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PACS T74.25.Jb — Electronic structure (photoemission, etc.)

PACS T74.70.Xa — Pnictides and chalcogenides

PACS 68.37.Ef — Scanning tunneling microscopy (including chemistry induced with STM)

Abstract — The pseudogap state is one of the peculiarities of the cuprate high-temperature
superconductors. Here we investigate its presence in BaCo,Fes_,Asz, a member of the pnictide
family, with temperature-dependent scanning tunneling spectroscopy. We observe that for under,
optimally and overdoped systems the gap in the tunneling spectra always closes at the bulk T¢,

ruling out the presence of a pseudogap state.

Copyright © EPLA, 2010

With the discovery of the pnictide family of high-
temperature superconductors [1], a new window to
the physics behind high-temperature superconductivity
(HTSC) has been opened. At first glance, the phase
diagrams of the cuprates and the pnictides are strik-
ingly similar. In both systems, electron or hole doping
suppresses the magnetic ground state of the parent
compound and produces a superconducting dome, see, for
instance, ref. [2]. However, whereas the cuprates are Mott
insulators at low dopings and upon doping first completely
lose their long-range magnetic order before superconduct-
ivity emerges, the pnictides have a metallic ground state
and upon doping directly cross from a magnetic to a
superconducting phase. The nature of this transition is
still under debate, as some studies find that the two
regions can coexist [3-5] while others indicate a phase
separation scenario [6,7].

At low doping concentrations, the cuprates further-
more display a second energy scale, characterised by a
depression of spectral weight at the Fermi level, which is
observed both in the superconducting and normal state,
the so-called pseudogap [8,9]. Since the role of the pseudo-
gap phase in the cuprates is still under heavy debate, the
establishment of the presence or absence of such a phase
in the iron pnictides is of particular importance. There
are several indications that at least some of the pnictides
have a pseudogapped region at the underdoped side of
the phase diagram. For instance, anomalous resistivity
characteristics in LaFeAsO;_,F, and SmFeAsO;_,F,
have been interpreted in a pseudogap-like scenario [10].

Nuclear magnetic resonance (NMR) investigations [11,12]
and angle-resolved photoemission (ARPES) measure-
ments [13] have found signs of a pseudogap in the
former system as well. It should be noted, however, that
Andreev spectroscopy measurements argue against a
pseudogap in the latter system [14]. In Ba;_,K,FesAsy
ARPES [15], optical conductivity [16] and pump-probe
spectroscopy [17] measurements showed pseudogap-like
behaviour, and claims of possible pseudogap behaviour
have been made in the FeSe;_,Te, system [18]. In the case
of BaCo,Fes_,Asy, ARPES measurements have reported
a slight depression above the superconducting transition
temperature [19], possibly caused by a weak pseudogap.

Another observation that could be linked to a pseudo-
gap phase is the large spread in the separation between the
quasi-particle peaks (2A,-,), observed in tunneling spec-
tra of the pnictides [20,21], which is difficult to reconcile
with the sharpness of the superconducting transition. In
underdoped cuprates, these spectra are dominated by the
pseudogap features, and the true superconducting quasi-
particle spectrum has been resolved only very recently [22].
The question is therefore whether also in the pnictides
tunneling spectra show a mix of pseudogap and supercon-
ducting gap features.

In this letter we report temperature- and doping-
dependent scanning tunneling spectroscopy measurements
on under-, optimally and overdoped BaCo,Fey_,Ass crys-
tals ( =0.08, 0.14 and 0.21) to determine whether tunnel-
ing experiments indeed observe the superconducting gap,
which closes at T,, or a pseudogap, which does not.
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Fig. 1: (Colour on-line) Optimally doped BaCo,Fes_;Ass (z=0.14, T. =22 £ 0.5K): (a)—(d) Differential conductance spectra
for four different superconducting gap sizes on the optimally doped compound, as a function of temperature. The spectra are
offset in discrete steps with respect to each other for clarity. V =45mV, I =40pA. (e)—(h) The same spectra as shown in
(a)—(d), but normalised to the spectrum for each location taken at 24 K. (i) Color legend for (a)—(h). (j) Comparison between
different normalisation temperatures, excluding an influence of the normalisation on the results.

There is some debate in the literature on the nature
of the cleavage surface [20,21,23-27]. We follow the view
that this system, in order to avoid a polar surface, cleaves
through the Ba layer, exposing half a Ba layer on either
side of the cleave [26-28]. Although a comparison of regu-
lar and hard X-ray photoemission data suggests that
the cleavage surface does not have a strong influence on
the global near-surface electronic environment [29], LDA
calculations report electronic properties differing from the
bulk on v/2 x /2 reconstructed Ba surfaces [27]. However,
as we observe identical superconducting gaps on both
V2 x /2 as well as 2x 1 or other surface terminations,
we present data from spectroscopic surveys recorded on
the modal termination topography. We do note that areas
with a relatively large z-corrugation (> 2 A) show anom-
alous spectroscopic signatures, likely caused by a local
Ba surplus or deficiency, which were therefore not used
for spectroscopic surveys. The experimental setup, which
enables us to track the surface with atomic precision
as a function of temperature, has been described else-
where [21].

First, optimally doped BaCo,Fes ,Asy (x=0.14)
samples were studied (T, =22+ 0.5K). Figures 1(a)—(d)
show the evolution of the gap for four different locations
on the surface for temperatures ranging from 4.5K to
24 K. As can be seen in the figure, the clear coherence
peaks at 4.5 K are smoothly depressed and are completely
gone at temperatures above T.. Due to the U-shaped
background, it is difficult to follow the temperature
dependence in great detail. To overcome this problem,
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Fig. 2: (Colour on-line) Underdoped BaCo,Fez_Ass (x = 0.08,
T.=14+1K): (a) Average spectrum of ~4000 spectra taken
both at 5 K and 20 K on a square grid on the same 100 x 100 A2
field of view. (b) Spectrum obtained by normalising the 5K
spectrum shown in (a) to the 20 K spectrum. (¢) Several single
pixel spectra taken along a random line from the conduction
map of which the average is shown in (a) illustrating the
variation in the spectra, the gap edges are indicated by circles.

an often used procedure is to divide the differential
conductance at a temperature, T, by that taken in the
normal state, i.e. (dI/dV)r/(dI/dV)r, .. .,- The result
of this analysis is plotted in fig. 1(e)—(h). Here, unlike
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Fig. 3: (Colour on-line) Overdoped BaCogzFes_;Asy (z=0.21, T, =13+ 1K): (a)-(d) STS spectra taken at four different
positions. All spectra taken above T, fall perfectly on top of each other, contrary to those taken below Tc. (e)—(h) The spectra
shown in (a)—(d) normalised to the respective spectra taken at 17K, i.e. > T¢.

in the cuprates, the 2A,, values extracted from the
normalised spectra are identical to those extracted from
the raw data for all four shown sizes of superconducting
gap. The exact temperature at which the gap closes or
fills is difficult to estimate, but for all gap sizes it is
within 1K of the bulk 7T.. The fact that the peak-to-peak
separation is seemingly temperature independent can
be well understood by taking into account temperature
broadening effects, and its behaviour tracks the closing of
a temperature broadened BCS-like gap rather well [30].

To ensure that the normalisation temperature used in
the procedure described above does not influence the
normalised spectra, normalisation of a spectrum taken at
17.5K both to the spectra taken at 22K, i.e. very close
to T, and that taken at 24K are compared in fig. 1(j).
Both normalised spectra are clearly very similar, whereas
the spectrum taken at 22 K normalised to the one taken at
24 K is basically a straight line. From this we can conclude
that spectra taken above T, do not show an observable
variation and the choice of normalisation temperature is
not critical, as long as it is > T,. It is thus safe to say that
the gaps observed are indeed the superconducting gaps.

We now turn our attention to lower doping concen-
trations, where, in analogy with the cuprates, one is
more likely to expect a pseudogap behaviour and where
magnetic correlations that could produce a gap are
stronger. Figure 2(a) shows the average of ~4000 spectra
taken both at 5K and 20K on the same 100 x 100 A2
field of view on a BaCo,Fes_,Ass sample with x =0.08
(T.=144+1K, Tspw =70£3K). The low-temperature
average, normalised to the high-temperature spectrum is
shown in fig. 2(b).

One peculiarity valid for all our measurements perform-
ed on underdoped samples is that the superconducting
gap signatures are less pronounced than in the optimally

doped materials. At this point we note that temperature
broadening at 5K of a pure single band BCS spectrum
will already effectively fill the flat bottomed gap [30].
Furthermore, as other experiments have already alluded
to, it might very well be possible that there is a non-zero
density of states at the Fermi level in the superconducting
state due to non-gapped bands [19,31]. Nevertheless,
the single pixel spectra, of which several are shown
in fig. 2(c), clearly show there are gaps all over the
field of view, which after normalisation have the same
peak-to-peak separation as is apparent in the raw data
and all close at T,.. These observations strongly suggest
that the gaps observed at low temperature are indeed the
superconducting gaps and not pseudogaps.

Since at 20K the system is still well within the
orthorhombic, magnetically ordered state, one might
expect gap-like features in the spectra due to a depression
of spectral weight as a result of gapping of parts of the
Fermi surface [32-34]. Assuming a mean-field gap, such
features would be typically at ~10mV. However, since
these are not observed, they either occur at higher ener-
gies, are not picked up due to tunneling matrix element
effects, or are simply not present due to phase sepa-
ration between magnetic and superconducting regions.
Additional measurements, for instance to higher energies,
should be performed to address this point. The presence
of superconducting gaps over the entire field of view sets
a lower limit length scale of tens of nanometers to a
possible phase separation between superconducting and
non-superconducting magnetically ordered regions.

To complete our survey of the phase diagram of
BaCo,Fey_ ,Asy, we turn our attention to the overdoped
compound (z=0.21, T,=13+£1K). Figures 3(a)-(d)
show the detailed temperature dependence of four loca-
tions with a different 2A,,. Analogous to the analysis
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used for the optimally doped sample, figs. 3(e)—(h) show
the spectra normalised to the spectrum taken at the
exact same location for T'>T,.. As was the case for the
under- and optimally doped samples, the gaps seen at low
temperature in the normalised spectra are identical in
magnitude as the raw data gaps and all vanish above T..

To summarise, for underdoped, optimally doped, and
overdoped BaCo,Fes ,Asy (xz=0.08, 0.14 and 0.21),
2A,-, observed in tunneling spectroscopy measurements
has been tracked as a function of temperature'. The gaps
for all doping concentrations studied and all gap sizes
observed vanish at the bulk 7., excluding a pseudogap
scenario in these pnictide superconductors. Since gaps
have been seen across the entire field of view of hundreds
of square angstroms, nano-scale phase separation of
magnetic and superconducting patches is unlikely, also in
the underdoped material. The indications of the presence
of a pseudogap in several compounds closely related
to the one studied here makes the family of pnictide
superconductors a theoretical challenge to understand, as
the action of specific dopant atoms can lead to completely
differing behaviour. An interesting observation is the
possible relation between the dopant atom carrier type
and the presence or absence of a pseudogap. Signatures
of a pseudogap in the electron-doped cuprates have
been reported (see ref. [35] and references therein), but
these are far less pronounced than in the hole-doped
cuprates, where it dominates a large portion of the
phase diagram. Similarly, whereas we show here that
there is no pseudogap in the electron-doped pnictide
BaCo,Fey ,Ass, there are indications of a pseudogap
in hole-doped Ba;_,K,FesAsy [15-17]. Mapping out
the presence or absence of a pseudogap in more related
compounds, both electron and hole doped, will deter-
mine if this is a generic behaviour and should give a
better understanding of the role of the pseudogap for
high-temperature superconductivity.

* ok ok

We would like to acknowledge J. S. AGEMA for expert
technical support. This work is part of the research
programme of FOM (09PR2657), which is financially
supported by the NWO.

REFERENCES

[1] KAMIHARA Y. et al., J. Am. Chem. Soc., 130 (2008) 3296.

[2] KIVELSON S. A. and Yao H., Nat. Mater., 7 (2008) 927.

[3] JuLlEN M.-H. et al., EPL, 87 (2009) 37001.

[4] DrREwW A. J. et al., Nat. Mater., 8 (2009) 310.

[5] Kmm J. S. et al., J. Phys.: Condens. Matter, 21 (2009)
102203.

[6] PARk J. T. et al., Phys. Rev. Lett., 102 (2009) 117006.

[7] TAKESHITA S. and KADONO R., New J. Phys., 11 (2009)
035006.

1The average values of 2A /kpT. are all found to be well in excess
of the BCS value for both s- and d-wave superconductivity, and are
similar to values reported for the cuprates.

(8]
[9]
[10]

[11]

[12]

[20]

21]

22]

[24]

[25]

[26]

[27]

28]

[29]

57012-p4

BUCHANAN M., Nature, 409 (2001) 8.

TiMusk T. and STATT B., Rep. Prog. Phys., 62 (1999)
61.

Hess C., KonNDRAT A., NArRDUZZO A., HAMANN-
BORRERO J. E.; KLINGELER R., WERNER J., BEHR G.
and BUCHNER B., EPL, 87 (2009) 17005.

Naxkar Y., IsHipAa K., KAMIHARA Y., HIRANO M. and
Hosono H., J. Phys. Soc. Jpn., 77 (2008) 073701.
GRAFE H.-J., PAAR D., LanG G., CurrO N. J., BEHR
G., WERNER J., HAMANN-BORRERO J., HEss C., LEPS
N., KLINGELER R. and BUCHNER B., Phys. Rev. Lett.,
101 (2008) 047003.

Sato T., SouMA S., Nakavyama K., TeErAsHIMA K.,
SUGAWARA K., TAKAHASHI T., KAMIHARA Y., HIRANO
M. and HosoNo H., J. Phys. Soc. Jpn., 77 (2008) 063708.
CHEN T. Y., TEsaNoviC Z., Liu R. H., CHEN X. H. and
CHIEN C. L., Nature, 453 (2008) 1224.

Xu Y.-M., RicHARD P., NAKAYAMA K., KAWAHARA T,
SEKIBA Y., QiaN T., NEUPANE M., SOUMA S., SATO
T., TaAkanasHl T., Luvo H., WEN H.-H., CHEN G.-F.,
WANG N.-L., WANG Z., FANG Z., DA1 X. and DinG H.,
arXiv:0905.4467 (2009).

Kwon Y. S., Hong J. B., JANG Y. R., OH H. J., SoNG
Y. Y., Min B. H., Iizuka T., KIMURA S., BALATSKY
A. V. and BANG Y., arXiv:1007.3617 (2010).
TorcHINSKY D. H., CHEN G. F., Luo J. L., Wanc N. L.
and GEDIK N., Phys. Rev. Lett., 105 (2010) 027005.
CrAco L. and Laap M. S., arXiv:1001.3273 (2010).
TERASHIMA K., SEKIBA Y., BOWEN J. H., NAKAYAMA
K., KawaHARA T., SaTOo T., RicHARD P., XU Y.-M.,
LiL.J., Cao G. H., XU Z.-A., DING H. and TAKAHASHI
T., Proc. Natl. Acad. Sci. U.S.A., 106 (2009) 7330.

YN Y., ZEcH M., WiLLiams T. L., WanGg X. F., Wu
G., CHEN X. H. and HoFrMAN J. E., Phys. Rev. Lett.,
102 (2009) 097002.

Massee F., Huanc Y., HuismMaAN R., DE JoNnG S.,
GOEDKOOP J. B. and GOLDEN M. S.; Phys. Rev. B, 79
(2009) 220517(R).

BovyEr M. C.;, Wise W. D.; CHATTERJEE K., JI M.,
Konpo T., TaAkeucHI T., IKuTA H. and HunpsoN E. W,
Nature, 3 (2007) 802.

BovyEr M. C., CHATTERJEE K., WiSsE W. D.; CHEN
G. F., Lvo J. L., WAaNG N. L. and HupsoN E. W.,
arXiv:0806.4400 (2008).

Hsien D., X1a Y., Wray L., Qan D., GomEs K.,
YazpaNt A.) CHEN G. F., Luo J. L., Wanc N. L. and
HasAN M. Z., arXiv:0812.2289 (2008).

NAsCIMENTO V. B., L1 A.; JAYASUNDARA D. R., XUAN
Y., O'NEAL J., Pan S., CHieN T. Y., Hu B., HE
X. B., Lt G., SErFAT A. S., MCcGUIRE M. A., SALES
B. C., MANDRUS D., PAN M. H., ZHANG J., JIN R. and
PLUMMER E. W., Phys. Rev. Lett., 103 (2009) 076104.
Massee F., DE JonGg S., HuANG Y., KaAs J., VAN
HeuMEN E., GOEDKOOP J. B. and GOLDEN M. S., Phys.
Rev. B, 80 (2009) 140507(R).

ZHANG H., DA1 J., ZHANG Y., Qu D., J1 H., Wu G.,
Wang X. F., CHEN X. H., WanG B., Zeng C., YANG
J. and Hou J. G., Phys. Rev. B, 81 (2010) 104520.
GAo M., MA F., Lu Z.-Y. and XIANG T., Phys. Rev. B,
81 (2010) 193409.

DE JONG S., HuaNG Y., HuisMAN R., MASSEE
F., THIRUPATHAIAH S., GORGOI M., SCHAEFERS F.,



Pseudogap-less high-T,. superconductivity in BaCo,Fey_,As,

(30]

(31]

32]

FoLLATH R., GOEDKOOP J. B. and GOLDEN M. S., Phys. [33] ANaLyTIs J. G., McDonALD R. D., Cuu J.-H., Ricas

Rev. B, 79 (2009) 115125. S. C., BANGURA A. F., KucHARCZYK C., JOHANNES M.
PaN S. H., HupsoN E. W. and Davis J. C., Appl. Phys. and FISHER 1. R., Phys. Rev. B, 80 (2009) 064507.
Lett., 73 (1998) 2992. [34] DE JoNG S., VAN HEUMEN E., THIRUPATHAIAH S., HUIs-
HarDY F., BurceEr P., WorLr T., FISHER R. A., MAN R., MASSEE F., GOEDKOOP J. B., OVSYANNIKOV
ScawEIss P., ADELMANN P., HEID R., FROMKNECHT R.., R., FINk J., DURR H. A., GLOSKOVSKII A., JEEVAN
EDER R., ERNST D., v. LOHNEYSEN H. and MEINGAST H. S., GEGENWART P., ERB A., PATTHEY L., SHI M.,
C., EPL, 91 (2010) 47008. FOLLATH R., VARYKHALOV A. and GOLDEN M. S., EPL,
SEBASTIAN S. E., GILLET J., HARRISON N., Lau P. H. 89 (2010) 27007.

C., SING D. J., MiELKE C. H. and LoNzARICH G. G., [35] ARMITAGE N. P., FOURNIER P. and GREENE R. L., Rev.
J. Phys.: Condens. Matter, 20 (2008) 422203. Mod. Phys., 82 (2010) 2421.

57012-p5



