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Hall effect in superconducting Fe(Se,sTe,s) thin films
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The Hall effect is investigated for eight superconducting Fe(SeqsTeys) thin films grown on MgO and
LaSrAlQ, substrates with different transition temperatures (7). The normal Hall coefficients (Ry) have posi-
tive values with magnitude of 1 ~1.5X 1073 ¢cm?/C at room temperature for the all samples. With decreasing
temperature, we find two characteristic types of behavior in Ry(T) depending on T. For thin films with lower
T, (typically T.<5 K), Ry start decreasing approximately below T=250 K toward a negative side, some of
which shows sign reversal at 7=50~60 K, but turns positive toward 7=0 K. On the other hand, for the films
with higher 7, (typically 7.>9 K), Ry leaves almost unchanged down to 7= 100 K, and then starts decreas-
ing toward a negative side. Around the temperatures when Ry changes its sign from positive to negative,
obvious nonlinearity is observed in the field-dependence of Hall resistance as to keep the low-field Ry positive
while the high-field Ry negative. Thus, the electronic state just above T, is characterized by n, (electron
density) >n;, (hole density) with keeping w, < w,. These results suggest the dominance of electron density to
the hole density is an essential factor for the occurrence of superconductivity in Fe-chalcogenide

superconductors.
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The discovery of superconductivity in iron oxypnictides'
opened routes for exploration of high-temperature (high-7,)
superconductors other than cuprates. Triggered by the dis-
covery of LaFeAs(O,_,F,),! a tremendous number of studies
were very quickly undertaken on these materials. The pres-
ence of superconductivity in Fe-based binary compounds,
FeSe,>? is surprising, because the 7. of a FeSe system ex-
ceeds 36 K under high pressure despite its simple crystal
structure,* which is comparable to MgB,, another binary
compound superconductor. Interestingly, FeSe had already
been investigated in detail, but for its properties as a ferro-
magnetic semiconductors. According to the first investigation
by Feng et al.,’ and by several other related works,®8 the
transport properties of FeSe have been summarized in the
following four characteristic features. First, a majority of the
charge carriers at room temperature are holes, and the resis-
tivity decreases with increasing hole concentrations. Second,
spontaneous magnetization is present at room temperatures.
Third, band calculations suggest the coexistence of hole- and
electron-type carriers at room temperature. Finally, sign re-
versal of the Hall coefficient Ry occurs below 100 K when
the material is doped sufficiently with holes. However, the
relationship between these normal-state electronic properties
and the superconducting properties of these materials has not
yet been clarified.

One of the features that make Fe-based superconductors
exotic is its paring symmetry as was first proposed for
LaFeAs(O,_,F,) by Mazin et al.,’ and Kuroki et al.,'® which
requires (7, ) nesting of the Fermi surface. However, for
the FeSe system, it remains a point of argument whether
(7, ) nesting'""'? or another (7,0) nesting!? is responsible
for the formation of Cooper pairs. This controversy gathers
our attention and leads us to an important question whether
the Fe-pnictides and Fe-chalcogenide is essentially the same
sumperconductor, or not. To resolve this it is important to
quantitatively investigate the electronic transport properties
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in the relation to the superconductivity. Recently, we suc-
ceeded in growing superconducting Fe(SeysTes) thin films
on MgO and LaSrAlO, (LSAO) substrates,'* in which we
found that a choice of substrates was crucial for the growth
of Fe(Se,Te) films. The strong substrates dependence has
been also discussed with respect to an epitaxial strain in pre-
vious works on FeSe and Fe(Se,Te) thin films.!>2! In this
paper, we report the results of detailed Hall-effect measure-
ments on several Fe(Se, sTeg ) thin films with different 7.’s,
conducted in order to obtain deeper insight into the elec-
tronic states of this material, and to investigate potential
routes toward a higher 7,. We confirm the coexistence of
electrons and holes first, and, in addition, we find (1) that
there is an intimate relation between the temperature depen-
dence of Ry and T,, and (2) that the electronic state just
above T, is characterized by n, (electron density) >n; (hole
density) with keeping u, < w;,.

Fe(SesTeqs) films highly oriented along the ¢ axis were
grown by pulsed-laser deposition (PLD) as described
elsewhere.!* We prepared eight thin-film samples for the
Hall-effect measurements. Detailed specifications of the
films are summarized in Table I. Six films were prepared
from a stoichiometric FeSesTe, s sintered target, and two
were prepared from a FeSe(sTe 75 target containing excess
Te. We prepared two films simultaneously during each depo-
sition, one on MgO(100) and the other on LaSrAlO4(001) in
order to purely extract the substrate dependence. Samples A
and D, B and E, C and F, and G and H were each grown in
the same deposition process. All of the films were deposited
in a six-terminal shape using a metal mask appropriate for
both resistivity and Hall-effect measurements. The crystal
structure was investigated by an ordinary 6-26 x-ray diffrac-
tion. Thicknesses of the films were estimated by Dektak 6M
stylus profiler. Resistivity and Hall-effect measurements
were obtained using PPMS for temperatures down to
T=2 K.
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TABLE 1. Specifications of the Fe(Se;_,Te,) films.
T, Thickness c-axis length
Name Substrate Target (K) (nm) (A) Se/Te ratio
Sample A MgO(100) FeSeysTeq s 9.2 55 5.92 0.668/0.332
Sample B MgO(100) FeSeqsTe s 8.8 164 5.90
Sample C MgO(100) FeSeqsTeg s 4.6 135 5.86
Sample D LaSrAlO4(001)  FeSeysTeqs <2 80 5.79 0.666/0.334
Sample E LaSrAl0,(001) FeSe( sTey 5 2.0 250 5.88
Sample F LaSrAlO,4(001) FeSeq5Teq 5 <2 190 5.84
Sample G MgO(100) FeSey sTe( 75 9.4 212 5.93 0.588/0.412
Sample H  LaSrAlO4(001)  FeSeqsTe s 34 348 5.90 0.552/0.448

All the films shown in this paper have a highly c-axis
oriented structure in common, while their c-axis length is a
little bit scattered. As was shown in our previous paper'* and
is summarized again in Table I, the c-axis length of the pre-
pared films spreads out from 5.79 to 5.93 A, which are
shorter than that reported for polycrystalline samples.?? Thus,
we suspected that the chemical composition of the films was
deviated largely from that of the target, and carried out an
EDX measurement to the selected films. The obtained results
of Se/Te ratio is shown in Table I for samples A, D, G, and
H. The Se content is richer than that of Te in common, which
is probably the main reason for the observed short c-axis
lengths. This tendency is also consistent with the fact that we
obtain the films with more Te content when using the
FeSeqs50Tey 75 target (compare samples A and G, for ex-
ample). Such a deviation of the chemical composition be-
tween targets and films is probably due to the difference of
the vapor pressure of Se and Te, which become crucial in the
thin-film growth process using high-vacuum conditions like
our PLD method. However, it should be also emphasized that
the Se/Te ratio is not different much between the films pre-
pared at the same time (compare samples A and D, for ex-
ample). This means that the observed differences between
the films on MgO and those on LaSrAlO, substrates are not
caused by the difference of the Se/Te ratio, but rather by the
difference of substrate materials. A more comprehensive in-
vestigation of the crystalline structure using four-circle x-ray
diffractomator and transmission electron microscopy (TEM)
is necessary for revealing how the substrate gives influence
to Fe(Se(sTeys) on it.

Figure 1 shows the temperature dependence of the resis-
tivity for the eight samples. The resistivity at room tempera-
tures are spread only within 450 and 700 m{) cm, which is
sufficiently low for metallic (and superconducting) behavior.
However, we find that p(T) may be classified into three
groups from the measurements down to 7=2 K. Figure 1(a)
represents the most metallic group (samples A and G), which
exhibits crossover from semiconducting (dp/dT<0) to me-
tallic (dp/dT>0) behavior with decreasing temperature. T,
exceeds 9 K, which is the highest such value among all the
films. The second group represents an “intermediate” group
(samples B, C, D, and H) and is illustrated in Fig. 1(b). This
group is also characterized by dp/dT>0 at intermediate
temperatures, but the slope turns again to dp/dT <0 before

the transition to superconductivity. The samples in this group
also exhibit lower T than those in the first group. The third
group (samples E and F) is the most insulating group [Fig.
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FIG. 1. (Color online) Temperature dependence of resistivity of
(a) samples A and G (red line), (b) samples B, C, D, and H (blue
line), and (c) samples E and F (green line). Thick and thin lines are
for the films grown on MgO and LaSrAlQy, respectively. (d) p(T)
around T, regions.
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FIG. 2. (Color online) (a) Hall resistance (R,,) of sample F
measured by sweeping field as uogH=0—2—-2—0 T taken at
T=300, 60, and 10 K. (b) The close-up figure of T=60 K data.

1(c)], as it never exhibits metallic (dp/dT>0) behavior. As
shown in Fig. 1(d), all the films become superconducting
even though this state is not observed for 7=2 K for
samples D and F.

For the evaluation of Ry, we first need to measure trans-
verse resistance R, by sweeping the magnetic field, because
the presence of the anomalous Hall effect (AHE) (Ref. 23)
has already been reported for FeSe by Feng et al’ An ex-
ample of the typical behavior is shown for sample F in Fig.
2(a). We sweep the magnetic field from uH=0—2—-2
—0 T, and observed that R,, showed a steplike behavior
around the H=0 T indicating a contribution from the AHE.
Thus, it is likely that the present Fe(Se, sTe, 5) thin films has
spontaneous magnetization, although we cannot measure the
magnetization due to the insufficient sample volume. R, is
expressed as the sum of a normal Hall term (Ry,B) and an
anomalous Hall term (R,uoM). A steep increase in R, is
only observed between —0.5 T < u,H<0.5 T [Fig. 2(b)], so
we reasonably determine Ry by linearly fitting of R, vs uoH
between —2 T<puoH<-1 T. Figure 2(a) also shows that
Ry>0 at T=300 K, that Ry<0 at 7=60 K, and that Ry
>0 at T=10 K. It should be noted that the sign of R is not
influenced by the sign reversals of Ry. Although we do not
further discuss the detailed 7" dependence of R, in this paper,
R, appears roughly proportional to p(7) and/or p*(T), which
is consistent with conventional scenarios of skew scattering
effect and/or side jump effects.?*

After removing the contribution associated with AHE, we
plot Ry in the weak-field limit for all samples as shown in
Fig. 3. Ry is almost independent of 7 around room tempera-
ture, and has a value between 1~1.5X 107> c¢m?/C. This is
consistent with the value reported by Feng and co-workers,>®
but it is half of the value reported by Wu et al.'> The most
metallic group of the samples maintains a nearly constant Ry
down to 100 K. Below this temperature, Ry starts decreasing.
We observe sign reversal only once for both samples A and
G. It is surprising that these samples show almost identical
Ry(T) and also p(T), even though they were prepared from
different targets. This suggests the existence of a close cor-
relation between p and Ry. The T dependence observed here
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FIG. 3. (Color online) Temperature dependence of weak-field
normal Hall coefficients of Fe(SeqsTeqs) thin films of (a) samples
A and G (red line), (b) samples B, C, D, and H (blue line), and (c)
samples E and F (green line). Thick and thin lines are for the film
grown on MgO and LaSrAlQ,, respectively.

is similar to that observed for Fe(Se, 5Tey 5) thin films by Wu
et al.,"> in which the author claimed that the sign reversal is
strong evidence of the multiband nature of the band struc-
ture. Figures 3(b) and 3(c) show the Ry value of the samples
belonging to the second and the third groups, as a function of
temperature. These Ry values typically become more posi-
tive at low temperatures. This suggests that the normal-state
transport properties for TZ T, are dominated by holetype
conduction, which is a clear contrast to the behavior ob-
served in samples A and G.

The temperature-dependent results suggest a finite corre-
lation between the localization behavior of p(7) and the up-
turn in Ry. The samples with 7, less than 5 K exhibit a
gradual decrease of Ry with decreasing temperature starting
from T=250 K. Ry decreases continuously until a tempera-
ture of 60 K is reached, it attains its minimum regardless of
its sign being positive or negative, and finally turns increas-
ing again to the positive side toward 7. The upturn in Ry
toward 7=0 K is observed in samples C, D, E, F, and H
while neither samples A nor G show such increase, which
may allow us to relate the presence of this upturn to rela-
tively low T.. However, it should be noted that such an up-
turn toward T, is also observed in sample B that shows 7.
=8.8 K as high as that of samples A and G, and we cannot
say that Ry(T) behavior at TZ T, and its sign just above T, is
not directly related to 7. Instead, we can find more robust
correlation between Ry and T.. Let us see Ry(T) of sample B
again. Despite a strong upturn of Ry in sample B below
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FIG. 4. (Color online) (a) High-field R,, of sample G at T
=300, 40, 30, and 20 K. The nonlinearity to H becomes enhanced at
T=30 and 20 K as a signature of coexistence of p- and n-type
carriers. (b) Fitting with Eq. (1) to the 7=30 and 20 K data.

60 K, Ry looks almost independent of temperature between
100 K<T7<250 K similar to that observed in samples
A and G. Thus, we should conclude that a strong correla-
tion exists between 7. and the T dependence of Ry below
250 K.

In order to further explore the normal-state transport prop-
erties of FeSe system, we need to explicitly treat the motion
of electron- and holetype carriers. Fortunately, there are sev-
eral band calculations in the literature for the FeSe system,
and based on these, it has been accepted that, at least, four
bands which originate from different Fe 3d orbital cross the
Fermi level.'"'> Two of these contribute holetype conduc-
tion, and the other two contribute electrontype conduction.
To minimize complexity, we do not consider all four of these
bands, at once. Instead, we apply a simplified two-carrier
model including one electron band (with electron density n,
and mobility u,) and one holetype band (with hole density n,
and mobility w;,), and from this try to extract phenomeno-
logical but essential behavior of Ry(T). Since we do not
know a mathematical expression of Ry suitable for two-
dimensional cylindrical Fermi surfaces, we borrow a classi-
cal expression for the Hall coefficient of three-dimensional
isotropic semiconductors in the presence of both electron-
and holetype carriers:?

1 (ny,—n,b?) + b*u;B(n;, —n,)

Ry=- :
" e(bne+nh)z+b2,u,232(nh—ng)2

(1)

where b=,/ and B is a magnetic flux density. This
equation predicts immediately a nonlinear dependence of
R,, (=RyB) on applied field, which can be observed at field
of several Tesla depending on the coefficients in the equa-
tion.

The fitting of R,, is most successfully performed for
sample G. To see how the sign change occurs in Ry, we plot
R, by sweeping the field up to uoH=13 T [Fig. 4(a)]. Equa-
tion (1) predicts that Ry=e~"- (nj,u;—n ul)/ (n o +nymy)? in
the limit of B=0, while Ry=e~! X 1/(n,-n,) in the limit of
B=%x. At T=300 K, Ry looks almost linear in H, indicating
the holetype transport is dominant. Furthermore, it is likely
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that holetype transport is dominant even at 7=40 K. At
T7=30 K and 20 K, on the other hand, obvious
nonlinear behavior is observed. We successfully fit both data
with Eq. (1), as shown by the solid lines in Fig. 4(b), and
obtain n,-n,=3.38x10*> cm™ at T=30 K and n,-n,
=1.44%10%* cm™ at T=20 K. Although the values them-
selves are strongly dependent on the particular model that we
used, in any case the density of electrontype carriers rapidly
increases with 7 decreasing from higher temperature, and
this density exceeds that of holetype carriers before super-
conducting transition. The data at 7=30 K is most notable,
because the slope at high field is negative while that at low
field is positive, which means p,uﬁ—n,ug>0 and n,—n,<0.
This gives the relation that w;, > u,, which is consistent with
a result previously indicated in the literature.

Let us first compare the present results to the reported
Hall effect measured for single crystals. The normal-state
Hall coefficients have been already reported for
Ba(Fe,_,Co,As,) and Ba(Fe,As,_,P,) single crystals.?0-2
They commonly exhibit negative Ry at room temperatures
for x=0, which is explained as that the electron mobility
dominates the hole mobility. The present results for
Fe(Se( sTe(s) show a clear contrast to Ba(Fe,As,); Ry shows
a positive value exceeding 1X 1073 cm?/C for the eight
samples. By taking the fact that such positive Ry has been
observed for Te-free FeSe thin films> and for Se-free FeTe
thin films? into account, it is likely that Fe(Se,_,Te,) has a
positive Ry at any x (0=x= 1), which is probably one of the
essential differences to distinguish FeSe-based superconduct-
ors from FeAs-based one. We may consider two possible
origins of the difference. One is that the number of outer
electrons is different between pnictogen and chalogen, and
the other is more specific reasons, such as band structures.
Actually our result indicates that the hole mobility is larger
than the electron mobility, while the opposite relation is de-
duced for Ba(Fe,_,Co,As,),?®?” which can be attributed
to the details and local features of the electronic band struc-
ture.

Next, we discuss how to understand the observed varia-
tion of 7. and the Hall coefficients in the context of reported
theories. One of the anomalous features of Fe-based super-
conductors is their pairing symmetry.'? A likely symmetry is
s+ wave, which requires a finite nesting condition between
electron- and hole-type bands centered at the M and I" points
in a reciprocal space, respectively. Singh et al. discussed how
this nesting condition is influenced by carrier doping.’* They
pointed out that spin density wave (SDW) instability be-
comes dominant over superconductivity when the nesting is
too good, and with electron doping (shrinkage of the hole-
type Fermi surface), the nesting condition becomes worse
and superconductivity results. Our findings would be consis-
tent with this scenario if the films with higher 7, had smaller
hole-type Fermi surfaces than the lower-T, films, and they do
appear this way. The gradual decrease of Ry below T
=250 K and the associated increase of Ry at TZ T, for films
with lower T. indicate the dominance of hole-type carriers
throughout the whole temperature range. The dependence of
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Ry on T may be due to the different 7 dependences of u;, and
M. On the other hand, the higher-T. films exhibit a drastic
change from hole- to electron-type transport, which strongly
indicates that the Fermi level of the higher-T, films is located
above that of the lower-T, films around 7ZT,. Thus, one
possible reason why sample G has a higher 7, is the shrink-
age of the hole-type Fermi surface. Experimentally, we con-
firm that the magnitude of the resistivity in the normal-state
scales well with the c-axis length of the films.'* Therefore,
we infer that the short c-axis length and associated lattice
deformations sensitively change the position of the Fermi
level in Fe(SeysTeys) thin films, and that we are able to
detect this shift using Hall-effect measurements. To confirm
this inference, we need to carry out more comprehensive
measurements of the Hall effect in FeSe systems as a func-
tion of doping and crystal structure.

In conclusion, we measure the temperature dependence of
the normal Hall coefficients, which is positive in contrast to
Ba(Fe,As,), for several Fe(SesTeys) thin films and find a

PHYSICAL REVIEW B 81, 054515 (2010)

strong correlation between Ry(T) and T,. Ry(T) of the most
metallic samples remains almost constant down to
T=100 K, and then start decreasing toward negative side,
which is driven by the change in the population of electron-
and hole-type carriers, and the charge transport at tempera-
tures just above 7T, is dominated by electron-type carriers. On
the other hand, in more insulating samples, the dominant
carriers remain hole-type, and the Ry exhibits a different
temperature dependence. We proposed the analysis of non-
linear Hall resistivity, which can be the entrance to decom-
pose the role of carrier concentrations and mobilities on the
electronic structure and superconductivity in the iron-
chalcogenide superconductors.
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