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The iron-based superconductor FeSe offers a unique possibility to study the interplay of supercon-
ductivity with purely nematic as well magnetic-nematic order by pressure (p) tuning. By measuring
specific heat under p up to 2.36 GPa, we study the multiple phases in FeSe using a thermodynamic
probe. We conclude that superconductivity is bulk across the entire p range and competes with
magnetism. In addition, whenever magnetism is present, fluctuations exist over a wide temperature
range above both the bulk superconducting and the magnetic transitions. Whereas the magnetic
fluctuations are likely temporal, the superconducting fluctuations may be either temporal or spatial.
These observations highlight similarities between FeSe and underdoped cuprate superconductors.

PACS numbers: xxx

FeSe is considered to be an exceptional member!?
of the family of iron (Fe)-based superconductors® " for
various reasons. First, FeSe is the structurally sim-
plest of all members. It superconducts® below a critical
temperature T, =~ 8K and 7T, can be significantly en-
hanced in thin films? 2 and intercalated FeSe'3 or by
pressure (p)'419. Second, FeSe undergoes a structural
transition®2%:2! from a tetragonal to an orthorhombic
state at Ty ~ 90K at ambient p which was shown to
be nematic?22%, i.e., driven by electronic degrees of free-
dom. In contrast to other Fe-based superconductors2®,
the nematic transition in FeSe is not accompanied or
closely followed by an antiferromagnetic transition®!27.
Thus, it was suggested that FeSe represents an ideal plat-
form to study a purely nematic phase and its interrela-
tion with superconductivity!. Third, FeSe was found to
be characterized by strong electronic correlations?® lead-
ing to a small Fermi energy? which is comparable in size
to the superconducting gap. This has recently raised the
question whether FeSe is located deep in the crossover
regime between weak-coupling BCS to strong-coupling
BEC superconductivity?* 4. The latter is characterized
by superconducting fluctuations over a wide temperature
(T) range above T,.

The extent to which the properties of FeSe are com-
parable to those of other Fe-based superconductors has
been strongly debated over the years'. In this regard, the
study of the T-p phase diagram (see Fig.1 (a)) yielded
important new insights?”35 47 (see Fig.S1). Above
a characteristic pressure p;, bulk magnetic order?”43,
which is likely stripe-type antiferromagnetic order3°-36:48,
was observed at the magnetic transition temperature
Ty < Ts (ie., the magnetic-nematic state). At even
higher pressures, above a second characteristic pressure
p2, the magnetic-nematic ground state was found to be
stabilized through a simultaneous first-order transition
with T, = T3,3%3%4*. This demonstrated that the phase

diagram of FeSe at higher p shows the same generic fea-
tures in terms of the magnetic and structural transi-
tions as other Fe-based superconductors, i.e., two sub-
sequent, second-order phase transitions with Ty, > Ty
that can be tuned to a simultaneous first-order transition
(T = Tyr)?5354%. However, whether the purely nematic
state at low pressures fits into this universal picture, is
still a subject of debates? 55,

With respect to the superconductivity of FeSe under
pressure, there is an ongoing discussion about its nature.
It was proposed early on that superconductivity exists
over a wide p range, i.e., in the purely nematic (p < p1),
but also in the magnetic-nematic p range (p > p1). In
the latter regime, the simultaneous enhancement of T
and T raised the idea of cooperative promotion of su-
perconductivity and magnetism*3:°6, contrary to other
Fe-based superconductors. However, this scenario has
not be substantiated to date, since microscopic probes,
such as NMR3, failed to detect any signature of super-
conductivity in the magnetic-nematic state for p > po.
This has therefore even led to the question whether bulk
superconductivity exists in FeSe for p > pg35:57.

By studying the specific heat (C') under p of a single
crystal®® of FeSe up to 2.36 GPa, we determine the full
thermodynamic T-p phase diagram of FeSe. We are
therefore able to address various open issues related to
superconductivity: our results confirm the bulk nature
of superconductivity over the full p range investigated,
in particular also in the magnetic-nematic state for
p > p2. In this regime, our data suggest a competition
of superconductivity and magnetism in FeSe. Even
further, we argue that superconducting and magnetic
fluctuations of temporal and/or spatial nature exist in
FeSe at high p over a wide range of temperatures above
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FIG. 1. (a) Schematic temperature-pressure phase diagram
of FeSe, showing the extent of tetragonal (tet), orthorhombic
(o), paramagnetic (pm), magnetic (m) and superconducting
(sc) states and the two characteristic pressures p; and p2 (see
main text); (b) Selected specific heat data sets, C'/T vs. T, at
different pressures. Light grey regions indicate the position of
the various anomalies detected by C/T, related to the struc-
tural (circles), the superconduting (squares) and the magnetic
transition (triangles). The inset illustrates schematically the
measurement conﬁgura‘cion58 to measure the specific heat un-
der p.

the respective bulk transition temperatures. These
results therefore put FeSe in close similarity to the
strongly correlated cuprate superconductors.

The specific heat of a vapor grown FeSe single crystal®®
was measured with an ac-technique (see Fig. 1 (b)) inside
a liquid-medium piston-cylinder pressure cell in a home-
built setup®® (for more details, see SI®?).

First, we focus on the C data close to the structural
and magnetic transitions at Ts; and Ths, respectively,
in FeSe under p, as shown in Fig.1 (b) and 2 (and in
Figs. S2-S7) to determine the characteristic pressures p;
and po from our experiment. Ty is monotonically sup-
pressed with increasing p until it becomes indiscernible
above 1.32 GPa (see Figs. 1 (b) and S3). Magnetic order-
ing is observed in our data for p > 0.91 GPa (see Fig.2
(a) and Fig.S5 for low p data). This therefore defines
p1 in the T-p phase diagram of FeSe (0.84 GPa< p; <
0.91 GPa).

Upon increasing p, Ty, first increases steeply up to
~ 1.2 GPa, then shows a slight reduction up to ~1.9 GPa
and then increases quickly for higher pressures. At
the same time, the specific heat anomaly at Ths (see
Fig.2(a)) evolves from a step-like shape, characteristic
for second-order phase transitions at lower p, to a sym-
metric peak at higher p, which might be the result of
a slightly broadened singularity of a first-order transi-
tion. This observation is therefore consistent with the
picture3®36 that the magnetic transition becomes first
order close to where it merges with the structural tran-
sition. To define the characteristic pressure py at which
the character of the magnetic transition changes, we fol-
low three complimentary approaches. This includes mea-
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FIG. 2. (a) Specific heat anomaly of the magnetic transition
at Ty, AC/T, which is present for p > 0.91GPa (~ p1)
and obtained by subtracting a background from C/T data.
Data are offset for clarity. Faint, grey triangles indicate the
position of Ths in each data set. t;, t, and t,. are used to
estimate asymmetry and width of the specific heat peak; (b)
Hysteresis AT of Thr between warming and cooling. Inset
shows d(C/T)/dT at 2.1 GPa upon warming and cooling; (c)
Asymmetry (left axis) and width (right axis) of the specific
heat peak at Ths. Dashed and dotted lines are guides to the
eye, the purple bar indicates the position of the critical pres-
sure range pa.

surements of the thermal hysteresis (see Fig.2(b) and
Fig.S7) and an analysis of the asymmetry and the width
of the specific heat peak (see Fig.2(c)). We define the
asymmetry as tt:;_tg, with t,,, (¢, and ¢;) being the tem-
peratures at which the specific heat anomaly exhibits its
maximum value (50 % of the maximum value) and the
width as t,, —t;. All together, all three quantities exhibit

a sudden change at p, = (1.87 £ 0.10) GPa.

Next, we present in Fig. 3 the evolution of the specific
heat jump across the superconducting transition at T
in the three distinct pressure regimes (a) p < p1, (b)
p1 < p < pg and (c) p > pa (see Figs.S8 and S9 for
raw data). At all p up to 2.36 GPa, we resolve a clear
specific heat anomaly at low T', associated with the su-
perconducting transition at T,.. To determine T, and the
superconducting jump size ACs./T.(p), we use an equal-
area construction in AC/T (see dotted lines in inset of
Fig.3(a)). For p < pi1, we find an increase of T, to-
gether with an increase of ACs./T, (see Fig. 3 (a)). Soon
after the onset of magnetism at p1, 7. and ACs./T. are
suppressed with p for p < ps. Above ps, T, increases
slowly, however, AC;./T. continues to be monotonically
suppressed with increasing p.

Remarkably, we also find a sudden change of the shape
of the AC/T(T,) anomaly from almost mean-field-like at
p < p; to a more A-like shape with an extended high-T
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FIG. 3. (a)-(c) Estimate of the specific heat anomaly in FeSe
at the superconducting transition, AC/T, in the pressure
regimes 0 GPa< p <0.84GPa (p < p1, a), 0.91GPa< p <
1.58GPa (p1 < p < p2, b) and 1.72GPa< p <2.36GPa
(p > p2, ). The inset of (c) shows a blow-up of the data set
in the main panel. The dotted lines in the inset of (a) indi-
cate exemplarily the equal-area construction in AC/T used
to determine the superconducting jump size ACs./T. and the
critical temperature Te; (d) Evolution of AC,./T. (left axis)
as well as superconducting transition width (right axis; see
Fig. S10) as a function of p. Purple bars indicate the position
of critical pressures p1 and pe; (e) ACs./T. as a function of
the ratio T../Tn. Black circles (grey triangles) correspond to
data in the pressure regime p1 < p < p2 (p > p2).

tail at p > p;. This change can be quantified in terms
of a broadening parameter (see Fig.S10) which defines
the width of superconducting transition and is shown in
Fig.3(d) (right axis): it is almost constant as a function
of p for p < p1, then exhibits a clear jump at p; (see also
Fig.S11) and levels off again, until it increases rapidly
for p > py. We stress that such sudden changes in the
broadening, as observed here at p; and again at po, are
unlikely to result from pressure inhomogeneities related
to the freezing of the pressure medium®!', and therefore
rather reflect a change of intrinsic physics of FeSe.

We can now proceed with discussing the two central re-
sults of this study. The first one relates to the question of
bulk superconductivity in FeSe under p and its relation-
ship with magnetism. Here, the observation of a finite
AC;./T. at all p speaks in strong favor of bulk supercon-
ductivity in FeSe, which coexists with nematic order at
low p as well as with magnetic-nematic order at high p.
The fact that ACs./T., which, in simple BCS theory, is a

measure of the superconducting condensation energy, is
strongly suppressed with p for p 2 p; (see Fig.3(d)) in-
dicates that magnetism competes with superconductivity
in FeSe, resulting in either microscopic coexistence or in
a macroscopic phase segregation®2. Importantly, compe-
tition is also the case for the region p > ps, even though
T. and Tj; both increase with p. This unusual possibil-
ity is included in an earlier model®® on competing spin-
density wave and superconducting order in itinerant sys-
tems, which provides the general tendency that competi-
tion leads to a decrease of T../T); (rather than a decrease
of T, itself), when Ty, is increased. Our specific heat re-
sults of the bulk Th; and T values (see Figs. 4 and S1 (a))
indeed show that this is the case in FeSe at high p: no-
tably, ACs./T. is suppressed with decreasing T../T)s (see
Fig.3 (e)). Therefore, our results strengthen the similar-
ities of FeSe to other Fe-based superconductors’62:64-70,

The second result is summarized in the T-p-phase
diagram in Fig.4 (a) (see Fig.S1 for simplified ver-
sions of this phase diagram). In this figure, we com-
pare the transition temperatures T, Th; and T, from
the present C(T,p) work (full symbols), with those re-
ported in literature”™, based on x-ray scattering®>°,
NMR37, resistance® 4!, magnetization*! and puSR*344
(open symbols). Surprisingly, whereas the majority of
T values and T, values for p < p;, as well as the p;
values themselves, are rather consistent, the Th; and T,
values for p > p; show strong discrepancies. Given that
specific heat measurements provide the bulk, thermody-
namic (and static) transition temperatures, we suggest
below one possible way to rationalize these findings is
in terms of superconducting and magnetic fluctuations
which exist for p > p; over a wide T range above T, and
Ty, respectively.

In terms of superconductivity for p > p;, not only
is the discrepancy of bulk 7T, values from the present
study (T¢,c) and those from previous reports from trans-
port and susceptibility (T¢ g/ > Tec, Fig.4 (a) and
(b)) remarkable, but it must be recalled that there is
a simultaneous, sudden change in the shape of the C
anomaly at p;, depicted in Fig.3. A sudden increase in
broadening of the feature at T, at p; was also observed
in other quantities*"®%, such as resistance, despite being
much larger there. Contrary to changes in transport fea-
tures, though, the observed change in the specific heat
feature is considered as a well-established signature™ 74
of superconducting fluctuations®® above the mean-field
T.. In this situation, the onset of diamagnetism®""™ at
Tty is likely found at higher temperatures than the bulk
T¢.c, consistent with our results. Revisiting susceptibil-
ity data®®#! demonstrates that the bulk T, o actually
corresponds to the temperature at which FeSe exhibits
saturating diamagnetism (see Fig.4 (b)). Thus, a com-
parison of onset 1., and T, ¢ can be used to estimate
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FIG. 4. (a) Temperature-pressure phase diagram of FeSe,
determined from specific heat measurements C(T,p) (full
squares). Red symbols correspond to the structural transition
temperature T, black symbols to the superconducting transi-
tion temperature 7. and blue symbols to the magnetic transi-
tion temperature Ths. The phase regions are labeled by ¢/pm
(tetragonal/paramagnetic; light yellow), o/pm (orthorhom-
bic/paramagnetic; red), o/m (orthorhombic/magnetic; blue)
and sc (superconducting; brown/grey). Purple dotted verti-
cal lines mark two characteristic pressures, p1 and p2. The
error in the determination of ps is indicated by the light purple
bar. The specific heat data is contrasted with data from var-
ious other techniques from literature, i.e., x-ray scattering®®,
NMR37, resistance and magnetization (R-l?’g7 R-23% and M-
239 R-3'", R-4*"), and puSR****; (b) Comparison of C/T data
at 1.58 GPa to M>® data, x-ray data of the orthorhombic
distortion®® and R®*® (R) data at similar nominal pressures.

the T range in which superconducting fluctuations exist.
This T range is small, but present for p; < p < ps and it
increases rapidly above ps (=2 10 K ~ 2T at 2.36 GPa, see
Figs. 4, S1 and S13). This mirrors the observed broaden-
ing of the AC/T feature at T,.. Taken together, all these
observations are consistent with a picture, in which sig-
nificant changes of the Fermi surface3®77% at p; and
po increase the T-range of fluctuations. Such extended
fluctuations in the presence of competing magnetic or-
der, suggested in the present work, might also naturally
account for the absence of pronounced features at T, in
microscopic NMR data®® at p > ps.

Concerning the magnetic transition, we find that the
Ty values from C(T, p) are at the lower bound of values

reported so far. It is remarkable, though, that similar
Ty values were inferred using the same technique in dif-
ferent studies (see, e.g., the two sets of open blue circles
from resistance studies in Fig.4). This argues against
experimental artifacts arising from a combination of dif-
ferent samples with slightly different stochiometry and
different pressure media being solely responsible for the
discrepancy in T values. Instead, it seems likely that
the observed spread in T); is related to the time scale
of each experiment, ranging from ~ ps for uSR*3** up
to ~ s for NMR?¢:37 up to static for C(T) and x-ray
probes (measuring the increase of orthorhombicity asso-
ciated with the development of long-range order®®). We
refrain from including the T values inferred from the re-
sistance in the present discussion, as the associated time
scale, given by the scattering time, cannot be unequivo-
cally defined. As T/ (p) from the two static probes (C(T')
and x-ray) fall on top of each other (Tar,c ~ Tho—ray,
see Fig.4 (b) and S1 (b)) and TM,C S TM,NMR 5 THSR
at any given p, this is highly suggestive of magnetic fluc-
tuations existing far above the static Ths,c. The extent
in T of these fluctuations above Tj; can be estimated
from the spread of transition temperatures in Fig. 4. This
spread increases upon increasing p, even more rapidly
above po, and reaches more than ~ 30K above 2 GPa.
The width of the specific heat peak at Ths (see Fig. 2 (¢))
provides further support for this statement, as it shows
a progressive increase above po (see Fig. S12), which re-
flects a sizable loss of magnetic entropy preceding the
bulk Ts,c upon cooling.

Another scenario which could give rise to a similar
phenomenology of the T-p phase diagram, as well as the
specific heat features, invokes electronic inhomogeneity””
giving rise to a spatially-fluctuating state. It is important
to note though, that this inhomogeneity then must be
intrinsically induced by the occurrence of magnetism, as
evident from our phase diagram in Fig.4. It could, e.g.,
arise from the formation of domains in the magnetically-
ordered state which are pinned by extrinsic disorder, in-
evitable in any real crystal. Whereas such a scenario cer-
tainly promotes a non-bulk superconducting state above
T,, causing zero resistance well above the bulk T, (such as
the recently proposed fragile superconducting state™), it
unlikely explains the correlation of time scales and tran-
sition temperatures for the magnetic transition. Thus,
whereas for the superconducting transition either tempo-
ral or spatial fluctuations are consistent with our data,
the results speak in favor of a temporal nature of the
magnetic fluctuations.

To verify which of these two scenarios is applicable
in FeSe, it will be of crucial importance to identify the
characteristic energy scales of the different orders in FeSe
under pressure. One important key question here will be
to resolve the magnetic structure of FeSe for p > p;
which has still not been unequivocally determined to
date. Nevertheless, we want to stress that our picture



of the T-p phase diagram of FeSe presents close similar-
ity to the ones of the high-T,. cuprate superconductors™.
In the latter case, there is growing evidence for the coex-
istence of superconductivity in the underdoped regime
with other competing phases, such as charge-density
waves®? enhancing fluctuations®!:3? associated with both
orders over a wide T range above the respective bulk
transition temperatures”®3. Whereas this comparison
is purely phenomenological at present, FeSe might serve
as an important reference system to investigate the ori-
gin of such extended fluctuating regimes in the pres-
ence of competing orders, as superconductivity can be
tuned through non-magnetic and magnetic states solely
via pressure which does not introduce any additional dis-
order.

In conclusion, the presented specific heat data demon-
strate that superconductivity is bulk in FeSe up to
2.36 GPa, and competes with magnetism, whenever
present. In the presence of magnetism, our results
strongly suggest that superconducting and magnetic fluc-
tuations exist over a wide temperature range above the
respective bulk transition temperatures. This puts the
phase diagram of FeSe under pressure in close similarity
to those of underdoped cuprates in which the enhance-
ment of phase fluctuations due to competing orders is
considered as a key ingredient for high-7T, superconduc-
tivity.
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