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Abstract

The importance of electron-hole interband interactions is widely acknowledged for iron-pnictide
superconductors with high transition temperatures (7). However, the absence of hole pockets
near the Fermi level of the iron-selenide (FeSe) derived high-7. superconductors raises a
fundamental question whether iron pnictides and chalcogenides have different pairing
mechanisms. Here, we study the properties of electronic structure in the high-7; phase induced
by pressure in bulk FeSe from magneto-transport measurements and first-principles calculations.
With increasing pressure, the low-7; superconducting phase transforms into high-7; phase, where
we find the normal-state Hall resistivity changes sign from negative to positive, demonstrating
dominant hole carriers in contrast to other FeSe-derived high-7¢ systems. Moreover, the Hall
coefficient is enlarged and the magnetoresistance exhibits anomalous scaling behaviors,
evidencing strongly enhanced interband spin fluctuations in the high-7;, phase. These results in
FeSe highlight similarities with high-7 phases of iron pnictides, constituting a step toward a
unified understanding of iron-based superconductivity.



The Fermi surface (FS) topology and its interplay with magnetism have been considered key
ingredients in understanding the mechanism of the iron-based superconductors."* For the FeAs-
based superconductors, the FS typically consists of hole- and electron-like pockets near the
Brillouin zone center (I" point) and corners (M point), respectively. As such, an interband
scattering between the hole and electron pockets has been proposed as an important mechanism
for electron pairing in the iron-based superconductors, leading to an st pairing state favored by
the antiferromagnetic fluctuations."? This picture, however, is challenged by the observed
distinct FS topology in the FeSe-derived high-T, (> 30 K) superconductors, including AsFe,.,Se,
(A=K, Cs, Rb, Tl),3 (Li,Fe)OHF eSe,4 and monolayer FeSe film,” in which only the electron
pockets are observed near the Fermi level. Thus, the distinct FS topology between FeAs- and
FeSe-based materials has challenged current theories on a unified understanding on the
mechanism of iron-based superconductors.

At ambient pressure, bulk FeSe is a compensated semimetal with both electron and hole FS
similar to the FeAs-based materialsf'11 but without antiferromagnetism and with a low T, 0.12’ BA
significant FS reconstruction takes place near the structural transition at 7= 90 K, manifested by
a dramatic splitting of dy,/dy, bands around both I" and M points.6'8 The FS in the orthorhombic
phase consists of one hole and two electron pockets with tiny carrier numbers.” In contrast to
electron-doping approaches,'* ° the application of pressure does not introduce extra electron
carriers, yet can still enhance T, of bulk FeSe up to ~40 K near 6 GPa.'®'” More importantly, our
recent high-pressure study has shown explicitly that the optimal 7 is achieved when the long-
range antiferromagnetic order just vanishes,'® Fig. 1, reminiscent of the situations seen
frequently in the FeAs-based superconductors. However, to make this connection, it is important
to have information about the evolution of FS under high pressure — a regime in which ARPES
experiments are impractical, and where quantum oscillation measurements are challenging.

Here we report Hall resistivity py, measurements under hydrostatic pressures up to 8.8 GPa in
order to gain insights into the electronic structure evolution of FeSe at high pressure. Our results
demonstrate that the electrical transport properties of FeSe at high pressures with 7, = 38.3 K
are dominated by the /ole carriers, Fig. 1, which is in contrast with the known FeSe-derived
high-T, superconductors that are usually heavily electron doped. In addition, we observed an
enhancement of Hall coefficient Ry near the critical pressure where the optimal 7 is realized
with a simultaneous suppression of the long-range magnetic order. This implies a strong
reconstruction of the Fermi surface due to antiferromagnetic (AF) order, consistent with the
ordering pattern driven by interband scattering, and consistent with density functional
calculations. Importantly, our results show a continuous path to high-7; superconductivity in
chalcogenides without electron doping, making a strong connection between the arsenides and
chalcogenides.

Fig. 2 shows the Hall resistivity p. () at various temperatures under different pressures
measured with the cubic anvil cell apparatus, which can maintain a relatively good hydrostaticity

above 10 GPa due to the three-axis compression and the adoption of liquid pressure transmitting
2



medium.'® Detailed information are given in the Supplementary Materials (SM)™. As seen in Fig.

2a and 2b, pyy(H) at 1.5 and 1.8 GPa share similar features as those at ambient pressure' ', T

n
specific, pxy(H) curves are linear for 7> 40 K and the slope changes sign twice from positive to
negative and then back to positive upon cooling, in accordance with the compensated semimetal
character. A nonlinearity develops for p. () below 40 K and the initial slope eventually
becomes negative for 7'< 30 K, but tends to change sign again under higher magnetic field. The
observation of similar low-field negative slope at ambient pressure has been ascribed to the
emergence of the minority electron carriers with high mobility below 73.'" ' Upon increasing
pressure to 3.8 GPa, surprisingly, all p,,(H) curves exhibit a positive slope without any
temperature-induced sign reversal in the whole temperature range, Fig. 2c, implying that the hole
carriers become dominant. The positive slope increases gradually with decreasing temperature to
40 K, below which a nonlinearity also appears, but the initial slope remains positive down to 7.
Such a hole dominated Hall effect was observed to persist up to 8.8 GPa, the highest pressure in
this study. As seen in Fig. 2¢-2f, two features are noteworthy for 3.8 < P < 8.8 GPa. First, the
linear pyy(H) at high temperatures is replaced gradually by a slightly nonlinear, concave behavior
upon cooling. At 6.3 GPa, such a nonlinearity is found to persist up to 100 K. In the high-7,
cuprates, the develop of such nonlinearity of p. (/) above T has been attributed to the 2D AF
spin fluctuations. Second, with increasing pressure at a given temperature the py,(H) is found to
first increase and then decrease quickly. For example, py, at 5 T and 40 K first increases from
~30x 10” Q m at 3.8 GPa to ~55 x 10° Q m at 4.8 and 6.3 GPa and then decreases to 25 x 107 Q
m at 7.8 GPa. As discussed below, the enhancement of p,, correlates intimately with the AF
fluctuations. Regardless of these details, the immediate message from the py, results is that the
electronic structure of FeSe undergoes an obvious change under pressure, making the hole
carriers dominating the electronic transport for P > 3 GPa.

To obtain the detailed information on the evolution of Hall effect as functions of temperature and
pressure, we plotted in Fig. 3 the temperature dependence of Hall coefficient, defined as the field
derivative of pyy, Ru= dpx,/dH, at the zero-field limit, together with the zero-field resistivity p(T)
at each pressure. Field is applied along the c-axis. As shown in Fig. 3a, Ry at ambient pressure is
small for 7> 100 K, within the range of + 0.5 x 10 m*/C, and changes sign twice upon
cooling.lo’ """ A moderate enhancement of Ryto~2x 10°m?/C is evidenced towards T. s, below
which Ry reverses sign again and exhibits a strong tendency to large negative values. Such a
change of Ry at T corresponds to the FS reconstruction due to the formation of electronic
nematicity,”® and the enhancement of Ry; before T, if also arising from the spin fluctuations as
discussed below, might support the mechanism of spin-driven nematicity.”' As shown in Fig. 3b,
Ru(7) at 1.5 GPa displays similar behaviors as that at ambient pressure, except that 75 has been
shifted down to ~ 50 K. When the pressure is increased to 1.8 GPa, the nematic order almost
vanishes and the long-range AF order starts to emerge at 7;,, = 20 K, which is manifested as an
upturn anomaly in p(7), Fig. 3c. The characteristics of the nematic and AF transitions under

pressure have been probed directly with the synchrotron XRD,”* uSR,* and NMR ** techniques
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recently. Although the overall behaviors of Ry(7) at 1.8 GPa resemble that at 1.5 GPa, including
the magnitude and the twice sign reversals for 7> 40 K, the negative Ry(7) at low temperatures
exhibits a much steeper growth upon cooling below T, with respect to those observed below T
at 1.5 GPa. This means that a more pronounced FS reconstruction takes place at the AF order,
which removes a larger portion of FS. Similar results have been reported recently by Terashima

25,26
etal. =

Nevertheless, the major characteristics of FS topology are not expected to change up
to 2 GPa given the similar Hall effects; the normal state above T}, is characterized by a
compensated semimetal while that below T}, is likely dominated by the minority electron carriers

with high mobility.

The situation changes when the pressure is increased to above 3 GPa. As seen in Fig. 3d for P =
3.8 GPa, the AF order at 7,,~ 40 K is manifested as a pronounced drop in resistivity, and the
positive Ry(7) experiences a noticeable enhancement when approaching 7r, from above. It is
interesting to note that the enhancement of Ry starts around a characteristic temperature 7*~ 150
K near which p(T) exhibits a clear upward deviation from the quasi linear-in-7 behavior at high
temperatures. Above T*, Ry is nearly temperature independent and takes tiny values around 0.5x
10 m*/C. Then, Ry(7) decreases quickly below T}, until reaching zero around T,. Nearly
identical features are observed at 4.8 GPa, except that the enhancement at 77, becomes much
stronger, Fig. 3¢; Ry at T, increases considerably from ~ 6 x 10 m*/C at 3.8 GPa to ~14 x 10~
m’/C at 4.8 GPa. Upon further increasing pressure to 6.3 GPa, the AF order becomes
destabilized and the 7. reaches the highest value of 38.3 K. As seen in Fig. 3f, nearly 7-
independent Ry above T* ~150K is greatly enhanced upon cooling until approaching 7¢; the
enhancement is much more pronounced with the maximum Ry reaching ~20 x 10” m*/C.
Similarly, an upward deviation from the linear-7 behavior of resistivity was also observed
around 7*.

Upon further increasing pressure to 7.8 and 8.8 GPa, the magnetic order vanishes and 7
decreases slightly. As seen in Fig. 3g and 3h, p(7) displays a nearly perfect linear-in-7
dependence in a wide temperature range from room temperature down to 7. Concomitantly, the
enhancement of Ry(T) becomes much weakened and tends to diminish at 8.8 GPa, suggesting
that the carrier density is greatly enhanced. These observations suggest that the enhancement of
Ry correlates intimately with the deviation of resistivity from the high-temperature linear-in-7'
behaviors.

The major findings of the present study can be summarized in the phase diagram superimposed
with the contour plot of Ry (7, P). As seen in Fig. 1, the electronic structure of FeSe in the
normal state just above 7, undergoes an obvious reconstruction under pressure; it changes from
the dominated electron-type to hole-like around 2 GPa where the nematic order is just suppressed
with a concomitant emergence of AF order. The observation of dominant hole carriers at P> 3
GPa, especially in the pressure range where high-T7, superconductivity can be achieved is
surprising in that the hole FSs are missing in all the known FeSe-derived high-T¢

superconductors'”. In addition, the stabilization of AF order under pressure can be attributed to
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the presence of hole pockets that admits FS nesting mechanisms for selecting the AF order.
Although the current study puts FeSe at variance with other FeSe-derived high-T;
superconductors, the observation of high-T7; superconductivity on the border of AF order, in
reminiscent of the FeAs-based superconductors, suggests that the electron-hole interband
interactions are important for both FeSe under pressure and the FeAs-based superconductors.

The presence of significant AF fluctuations is supported by the enhancement of Ry above 71y,
centered near 6.5 GPa, Fig. 1. Since the carrier number is not expected to change considerably in
the paramagnetic states, the enhancement of Ry upon cooling has to be associated with the
increased scattering rate due to AF fluctuations. Indeed, the Curie-Weiss-like Ry(7) has been
observed in cuprate, heavy-fermion, and iron-pnictide superconductors with strong AF spin
fluctuations.””?® In the theories involving the vertex corrections®~’, where the backflow effect
originating from the charge conservation law in the presence of strong electron correlations is
taking into account’’, the enhanced Ry in the presence of AF fluctuations can be naturally
understood by the enlarged AF correlation length. It has been also pointed out theoretically and
observed experimentally that such strong AF fluctuations also affect the magnetoresistance
Apx(H)/ px(0) = [ pxx(H)-pxx(0) 1/ pxx(0); unlike the conventional Kohler’s rule (the scaling by
H/p«(0)), the magnetoresistance can be scaled by tan’®y where Oy is the Hall angle. As
demonstrated in Fig. S1, the violation of Kohler’s rule and the modified scaling with the Hall
angle are indeed observed for our magnetoresistance data at 6.3 GPa, where the enhancement of
Ry is the strongest. When the magnetic order takes place below T, the scattering is reduced
significantly, leading to the observed resistivity drop in Fig. 3d-3e.

To further understand the evolution of FS under pressure, we performed density functional
calculations by using the general potential linearized augmented planewave (LAPW) method as
implemented in the WIEN2k code.’' Details can be found in the SM. DFT calculations for FeSe
are sensitive to the structure, particularly the Se position in the unit cell. We used Se positions
determined from DFT calculations with AF order. This procedure gives better accord with
experimental structure data than relaxation without magnetism, probably as a result of the
influence of spin fluctuations on bonding in Fe-based superconductors.’> Our DFT calculations
show five sheets of FS in the non-magnetic tetragonal structure. The calculated FS at 6 GPa is
shown in Fig. 4a. There are three hole cylinders, containing 0.011, 0.160 and 0.191 holes per two
FeSe formula unit cell, respectively, and two compensating electron cylinders with 0.209 and
0.153 electrons, respectively. The smallest hole cylinder closes off and becomes a 3D ellipsoid
between 8 and 10 GPa, leading to a change in sign of the Hall number for field along the z-
direction. We note that the evolution of FS with pressure up to 10 GPa is smooth, and that there
are no additional surfaces, except for this closing off of the smallest hole cylinder. The DFT
calculations also show an instability against the SDW-type AF order. This AF order induces the
reconstruction of the FS. This reconstruction removes most of the FS, similar to results in iron
pnictides.” This is the case both for GGA and for local spin density approximation (LSDA)
calculations and in both cases the magnetic tendency is overestimated compared with experiment,
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qualitatively similar to the case of the FeAs-based superconductors, and presumably reflecting a
large renormalization by spin fluctuations®®. At 6 GPa the LSDA AF state has a density of states
that is 0.32 of the non-spin-polarized case with a calculated moment of 1.1 pg/Fe.

Our constant scattering time approximation calculations based on the DFT electronic structure
show a positive Hall coefficient (Fig. 4b) for H //c, consistent with experimental results, and in
addition show an increase up to 6 GPa and then a decrease above 8 GPa. This tendency follows
roughly the experimental observations, making a connection between the smooth evolution of
the electronic structure with pressure in the DFT calculations and the experimental evolution of
the Hall data. We note that these calculations do not include vertex corrections or
renormalizations of the band structure that may occur, but are based only on the DFT electronic
structure. This supports the conclusion that the electronic structure of FeSe remains similar to the
FeAs-based superconductors with compensating zone-center hole sheets and zone-corner
electron sheets including pressures where 7 is high. It is also noteworthy that the Ry is predicted
to have opposite sign for H // ab plane.

In conclusion, our present high-pressure study underscores the importance of interband spin
fluctuations in achieving high-7; superconductivity in FeSe under pressure. The stabilization of
AF order above 2 GPa is likely associated with the FS reconstruction with a hole-dominated
character. This is consistent with a FS driven magnetic order similar to scenarios discussed for
the FeAs materials. Indeed, very recent theoretical calculations™* show that the increase of the
relative Se height induces the dy, hole FS pocket (one of the 3 hole pockets in Fig. 4a), which
results in the improvements of the intra-orbital interband nesting and thus promotes the stripe-
type AF order.”* When the AF order is destabilized by the application of high pressure, the AF
fluctuations may play an essential role for achieving high-T; superconductivity as found in the
FeAs-based superconductors. Thus, our present work can be considered as a significant step
forward in making a unified picture on the current understanding of iron-based superconductors,
specifically by demonstrating that high 7, in FeSe can be achieved with an electronic structure
and other characteristics similar to the FeAs-based high-T7, superconductors.
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FIG. 2: Field dependence of Hall resistivity p(H) of FeSe single crystal measured under
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