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By performing high-pressure single-crystal neutron diffraction measurements, the evolution of structure

and magnetic ordering in EuFe2As2 under hydrostatic pressure were investigated. Both the tetragonal-to-

orthorhombic structural transition and the Fe spin-density-wave (SDW) transition are gradually suppressed and

become decoupled with increasing pressure. The antiferromagnetic order of the Eu sublattice is, however, robust

against the applied pressure up to 24.7 kbar, without showing any change of the ordering temperature. Under

the pressure of 24.7 kbar, the lattice parameters of EuFe2As2 display clear anomalies at 27(3) K, well consis-

tent with the superconducting transition observed in previous high-pressure resistivity measurements. Such an

anomalous thermal expansion around Tc strongly suggests the appearance of bulk superconductivity and strong

electron-lattice coupling in EuFe2As2 induced by the hydrostatic pressure. The coexistence of long-range or-

dered Eu-antiferromagnetism and pressure-induced superconductivity is quite rare in the EuFe2As2-based iron

pnictides.

PACS numbers: 74.70.Xa, 61.05.fm, 74.62.Fj, 74.62.-c

I. INTRODUCTION

Large efforts have been undertaken to explore the knowl-

edge of superconductivity (SC) in high Tc Fe-based super-

conductors since they were discovered in 2008 [1, 2]. Gen-

eral phase diagrams of AFe2As2-type ("122" with A = Ba,

Ca, and Eu, etc.) iron pnictides clearly show that the parent

compounds undergo a tetragonal-to-orthorhombic structural

phase transition accompanied with the formation of antifer-

romagnetically ordered spin density wave (SDW) state. The

static magnetic order of parent compounds can be suppressed

and SC emerges concomitantly with appropriate charge car-

rier doping or the application of external pressure. The com-

plexity of phase diagrams in charge carrier doped systems re-

vealed the intimate relationship between structural, magnetic

and superconducting transitions. In contrast to charge carrier

doping, the application of external pressure is considered as

a more straightforward and cleaner way to induce SC, since

there are no disorder effects caused by chemical inhomogene-

ity. Previous studies on "122" iron pnictide superconductors

have shown that the application of high-pressure can not only

induce SC but also tune the structural/magnetic phases [3–

10]. Therefore, it is worthwhile to investigate in details the

entanglement between the structure, magnetism and SC in

pressure-induced "122" iron pnictide superconductors by neu-

tron diffraction, although it is very challenging from an exper-

imental point of view.

Among various parent compounds of "122" iron pnictide

superconductors, EuFe2As2 is considered as an interesting

member given the fact that the A site is occupied by Eu2+,

an S-state rare-earth ion possessing a 4f 7 electronic config-

uration with the electron spin S = 7/2 [11]. Two successive

magnetic phase transitions have been identified at 190 and 19

K, corresponding to SDW ordering of the itinerant Fe mo-

ments and A-type antiferromagnetic ordering of the localized

Eu2+ moments, respectively [12–14]. The SDW transition in

EuFe2As2 can be suppressed continuously by applying exter-

nal pressure due to the weakening of Fe-Fe exchange inter-

actions. Furthermore, SC with Tc ∼ 30 K can be induced

in EuFe2As2 by external pressure, which appears in a narrow

pressure region in the vicinity of the critical pressure Pc ∼

25 kbar [15–17]. Upon the application of pressure up to 80

kbar, a pressure-induced magnetic transition of the Eu2+ mo-

ment from antiferromagnetic to ferromagnetic ordering was

suggested and a collapsed tetragonal phase was found for

EuFe2As2 [18, 19].

Although many studies about the pressure effects on

EuFe2As2 have been performed during the past few years, as

of yet no account of the lattice response in pressure-induced

superconducting phase has been reported. Furthermore, the

magnetic order of Eu2+ moment in the pressure-induce super-

conducting phase is still not clarified, although it was argued

based on high-pressure transport and x-ray spectroscopy mea-

surements that the antiferromagnetic order of Eu2+ moment

http://arxiv.org/abs/1906.08710v1
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is relatively robust against the pressure and persist below 60

kbar [18]. However, it was recently confirmed in Co-doped

EuFe2As2 that the pressure-induced SC is also compatible

with the ferromagnetic order of the Eu sublattice [20]. There-

fore, it is interesting to study and clarify the interplays be-

tween the structure, magnetism, and SC under external pres-

sure using an in situ high-pressure neutron diffraction tech-

nique. In this report, hydrostatic-pressure neutron-diffraction

experiments were performed on a EuFe2As2 single crystal to

investigate the magnetism of the Eu sublattice in pressure-

induced superconducting state, and the couplings between the

lattice, Fe-SDW and SC.

II. EXPERIMENTAL METHODS

High-pressure single-crystal neutron diffraction experi-

ments were carried out on the thermal neutron two-axis

diffractometer D23 at the Institut Laue-Langevin (Grenoble,

France). The crystal mounted into the pressure cell was in

shape of a platelet with approximate dimensions of 5 × 3

× 1 mm3 with a total mass of 30 mg, which was cut from

the same piece of crystal used for ambient-enviroment neu-

tron diffraction as reported in Ref. 14. Due to the large

neutron absorption cross-section of Eu, the incident neutron

wavelength of 1.28
◦

A was selected for the measurement. To

investigate the evolution of the structure and magnetic order

of EuFe2As2 with hydrostatic pressure, a clamped pressure

cell equipped with a cylinder-shaped sample holder was used.

A mixture of ethanol and methanal was adopted as the pres-

sure transmitting medium to guarantee the hydrostaticity of

the applied pressure. The EuFe2As2 crystal was oriented with

the a*-c* scattering plane horizontally aligned, allowing the

magnetic reflections from both the Fe and Eu sublattices as

well as the nuclear reflections in the (H0L) reciprocal plane to

be accessible. For convenience, we will use the orthorhom-

bic notation throughout this paper unless otherwise stated. A

small piece of NaCl crystal was also put into the pressure cell

at the side of the EuFe2As2 crystal, with its ab plane horizon-

tally aligned. By tracking the (200) reflection of NaCl, the

lattice constant of cubic NaCl can be accurately determined

and used as a standard indicator of the applied pressure value,

based on the well-established equation of state of NaCl [21].

After mounting the sample and NaCl into the clamped cell, the

whole pressure cell was then mounted into a standard cryostat

for single crystal neutron diffraction measurements between 2

and 300 K.

III. RESULTS AND DISCUSSIONS

A. Pressure-induced decoupling between Fe-SDW and

structural transitions

The splitting of the tetragonal (HH0)T nuclear reflections

with decreasing temperature can be considered as the indica-

tion for a tetragonal-to-orthorhombic structural phase transi-

tion in "122" iron pnictide superconductors. After the appli-

cation of hydrostatic pressure on the EuFe2As2 single crystal,

Q-scans were performed accross the tetragonal (220)T Bragg

reflection as a function of temperature. Under the pressure

of P = 24.7 kbar, a single peak was observed at 172 K for

the tetragonal (220)T reflection and it split into orthorhom-

bic (400)O and (040)O reflections when temperature reached

95 K, as shown in the insets of Fig. 1(a). By tracking the

evolution of (400)O and (040)O peak positions, the structural

transition temperatures of EuFe2As2 at 11.5 and 24.7 kbar are

determined to be 180(2) and 165(2) K, respectively. Given

that the same structural transition of EuFe2As2 in ambient en-

vironment takes place at 190 K [14], it is clear that the struc-

tural transition temperature of EuFe2As2 decreases gradually

with increasing applied pressure.

Apart from the nuclear Bragg reflections, the magnetic re-

flections originated from long-range SDW ordering of the Fe

sublattice were also followed at low temperature under pres-

sure. As shown in Fig. 1(b) and (c), weak signals were ob-

served for (101)M reflection under P = 11.5 kbar, while they

were still present but largely suppressed under P = 24.7 kbar.

The Fe-SDW ordering temperature under P = 11.5 kbar is es-

timated to be 170(5) K according to the temperature depen-

dence of the integrated intensity of the (101)M reflection (See

Fig. 1(d)). The ordering temperature under P = 24.7 kbar can

not be determined due to the weakness of magnetic intensity,

but it is definitely below 150 K as indicated by Fig. 1(c).

Our neutron diffraction measurements of the order param-

eters clearly demonstrated the decoupling between the struc-

tural and Fe-SDW transitions in EuFe2As2 upon the applica-

tion of hydrostatic pressure. It is worth noting that the sepa-

ration between these two transitions is a well-confirmed fea-

ture in doped BaFe2As2 and EuFe2As2 [23–26]. Therefore,

hydrostatic pressure seems to play a similar role to the chem-

ical doping in tuning the structural and Fe-SDW transitions

in EuFe2As2. In addition, it was observed in a high-pressure

electrical transport measurement that the cusp in the resistiv-

ity of EuFe2As2 single crystal continuously shifted to lower

temperature with increasing pressure, ascribing to the struc-

tural or Fe-SDW transitions [17]. Compared with the temper-

ature scales of our neutron data, it is indicated that the cusp

observed in the resistivity curve is corresponding to the Fe-

SDW transition.

B. Robust AFM order of Eu2+ moments

In contrast to the largely suppressed SDW ordering in the

Fe sublattice with applied pressure, up to P = 24.7 kbar, which

is close to the maximum pressure value a clamped cell can

exert in reality, the antiferromagnetic order of the Eu2+ mo-

ments was found to be quite robust against the applied pres-

sure. Q-scans at 2 K under P = 24.7 kbar, as shown in Fig.

2(a) and (b), revealed the appearance of magnetic reflections

from the Eu sublattice at the forbidden Bragg peak positions
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Figure 1: (Color online) (a) Variation of peak positions of orthorhom-

bic (400)O and (040)O reflections under different applied pressures.

The insets show the scans across orthorhombic (400)/(040)O reflec-

tions at 95 K and tetragonal (220)T reflection at 172 K, respectively,

along the orthorhombic (100) direction or tetragonal (110) direction,

under the pressure of P = 24.7 kbar. (b) The (101)M magnetic re-

flection measured at 9 K and 180 K under P = 11.5 kbar. (c) The

(101)M magnetic reflection measured at 10 K and 150 K under P =

24.7 kbar. The solid lines in (a), (b) and (c) represent fittings to the

peaks using a Gaussian profile. (d) Temperature dependence of the

integrated intensity of (101)M magnetic Bragg reflection under P =

11.5 kbar.

with the propagation vector of k = (001). This suggests an an-

tiferromagnetic interlayer coupling between adjacent Eu lay-

ers, which is the same as the case under ambient pressure

[14]. The magnetic origin of these reflections is evidenced

from their disppearance at 20 K (see Fig. 2(c)). From the

temperature dependencies of the integrated intensities of both

(003)M and (203)M , the antiferromagnetic ordering temper-

ature of the Eu sublattice can be determined to be 19.0(5) K

under P = 24.7 kbar, which is unchanged compared with the

value measured in ambient enviroment [14].

In other words, applying a hydrostatic pressure up to P

= 24.7 kbar does not provide a large enough perturbation to

EuFe2As2 for changing the magnetic order of the Eu sublat-

tice. This is consisent with the pressure-temperature phase di-

agram of EuFe2As2 constructed based on high-pressure trans-

Figure 2: (Color online) (a) L-scan along the (2, 0, L) direction and

(b) H-scan along the (H, 0, 1) direction at 2 K under P = 24.7 kbar.

(c) Rocking scan of (203)M and (003)M reflections at 2 and 20 K, in

which the solid lines represent fittings to the peaks using a Gaussian

profile. (d) The temperature dependencies of the integrated intensity

of (003) and (203) reflections under P = 24.7 kbar.

port and x-ray spectroscopy measurements [18], in which the

proposed transition of the magnetic state of the Eu sublat-

tice from antiferromagnetic to ferromagnetic (AFM-FM) only

takes place under a much higher hydrostatic pressure (P > 60

kbar) and the TEu(P ) curve is rather flat for P < 25 kbar.

C. Response of the lattice to pressure-induced

superconductivity

The lattice instability in high-temperature superconductors

have been extensively studied as it may provide evidences of

electron-lattice interactions. It was observed that the lattice

parameters show some anomalies at the superconducting tran-

sition temperature Tc for cuprates and magnesium diboride

[27, 28]. According to the pressure-temperature phase dia-

gram of EuFe2As2 [17], the pressure-induced superconduct-

ing phase is confined in a narrow pressure region between 24

and 31 kbar. Under P = 24.7 kbar, we have deduced the lattice

parameters of EuFe2As2 from the H-scans across orthorhom-

bic (400)/(040)O and L-scans across orthorhombic (008)O re-

flections at different temperatures in the low-temperature re-

gion. As presented in Fig. 3, all lattice parameters (a, b,

and c) exhibit clear anomalies at 27(3) K, which is well con-

sistent with the superconducting transition temperature Tc =

29(2) K observed in high-pressure resistivity measurements

[17]. This anomalous thermal expansion around Tc strongly

suggests the appearance of bulk superconductivity and strong

electron-lattice coupling in EuFe2As2 induced by the applica-

tion of hydrostatic pressure of P = 24.7 kbar.

The responses of the crystal lattice to superconductivity

have been observed in many AFe2As2-type superconductors.



4

12.01

12.02

12.03

(c)

(b)

    P = 24.7 kbar

Tc = 27(3) K

c
 (

Å
)

(a)

5.535

5.538

5.541

a
 (

Å
)

0 10 20 30 40 50 60

5.478

5.481

5.484

b
 (

Å
)

Temperature (K)

Figure 3: (Color online) (a) The temperature dependencies of the

lattice parameters a, b, and c under P = 24.7 kbar. The solid lines are

guides to the eye.

By using hig-resolution dilatometry, Hardy et al. observed

clearly the anisotropic lattice responses (along c and a direc-

tion, respectively) to the superconducting order in a nearly

optimally-doped Ba(Fe0.92Co0.08)2As2 single crystal with a

large uniaxial-pressure dependence of the critical tempera-

ture Tc [29]. It is worth noting that the anisotropic lattice

response was deduced from the linear expansivities with uni-

axial stress instead of hydrostatic pressure. The uniaxial pres-

sure dependence along two crystallographic directions can be

largely compensated under hydrostatic pressure and result in

a smaller negative thermal expansion. In the present work,

the hydrostatic pressure is in situ applied during the neutron

diffraction measurements. Hence, the small negative thermal

expansions along all crystallographic axes reflect the intrinsic

response of the lattice to superconductivity in EuFe2As2 com-

pounds. The response can be attributed to the spontaneous

strain generated in the superconducting phase via a strong

electron-lattice interaction.

D. Pressure-temperature phase diagram of EuFe2As2

Based on the results of our neutron diffraction study pre-

sented above, we have established a pressure-temperature

phase diagram of EuFe2As2 in the low-pressure region (P < 26

kbar) (Fig. 4). Compared with the data of transition temper-

atures extracted from the phase diagrams reported in Ref. 15

and 18, the temperatures of anomalies in the resistivity curves

(denoted as TS in Ref. 18 and T0 in Ref. 15) line well with

Figure 4: (Color online) Pressure-temperature phase diagram of

EuFe2As2 determined from the neutron diffraction measurements.

The filled triangles, diamonds and spheres represent the structural

transition temperatures, Fe-SDW ordering temperatures, and Eu-

AFM ordering temperatures, respectively, determined from neutron

diffraction measurements. The open circles and squares represent

the temperatures of anomalies in the resistivity curves in Ref. 18 and

15, respectively. The crossings represent the Eu-AFM ordering tem-

peratures determined from ac magnetic susceptibility and resistivity

measurements in Ref. 18 and 15, respectively. The filled star marks

the superconducting transition inferred from Fig. 3. The filled pen-

tagons and hexagon represent the onset superconducting transition

and zero-resistivity critical temperature evidenced by the resistivity

measurements in Ref. 18 and 15, respectively. The inset is an en-

larged view for the pressure region between 20 kbar and 26 kbar.

The area marked by blue is the Eu-AFM phase, while that marked by

green is the superconducting phase. The dotted line are guides to the

eye.

the Fe-SDW ordering temperatures (TSDW = 170(5) K for P

= 11.5 kbar and TSDW < 150 K for P = 24.7 kbar) determined

from our neutron diffraction measurements. The decoupling

between the structural and Fe-SDW transitions with increas-

ing pressure was not reported in both references, as the elec-

trical resistivity measurements can not differentiate between

them. However, with the access to both nuclear and mag-

netic scattering, we were able to identify the structural and Fe-

SDW transitions distinctively using neutron diffraction. The

pressure-induced seperation between these two transitions re-

sembles that observed in electron-doped EuFe2As2 [25, 26],

suggesting a similar role of hydrostatic pressure to chemical

doping in tuning the phase transitions. The antiferromagnetic

order of the Eu2+ moments, however, is quite robust against

the applied pressure up to P = 24.7 kbar, without showing any

change of the ordering temperature TEu . To verify the sce-

nario of the AFM-FM transition under higher pressure (P >

60 kbar) as proposed in Ref. 18, a Paris-Edinburgh pressure

cell is needed to achieve a much higher hydrostatic pressure

in further neutron diffraction experiments.

Inferred from the unambiguous responses of lattice param-

eters and the observation of zero-resistivity for the compa-
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rable value of applied pressure as reported in Ref. 15, 17

and 18, EuFe2As2 is expected to enter a unique pressure-

induced bulk superconducting state below Tc = 27(3) K.

Therefore, as shown in Fig.4, there is a specific phase regime

in which the long-range antiferromagnetic order of the Eu2+

moments coexist with the pressure-induced SC. This is dis-

tinct from the well-documented doping-induced coexistence

of Eu-ferromagnetism and the superconductivity [30–34],

where a spontaneous vortex state is expected to account for

the compromise between those two antagonistic phenomenon

[35]. Such a coexistence of Eu-AFM and SC was reported for

Eu0.5K0.5Fe2As2 with K doping [36], but the antiferromag-

netism of the Eu sublattice was proposed to be of a short-range

nature there. In our case, the Eu-AFM in the pressure-induced

superconducting phase is clearly long-range ordered, making

such a phase quite rare in the EuFe2As2-based iron pnictides.

IV. CONCLUSION

In summary, by performing high-pressure single-crystal

neutron diffraction measurements, the evolution of structure

and magnetic ordering in EuFe2As2 with hydrostatic pres-

sure were investigated. Both the structural phase transition

and the Fe-SDW transition are gradually suppressed and be-

come decoupled with increasing pressure. The antiferromag-

netic order of the Eu sublattice is, however, robust against

the applied pressure up to 24.7 kbar, without showing any

change of the ordering temperature. Under the pressure of

24.7 kbar, the lattice parameters of EuFe2As2 display clear

anomalies at 27(3) K, well consistent with the superconduct-

ing transition observed in previous high-pressure resistivity

measurements. Such an anomalous thermal expansion around

Tc strongly suggests the appearance of bulk superconductiv-

ity and strong electron-lattice coupling in EuFe2As2 induced

by the hydrostatic pressure. The coexistence of long-range or-

dered Eu-antiferromagnetism and pressure-induced supercon-

ductivity is quite rare in the EuFe2As2-based iron pnictides.
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