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We present a microscopic study of nematicity and magnetism in FeSe over a wide temperature and
pressure range using high-energy x-ray diffraction and time-domain Mössbauer spectroscopy. The
low-temperature magnetic hyperfine field increases monotonically up to ∼ 6 GPa. The orthorhombic
distortion initially decreases under increasing pressure, but is stabilized at intermediate pressures
by cooperative coupling to the pressure-induced magnetic order. Close to the reported maximum
of the superconducting critical temperature at p = 6.8 GPa, the orthorhombic distortion suddenly
disappears and a new tetragonal magnetic phase occurs. The pressure and temperature evolution
of the structural and magnetic order parameters suggests that they have independent origins.

I. INTRODUCTION

A fascinating characteristic of iron-based superconduc-
tors is their complex phase diagrams, and a decade of re-
search has revealed intricate relationships between mag-
netism, structure and superconductivity. The typical
stripe-type antiferromagnetic order1 breaks the tetrago-
nal lattice symmetry and, hence, causes an orthorhombic
lattice distortion2. But there are two intriguing excep-
tions to this close coupling between structure and mag-
netism. First, the orthorhombic distortion can decou-
ple from the stripe-type magnetic order and occurs at
a higher temperature (Ts > TN ) in many materials3–6.
This observation is at the origin of the idea of magnetic-
fluctuation-induced nematicity7–9. Second, magnetic or-
der can also occur without any orthorhombic lattice dis-
tortion, as observed in certain hole-doped iron-based
systems10–19. This ”C4-type” tetragonal magnetic phase
was shown to arise from a coherent superposition of the
two symmetry-equivalent, stripe-type antiferromagnetic
propagation vectors17.

FeSe has generated enormous interest over the past
few years as an extreme case of nematicity20–29 with
its tetragonal-to-orthorhombic transition close to Ts =
90 K and no magnetic order down to sub-Kelvin
temperatures30. FeSe has also generated excitement due
to the high tunability of its superconducting transition
temperature Tc, which reaches from a modest Tc ∼ 8 K31

at ambient pressure to Tc = 37 K at p ∼ 6.3 GPa32. The
temperature-pressure phase diagram of FeSe is, in fact,
rather complex [Fig. 1(a)]. Ts is initially suppressed
under pressure33–36 and pressure-induced magnetic or-
der emerges for p > 0.8 GPa30,32,34,35,37. The struc-
tural and magnetic phase lines merge into a concomi-
tant magneto-structural transition at 1.7 GPa35. This
suggests that the magnetic ground state is orthorhom-

bic and presumably of the same stripe type as occurs in
other iron-based materials, as also suggested by NMR
and µSR results36,38. The magneto-structural transition
traces out a dome with increasing pressure, with a max-
imum of TN = 45 K around 5 GPa32. The origins of
the large extent of nematicity and of the high Tc in the
pressure-temperature phase diagram of FeSe remain enig-
matic and ask for a microscopic study that covers the full
pressure range.

Here, we present a microscopic investigation of the
magnetic order, crystallographic symmetry, and in-plane
lattice parameters of FeSe under hydrostatic pressure up
to 10 GPa. We find evidence for a tetragonal magnetic
ground state around 6− 7 GPa (where Tc is maximized),
which means that FeSe can be tuned through multi-
ple types of magneto-structural coupling. The pressure-
and temperature dependent orthorhombic distortion and
magnetic hyperfine field suggest that the two ordering
phenomena have distinct origins in FeSe, although they
couple cooperatively.

II. METHODS

Single-crystals of FeSe were prepared by chemical va-
por transport as described in Ref. 39. Batch A samples
are from several similar batches using natural-abundance
elements, whereas batch B samples are from a batch pre-
pared using 95% enriched 57Fe. High-energy (100 keV),
high-resolution x-ray diffraction experiments over a pres-
sure range of p = 0–10 GPa were performed at station
6ID-D of the APS, Argonne, on samples from batches
A and B using diamond anvil cells with He gas as a
hydrostatic pressure-transmitting medium. The spot il-
luminated by our x-ray beam was optimized for equal
domain population at low temperature. Data taken on
different spots of the sample yield consistent results. The
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FIG. 1. (a) Temperature-pressure phase diagram of FeSe.
The structural transition temperatures were obtained by x-
ray diffraction measurements on two different batches: A
(red circles) and B (red diamonds). T (OR) stands for the
tetragonal (orthorhombic) phase, OR2 for the high-pressure
orthorhombic phase (see40 for details on the OR2 phase) and
SC for the superconducting state. PM (M) indicates para-
magnetic (magnetically ordered) regions of the phase dia-
gram as determined from nuclear-forward-scattering experi-
ments on samples from batch B, with the transition temper-
ature indicated by blue circles. Thick (thin) lines represent
first (second) order phase transitions, respectively. Data from
other reports (gray open symbols) are shown for comparison
and completeness: up triangles41 and down triangles32 indi-
cate the structural and magneto-structural transitions, right
triangles32 and hexagons33 indicate the superconducting tran-
sition. (b) Pressure-dependence of the zero-temperature limit
of the orthorhombic distortion, i.e., the structural order pa-
rameter (left axis), and the hyperfine field (right axis), as a
proxy for the magnetic order parameter. Solids lines are a
guide to the eye, the dashed line indicates an extrapolation
based on Ref.30

.

lattice parameter of polycrystalline silver was used for in-
situ pressure determination at all temperatures, so that
the actual temperature dependent pressure values are
reported. Nuclear forward scattering (NFS), i.e., time-
domain Mössbauer spectroscopy, was performed on sam-
ples from batch B in diamond anvil cells with He gas

as pressure medium and ruby as in-situ pressure cali-
brant. All pressure values have an accuracy of ∼ 0.2
GPa, though pressure changes of less than 0.05 GPa
can be resolved during a temperature sweep. Spectra
for 2.5 GPa ≤ p ≤ 7.2 GPa were collected at station
16ID-D at the APS in its standard timing mode with a
pulse periodicity of 153 ns. Spectra for p < 2.5 GPa were
collected at station 3ID-B in the so-called hybrid mode
with a 1.5 µs clear time after the initial excitation pulse,
improving the sensitivity and precision of determining
the internal magnetic hyperfine field, but reducing the
counting rate. Spectra were analyzed with the program
conuss42. (See40 for further experimental details.)

III. RESULTS

Figure 1 summarizes the experimental results. In
the temperature-pressure phase diagram (a), the ne-
matic, i.e., orthorhombic-paramagnetic (OR+PM), re-
gion on the low-pressure side borders an orthorhombic
magnetically-ordered (OR+M) dome. We find that mag-
netic order persists on the high-pressure side of the mag-
netic dome in the absence of an orthorhombic distortion
(T+M). The phase diagram is ”cut off” at p = 7.7 GPa
when the layered structure of FeSe becomes unstable and
the material undergoes a first-order structural transition
into another orthorhombic ”OR2” phase40,43,44. The low-
temperature values of the magnetic and structural or-
der parameters are shown in Fig. 1(b). The ordered
magnetic hyperfine field increases monotonically over the
orthorhombic-magnetic dome, whereas the orthorhombic
distortion of the FeSe layers has a complex pressure de-
pendence. It decreases initially on increasing pressure
and barely changes between 1 − 3.4 GPa, before gradu-
ally decreasing again and vanishing abruptly for p > 6.6
GPa.

Figure 2(a) shows the high-energy x-ray diffraction
data of samples from batch A close to (H H 0)-type
Bragg peaks, which reveal the temperature and pressure
dependence of the orthorhombic distortion. A detailed
comparison of the diffraction data of the two batches is
reported in the supplemental material40. The ambient-
pressure second-order transition at Ts is suppressed un-
der pressure. At p = 1.5 GPa, a first-order transition
is apparent at TN < Ts and the two transitions merge
for slightly higher pressures, as already reported in Ref.
35. Notably, the merged first-order transition is observed
in the same manner up to 5.8 GPa, but a new behavior
emerges at higher pressures, most prominently at p = 6.6
GPa. On decreasing temperature, the sample first un-
dergoes the first-order tetragonal-to-orthorhombic tran-
sition, at Ts,N = 39 K, before it transforms back into
a tetragonal structure at Tr = 25 K, exhibiting ”struc-
tural reentrance”. At the just slightly higher pressure of
6.8 GPa, the sample remains tetragonal at all temper-
atures. We note that a small phase fraction (<∼ 15%)
appears to become orthorhombic in a limited temper-
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FIG. 2. (a) The detector intensity for positions spanning the (3 3 0) or (6 6 0) tetragonal unit cell Bragg peaks integrated over
the transverse scattering directions at various pressures, revealing the temperature dependence of the in-plane orthorhombic
lattice parameters aOR and bOR. Low-pressure (p ≤ 3.1 GPa) data are taken from Ref. 35. (b) Three-dimensional representation
of the temperature- and pressure-dependence of the orthorhombic distortion, δ = (aOR − bOR)/(aOR + bOR). Projections of
the extrapolated low-temperature values [1(b)] are shown in the T = 0 plane. Lines are guides to the eye. The phase diagram
from Fig. 1(a) is indicated in the basal, T − p plane. (c) 57Fe nuclear-forward-scattering spectra for FeSe at selected pressures
and temperatures. Data are offset for clarity, and dark gray lines show fits to the data using conuss42. (d) Three-dimensional
representation of the temperature- and pressure-dependence of the inferred magnetic hyperfine field, Hhf , analogous to (b).

ature range even at 6.8 GPa, apparently experiencing
a slightly lower effective pressure due to small internal
stresses. Similarly, at the lower pressure of 6.2 GPa, a
tetragonal fraction of the sample (∼ 20%) coexists with
the major orthorhombic phase at base temperature and
transforms to orthorhombic at ∼ 12 K on heating [see
Fig. 2(a)]. Figure 2(b) summarizes the complex temper-
ature and pressure evolution of the orthorhombic order
parameter δ = (aOR − bOR)/(aOR + bOR). Notably, δ
behaves as the order parameter of a first-order structural
transition over a large pressure range 2 − 5.8 GPa. The
structurally ”reentrant” behavior with vanishing lattice
distortion at the lowest temperatures is limited over the
pressure range 6.2 <∼ p < 6.8 GPa and the orthorhombic
distortion is absent at all temperatures at 6.8 GPa.

Figure 2(c) shows the NFS spectra at various pres-
sures up to 7.2 GPa, from which the information about
the magnetic order is obtained. The observed quan-
tum beats originate from a convolution of the hyperfine
field, quadrupole splitting and sample thickness. Data
for p < 2 GPa were collected on a 6 µm thick sample and
higher-pressure data were collected on an 18 µm thick
sample. A temperature-induced change in the spectra,
most notably the shift of the minima, e.g., between 20

K and 24 K at 1.9 GPa, indicates the magnetic phase
transition. Such a transition is observed for pressures up
to 7.2 GPa. At 1.3 GPa a similar, though more contin-
uous shift is discernible and identified as a second-order
magnetic phase transition.

The inferred magnetic hyperfine field reported in Fig.
2(d) appears to indicate first-order transitions broadened
by internal stresses or disorder for p > 2 GPa. In-
terestingly, magnetic order is observed up to 7.2 GPa,
where the orthorhombic distortion vanishes. This indi-
cates the presence of a tetragonal magnetically ordered
phase. The occurrence of such a phase, including a
”structurally reentrant” behavior is highly reminiscent of
the hole-doped 122-type materials with a ”C4” magnetic
phase15,17,19,45. We note that the tetragonal magnetic
state in (Sr,Na)Fe2As2 was shown to be a coherent super-
position of two spin-density waves and is characterized by
two distinct Fe sites – one with zero and one with double
the hyperfine field of the regular stripe-type phase17. Un-
fortunately, in contrast to conventional Mössbauer spec-
troscopy, our time-domain Mössbauer spectroscopic ex-
periment is unable to distinguish such a state from a state
with the same hyperfine field on all Fe sites. Here, we
show the results of fitting with a single Hhf . An equally
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FIG. 3. (a), (b) Schematic phase diagrams of FeSe under
pressure (this work) and BaFe2As2 doped with cobalt (Ref.
4, 8, and 47) and sodium (Ref. 48), a larger doping range is
shown in the inset. Phase lines and phases are color-coded and
labelled as in Fig. 1(a). (c)-(f) Evolution of the orthorhom-
bic and magnetic order parameters of FeSe and BaFe2As2.
(c) Square of hyperfine field H2

hf of FeSe under pressure. (d)
Square of the ordered magnetic moment of Ba(Fe,Co)2As2

49

and (Ba,Na)Fe2As2
50,51. (e) Low-temperature extrapolation

of δ of FeSe as a function of pressure. The dashed line shows
the experimental δ subtracted by a contribution proportional
to H2

hf , which smoothly continues the initial trend of δ(p).
The enhancement of δ from this line is attributed to the coop-
erative magneto-structural coupling δM2, expected in a Lan-
dau theory2,7,52,53. (f) Low-temperature extrapolation of δ of
Ba(Fe,Co)2As2 (Refs. 8 and 54) and (Ba,Na)Fe2As2 (Refs.
50 and 51). Lines are a guide to the eye. The data from
different references in (d), (f) are scaled at pure BaFe2As2.

good fit of our data at 7.2 GPa can be achieved with a
model in which zero moment is imposed for half of the
Fe sites and Hhf ≈ 4.5 T on the moment-bearing Fe-sites
at base temperature. It is also possible that a completely
different type of magnetic order is realized, as might be
indicated by the presence of Néel type magnetic fluctua-
tions at ambient pressure46.

IV. DISCUSSION

The schematic temperature-pressure phase diagram
of FeSe has remarkable topological similarities to the
temperature-substitution phase diagram of the canoni-
cal BaFe2As2 iron-based superconductors [see Figs. 3
(a), (b)]. FeSe at low pressures and slightly under-
doped Ba(Fe,Co)2As2 both have an orthorhombic param-
agnetic ground state. On increasing pressure or decreas-
ing Co content the ground state changes to orthorhom-
bic and antiferromagnetic within a region for which
Ts > TN until the structural and magnetic phase lines
merge. On the high-pressure side of FeSe and in close
to optimally doped (Ba,Na)Fe2As2 a tetragonal magnetic
ground state emerges. The qualitative difference between
FeSe under pressure and substituted BaFe2As2 is evident
in the relative slopes of the phase lines and, notably, in
the values of the orthorhombic and magnetic order pa-
rameters [see Figs. 3 (c)-(f)]. Whereas the order pa-
rameters in the 122-type systems (approximately) obey
linear-quadratic coupling, δ ∝M2, which is theoretically
expected based on symmetry considerations in a Landau
theory2,7,52,53, this is not the case for FeSe.

One way to rationalize our results on FeSe is to as-
sume that the material’s structural instability and its
magnetic order have distinct origins and that the struc-
tural instability is weakened whereas the magnetic in-
stability is strengthened with increasing pressure. The
low cost of orthorhombic distortion at lower pressures
likely favors a stripe-type antiferromagnetic order. The
symmetry-imposed cooperative magnetoelastic coupling
of orthorhombic distortion and stripe-type magnetic or-
der then causes an increase of δ from its initial trend that
is ∝ M2, as indicated by the arrow in Fig. 3(e). Above
∼ 6.6 GPa the orthorhombic distortion becomes so unfa-
vorable that the cooperative coupling to stripe-type mag-
netic order can no longer create a finite distortion and, in-
stead, tetragonal magnetic order is established. Interest-
ingly, in lightly S-doped FeSe, the orthorhombic distor-
tion and the pressure-induced magnetic order indeed oc-
curr in distinct regions of the pressure-temperature phase
diagram55–57.

Theoretically, the nematic order of FeSe at ambient
pressure has been suggested to arise from a Pomeranchuk
instability within a renormalization group analysis58,
which could explain the observed result. The theoret-
ically proposed antiferroquadrupolar order59 is another
candidate. The effect of pressure as a tuning parameter
for FeSe has been subject to numerous theoretical studies
as well24,60–62. Model61 and ab-initio62 calculations find
a decrease of the tendency to charge order under pressure
that could be associated with our results.

In Figs. 1 and 3(a), we also report the superconducting
transition temperature Tc from Refs.32 and33, revealing
Tc is maximized in the pressure range of the tetragonal
magnetic phase. Possibly, Tc is enhanced by the enlarged
magnetic fluctuations space due to the presence of several
almost degenerate magnetic orders, as conjectured for
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optimally hole-doped iron-pnictides63.

V. CONCLUSION

In summary, we have studied the structural and mag-
netic phase diagram and order parameters of FeSe. We
have exposed the complex behavior of the orthorhombic
distortion, including structural reentrance at 6.6 GPa,
and the unexpected occurrence of magnetic order within
an undistorted tetragonal lattice. The pressure evolu-
tion of the magnetic and structural transition tempera-
tures and order parameters of FeSe leads us to suggest
that the orthorhombic distortion and the magnetic order
have distinct origins. Nevertheless, the topology of the
temperature-pressure phase diagram of FeSe resembles
closely the well-known phase diagram of electron/hole-
doped BaFe2As2, due to the symmetry-imposed coupling
of the two order parameters. The high-temperature su-
perconductivity in FeSe under pressure emerges within
this rich magneto-structural phase diagram in the region
of two almost degenerate magnetic orders.
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Appendix A: Detailed experimental methods

Single crystals of FeSe were prepared by chemical vapor
transport as described in Ref. 39. Batch A samples are
from several batches using natural-abundance elements,
whereas batch B samples are from a batch prepared using
95% enriched 57Fe. As described in Ref. 39, the sample
properties can vary even with tiny variations in growth

conditions. Batch B was found to have less perfect mo-
saicity and less sharp phase transitions than samples from
batch A, however batch A and B both have very similar
transition temperatures and values for the orthorhombic
distortion (see Fig. 1 of the main paper).

High-energy (100 keV), high-resolution x-ray diffrac-
tion experiments were performed at station 6ID-D of the
APS Argonne on samples from batches A and B. The
samples were pressurized in diamond anvil cells (DACs)
using He gas as a hydrostatic pressure-transmitting
medium. We used diamonds with 600 µm culets and
stainless-steel and CuBe gaskets preindented to thick-
nesses of ∼ 60 µm and with laser-drilled holes of ∼
250−350 µm. The position of a fluorescence line for ruby
was used for ambient-temperature pressure calibration.
Measurements of the lattice parameter of polycrystalline
silver were used for in-situ pressure determination at all
temperatures, so that the actual temperature-dependent
pressure values are reported. The absolute error on the
pressure values is estimated to be ±0.2 GPa, but much
smaller pressure changes of less than 0.05 GPa can be
resolved during a temperature or pressure sweep.

Extended regions of selected reciprocal lattice planes
of FeSe and the powder diffraction pattern of silver were
recorded by a MAR345 image plate system positioned
1.474 m behind the DAC, as the DAC was rocked by up
to ±3.2◦ about two independent axes perpendicular to
the incident x-ray beam. High-resolution diffraction pat-
terns of selected FeSe Bragg reflections of samples from
batch A were also recorded using a Pixirad-1 detector
positioned 1.397 m behind the DAC while rocking the
sample around one of the two axes perpendicular to the
x-ray beam. The in-plane lattice parameters were de-
termined by fitting the Bragg peak positions after inte-
grating the data over the transverse scattering directions.
This procedure was used for both the data recorded by
the Pixirad-1 detector and by the MAR345 image plate
system.

For the nuclear forward scattering experiments, the nu-
clear decay signal of 57Fe nuclei excited by a synchrotron
pulse carries the signature of hyperfine interactions such
as internal hyperfine magnetic field, electric quadruple
interaction, and crystal orientation. (The latter becomes
relevant because the incident synchrotron beam is po-
larized in the horizontal plane, and it is narrowly colli-
mated.) The time beats observed in the spectra are the
time-domain Fourier transform of multiple nuclear reso-
nances between sub-states of the ground state (spin 1/2)
and the first excited state (spin 1/2). By fitting the data
to the full Hamiltonian, the transition energies and their
amplitudes are calculated. The theoretical description is
given in more detail in Ref.42.

The nuclear forward scattering (NFS), i.e. time-
domain Mössbauer spectroscopy, was performed on sta-
tions 3ID-B and 16ID-D at the Advanced Photon Source
(APS) on samples from batch B. Diamond anvil cells
with He as a pressure transmitting medium and ruby as
an in-situ pressure calibrant were used and the pressure
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FIG. 4. High-energy x-ray diffraction patterns demonstrating the tetragonal to orthorhombic phase transition. aOR and bOR

are the lattice parameters for the orthorhombic unit cell (a)-(f), X-ray intensity profiles taken across the (3 3 0) (a) and (6 6 0)
[(b)–(f)] tetragonal unit cell Bragg peaks on samples from batch A for various pressures and temperatures. The peak splitting
results from the orthorhombic distortion. (g)–(l), X-ray intensity profiles close to the (2 2 0) Bragg peaks for samples from
batch B at various pressures and temperatures. Here, the peak splitting or broadening signals the orthorhombic distortion.
The difference in peak profiles with respect to the upper panels results from the lower order of the chosen Bragg peak, the use
of a different detector, and the broader mosaicity of samples from batch B.

cells were set up in a similar way as for the diffraction
experiments. At 3ID-B, miniature panoramic DACs64

were used. The incident x-ray beam was monochro-
mated to the 57Fe nuclear resonance energy of 14.4125
keV with a resolution of 2 meV and the intensity of the
scattered beam in the forward direction was recorded by
an Avalanche Photo Diode detector. The beam size at
3ID-B and 16ID-D was 10 × 10 µm2 and 20 × 30 µm2,
respectively.

Spectra for p ≥ 2.5 GPa were collected at 16ID-D on an
18 µm thick sample using the 24-bunch standard timing
mode of the APS, where an x-ray pulse of 80 ps duration
hits the sample with a periodicity of 153 ns. Spectra for
p < 2.5 GPa were collected at 3ID-B beamline on a 6 µm
thick sample in the so-called hybrid mode with a 1.5 µs
clear time for measurements after the initial excitation
pulse hits the nuclei. This long-pulse mode reduces the
counting rate by an order of magnitude. However, it
drastically improves the sensitivity and precision of de-
termining the internal magnetic hyperfine field due to the
increased observation time of the nuclear decay, which is
particularly relevant when hyperfine fields are very small.

The program conuss42 was used to analyze the spec-
tra and determine the magnetic field hyperfine at the iron
sites. Note that the fitted hyperfine field and quadrupole
splitting values are somewhat correlated and neither en-
ergy domain, nor time domain, spectroscopy can easily
separate them. At each pressure, we have determined
a value of the quadrupole splitting at T > TN and
kept it constant for all temperatures. The values of the
quadrupole splitting are 0.1− 0.2 mm/s.

Appendix B: Detailed x-ray diffraction data and
comparison of the two batches

In Fig. 4 data on samples from batches A (obtained
with the Pixirad-1 detector) and B (obtained with the
MAR345 detector) are compared. An obvious difference
in peak profiles results from the different orders of the
chosen Bragg peaks, the use of different detectors, and
the broader mosaicity of samples from batch B. A low-
temperature peak-splitting or broadening indicates an
orthorhombic ground state. Structural transitions are



7

0

20

40

60

80

100

0

20

40

60

80

100

5.34 5.32 5.30 5.28 5.26 5.24 5.22 5.20 5.18 5.16 5.14 5.12

T
(K

)

*

0.3 GPa

a
OR

, b
OR

(Å)

T
(K

)

6.8 GPa 
6.6 GPa

6.2 GPa
5.8 GPa4.8 GPa

3.4 GPa
3.1 GPa

1.7 GPa

1.5 GPa

p = 0

*

1.0 
GPa

1.1 
GPa

p (GPa)

FIG. 5. Orthorhombic lattice parameters aOR and bOR as a function of temperature for various pressures. Stars mark the
crossing of the He-solidification line, which entails a change in pressure (see color scale). Note that the horizontal scale decreases
from left to right.

0

1

2

0

1

2

0

1

2

0

1

2

0 20 40 60 80
0

1

2

3

0 20 40 60 0 20 40 60
0

1

2

3
Batch B

Batch B

δ
=

 (
a

-b
)/

(a
+
b

) 
(1

0
-3
) Orthorhombic distortion

Batch A

1.5 GPa

1.7 GPa

3.1 GPa

3.4 GPa

4.8 GPa
5.8 GPa

6.2 GPa

6.6 GPa

6.8 GPa 

δ
=

 (
a

-b
)/

(a
+
b

) 
(1

0
-3
)

p= 0

0.3 GPa

1.0 GPa

1.1 
GPa

δ
=

 (
a

-b
)/

(a
+
b

) 
(1

0
-3
) Orthorhombic distortion

4.4 GPa

δ
=

 (
a

-b
)/

(a
+
b

) 
(1

0
-3
)p= 0

1.4 GPa

3.6 GPa

5.2 GPa

7.4 GPa 

Hyperfine field

1.35 GPa

H
hf

(T
)

Temperature T (K)

0.8 GPa

2.5 
GPa

3.7 GPa

1.9 GPa

Temperature T (K)

H
hf

(T
)

5.8 GPa

7.2 GPa

Temperature T (K)

(b)

(i)(h)(g)

(f)

(d)

(e)

(c)

(a)

*

FIG. 6. (a)-(c) Orthorhombic distortion δ of samples from batch A as a function of temperature at various color coded
pressures [see scale in (c)]. The star symbol in (a) marks the crossing of the He solidification line, labelled pressures are at base
temperature. (d)-(f) Orthorhombic distortions δ of samples from batch B. Vertical bars represent a possible inhomogeneous
distortion above the midpoint of the structural transition deduced from peak broadening. (g)-(i) Hyperfine field Hhf at the Fe
site for samples from batch B, determined from the fitting shown in Fig. 2(c) of the main paper. Data at 2.5 GPa from Ref.
35 are also reported. Error bars represent the estimated total uncertainty including systematic errors.



8

clearly visible for samples from both batches. At the
highest pressures of 6.8 and 7.4 GPa, the absence of any
peak splitting or broadening and the temperature inde-
pendent peak profiles up to 60 K indicate a tetragonal
ground state.

Figure 5 shows the in-plane lattice parameters of the
majority phase of FeSe vs. temperature for all the studied
pressures. FeSe has a high compressibility and the tetrag-
onal in-plane lattice parameter is decreased by 3.7% at 7
GPa. In the pressure range 1.7-4.8 GPa, the orthorhom-
bic transition results in an asymmetric change of in-
plane lattice parameters so that the average of the a
and b lattice constants decreases at the transition, sim-
ilar to the Ba(Fe,Co)2As2 system65. This reverses at
higher pressures, so that at ∼ 6 GPa, the a-b average
increases on cooling through Ts, similarly to underdoped
(Ba,K)Fe2As2

12.
In Fig. 6, we also compare the diffraction results for

the two different batches and show the inferred hyper-
fine fields for batch B. The transitions are very sharp in
samples from batch A, whereas samples from batch B ex-
hibit clear tails to the transitions, which likely arise from
inhomogeneities caused by internal stresses. The hyper-
fine fields deduced from the NFS spectra in Fig. 3(h),(i)
exhibit similar tails, likely of the same origin. Neverthe-
less, transition temperatures can be well defined as the
points of highest rate change of order parameters and the
thus determined values of Ts agree well between the two
batches (see Fig. 1(a) of the main paper).

Appendix C: High-pressure phase of FeSe

At just slightly higher pressures than those presented
in Fig. 6 the samples of both batches undergo a severe
structural transition illustrated in Fig. 7. This transi-
tion is well-known in literature43,44,66–68 and the high-
pressure orthorhombic ”OR2” phase has been identified
as having MnP-type structure with a dramatic volume re-
duction of ∼ 10% with respect to the layered PbO-type
FeSe phase that is stable at lower pressures. Its unit
cell is tilted with respect to the T and OR phases. The
inset in Fig. 7(a) shows sections of the (HK0) scatter-
ing plane of the two phases at representative pressures.
The sharp (110)T Bragg peaks of the tetragonal phase
completely disappear in the high-pressure OR2 phase.
The latter is characterized by 8 much broader (101)OR2

type reflections, indicating significant sample degrada-
tion which is clearly due to the huge volume reduction
and build-up of stress due to domains of the MnP-type
structure with different orientations. We have observed
this transition in measurements with increasing pressure
at constant temperatures 60 K, 150 K and 300 K, in three
different samples (from batch A) and also on temperature
increase (concomitant with a slight pressure increase, see
path 4 in the Fig. 7) in a sample from batch B. The fine

pressure steps along path 3 allow to resolve particularly
well the rapidly changing OR2 phase fraction between
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FIG. 7. High-pressure structural transition of FeSe. (a)
Points in the temperature-pressure phase diagram of FeSe
with the fraction of the OR2 phase color-coded. The tran-
sition into the OR2 phase was observed to be abrupt and ir-
reversible. The inset shows sections of the (HK0) diffraction
plane in the T and OR2 phases. The (110)T and (101)OR2

and symmetry-equivalent reflections are highlighted by gray
circles. (b) Phase fraction of the OR2 phase as evaluated
by the relative intensity of the (101)OR2 with respect to the
(110)T) Bragg reflections on increasing pressure at constant
T = 60 K (path 3). The insets show the area surrounding
these Bragg reflections at representative pressures.

p = 7.5 − 8.5 GPa. Together, these four independent
measurements define a sharp and nearly temperature-
independent phase line at p ≈ 7.7 GPa. We found this
transition to have a severe hysteresis and to cause ir-
reversible changes to the single-crystalline sample. For
example, no return to the tetragonal phase was observed
even after decreasing pressure down to 3 GPa and in-
creasing temperature to 300 K following the measure-
ment along path 2.

In previous reports using polycrystalline
material43,66,67 and in a single-crystal study with
glycerol pressure medium32, the structural transition
into the OR2 phase has been observed at p ∼ 10 − 12
GPa and often with a significant phase coexistence
range. Our lower critical pressure is, however, close
to the one reported in Refs. 44 and 68, which also
used single crystals and He as pressure medium. This
transition into a much more closely-packed crystal
structure at high pressures marks the end of the stability
of the layered structure of FeSe that shares its structural
motif with iron-arsenide superconductors.
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P. Le Fèvre, F. Bertran, B. Valenzuela, L. Benfatto, and
V. Brouet, Phys. Rev. B 94, 155138 (2016).

24 Y. Yamakawa, S. Onari, and H. Kontani, Phys. Rev. X 6,
021032 (2016).
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S. Blügel, R. Valent́ı, and B. M. Andersen, Phys. Rev.
B 95, 094504 (2017).

62 J. Ishizuka, T. Yamada, Y. Yanagi, and Y. Ōno, Journal
of the Physical Society of Japan 87, 014705 (2018).

63 W. R. Meier, Q.-P. Ding, A. Kreyssig, S. L. Budko, A. Sap-
kota, K. Kothapalli, V. Borisov, R. Valent́ı, C. D. Batista,
P. P. Orth, R. M. Fernandes, A. I. Goldman, Y. Furukawa,
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