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By angle-resolved photoemission spectroscopy and polarization-dependent infrared reflectivity measure-
ments the electronic and vibrational properties of the low-dimensional perovskitgt&NbO; 5., were
studied along different crystal directions. The electronic behavior strongly depends on the oxygen and La
content, including quasi-one-dimensional metallic and ferroelectric insulating behavior. An extremely small
energy gap at the Fermi level is found for SrNp@and SrNbQ 45 along the conducting direction at low
temperature, suggestive for a Peierls-type instability. Despite the similar nominal carrier density, for
Sry.glag NbO;3 50 the quasi-one-dimensional metallic character is suppressed and no gap opening is observed,
which can be explained by differences in the crystal structure. Electron-phonon interaction appears to play an
important role in this series of compounds.
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[. INTRODUCTION via the apical oxygen sites forming 1D chains, as is illus-
trated in Ref. 2. The oxygen content not only determines the
The observation of quasi-one-dimensio(g@lasi-1D me-  crystal structure but also the number of N donduction
tallic behavior of some members of the perovskite-relatectlectrons. A second doping channel which, however, does not
series Sy LaNbO;s,, with 0<x=<0.1, raised interest affect the width and stacking sequence of the slabs is the
recently2 It comprises compounds with a wide range of substitution of divalent Sr by a higher-valent element like La.
electronic propertie$, including a ferroelectric insulator, The nominal numbers of Nbd4conduction electrons per
semiconducting compounds, and quasi-1D metals. They haiérmula unit for the present niobates, derived within an ionic
an orthorhombic, perovskite-related crystal structure withpicture, are listed in Table I.
lattice parametera=~3.9 A, b=5.5 A, andc depending on According to dc resistivity measurements, the electronic
the oxygen conterit;® and belong to the homologous series properties of SINb@,; and Sg g.ag NbO; 5o are highly an-
of the type SiNb,Og..p. The main building blocks of the isotropic, with lowest, metal-like resistivity values along the
Str“‘;tg.re arf Nbg)hOCtgheldra' "Q}'Ch {:gehg:cOlrJ]pe(? 'Qto Islabs TABLE I. Studied niobates of the type Bib,0O3,4,. FOr each
extending along théa, b) plane. The width of the slabs along composition the stacking sequence of the 5) and(n=4) subunits

¢ is determined by the oxygen content and directly given byper unit cell and the nominal numberf Nb 4d conduction elec-
the parameten: While for quasi-1D metallic SINb&yo (N trons per formula unit are given.

=5) the slabs are five octahedra wide, ferroelectric, insulat
ing SrNbG; 5 (N=4) consists of four octahedra wide slabs. Stacking

For defined oxygen stoichiometries in the range»0<0.1 sequence z
the structure exhibits a well-ordered stacking sequence of the

(n=5) and (n=4) subunits, listed in Table | for the investi- SINDO; 41 -5-5-5-5- 0.18
gated compound>8 A schematic drawing of the idealized SINbG; 45 -4-5-4-5- 01
crystal structure of three representative SrNBQ, com- SrNbO; 50 -4-4-4-4- 0
pounds is shown in Fig. 1. The real crystal structure exhibits Sip.glag NbO; 59 -4-4-4-4- 0.2
a considerable distortion of the Ng@ctahedra, with differ- Sio B3 1Lag NbO; 50 -Q-4-A-4- 0.2
ent magnitude depending on the position within the slab. Sty 6Cay oL 3o NbOs 5o Ab-A-d- 0.2

Along the a axis the octahedra are connected continuously
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b [X] top view of NbO, octahedra o e riers with polaronic character aloreg The results from elec-
TS e tron paramagnetic resonantgPR) studies on SrNbg,,'°
. *~° ‘E - with the magnetic field applied parallel to theand c axis
R T X NE are in agreement with a variable range hopping in 1D. Fur-
e 2 XX S thermore,®>Nb NMR measurements indicate a fluctuating
& eI gl XX quadrupole field and seem to resemble some of the charac-
XX s o 1 hd ) d teristics of the prototypical charge-density-way€DW)
e TS B e = A compound NbSg'®
I B AT e X, The most puzzling finding for the series
= e e XL o e Sn_yLayNbO; 50 is an extremely small energy gap at the

o N v o< e Fermi energy for SrNb©,; along the chain directiofi.in

X X° 5 XX ‘E - this paper we will show that signatures of a very small en-
i i e S e lX|e kil Pa\ ergy gap are also present for the compound SriNgOIn
Sl e A e order to understand the observed quasi-1D metallic character
o « and the unusual properties at low temperature, we give an
- gXXE 0 : . - o : : : overview of the electronic and vibrational properties of vari-
I S Ao S NS S e ous compounds of the series;StaNbO; 5., as obtained
LX<, <. X by optical spectroscopy in the infrared frequency range and
angle-resolved photoemission spectroscgpRPES. We
SINbO; 5, SINDO; 44 SINDO; 4 will discuss our findings for the various compo?nds with

respect to differences in the crystal structure. Based on the
FIG. 1. Schematic drawing of the idealized, i.e., nondistorted,comparison of our results from optics and ARPES to the dc
crystal structures of three compounds of the serigfll$O3n.2.  resistivity data, we propose a possible picture for the trans-

The NbQ units in the middle of the slabs, which presumably are port mechanism and discuss the role of electron-phonon cou-
the conducting channels of the lattice, are marked by thick lines. pling in these niobate compounds.

a direction® The temperature dependence of the resistivity .The paper Is organized as follows. The expenmental de-
along thea axis, p,, consists of several regimes; taking tails are given in Seg. I followed by_the presentation qf the
SrNbO; 4, as an example, one observes the following behav_e?(per_lmental resul_ts in Sec. Ill. We discuss the ele_ctronlc and
ior. Starting from the lowest temperature, the resistivity de-viPrational properties of the series;St.aNbO; 5 in Sec.
creases Strong|y, Showing a minimum around 50 K and |nJV and conclude with a summary of the flndlngs in Sec. V.
creases between 50 ane&130 K. Above =130 K p,

decreases slightly with increasing temperature. The resistiv- Il EXPERIMENT
ity behavior below 50 K can be described by an activated
behavior pcexgdE,/(ksT)] with activation energiesE, The investigated SrNbQ;, SrNbQ; 45 SrNbO; s, and

=2-3meV23 An explanation for the temperature behavior (Sr,Ba, Cdy glLag ;NbO; 5o single crystals with a typical size
of p, above 50 K is so far missing. A similar temperature of 32X 0.2 mn? were grown by a floating zone melting
dependence is observed forygrag ;NbOs 54 process, and their oxygen content was determined by ther-
On the other hand, SINbQ, (n=4) is a band insulator. It mogravimetric analysi$ARPES data were recorded with a
is ferroelectric belowl,=1613 K with a spontaneous polar- Scienta ESCA-300 analyzer. The He (21.22 eV line of a
ization along theb axis’® The compound undergoes two standard gas discharge lamp was used. With a fixed analyzer
further phase transitions, namely a second-order phase tragetup the sample was rotated around one axis; the rotation
sition to an incommensurate phase at 488 K and anotheingle § determines the emission direction of the photoelec-
ferroelectric transition at 117 K with an additional compo- trons relative to the surface normal and thus the compdnent
nent of the spontaneous polarization appearing alongcthe of the photoelectron momentum along the studied direction
axis? according tok=v2mE,sin 6/#. The crystals, which had
The magnetic properties of the investigated niobium ox-been oriented to £1° by Laue diffraction before introducing
ide compounds were described in Ref. 3. Except Sth\gO them into the UHV system, were cleaved at a base pressure
all compounds show a similar behavior. With increasing tem-of 1x10°mbar and cooled down. ARPES spectra with
perature, between 4 and 50 K the magnetic susceptibility desnergy resolutiodE=30 meV were recorded at temperature
creases steeply due to paramagnetic impurities, followed by=75 K. The sample surface quality was checked periodi-
an increase between 50 and 400 K. This increase is not yeglly by comparison of valence band features. The angular
understood; explanations in terms of thermally activatedesolution of the ARPES spectra amounts\té= +0.5° cor-
charge carriers excited across an energy gap or the Bonneesponding taAk=0.04 A™X. The Fermi energy; was de-
Fisher model for a 1D antiferromagnetic spin-1/2 Heisentermined to 1 meV accuracy from the Fermi cutoff of a
berg spin chain were propos&d. freshly evaporated gold film recorded immediately after-
The conduction mechanism of the compounds SrRO  wards at the same experimental conditions.
SrNbG; 45 and Sg glag NbO; 50 was studied by dielectric For the reflectivity measurements the samples were care-
measurements in the radio-frequency range along ahe fully polished on a polishing disk using diamond paste with
direction! They suggest a hopping transport of charge cara grain size of Jum to obtain flat and shiny surfaces. Near-

245123-2



ELECTRONIC AND VIBRATIONAL PROPERTIES OF. PHYSICAL REVIEW B 70, 245123(2004)

10° 10°* 10" 10°(eV)
M 9=)_( ¢ i 6= 1.0 rrrr—— T — ey
) Y _ SrNbO, , |
m“ = e 16°Y 0.8 5K
WJJM\‘—‘ i i
M\'—— ¢ ‘ M12°
||
o S 8°
. . * T
2 A 8 e ™ 2
7} e _— A =
qC) ‘ A o 4° —
E M._. ol A E
c (] \\N o
S WM = = o
‘0 M“— oo A sl )
€ _..,fﬁ\‘\— 1.2 08 04 00 -04
g A Binding Energy (meV)
£ ? (b)
-C L
o Iy h— -8°
0‘0 aaaal a a1 a1l a2 sl a2 a2l
— 10" 10° 10° 10
N\ ht2e Frequency (cm™)
[ ] ST,
M~_46° FIG. 3. ReflectivityR of SrNbO; 4, at different temperatures for
wf\ Ella and Ellb, respectively. Inset: Low-frequency reflectivity for
w:‘ﬁ/,\”” Ella; open(closed circles: submm reflectivity data at 300 (& K).
A\ }—-20°
® -
ey X was calculated from the dielectric constagt at 1 kHz
12 B'r(;? £'4 00 04 (612=75,61,=43) (Ref. § according toR(0)=[(1-Ve) /(1
inding (ar;ergy €v) +Ve)]% For the SglaygNbO; g, spectra either a Hagen-

Rubens or a constant extrapolation was used, depending on

FIG. 2. ARPES spectra of SrNhQ, normalized to the same the low-frequency behavior of the measured reflectivity at

total intensity, along(@) I'-X and (b) T-Y at 75 K with AE different temperatures. For the high-frequency extrapolation
=30 meV. of all spectra an* decay was assumed.

In the case of SrNbg)ysthe reflectivity data were supple-
normal incidence reflection measurements with the electrignented by transmission measurements in the frequency
field E of the incident light parallel to the andb axes were  range 10-20 ciit on a single crystal of thickness20 um
performed for frequencies 20—10 000 Cnusing a Fourier-  ysing a Mach-Zehnder interferometer arrangement. From the
transform spectrometer Bruker IFS 113v. The energy resolundependent determination of the transmission coefficient
tion was set to 1 cnt in the far-infrared range and t0 anq the phase shift we were able to directly calculate the

2-4 cn*in the mid-infraredMIR) and near-infrared range. complex dielectric functione(v) by utilizing the Fresnel
For SINbQ 44, SINDbG; 45 and Sg glag ;NbO; 54 the low fre- equationg?

quency reflectivity(6—30 cn') was studied with a quasi-
optical submillimeter (submm) spectrometéf using
backward-wave oscillators which produce monochromatic,
polarized radiation continuously tunable in frequency. For A. SINbO3 41 ARPES, optics
SrNbG; 41 1the reflectivity spectra were extended to
34 000 cm- by utilizing a Bruker IFS 66v/S spectrometer. ) .
The use of optical cryostates enabled temperature-depend%ﬁ ARPES, refle_cts the strongly anisotropic character of
measurements between 5 and 300 K. To obtain absolute r INDQ; 41 (see Fig. 2 One observes two bands neffg,
flectivities the spectra were divided by the reflectivity spectrawith =600 and~200 meV binding energyBE) at the I
of an Al mirror. point. AlongI'-X [Fig. 2a)], i.e., along the chains, the band
To obtain the optical conductivityr;(v) by Kramers- at lower BE shows no dispersion, whereas the second band
Kronig analysis the reflectivity spectid(v) of SINbQ;,,  disperses strongly towards:, gains intensity at aroun|
and SrNbQ 45 along the highly conducting direction were =8°, and loses intensity betweg#j=8° and| 6| =10° sugges-
extrapolated to zero frequency according to the Hagentive of a Fermi surfac€FS) crossing. At|6|+14° the peak
Rubens relatiod3 A constant extrapolation to=0 was cho- reappears and disperses away fré&m for higher 6. The
sen for the perpendicular direction. For insulating Sriyg® reappearance of the peak can be explained in terms of a
the valueR(0) for the constant low-frequency extrapolation 2X 1 superstructure which was also observed by low energy

IIl. RESULTS

The k-dependent nedf electronic structure, as studied
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FIG. 4. Optical conductivityor; of SINbO; 4 at different tem- FIG. 5. Dielectric constang, of SrNbG; 4 and SrNbQ s at

peratures forElla and Ellb, respectively. ForElla the low- 300 K (thick lines and 5 K (thin lines for Ella andEIlb, respec-
temperature peak around 40 chindicates excitations across a gap tiVely; open (closed circles: data points at 300 K5 K) directly
2A~5 meV. Also shown are the dc conductivity values for the determined by transmission measurements on a thin platelet.
axis at 300 K(filled triangle), 200 K (open squarg 100 K (filled

squarg, 50 K (open circle, and 5 K(filled circle). ~5 meV. The development of the peak is already indicated

in the reflectivity at 5 K by the lowering and flattening of the
low-frequency part of the spectru(eee inset of Fig. 8 The
be a characteristic property of all members of the92P OPeNing at low temperature strongly influences the di-
Sr._LaNbO.-. series. The parabolic dispersion of the elecmc constam's_l(v—>0). Assuming a simple picture of a

1L aNDOs 5, serie P P semiconductor with an ener

_ . gy gépy between the narrow

band around” and X gives an effective electrgn_mass of valence and conduction band, the relatiq(w:O)zwéz is
m*/my=0.71. Along the perpendicular directidY [Fig.  expected to hold® This explains the measured spectrum
2(b)] both bands hardly show any dispersion. €(v) of SINbG;,, for Ella (Fig. 5, where at 5 K high

The anisotropic character is confirmed by the stronglypositive values are found for— 0. In contrast, at 300 K
polarization-dependent reflectivitg(v) shown in Fig. 3. It € (v—0) is negative as expected for a metal. These findings
exhibits a plasma edge f&lla and high valueg=1) at low  confirm the high-resolution ARPES data, which show a gap
frequencies indicating metallic behavior. In contrast,Bgb ~ between the leading edge midpoint of the spectrumEnaf
the considerably lower reflectivity demonstrates the insulatA(25 K)=~4 meV for '-X.2 The gap opening as observed
ing character perpendicular to the chains. The correspondinigy optics and ARPES along the chain direction is in agree-
optical conductivityo; (Fig. 4) for Ella consists of a Drude- ment with the dc resistivity data along ttedirection, al-
like component followed by phonon modes and a relativelythough there the upturn occurs at a lower temperature
broad MIR band centered around 1500 ¢nA rich phonon (=50 K) than the development of the low-frequency peak in
spectrum is observed along both directions;Edib 76 lines  the optical conductivity(below 100 K, as was already
can be resolved at RT, with the strongest modes at 144, 29@ointed out in Ref. 2. In Fig. 4 we also included the dc
304, 561, 572, 577, 583, 595, 603, 612, and 680 cMhe  conductivity results;above 50 K the dc values are obviously
strong double-peak structure in tigb spectrum centered lower than the optical conductivity values at 5 ¢mThis
around 5000 cnt can be related to interband transitions. ~ suggests that the optical conductivity cannot be described

During cooling down considerable changes can be seen iy a simple Drude-type behavior. Fitting tlg(w) spectra
the electronic and vibrational part of the spectra: E¢b at ~ with the Drude-Lorentz model indeed shows that a fit of
least six new modes appear with decreasing temperatureeasonable qualitynot shown requires the introduction of
Along the perpendicular directiorElla, a strong peak ap- two Drude peaks, e.g., witty 1(w— 0)=2006Q*cm™ and
pears around 40 cth in the optical conductivity spectrum o3 y(w—0)=2356Q"tcm™ at 300 K, which is in good
(see Fig. 4, which starts building up below 100 K. With agreement with the corresponding dc conductivity value.
decreasing temperature the peak shifts slightly to higher fre- ,
quencies and becomes stronger. As discussed in Ref. 2 this B. SrNbO3 5 Optics
feature can be ascribed to single-particle excitations across a The reflectivity spectra of SINbQ (insets of Fig. § are
gap in the electronic density of statd30S) with 2A(5 K) significantly different from those of SrNbQ;. The overall

electron diffractiod* and neutron scattering,and seems to
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FIG. 6. Optical conductivityr; of SINbQ; soat 300 and 5 K for FIG. 7. Optical conductivityr; of SrNbO; 45 at different tem-
EllaandElb, respectively. Insets: Reflectivifg used for Kramers-  peratures foElla andEllb, respectively; closed circles: data points
Kronig analysis. directly determined by transmission measurements on a thin plate-

let. For Ella the low-temperature peak i, with its maximum

low reflectivity for both polarization directions is in accor- 2round 60 crit indicates excitations across a gap27 meV. In-
sets: Reflectivity R used for Kramers-Kronig analysis; open

dance with the insulating nature of the material. The noncon: : , o
ducting character is also illustrated in the optical conductiv—(dose(j circles: submm reflectivity data at 3001 K).
ity spectra (Fig. 6) which do not contain electronic . .
excitations in the low-frequency randgée onset of inter- anq no plasma.e.dge IS fqund. Correspondlngly,Efdba thg_
band transitions is around 2000 thior both polarizationp optical conductivity contains a Drude-like peak due to itin-
but only vibrational excitations. Perpendicular to the chains&rant electrons which 'S superimposed by vibrational modes
i.e., forEllb, a rich phonon spectrum is found. At RT one Canbetween 50 and 800 ciy fO”O\f/ed _by a prpnoqnced '.V“R
resolve 24 infrared active modes fiilb, with the strongest band centered around 2000 cmwith a VIb_ratlonaI flne_
around 54, 100, 147, 176, 275, 295, 338, 567, and 60%.cm structure. In contrast, fdgllb no Drud_e peak is ob_served in
and 12 modes foE|lb, the strongest being around 112, 173, 91(?) b_ult a large number of vibrational excitations up to
295, and 561 cnt. A qualitative assignment of the phonon 200 €M _1followed by interband transitions above
modes is given in the discussion. The mode around 54 cm ~2000 cn. Thus, alsq SIND&ss shqws a quasi-1D metal-
for Ellb is close to the soft mode found by Raman scatterindIC c_:haracter at_RT, W'th a met?‘"""e behavior along_the
experiment® which is related to the ferroelectric transition cham; and an insulating behavior along the perpendicular
at 1615 K. It is expected to be infrared active, and indeedi"éction. .
was already observed in earlier reflectivity and transmission The temperature depe_ndence of the Io_w-frequen_cy optical
studiest” During cooling down additional modes appear in prope_rt_leslgalorjg the chains agrees qqahtatwely with the dc
agreement with the results of Ref. 17, and at 5 K there ar&eSistivity,” being almost temperature-independent between
altogether 24 and 51 modes resolved Edira and Ellb, re- 00 and~100 K and INCreases below 100K with decreasing
spectively. The number of observed modes at RT and 5 K i%emperat_lire. Sybstantlal changes occur in the low-frequency
lower than expected from the factor group analy$ishe <50 cni™) optical response of SrNbQ5 at low tempe_zra-
missing modes might be either masked by the other contritures(<100 K): One observes a lowering and flattening of
butions or too weak to be resolved. the reflectivity (see the inset of Fig.)7which signals the
development of a new excitation. According to the optical
conductivity (Fig. 7) between 0 and 400 crha redistribu-
tion of spectral weight from low to high frequencies occurs
Previous ARPES measuremeéntdon SINbQ 4srevealed for temperatures below 150 K, resulting in the development
a quasi-1D band structure ned& similar to that of of a relatively broad and asymmetric peak, which has a
SrNbQ; 4;. Also the optical response shown in Fig. 7 clearly maximum around 60 cm (=7 meV\) and is superimposed
demonstrates strong similarities in the electronic propertie®y a large number of phonon excitations. The peak intensity
between the two compounds: Théla reflectivity Rat RT is  increases with decreasing temperature. One can ascribe the
high and almost 1 at low frequencies and shows a pseudgevelopment of the low-frequency peak to the opening of an
plasma edge, whereas faiib the overall reflectivity is low energy gap with decreasing temperature. The presence of a

C. SrNbOg 45 Optics
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(b) T-Y at 75 K with AE=30 meV.

. - . sionless along botf X andF—?; the second band has a
small gap at low temperature is also indicated by the high

values of the corresponding dielectric constepat 5 K for  Parabolike dispersion, although very weak, aldngX with
»—0 (Fig. 5), as was discussed for SING@ in Sec. Il A. an intensity drop neder suggestive of a FS crossing, and is
In summary, SrNb@,sresembles the electronic properties of dispersionless alonfj-Y. To some extent the band disper-
SrNbQ; 4; by showing both a quasi-1D metallic character sions of Sg¢l.ag NbO; 5 thus resemble those of SINBQ)
and the opening of an energy gap of only a few milli- (see Fig. 2 However, compared to SrNRQ, the dispersion
electron-volts size below 150 K. alongI'-X is much weaker, i.e., the quasi-1D character of
the band structure is less developed.
Further insight was gained by temperature-dependent re-
flectivity measurements fdglla,b (see Fig. 9. For the po-
The electronic properties of §iLag NbO;5q near Er larizationEllb the overall low reflectivity and the absence of
were studied by ARPES along the two high-symmetry linesa Drude component irr;(v) demonstrate the insulating char-
I'-X andT-Y; the results are depicted in Fig. 8. At thie  acter of the material perpendicular to the chains. Efa the
point we observe a broad peak around 350 meV BE. Alongeflectivity at RT is metal like with relatively high values at
T Y% : - low frequencies, decreases for higher frequencies, and finally
I'-X the peak slowly disperses towarHs accompanied b . ) .
an intensli[iy increasg andp betwelgh= 7° gnd|0|:9p° the in—y drops rapidly above 6000 cth The corresponding optical

; - . ; i ductivity shows a very weak Drude-like contribution and
tensity of the peak slightly drops; at higher emission angles &on .
broad peak is still visible with almost constant BE a pronounced MIR absorption peak around 3000'crBe-

. . . tween 300 and 50 K the low-frequency optical conductivity
(~350 meVf. Along I'-Y no dispersion of the broad peak is is in reasonable agreement with the dc conducti/ibyt at

observed. Along both directions and for all emission angleg g it is higher than the dc value. The overall optical re-
the overall photoelectron intensity ne is quite low. We  gponse of Syglag NbO; s, is similar to that of SrNb@,,
also studied the ARPES spectra for, #5a, 82 1NbOss0  (see Fig. 4 and SINbQ 45 (see Fig. 7, but there are impor-
and Sg.¢lap Ca NbOs 50 (not shown, having the same ot gifferences. The overall reflectivity of St.ao NbO; 5o
nominal carrier density as $i-a,NbOs 50 (See Table )k 51ong the chains is lower in the far-infrared range and the
For these two compounds the dispersion of the broad peg{asma edge is hardly developed; both findings indicate only
alongl'-X for |6 <7° is even less pronouncétiThe results weak metallic character. Thus, the optical conductivity of
for the (Sr,Ba, Cdg d.ag NbO; 50 Suggest that there are two Sy, Jag NbO; 5, for Ella contains a much weaker Drude-
nearEr bands with similar BEs: One band is almost disper-like term. Importantly, with decreasing temperature the

D. Srgglag NbO3 55 ARPES, optics
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Frequency (cm™) from the central octahedral position. The quasi-1D metallic
character is thus related to the central chains of least dis-
FIG. 10. Optical conductivityr; of SINbO; 55 SINDQ; 45 and  torted octahedra in the middle of the slabs. The influence of
SrNbQ; 4; at RT forElla andEllb, respectively. The asterisks mark the central octahedral chains on the electronic characteristics
the phonon lines of SINbQ, for Ella which survive in the con- s illustrated by the experimental results of, gray; ;NbO; 5,
ducting compounds. The arrow indicates the ferroelectric soft modeompared to those of SINRQ,. Both compounds nominally
of SINbG; 50 contain the same density of Niil4onduction electrongsee
Table ). However, in Sgglay .NbO; 5, the slabs are only
development of a low-frequency peak is not observed, iffour octahedra wide, i.e., the central chains are missing. Ac-
contrast to what is found for SrNhQ, and SrNbQ ;5 (see  cording to the resistivityand optical results presented here,
Figs. 4 and 7. this compound shows a much weaker metallic behavior com-
pared to SrNb@,;, and the quasi-1D character of its band
IV. DISCUSSION structure, as observed by ARPES, has almost vanished. This
is in agreement with the absence of a gap opening for
According to the experimental results, the electronic prop-Sr, glay NbO; sgalong the chaingsee Fig. 11 The intensity
erties of the SrNb@s,, compounds strongly depend on the of the weak Drude peak observed in the RT optical conduc-
oxygen content, which not only determines the crystal structivity for Ella has decreased at 5 K, but a low-frequency
ture, but also the number of conduction electrons in the mapeak has not developed, in contrast to what is found for
terial (see Table)l To illustrate these differences we plot in SINbG;4; and SrNbQ 45 All these experimental findings
Fig. 10 the optical conductivity at RT for the three composi-show that the quasi-1D metallic character and the related gap
tions SrNbQ 45, SrNbG; 45 and SINbQ gy for Ella,b. Acon-  opening observed for SrNRQ; and SrNbQ 45 are indeed
tribution of itinerant electrons appears in tB¢a spectra: A linked to the central octahedral chains.
Drude peak is observed for SINp@, which is even more The compounds SrNbQ, SrNbG; 45 and SrNbQ 4
pronounced for SrNbg, in full agreement with the higher have a complex crystal structure and thus exhibit rich pho-
density of conduction electrons for the latter compoundnon spectra for both polarization directiofsee Fig. 10 For
while the absence of a Drude peak for SrNk@accounts Ella the main groups of phonon modes observed for
for its insulating character. SrNbQ; 55 Which are centered around 110, 170, 300, and
Despite their layered crystal structure, SrNp© and 540 cni! and marked by asterisks in Fig. 10, survive in the
SrNbG; 41 show a pronounced quasi-1D metallic characterconducting members, with only small frequency shifts and a
which can be related to the chain-like arrangement of NbOmasking due to the contribution of itinerant electrons. The
octahedra along tha axis. A more detailed picture is pro- similarities in the vibrational properties are more obvious for
vided by band structure calculations in the local density apthe polarization direction perpendicular to the chaig$b,
proximation(LDA) for SrNbQ; 4,,.2?° The predominant con- since no Drude contribution is present. The main groups of
tribution to the DOS ned is attributed to the Nb site in the phonon lines, centered around 53, 100, 150, 290, and
middle of the slab, while the other t#oNb sites contribute 600 cnT?, are present in all three compounds. A qualitative
considerably lesgsee Fig. €a) in Ref. 20. The correspond- assignment to the lattice dynamics can be achieved by a
ing NbQ; octahedra in the middle of the slabimarked by  comparison with other niobium oxides with a similar net-
thick lines in Fig. 3 are the least distorted ones, with the Nb work of corner-sharing Nb@octahedra. The high-frequency
atoms located right in the center of the octahedra; for alinfrared-active modes of KNbQNaNbO;) were assigned to
other octahedra the Nb atoms are considerably shifted awaje internal modes of Nb{octahedra, namely the 66675
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500 10°% 10" (eV) ries at low temperature, in particular the opening of an en-
AN o 's'\ib(')' ] ergy gap atEg found for SrNbQ 4; and SrNbQ 45 Several
400 | 52: K S:osLa:':Nbosg aspects make an explanation of the gap opening in terms of a

Peierls-type scenario most likelgi) The FS nestintcould

300 drive the lattice towards a Peierls distortigi) the shadow
[ band observed for SINbQ; in ARPES would be consistent

— 200 with a superstructure with wave vectgr 2kg;?* and(iii ) the
g 100 appearance of phonon lines with decreasing temperature sug-
e I gests a structural phase transition such as a Peierls instability.
> o However, there remain some inconsistencies within a Peierls
= I scenario: In contrast to what is expected for CDW formation,
'g' ‘ 300 K no sharp anomaly is found in the dc resistivity; neither do
e thermal expansion measureméntshow indications of a
38 200 - ] structural phase transition. Furthermore, an estimate of the

mean-field transition temperature based on the observed gap
size is not compatible with the temperature development of
the dc resistivity and optical conductivity.
Further open issues are the transport mechanism in
0 il et SrNbG; 41 and SrNbQ 45 along the chain direction and the
100 y 1000 closely related temperature dependence of the dc resistivity
Frequency (cm) pa» Showing different regimes. The strong upturrpgbelow
FIG. 12. Optical conductivity o; of SrNbOs, and 50 K W_ith cooling dow_n can be explaineq by the opening of
Sty dlag NbOs 5o at RT for Ella and Ellb, respectively. The aster- a gap, in agreement with ARPES and optics. The '_[emperature
isks mark the phonon lines of SrNBQ, for Ella which survive in ~ d€Pendence above 50 K may be due to contributions of qua-
the conducting compound. The arrow indicates the ferroelectric soffiParticles with different characteristics. While the metallic
mode of SINbQ s, temperature dependence between 50 and 130 K suggests a
band-like motion of electrons, above 130 K the hopping of
and 550(510 cm* modes to the stretching modes and themore localized charge carriers appears to dominate. A pos-
375 (375 cm™* mode to the bending modé.This is in  sible mechanism for the localization/trapping of charge car-
agreement with later Raman and infrared measurements afers could be strong electron-phonon coupling, which might
LiNbO5 and BaNaNhk;O;522 The lower-frequency linesy  also explain the observation of a pronounced MIR absorption
<200 cnmt) were assigned to translational modes of theband in the optical conductivity along the chain direction
cations?® The influence of La doping on the optical proper- (see Figs. 4 and )7 Similar absorption bands in related
ties is illustrated in Fig. 12 where we plot the conductivity quasi-1D metallic compounds were recently interpreted in
spectra of SINb@s,and Sgglay NbO; =, ForEllaan elec- terms of excitations of polaronic quasipartictés! Further
tronic background related to itinerant carriers in thespectroscopic information, e.g., from temperature-dependent
Sy dLag NbOs 5, spectrum is visible. Two of the main ARPES measurements, is needed to clarify a possible po-
groups of phonon modes of SINpQ (marked by asterisks laron formation in the studied niobates.
are also present in tH@veakly) conducting material, but they In conclusion, we determined the electronic and vibra-
are broader and strongly damped. Interestingly, the relativelfional properties of the perovskite-related compounds
strong modes observed in SrNpgQ around 110 and Sr-,LaNbO;s., and related the results to their crystal struc-
170 cm* appear to be completely suppressed inture. A possible transport mechanism of SrNh© and
St glag NbO; 5, indicating a strong damping of the cation SrNbO; 45 was discussed and the importance of electron-
translational modes by partial substitution of Sr by La. Alongphonon coupling in these systems suggested, possibly lead-
the b direction the similarities in the vibrational properties ing to polaron formation. To explain the low-temperature be-
are also obvious. In particular, the mode around 54'dor ~ havior a Peierls picture appears to be the most appropriate,
Ellb, indicated by an arrow in Figs. 10 and 12 is present inbut is insufficient to describe all the findings. An important
all four compounds discussed here. For Sriygghis mode aspect might be the close structural affinity of the quasi-1D
was assigned to the soft mode of the ferroelectric phase trametals SrNbQ,; and SrNbQ,s to the ferroelectric
sition at 1615 K, based on Raman scattering experiménts. SINbO; 55 SINDO; 44 [and the (n=5) slabs in SrNbQ 45
It was also observed in recent optical measurements and reentains the same structural building blocks as Srij0O
lated to NbQ octahedra tiltingd” In agreement with Ref. but with additional chains of basicallyndistortedNbOg oc-
17, this soft mode is temperature independent between 30@hedra inserted in the center of the slabs. Ferroelectric
and 100 K and shifts to higher frequencies below 100 K. TheSrNbO; 5o shows relatively high values of the static dielectric
precise temperature dependence is, however, difficult to desonstante; at RT (€3 ,=75, €1,=43, ande; .=46)% indicating
termine due to the overlap with another mode which appearkighly polarizable structural units. A further important result
around 50 cmt at =100 K during cooling down. is the observation of the phonon mode at 54 tin the Ellb
Finally, we want to discuss the puzzling electronic prop-conductivity spectra of all present niobate compou(sie
erties of the conducting members of the present niobate sé-igs. 10 and 1¢ which for SINbQ g, can be assigned to the
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ferroelectric soft mode. Since the soft modes in ferroelectricSr, g ay; NbO; 5 the quasi-1D metallic character is much
in general lead to electrical polarization, the presence of théess developed. Based on a comparison between the
54 cmi! mode in SINbQ,; and SINbQ 4sindicates a polar- experimental results of SrNkQ, SrNbQ, ., and
izability of their lattices. The highly conducting channels of S, gLay JNbO; 5othe quasi-1D metallic character observed in
octahedra in the middle of the slabs, which are responsibléhis series can be related to the central chains of least dis-
for the 1D metallic transport, can thus be viewed as embedorted octahedra located in the middle of the slabs. This is in
ded in a highly polarizable medium, and a certain influencdull agreement with the results from LDA band structure cal-
of this medium on the electronic properties of the chains isulations. We propose a possible transport mechanism for the
conceivable. This picture is, however, speculative since t@ompounds SrNbgy, and SrNbQ 45 with a bandlike con-
our knowledge a 1D model taking into account such a polartribution of mobile carriers and a contribution due to the
izable medium surrounding the conducting entities does ndhopping motion of more localized charges dominating above
exist. 130 K. At low temperature the opening of an extremely
small energy gap aEg is observed for SrNbgy, and
V. SUMMARY SrNbGQ; 45 along the chain direction, which might be related
o to a Peierls-type instability, with electron-phonon coupling as
By angle-resolved photoemission spectroscopy anghe driving mechanism. However, not all findings can be
polarization-dependent reflectivity measurements in the inaxplained within a Peierls picture, and we speculate that the
frared we studied the electronig and vibrational properties Oﬁighly polarizable structural units surrounding the conduct-
several members of the series; $taNbO;s0« (0=X  jng channels might have an appreciable influence.
<0.1) along and perpendicular to the chains of Nb@@ta-
hedra. SINbQ@s, is a ferroelectric insulator with a rich pho-
non spectrum for both polarization directiofsla,b. At
room temperature the compounds SrNhQand SrNbQ 45 We are grateful to L. Perfetti, C. Rojas, and |. Vobornik
exhibit a metallic behavior with a strongly dispersing bandfor valuable technical help. We thank H. Winter for fruitful
along the chaingElla) and an insulating, nondispersive discussions. Financial support by the DAAD, the BMBF
character in the perpendicular directi@llb); they are thus  (Project No. 13N6918)1 and the Deutsche Forschungsge-
quasi-1D metals. Despite the similar carrier density, formeinschaft is gratefully acknowledged.
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