate the stress-22 

detwinning of structural domains from the field-induced reorientation of Eu moments. Intriguingly, we 23 

find a spin-flip transition which can only result from a strongly anisotropic interaction between Eu 24 

planes. We argue that this anisotropic exchange is a consequence of the strong anisotropy in the 25 

magnetically ordered Fe layer, which presents a new form of higher-order coupling between Eu and Fe 26 

magnetism. 27 

 28 

 29 

 30 

31 
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 Magnetism is the origin of a wide range of intriguing phenomena in iron-based superconductors, 32 

including electronic nematicity and high temperature superconductivity [1–5]. In contrast to the 33 

magnetism of the high-𝑇𝑐 cuprates, the stripe spin density wave (SDW) ground state breaks fourfold 34 

rotational symmetry and the spin dynamics are highly anisotropic  [6–9]. Key to this highly anisotropic 35 

magnetism is a sizable biquadratic coupling that is not captured in a simple Heisenberg model and likely 36 

arises from the dual itinerant-localized character of the Fe magnetism [10,11]. It has also been 37 

suggested that this biquadratic term is necessary for the emergence of spin nematicity  [12,13].   38 

Very recently, it was shown that a similar biquadratic coupling plays a role in the unusually large 39 

magnetoelastic coupling in EuFe2As2, where the introduction of a magnetic lanthanide element adds 40 

another layer of complexity into the magnetism of iron-based superconductors [14]. In addition to the 41 

SDW order, EuFe2As2 also hosts an A-type layered antiferromagnetic (AFM) order in the Eu layer, sharing 42 

the same easy axis with the Fe-SDW. Like in other iron pnictides, the SDW in EuFe2As2 creates 43 

orthorhombic twin domains. In BaFe2As2, due to the strong coupling between the structural distortion 44 

and the SDW, an applied field of order 25 T is able to fully detwin the structural domains  [15]. Surprisingly, 45 

EuFe2As2 can be fully detwinned with less than 1 T, and partial detwinning can persist even after the field 46 

is turned off   [16,17]. Magnetization, NMR and neutron diffraction data show that this structural 47 

detwinning coincides with the reorientation of Eu moments towards the applied field direction, suggesting 48 

that the Eu magnetism and the associated large magnetic moments are responsible for this drastic 49 

reduction of detwinning field  [16,18,19]. Nevertheless, as no single-ion anisotropy is present for the half-50 

filled Eu 4f 7 electrons and no dipolar coupling between the Fe and Eu layers is allowed by symmetry, it 51 

remained an open question how Eu moments even sense the orthorhombic direction. Recently, Maiwald 52 

et al solved this mystery by considering a biquadratic coupling between Fe-SDW and Eu-AFM 53 

moments [14]. The biquadratic coupling of the form 𝐾(𝑓𝑖 ∙ 𝑒𝑗)
2

, where 𝑓𝑖 and 𝑒𝑗 represent the Fe and Eu 54 

moments, respectively, provides an effective single-ion anisotropy that couples the Eu moment 55 



4 
 

orientation with the Fe-SDW direction [14]. Therefore, while the Fe-Fe biquadratic coupling generates the 56 

nematicity in the FeAs layer, the Eu-Fe biquadratic coupling provides a pathway for the Eu magnetism to 57 

couple to the structural orthorhombicity and the underlying nematicity.    58 

Here, we report the discovery of another consequence of the higher order Eu-Fe coupling in 59 

EuFe2As2 – a highly anisotropic Eu-Eu interplanar coupling. The degree of anisotropy of Eu-Eu interlayer 60 

exchange (
𝐽𝑥 – 𝐽𝑦

𝐽𝑥 + 𝐽𝑦
) is about 75 times larger than the structural orthorhombicity, which can only be 61 

understood by considering the influence of the Fe-SDW order. The anisotropy of Eu-Eu interlayer 62 

exchange was overlooked previously because the field detwinning process masked the spin-flip nature of 63 

Eu metamagnetic transition. We overcome this challenge by a direct measurement of the Eu 64 

metamagnetic transition in a mechanically detwinned sample using a piezoelectric stress device, which 65 

allows us to apply magnetic fields either parallel or perpendicular to the easy axis of Eu moments within 66 

a single structural domain. Conventional magnetometry techniques are difficult to apply to a sample 67 

mounted to a strain device due to the added size and background magnetization contributed by the 68 

device. We therefore employ x-ray magnetic circular dichroism (XMCD) on the Eu L3 edge to measure the 69 

Eu-specific in-plane magnetization induced by an applied magnetic field. We show that we are able to 70 

strain the crystal into a monodomain which exhibits either a large jump in magnetization, consistent with 71 

a spin flip transition, or has a perfectly linear magnetization from continuous canting of Eu moments (i.e., 72 

we are able to turn the metamagnetic transition on and off). From the measurement of the critical field 73 

for the Eu spin flip and the field dependence of the spin canting, we determine the energies of the Eu-Eu 74 

and Eu-Fe coupling and discover that the Eu-Eu interaction itself is directionally dependent on the 75 

orientation of Fe moments. We then confirm this by first principles calculations. The discovery of the 76 

anisotropic Eu-Eu interplanar coupling also sheds light on the evolution of the Eu magnetism in doped 77 
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EuFe2As2 which we reevaluate in the discussion. Finally, simultaneous transport measurements suggest a 78 

unique Eu origin of the large magnetoresistance jump previously found in the system [17,20]. 79 

RESULTS: 80 

Figure 1a shows the fully magnetically ordered unit cell at T=7 K and zero applied magnetic field. 81 

Eu moments are aligned ferromagnetically within each plane and antiferromagnetically between planes. 82 

The Fe spin density wave ordering results in a small structural orthorhombicity and the formation of 83 

structural twin domains that are identical up to a 90-degree rotation. Within each domain, the Eu AFM 84 

and Fe SDW easy axes are aligned with the longer orthorhombic 𝑎 lattice constant  [21,22]. We use a 85 

geometry with the 𝑥  and 𝑦̂  axes aligned to the orthorhombic 𝑎  and 𝑏  directions, and tensile or 86 

compressive stress applied along the 𝑥 direction detwins the sample toward the A monodomain (𝑎 lattice 87 

vector along 𝑥) or B monodomain (𝑏 lattice vector along 𝑥), respectively (Fig.1b). Given the maximum 88 

orthorhombicity of EuFe2As2 (0.28% at 2.5 K  [22]) and the maximum strain of the sample device at 7 K 89 

(0.3%), we are capable of nearly fully detwinning the sample (the minor domain is estimated to be 5% or 90 

less of the sample volume, see Supplementary Figure 2  [23] and ref.  [24] ). Once in the A (B) monodomain 91 

state, the measured resistivity 𝜌𝑥𝑥  becomes sensitive to the anisotropic resistivity 𝜌𝑎  (𝜌𝑏)  along the 92 

orthorhombic 𝑎 (𝑏) direction. Magnetic field is applied perpendicular to the current/strain axis and at 10 93 

degrees above the ab plane. Except for a change in the strain state, the sample is not reoriented in any 94 

way during the experiment, ensuring identical effective fields and XMCD-illuminated sample volumes. 95 

XMCD measures the induced Eu magnetic moment along the field direction, which is fixed parallel to the 96 

incident x-ray direction in this study. 97 

First, we address the effect of the applied magnetic field at T=30K, below the orthorhombic and 98 

SDW transitions (𝑇𝑆𝐷𝑊 = 187𝐾), but above the Eu AFM ordering temperature (𝑇𝑁 = 19.1𝐾). In the Eu2+ 99 

valence state, the 4𝑓7 electrons have zero orbital angular momentum (𝐿 = 0), and as such are expected 100 
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to show an isotropic response to applied field. After detwinning to either the A or B monodomain, we 101 

applied fields from 0 to 1 T and measured the XMCD and resistivity simultaneously in 0.02 T steps (XMCD 102 

data were not collected for the B monodomain for 0.8 T-1 T at this temperature). We find an XMCD signal 103 

that is indistinguishable between the two domains, suggesting that at this temperature and field range 104 

the Eu-Fe interaction is negligible compared to the Eu paramagnetic coupling to applied field (Fig.2). We 105 

note that compared to the data presented next, the XMCD values at 1 T and 30 K are roughly 3 times 106 

smaller than the 1 T XMCD saturation value within the Eu AFM phase, consistent with a lower 107 

susceptibility in the paramagnetic phase. As in BaFe2As2, the zero-field resistivity is considerably larger 108 

along the orthorhombic 𝑏  direction than the 𝑎  direction [25–27]. Both 𝜌𝑎  and 𝜌𝑏  have a weak field 109 

dependence at 30K.  The inset to Fig. 2 shows the detwinned sample cooling through the Eu AFM 110 

transition. As demonstrated previously in mechanically detwinned EuFe2As2, we see no change in the Eu 111 

transition temperature between the tensile and compressive cooling data, nor do we see any additional 112 

resistivity anisotropy induced by the Eu AFM ordering  [28]. Indeed, the resistivity anisotropy 
𝜌𝑏−𝜌𝑎

𝜌𝑏+𝜌𝑎
=113 

0.084(2) is unchanged through this temperature range.   114 

We now discuss results from within the Eu AFM phase at 7K. We applied field through a 1 T loop 115 

to each detwinned state and measured the XMCD and resistivity simultaneously in 0.02 T steps (Fig.3). In 116 

the A domain (Fig.3a), the Eu moments are initially aligned with the AFM easy axis transverse to the field 117 

direction. The linear growth of XMCD signal with field indicates that Eu moments cant continuously to 118 

align with the field, with no observable hysteresis. Conversely, in the B domain (Fig.3b) the easy axis is 119 

along the field direction, and so for fields below 0.4 T the XMCD is nearly flat as no canting can occur. The 120 

jump in XMCD from 0.4 T to 0.6 T and accompanying hysteresis is a clear sign of a metamagnetic spin flip 121 

transition between the Eu AFM and FM states. The weak linear field dependence of magnetization in the 122 

pre- and post-spin-flip field ranges are due to the out of plane magnetization induced by the small out of 123 

plane field component, which is assumed to equally contribute to the A domain magnetization. We note 124 
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that the observation of spin flip transition contradicts the expectation from the spin Hamiltonian derived 125 

from ref [14], which predicts a spin flop transition. As will be shown in the discussion section, this 126 

contradiction can only be resolved by including an anisotropic interlayer exchange between Eu moments. 127 

The resistivity is approximately linear in field for |𝜇0𝐻| < 0.4𝑇  and |𝜇0𝐻| > 0.6𝑇  for both 128 

domains. For 0.4𝑇 < |𝜇0𝐻| < 0.6𝑇, a large hysteretic drop occurs in the B domain resistivity, coinciding 129 

with the jump in XMCD.  A much smaller drop also occurs in the A domain, which also shows a small 130 

hysteresis (Fig.3a, inset), and is likely due to a remnant B domain that was not fully detwinned and which 131 

is not resolved in the XMCD measurement. For each domain, the resistivity returns to the initial zero-field 132 

value after the field loop, indicating that there is no persistent field-detwinning in our setup as is found 133 

reliably from previous studies of freestanding samples  [16,17]. Further, given the field and current 134 

orientation, the sample in either strain state would be expected to detwin towards the higher-resistivity 135 

B domain above ~0.5T, and so the drop in resistivity for both domains suggests that our stress device is 136 

indeed preventing field detwinning. This is also strong evidence for a purely Eu spin origin of the resistivity 137 

jump. 138 

Both the XMCD and resistivity data show excellent agreement between positive and negative field 139 

values. In Figure 4a, we plot the average value over positive and negative field sweeps of the XMCD and 140 

the magnetoresistance. While we were unable to apply enough field to fully saturate the A domain XMCD, 141 

we can extrapolate the field dependencies of each domain to estimate the saturation field. Linear fits to 142 

the XMCD of the A and B domains at fields greater than 0.6 T  are shown, with an intersection at 𝜇0𝐻𝐴
𝑠𝑎𝑡 143 

= 1.17 T. Beyond this field, the Eu magnetic moment is expected to be fully saturated in each domain, as 144 

seen in freestanding crystal magnetometry studies  [14,17,18,29]. To more precisely determine the B 145 

domain spin flip field 𝐻𝐵
𝑓𝑙𝑖𝑝

 we use the value at the center of the field hysteresis. Figure 4b shows the 146 

difference between the increasing and decreasing field values of the XMCD and resistivity. In the B 147 
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domain, a sharp peak in both quantities occurs at 𝜇0𝐻𝐵
𝑓𝑙𝑖𝑝

= 0.48𝑇. In principle, the lattice distortions 148 

induced by the detwinning strain could cause a change in the interaction strengths between Eu and Fe 149 

planes that could alter these critical fields. In Supplementary Figure 3 we present data for the same sample 150 

tuned to a nearly-zero strain state in which both A and B domains are present and show that 𝐻𝐴
𝑠𝑎𝑡 and 151 

𝐻𝐵
𝑓𝑙𝑖𝑝

 are essentially unchanged, demonstrating that the strain applied to detwin the sample does not 152 

appreciably affect the interplanar coupling strengths.    153 

 154 

DISCUSSION 155 

We can relate the spin flip and saturation fields 𝐻𝐵
𝑓𝑙𝑖𝑝

 and 𝐻𝐴
𝑠𝑎𝑡 to the microscopic interactions in 156 

the sample using a spin Hamiltonian (Supplementary Information section IV). We will start with a modified 157 

version of the spin Hamiltonian presented in ref.  [14] and show that to explain the experimental results 158 

an additional anisotropic exchange term is needed. We consider first a purely isotropic exchange energy 159 

2𝐽 between Eu antiferromagnetic planes in the doubled unit cell of the fully ordered state (Eu2Fe4As4). 160 

From the symmetry of the magnetic ordering structure (Fig. 1a), the dipolar interactions of Eu and Fe 161 

moments cancel each other and so do not contribute to the magnetic energy. The half-filled 4𝑓7 orbital 162 

of Eu2+ has zero orbital angular momentum (𝐿 = 0) and negligible single ion anisotropy, but the posited 163 

biquadratic coupling between Eu and Fe moments creates an effective magnetocrystalline anisotropy. We 164 

define a biquadratic coupling energy 𝐾 between the 8 inequivalent Eu-Fe moment pairs, with a total Eu-165 

Fe planar coupling energy 8𝐾. Following the usual treatment of spin-flip and spin canting transitions we 166 

determine the critical fields as 167 

𝐻𝐵
𝑓𝑙𝑖𝑝

=
2𝐽

𝑀
 168 
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𝐻𝐴
𝑠𝑎𝑡 =

4𝐽 + 16𝐾

𝑀
= 2 (𝐻𝐵

𝑓𝑙𝑖𝑝
+

8𝐾

𝑀
) 169 

For the B domain, Eu and Fe moments are aligned both before and after the spin flip, and so the presence 170 

of the biquadratic coupling does not change the value of the spin flip field, but only serves to provide the 171 

necessary magnetocrystalline anisotropy to enforce a sharp spin flip transition. For the A domain, the 172 

biquadratic coupling provides an extra energy barrier that must be overcome by the field to reach the 173 

fully saturated canted state. From the measured values 𝜇0𝐻𝐴
𝑠𝑎𝑡 = 1.17 T and 𝜇0𝐻𝐵

𝑓𝑙𝑖𝑝
= 0.48 T, and 174 

using the expected Eu moment 𝑀 = 6.8 𝜇𝐵  [16,17], we obtain 𝐽 = 94.5 𝜇𝑒𝑉 and 8𝐾 = 41.3 𝜇𝑒𝑉. Thus, 175 

the Eu-Eu and Eu-Fe planar coupling energies are comparable, 
𝐽

8𝐾
= 2.3.  176 

At this point we are facing an apparent contradiction: we observe experimentally a sharp spin flip 177 

transition, but for 
𝐽

8𝐾
> 1  the spin Hamiltonian would actually be expected to result in a spin flop 178 

transition, as shown in Fig. 5(a). ( See ref.  [14] and Supplementary Information section IV for further 179 

discussion). This discrepancy has important implications for correctly modelling the field detwinning 180 

process, which has been based on the (never actually observed) spin flop transition. This apparent 181 

contradiction indicates that an additional term is needed in the spin Hamiltonian. The simplest such term 182 

is a symmetric anisotropic exchange term 𝑊(𝑒𝑖,𝑥𝑒𝑖+1,𝑥 − 𝑒𝑖,𝑦𝑒𝑖+1,𝑦), where 𝑒𝑖,𝑥 and 𝑒𝑖,𝑦 are the 𝑥 and 𝑦 183 

components of the Eu moment in the 𝑖 th layer, using a notation with Fe moments aligned 184 

antiferromagnetically along 𝑥. This term then increases (decreases) the interaction strength between Eu 185 

moments when aligned parallel (perpendicular) to the Fe moments, and provides the additional 186 

anisotropy needed to enforce a spin flip transition. Although other higher order terms could also be 187 

introduced to the spin Hamiltonian, they generally lead to non-linear M-H curves which were not observed 188 

in the experiment. With this additional term, the criterion for a spin flip transition becomes  
𝐽

8𝐾+𝑊
< 1, 189 

and the critical fields are:   190 
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𝐻𝐵
𝑓𝑙𝑖𝑝

=
2(𝐽 + 𝑊)

𝑀
 191 

𝐻𝐴
𝑠𝑎𝑡 =

4𝐽 + 16𝐾

𝑀
= 2 (𝐻𝐵

𝑓𝑙𝑖𝑝
+

8𝐾 − 2𝑊

𝑀
). 192 

The three parameters 𝐽, 𝐾 and 𝑊 cannot be uniquely determined by the two experimentally measured 193 

values. Therefore, additional constraint is needed. This constraint can be provided by the measurement 194 

of 𝐻45°
𝑠𝑎𝑡, i.e. the field required to saturate the magnetization when the field is aligned 45 degrees to the 195 

easy and hard axis, such that the field has an equivalent effect on both domains. It has the following 196 

expression: 197 

𝐻45°
𝑠𝑎𝑡 =

4𝐽

𝑀
 . 198 

As our strain+XMCD measurements have demonstrated the need for the 𝑊 term, we now discuss the 199 

extraction of 𝐽, 𝐾  and 𝑊  from magnetization measurements using a vibrating sample magnetometer 200 

(VSM) on a second sample from the same growth batch. We stress that this extraction is not possible 201 

without the confirmation of a spin-flip transition by XMCD measurement on a stress-detwinned sample. 202 

The sample was encased in GE varnish so that the domain configuration is fixed to 50/50 and the field 203 

detwinning is prohibited. The thin octagonal shape of the sample also ensures that field applied totally in-204 

plane along the [1 0 0]𝑇 and [1 1 0]𝑇 directions have an identical (negligible) demagnetization factor (see 205 

Methods).  As shown in Figure 5b, at T=2 K for field applied along the [1 0 0]𝑇 direction (blue curve), i.e. 206 

at 45° to both domain easy axes, the magnetization exhibits continuous spin canting toward saturation at 207 

𝜇0𝐻45°
𝑠𝑎𝑡 = 0.73 T. For field applied along the [1 1 0]𝑇 direction (red curve) the M vs H perfectly overlaps 208 

with the combination of the responses of A and B domains from the XMCD measurements (grey), 209 

confirming the absence of field detwinning. We extract 𝜇0𝐻𝐴
𝑠𝑎𝑡 = 1.15 T  and 𝜇0𝐻𝐵

𝑓𝑙𝑖𝑝
= 0.45 T  from 210 

these spin flip and saturation fields, which is in good agreement with the XMCD-measured values.  Using 211 

these 3 measured values, we can uniquely solve for the interaction terms and find 𝐽 = 71.8 𝜇𝑒𝑉 , W=212 
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 16.7 𝜇𝑒𝑉  and 8 K =  82.7  𝜇𝑒𝑉 , with a ratio 
𝐽

8𝐾+𝑊
= 0.72 < 1  satisfying the sharp spin flip criterion. 213 

Therefore, we find that the Eu-Eu interaction is much stronger for Eu moments aligned parallel (𝐽𝑥 = 𝐽 +214 

𝑊 = 88.5 𝜇𝑒𝑉 ) compared to perpendicular ( 𝐽𝑦 = 𝐽 − 𝑊 = 55.1 𝜇𝑒𝑉 ) to Fe moments. Further, the 215 

normalized difference of the anisotropic interplanar interaction, 
𝐽𝑥−𝐽𝑦

𝐽𝑥+𝐽𝑦
= 23.3%, is nearly two orders of 216 

magnitude greater than the corresponding normalized difference of in-plane lattice constants (the 217 

orthorhombicity), 
𝑎−𝑏

𝑎+𝑏
~0.28%, which strongly implies the Fe-SDW origin of the anisotropy. 218 

To gain more insight, we used density functional theory (DFT) to calculate the exchange coupling 219 

between Eu layers as the difference between ferro- and antiferromagnetically stacked Eu layers, for Eu 220 

moments parallel and perpendicular to the Fe moments. We used the standard VASP package  [30,31], 221 

and verified that the results were fully converged with respect to the Brillouin zone integration, plane 222 

wave cutoff, and the number of bands included in the diagonalization. We also varied the effective 223 

Hubbard repulsion parameter for Eu f orbitals, U-J, between 5 and 7 eV, which had little impact on the 224 

result. We find that for parallel Eu-Fe moments, 𝐽x=150-170 𝜇𝑒𝑉, while for perpendicular Eu-Fe moments, 225 

𝐽y is essentially zero. While this result seems to considerably overestimate the exchange anisotropy (see 226 

ref.  [14], Supplementary Materials Section 1A, for a discussion of the difficulties of DFT calculation for 227 

noncollinear Eu-Fe moments, which we assume contributes to this overestimation), it clearly shows that 228 

DFT calculations also support a strongly anisotropic Eu interplanar interaction.  229 

The anisotropic interaction between Eu planes can be thought to result from the anisotropic 230 

hopping of conduction electrons through the Fe plane. Considering a standard superexchange interaction, 231 

conduction electrons with spins polarized along the Eu direction will generally have a larger Eu-Fe hopping 232 

amplitude t when the Eu and Fe moments are parallel (𝐽𝑥 = 𝐽 + 𝑊)  rather than perpendicular (𝐽𝑦 = 𝐽 −233 

𝑊), which generates a stronger antiferromagnetic interaction for collinear Eu-Fe moments. Further, the 234 

weak but finite ferromagnetic interaction between Eu planes is also mediated through the Fe layer, and 235 
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as the Fe moments have a much larger susceptibility perpendicular to their ordering direction, the 236 

ferromagnetic interaction is stronger for perpendicular Eu and Fe moments, which weakens their overall 237 

effective antiferromagnetic interaction (this can be considered an extreme case of the RKKY interaction). 238 

In this sense, we can view this Eu interplanar interaction anisotropy (W) as a generalized Eu-Fe biquadratic 239 

coupling independent of the previously investigated Eu-Fe biquadratic coupling (K), where the square of 240 

Fe moments (𝑓𝑖,𝑥
2 − 𝑓𝑖,𝑦

2 ) couples the Eu moments above and below the iron plane. We note that this 241 

picture is reminiscent of the Fe-Fe biquadratic coupling within the FeAs plane that generates an effective 242 

anisotropic in-plane exchange of Fe moments 𝐽1𝑎 − 𝐽1𝑏  [11]. These types of interactions have been long 243 

overlooked in the past, but are relevant to rare-earth and transition metal intermetallic systems with 244 

multiple magnetic orders [32,33]. 245 

A complete determination of the spin Hamiltonian in EuFe2As2 also sheds light on the doping 246 

dependence of Eu magnetic order, which has yet to be fully understood. As in other iron pnictides, 247 

chemical doping in EuFe2As2 rapidly suppresses the Fe-SDW and stabilizes superconductivity  [34–42]. In 248 

contrast, the doping has only a weak effect on the magnetic ordering temperature in the Eu layer, but 249 

causes a smooth evolution from an A-type AFM order to a c-axis canted AFM order (c-AFM), and finally to 250 

a c-axis ferromagnetic order (FM)  [21,22,41–47]. This doping dependence can be naturally understood as 251 

the consequence of Eu moments lowering their energy by aligning with the Fe-SDW, with this energy 252 

saving being gradually diminished as doping weakens the Fe-SDW. Further, in the parent compound both 253 

the Fe-SDW and Eu-AFM are robust under moderate hydrostatic pressure even as superconductivity 254 

develops  [48], while in the underdoped case a pressure-induced transition from c-AFM to FM occurs only 255 

after the SDW is nearly fully suppressed [49]. This suggests the SDW plays a role in both the orientation 256 

and the interaction of Eu moments. Future doping dependence studies may provide more insight on how 257 

the Eu interlayer interaction is influenced by the various orders in the FeAs plane, including by 258 

superconductivity [50]. 259 
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 In conclusion, our sample environment allows us to approach the magnetic coupling and 260 

magnetotransport properties of the EuFe2As2 system in an unprecedented fashion. Through mechanical 261 

stress we can prevent field detwinning and gain access to the meta-magnetism and the associated 262 

magnetotransport behavior of a monodomain sample. From measurements of the spin flip and moment 263 

saturation fields we are able to determine the strengths of coupling between Eu and Fe planes and 264 

discover the presence of an anisotropic exchange term in the spin Hamiltonian. We emphasize again that 265 

in a freestanding crystal, the rapid field-detwinning has prevented any previous determination of the 266 

anisotropic Eu interplanar interaction in this system. This new technique not only deepens our 267 

understanding of the EuFe2As2 system, but can also be applied to a variety of systems to disentangle the 268 

strongly coupled spin, orbit and lattice degree of freedom. 269 

270 
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METHODS: 271 

Sample Preparation 272 

Single crystal samples of EuFe2As2 were grown from a tin flux as described elsewhere  [43]. The sample 273 

was cleaved from a large as-grown single crystal plate and cut along the tetragonal [1 1 0] direction into 274 

a bar with dimensions 3.2 x 0.50 x 0.065 mm. These sample dimensions correspond to a demagnetization 275 

factor of N=0.13 along the applied field direction  [51], resulting in a small maximum demagnetization 276 

field of only NMEu~0.005 T. A piezo-actuator uniaxial stress device (Razorbill Instruments, CS-100) was 277 

used to provide in-situ stress in the 𝐵2𝑔  symmetry channel, i.e. in the direction of the orthorhombic 278 

distortion, such that the applied tensile or compressive stress detwins the sample to either the A or B 279 

domain, respectively (Fig.1). The four-wire electrical contact geometry is illustrated in Figure 1, with wires 280 

underneath the sample to not obstruct the x-ray fluorescence off the top surface of the crystal. 281 

Measurements of the resistivity coefficient 𝜌𝑥𝑥  aligned along the stress axis were performed using a 282 

standard 4-point measurement and an SR830 lock-in amplifier. A second sample from the same growth 283 

batch was cut into a thin octagon with surface area 2.18 mm2 and thickness 0.0165 mm, with negligible 284 

in-plane demagnetization factor  [51]. Magnetization was measured in a Quantum Design PPMS.  285 

X-ray Magnetic Circular Dichroism 286 

XMCD was measured at the Advanced Photon Source beamline 4-ID-D at Argonne National Laboratory.  287 

We probed the Eu L3 edge using x-rays of 6.97 keV, which measure the spin polarization of the Eu 5d band 288 

due to the magnetic moment of the 4f orbital. Generally, the Eu L3 edge XMCD signal can be taken as 289 

proportional to the 4f moment magnetization; however, as the Eu 5d band has a significant hybridization 290 

with the As 4p orbitals  [52], which themselves hybridize with the Fe 3d orbitals, the exact value of the 291 

XMCD is expected to have some dependence on Fe conduction effects. Nonetheless, we can use the sharp 292 

changes in XMCD signal to mark the fields at which magnetic transitions and saturations occur at. A 293 
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superconducting split coil magnet with a large bore was used to apply magnetic field. The sample 294 

temperature was controlled using He flow. XMCD was collected in fluorescence geometry by monitoring 295 

the Eu L line using a four element Vortex detector integrated with the Xspress module to enable a larger 296 

dynamical range. Circularly polarized x-rays were generated using a 180 microns thick diamond (111) 297 

phase plate. Data was corrected for self-absorption. 298 

The XMCD spot size illuminates the whole sample width across the y direction and is roughly 100 microns 299 

wide along the x direction (between the transport wires) and probes a depth of about 5 microns. The 300 

beam is centered on the middle of the crystal where strain is most transmitted and homogenous. The 301 

transport wires are separated by about 1700 microns, and transport is sensitive to the whole bulk of the 302 

sample. While the resistivity and XMCD are not measuring exactly the same volume of crystal, the tight 303 

correlation between the two data sets suggests no major difference in crystal behavior between the two 304 

sampled volumes.  305 

Magnetization measurement 306 

The magnetization of the single crystal EuFe2As2 sample was measured by the vibrating sample 307 

magnetometer option of a Quantum Design Dynacool. The sample was cut into a thin octagon so that field 308 

applied along the [1 0 0]𝑇 and [1 1 0]𝑇 directions have the same (minimal) demagnetization factor. The 309 

sample was encased in GE varnish, which is known to fix the domain configuration and prevent field 310 

detwinning. In Figure 5, at T=2 K the field was applied and magnetization measured along the [1 0 0]𝑇 311 

direction (blue), i.e. at 45° to both domain easy axes, and the magnetization indicates a continuous spin 312 

canting towards a saturation at 𝜇0𝐻45°
𝑠𝑎𝑡 = 0.73 T . Conversely, for field applied along [1 1 0]𝑇  the 313 

magnetization appears to be a combination of both a B domain spin flip at 𝜇0𝐻𝐵
𝑓𝑙𝑖𝑝

= 0.45 T and an A 314 

domain continuous spin canting which saturates at  𝜇0𝐻𝐴
𝑠𝑎𝑡 = 1.15 T, in strong agreement with the 315 

detwinned XMCD data of Figure 4. To further demonstrate this, we normalize the XMCD data of Figure 4 316 
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by the B domain 1 T saturated value and average their values over the field range to simulate a 50/50 317 

perfectly twinned sample. This data is plotted in grey in Figure 5b and is in very strong agreement with 318 

the octagonal sample, from which we conclude that the domain populations are indeed held fixed by the 319 

GE varnish.  320 
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 444 

 445 

Fig. 1 (a) EuFe2As2 unit cell at T=7 K and zero applied magnetic field. Both Fe and Eu antiferromagnetic 446 

orders are stabilized with easy axes aligned with the longer 𝑎 lattice constant of the orthorhombic unit 447 

cell. (b) Uniaxial stress is applied along the 𝑥 direction aligned with the orthorhombic 𝑎/𝑏 orthorhombic 448 

unit cell lattice directions such that tension (compression) detwins the sample to the A (B) domain 449 

(orange/blue outline). Resistivity measurements along the stress axis measure 𝜌𝑎 (𝜌𝑏) aligned with the 450 

𝑎 (𝑏) lattice constant of the A (B) domain. A magnetic field is applied perpendicular to the strain axis at 451 

10° above parallel from the 𝑎/𝑏 plane, causing a reorientation of Eu moments to align along the field 452 

direction. XMCD is proportional to the Eu magnetization along the applied field direction. For simplicity, 453 

we collapse the 4 Eu atoms and 8 Fe atoms of the doubled orthogonal unit cell into 2 Eu (blue arrows) 454 

and 4 Fe (red arrows) effective moments. 455 

 456 

 457 

  458 
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  459 

Fig. 2  𝑇 = 30𝐾 single pass applied magnetic field sweep for the detwinned A and B domains (XMCD 460 

data was not collected for B domain 0.8T-1T). XMCD above the Eu AFM ordering temperature shows a 461 

nearly isotropic response to field. 𝜌𝑥𝑥 vs applied magnetic field reveals a minimal magnetoresistance. 462 

(Inset, left) 𝜌𝑥𝑥 vs temperature for the detwinned A and B monodomains reveal no additional anisotropy 463 

induced at the Eu AFM ordering temperature 𝑇𝑁,𝐸𝑢 = 19.1𝐾. (Inset, right) The resistivity anisotropy 𝜂 =464 

𝜌𝑏−𝜌𝑎

𝜌𝑏+𝜌𝑎
 (black).  465 

 466 

  467 
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 468 

Fig. 3 Field sweep at T=7 K in the fully magnetically ordered phase presented in Fig.1a. Applied field 469 

ramped from 0 T to 1 T, -1 T and 0 T in each detwinned A (a) and B (b) monodomain states.  Inset to 470 

bottom panel of (a) shows the small magnetoresistance hysteresis visible near 0.5 T in the A domain. 471 

 472 

 473 

 474 

 475 

 476 

  477 



26 
 

478 

Fig. 4 (a) Data from Fig.3a-b replotted as the average value of positive and negative field sweeps of 479 

XMCD and the magnetoresistance against the absolute value of applied magnetic field for the 480 

detwinned A (orange) and B (blue) monodomains. Linear fits (black lines) to the XMCD magnitude for 481 

|𝜇0𝐻| = 0.6𝑇 to 1𝑇 indicate both values coincide at |𝜇0𝐻𝐴
𝑠𝑎𝑡|~1.17𝑇. The magnetoresistance for 482 

positive and negative field are nearly identical and tightly overlap.  (b) The difference in XMCD and 𝜌𝑥𝑥 483 

for increasing and decreasing fields yields Δ𝑋𝑀𝐶𝐷 = 𝑋𝑀𝐶𝐷(𝐻𝑖𝑛𝑐) − 𝑋𝑀𝐶𝐷(𝐻𝑑𝑒𝑐) and Δ𝜌𝑥𝑥 =484 

𝜌𝑥𝑥(𝐻𝑖𝑛𝑐) − 𝜌𝑥𝑥(𝐻𝑑𝑒𝑐). For the B domain the peak values of Δ𝑋𝑀𝐶𝐷 and  Δ𝜌𝑥𝑥 coincide at 𝜇0𝐻𝐵
𝑓𝑙𝑖𝑝

=485 

0.48𝑇.   486 

 487 

 488 
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 490 

Fig. 5 (a) The XMCD data of Fig.4a for the B domain normalized to the 1 T mean value. Black (magenta) 491 

line represents the T=0 K metamagnetic spin flip (spin flop) transition calculated using the anisotropic 492 

JKW (isotropic JK) model (see main text). (b) Octagon sample magnetization with field applied along the 493 

tetragonal [1 0 0]T (blue) and [1 1 0]𝑇 (red) directions. Critical fields marked by dashed lines. 494 

Magnetization normalized by 1 T saturation value along [1 0 0]𝑇. (grey) Average of the two domain 495 

XMCD data of Figure 4a, normalized by the B domain saturated value at 1 T.  496 

 497 
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