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Physical properties of quasi-one-dimensional SrNbQO; 4; and Luttinger liquid analysis of electrical
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We report the diagonal components of the electrical resistivity tensor of quasi-one-dimensional StNbOj5 41,
determined using the Montgomery method. The results confirm quasi-one-dimensional behavior but show a
smaller anisotropy than previously reported. High-resolution linear thermal expansion reveals weakly aniso-
tropic behavior and no evidence of charge-density wave formation, which has been suspected as the cause of
the upturn in the electrical resistivity p near 50 K. Heat-capacity measurements reveal an electronic heat-
capacity coefficient that is near zero with a Debye temperature ®,=382(1) K. We report that p exhibits
power-law behavior, as expected within the framework of Luttinger liquid theory for quasi-one-dimensional
systems. Detailed analysis of the data above 100 K implies relatively strong correlations and the possibility of
a gap in the spin-excitation spectrum. The origin of the small energy gap below 50 K and the conduction
mechanism in this region remain as outstanding issues.
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I. INTRODUCTION

The family of quasi-one-dimensional (1D) materials be-
longing to the homologous series A,B,05,,, differs slightly
from the three-dimensional network of the ABO; perovskite
structure by the presence of excess oxygen.! The SINbO; 5_,
system, in particular, has unusual chemical and physical
properties. Depending on the oxygen stoichiometry, these
niobium oxides exhibit highly anisotropic electrical transport
(STINbO5 4;) or ferroelectricity (STNbOss) with a very high
transition temperature.! SINbO; 4, has an orthorhombic sym-
metry (Pnnm) with lattice parameters>® a=3.995 A, b
=5.674 A, and ¢=32.456 A. Electrical transport, angle-
resolved photoemission, infrared spectroscopy, and band-
structure calculations all agree that it is a quasi-one-
dimensional material.'#-%

The temperature dependence of the electrical resistivity
along the a axis, p,, can be divided into several pertinent
regimes. Note that we refer to the crystallographic
directions® according to the convention adopted in other
work that reported on anisotropy in physical properties,'*-¢
where the a axis has the lowest electrical resistivity. Upon
cooling, p,(T) increases weakly until roughly 125 K after
which it decreases followed by another increase starting near
50 K.'* Similar temperature dependence is observed for
p,(T) although the decrease below 125 K is less pronounced.
Along the c axis, there is only an inflection point near 125 K
and then p,(T) increases upon cooling over the entire tem-
perature range. The highest electrical conductivity occurs
along a and an anisotropic resistivity ratio! at 300 K of
PuiPyiPe~ 1:107:10* was observed. There is some uncer-
tainty as to the source for the upturn in p(7) below 50 K,
which corresponds to an energy gap of a few millielectron
volts.!*> The possibilities of a gapped charge-density wave
(CDW) or the opening of a Mott-Hubbard gap have been
discussed,'# although neither of these seem to be fully ac-
cepted.
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Previous p(7) measurements were conducted using a stan-
dard four-contact method. It is well known that this inter-
mixes conductivity contributions from all three axes, even if
the current is applied along one principal crystallographic
axis. Elimination of these contributions requires use of a
method such as that of Montgomery,”® which determines the
diagonal components of the electrical resistivity tensor. This
method is applied herein to provide a better assessment of
the low-dimensional electrical conduction. We also report
measurements of high-resolution thermal expansion using a
thermal expansion cell constructed of fused quartz, which
can detect 0.1 A changes in specimen length for a relative
resolution® of about 1078, This resolution is more than suffi-
cient to reveal structural changes associated with electronic
phase transitions, such as the formation of a CDW.!%!! In
addition, we report measurements of heat capacity in the
temperature range 0.3 K<7<300 K. The results reveal
that the existence of a CDW in StNbOs; 4 is highly unlikely.
Further analysis of the electrical resistivity reveals power-
law behavior that is consistent with quasi-one-dimensional
electrical transport. This observation is discussed within the
framework of theories for Luttinger liquids (LLs), which re-
veals that the data above 80 K imply relatively strong corre-
lations and the possibility of a gap in the spin-excitation
spectrum. Below 50 K the behavior of p and the origin of the
small gap’ remain unclear; some possibilities are discussed.

II. EXPERIMENTAL

Single crystals of StNbOs 4, were grown by the optical-
floating-zone (OFZ) technique.! The synthesis involved the
following steps. First, SrCO; (99.99%, Alfa) and Nb,Os
(99.9%, Alfa) powders were weighed and mixed in an agate
mortar followed by reacting and heating for 6 h at 1250 °C
in air to yield SrNbg¢s4O54;. Care was taken to keep the
powders as moisture free as possible. The carbonate was
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heated for several hours, then stored in a dry atmosphere.
The SrNbg 94,054, sample was reground and pressed into
cylindrical rods by packing the powder into latex tubes fol-
lowed by compaction with hydrostatic pressure. The poly-
crystalline rods were sintered at 1400 °C for 6 h under a
mixed atmosphere of 3% hydrogen and 97% argon. Finally,
SrNbO; 4, single crystals were grown in an OFZ furnace
(NEC model SCI-MDH-20020) in the previously mentioned
atmosphere flowing at 1.2 1/min through the growth chamber.
The rotation rate of both polycrystalline rods was 5 rpm.
That rate provided a stable, homogenous molten zone and
advantageous liquid-solid interface. A growth rate of 7.5
mm/h for the upper rod and 5 mm/h for the lower rod was
adopted. The lamp power in our two-lamp furnace was kept
near 570 W (using 1000 W lamps) during the growth.

The layered structure of STINbO; 4, allowed the as-grown
cylindrical boule to easily cleave along the a-b plane. The
obtained crystal exhibited a flat surface with dimensions
16.0X6.0X 1.0 mm® which was cleaved and polished to
different sizes for thermal-expansion, electrical-resistance,
and heat-capacity measurements.

The single-phase nature of the crystals was determined by
x-ray powder diffraction (Cu K« radiation). Two crystals
were oriented using backreflection Laue x-ray diffraction and
carefully polished in order to obtain rectangular shapes for
better determination of the geometric factors. Electrical re-
sistance was determined using the Montgomery method”-
with low-resistance vapor-deposited gold contacts, which
were found to provide the most reliable, noise-free measure-
ment data. We also measured the electrical resistivity using
the standard four-probe method, whereby two samples were
polished in the shape of long bars with a typical size of
3.0X1.0X0.2 mm?® and the long axis along either a or b.
Montgomery”? and four-probe dc electrical-resistance mea-
surements were performed in the range 2<<7<<300 K using
a Quantum Design physical property measurement system
(PPMS). We report the average of three measurements in
each direction and the corresponding uncertainties. The crys-
tal used for thermal expansion measurements had dimensions
of 4.914%X1.966%0.983 mm> (a, b, and ¢ axes, respec-
tively). The data were collected at intervals ranging from 0.1
to 0.2 K using a warming rate of 0.20(1) K/min. The data are
corrected for the empty-cell effect, measured in a separate
experiment, and for the differential expansion between the
cell and sample.’ Heat capacity was measured using the
PPMS, which utilizes a relaxation method.

III. RESULTS AND DISCUSSION

X-ray powder diffractometry, carried out with ground
single crystals, showed only Bragg reflections from the
orthorhombic structure of StNbO; 4; as described in previous
work (see Fig. 1).'? The crystal structure of SrNbO; 4, is
displayed in Fig. 1. It is built from NbOgy octahedra blocks
grouped into slabs that are five octahedra wide, which extend
along the ¢ direction. Only along the a axis are the octahedra
connected in a continuous manner via their apical oxygen
atoms, forming 1D chains.!

Figure 2 shows the electrical resistance as a function of
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FIG. 1. (Color online) Experimental x-ray powder diffraction
data for SrNbOsy4; (red crosses) and simulation calculated with
powder cell (Ref. 12). All Bragg reflections correspond to the ex-
pected pattern for SINbO; 44, as reported by Abrahams et al. (black
line) (Ref. 2). The crystal structure is shown, projected on the (100)
plane, with Nb denoted by black, Sr by green, and oxygen by blue
circles.

temperature R(T) for the three principal crystallographic di-
rections using a geometry suitable for calculation of the elec-
trical resistivity with the Montgomery method.”® These data
are shown for comparison to previously published data!*!3
since they illustrate the general temperature dependence
prior to our computation of the tensor components of p(7).
The temperature dependencies are similar for all crystals
measured in this work. Using the data in Fig. 2 and the
Montgomery method, we calculated the diagonal compo-
nents of the electrical resistivity tensor (p,,, ppp, and p..) as
a function of temperature. The results are plotted in Fig. 3(a).
The tensor components at 300 K are p,, (300 K)
=0.92(2) mQ cm, p,(300 K)=33.82(5) mQ cm, and
P.(300 K)=779.3(4) m{) cm. The uncertainties were cal-
culated based on the uncertainties of the geometric factors.
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FIG. 2. Electrical resistance for the three principal crystallo-
graphic directions of a SrNbOjy; single crystal. The Rsq, values
indicate the resistance at 300 K for each axis.
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FIG. 3. (a) Electrical resistivity as a function of temperature for
the three principal crystallographic directions of SrNbOj4; using
the modified Montgomery method. The psg, values indicate the re-
sistivity at 300 K for each axis. (b) Electrical resistivity as a func-
tion of temperature along the ¢ and b axes as calculated using the
standard four-probe method.

The tensor components at 300 K for a and b are larger by a
factor of 2 and ~1.2, respectively, when compared to the p
values reported previously.'* (p,=0.46 mQ cm and p,
~29 m{) cm). On the other hand, the c-axis resistivity
p.(300 K) is smaller by a factor of 1.5 from previous
reports'* (p.~ 1.2 Q cm). The resistivity is still highly an-
isotropic with very low, metal-like values along the a direc-
tion. At 300 K, the anisotropy can be estimated by a ratio of
Paa’Ppi: Pec~ 1:37:847. The difference between these val-
ues and those reported previously* can be attributed to use of
the conventional four-probe method, which intermixes con-
tributions to p from all crystallographic directions and does
not determine the diagonal components of the electrical re-
sistivity tensor. A fit to the equation p~exp(E,/kgT) for the
temperature range 20-40 K reveals an energy gap E,
~2.3 meV; this value is similar to that reported previously.*

To cross-check the values determined above, two long
bars were cut and polished with the long axis along the a and
b axes, respectively. We then measured p(7) along these axes
using the standard four-probe technique. These results are
shown in Fig. 3(b). Resistivities at 300 K for @ and b are
0,=0.95(3) mQ cm and p,=43.54(1) m{) cm, respectively.
This provides an anisotropic ratio of p,:p,~ 1:46 which is
comparable with the ratio obtained through the Montgomery
method. This process was impossible for the ¢ axis because
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FIG. 4. (Color online) Linear thermal expansion (AL/Ls) for
the three principal crystallographic directions.

cleaving of the samples did not allow fabrication of a bar
with its long axis along c. Uncertainties in this method were
estimated by comparing the size of the voltage contacts (0.1
mm) with the distance between them (~0.2 mm). Although
these values possess large uncertainties, they provide confi-
dence that the electrical resistivities determined by the Mont-
gomery method are reliable.”

In order to further evaluate the low-dimensional nature of
this material and to search for the origin of the upturn in
p(T), we measured the thermal expansion. The technique
used in this work has a relative resolution of about 1 part in
108, which is at least 1000 times more sensitive than that
possible with diffraction techniques.” Linear thermal expan-
sion (LTE) normalized to the length at 300 K, AL/Lsy, is
displayed in Fig. 4 for the a, b, and ¢ axes of StNbOjy,;.
These are raw data, corrected only for the thermal expansion
of quartz with no further processing.” The results reveal
weakly anisotropic behavior. In spite of possible small varia-
tions in composition, the same behavior is observed for an-
other crystal indicating good reproducibility. The overall
(i.e., from 5 to 300 K) in-plane linear thermal expansions (a
and b axes) are about 1.2 times larger in magnitude than that
of the ¢ axis. The LTE contracts along all three axes from
room temperature to ~5 K with no obvious features in the
AL/Lyy, data that might correspond to a phase transition,
such as CDW formation. If a phase transition to a CDW state
did occur, a change in slope of AL/L;y, would be expected.
This possibility is evaluated in more detail below when the
thermal expansion coefficient is discussed.

Most notable is the fact that the observed behavior differs
significantly from other layered oxides such as 7-Mo,Oy;,
¥-Mo40,;, LiyoMogO,7, and CaMn,0, where AL/Ls, re-
veals strongly anisotropic behavior and, in some cases,
shows negative thermal expansion along one or two crystal-
lographic directions.!"!#-1® The general magnitude of
AL/Lyy, and the thermal-expansion coefficient u
=d(AL/Lsy)/dT (see Fig. 5) for the range 5-300 K (~2.5
% 107%), is fairly comparable to other oxides,'”!® such as
Lay;Cay3MnO; and YBa,Cu;0,. Transition-metal oxides
typically have smaller thermal expansion than metallic ele-
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FIG. 5. (Color online) Thermal-expansion coefficient u
=(1/L3p9 x)dAL/dT for the three principal crystallographic direc-
tions. In the inset, the volumetric thermal-expansion coefficient ()
versus T is shown.

ments such as copper and aluminum, which exhibit changes
in AL/Lsy, of 3.2X 1073 and 4.1 X 107% over the same tem-
perature range, respectively.!?

Figure 5 displays the linear thermal-expansion coeffi-
cients, w;=d(AL/Lxy)/dT for the i=a, b, and ¢ axes. We
determined u; using a point-by-point derivative of the data in
Fig. 4. No data smoothing was conducted. When we examine
M, there are no indications of any features which might cor-
respond to the inflection points observed in p(T) below
~80 K. There is significantly more scatter in the u,. data.
We believe that this is due to two issues: (1) the crystals are
at least 50% thinner along this measurement direction and
(2) the crystals have a natural tendency to cleave in thin
layers perpendicular to this direction, which results in poor
mechanical stability. Note that the scatter in u; near 45 K is
an experimental artifact associated with our control of the
warming rate of the thermal expansion cell. In the inset, the
volumetric thermal-expansion coefficient Q=+ w,+ . is
displayed. These data were determined by fitting the u; data
using Chebyshev polynomials® to generate w,, i, and u,
data with identical temperature values prior to adding the
three data sets. The () data reveal no inflection points that
might correspond to CDW behavior.

The behavior in the data of Fig. 5 differ markedly from
what is typically observed in phonon-induced (CDW) sys-
tems such as y-Mo,O,; (Ref. 11) and K;3;Mo003,'° where
appreciable jumps in u; and () clearly indicate a thermody-
namic phase transition associated with CDW formation. The
absence of such features lead us to conclude that the upturn
in p(T) below T~50 K is not the result of a CDW.

The molar heat capacity Cp as a function of temperature
is displayed in Fig. 6 for 0.3 K<7<300 K. Cp is smooth
and well behaved over the entire temperature range with no
features that might indicate the presence of a phase transi-
tion. At low temperature, a plot of Cp/T versus T° allows
comparison to the expected behavior Cp/T=y+ BT>. When
plotted in this manner, the data exhibit linear behavior in the
range 0.1 <7?<50 K? with an intercept of y=~0 (fit param-
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FIG. 6. Molar heat capacity Cp versus temperature; the line is a
guide to the eyes. The inset shows Cp/T versus 72 along with the
linear fit.

eters appear in inset of Fig. 6). The fit reveals a value of 8
=0.188(1) mJ mol~' K™, which leads to a Debye tempera-
ture of ®,=382(1) K. The C,/T versus 7> data appear to
show a slight upturn on cooling below 72<20 K. We fit this
region and found a value of y=0.079(8) mJ mol~' K2,
which we take as the upper limit. Theory for one-
dimensional Fermi systems exhibiting Luttinger liquid be-
havior predicts a linear term in the heat capacity.?° Thus, our
results are not in disagreement with this possibility but the
small value of y suggests localized electrons or a small den-
sity of states at the Fermi energy.

Having established, within the sensitivity of our measure-
ments, that the upturn in p(T) below T~ 50 K is not associ-
ated with a CDW transition, we conduct some further analy-
sis of the electrical resistivity. Figure 7(a) displays the data
of Fig. 3(a) plotted on a log-log scale. Immediately apparent
for the a and b data are two fairly linear regions above and
below the temperature range where the upturn in p(7) oc-
curs, indicative of power-law behavior. In contrast, the ¢ axis
is not linear above the upturn. This behavior is clarified in
the log p(T) versus 1/T plot in Fig. 7(b), which reveals the
high-temperature region of p.. (see inset) to be activated
with an energy gap E,~28 meV (E,/kg=325 K).

The apparent power-law behavior together with the docu-
mented quasi-one-dimensional electrical conductivity lead us
to an interpretation based on the theory for LLs.?’ Though an
approximate power-law behavior in p(7) is also evident for
the low-T regime, 6 K=T=20 K [Fig. 7(a)], LL physics
would appear to be inapplicable given other evidence (opti-
cal and photoemission)* for the opening of a small energy
gap at T=50 K. Non-Fermi liquid behavior in such systems
is most likely to be manifested at high temperatures, beyond
possible temperature scales for a Mott-Hubbard gap? or di-
mensional crossover,?! thus we focus on the power-law be-
havior of the data at T=80 K (see Fig. 8). To our knowl-
edge the resistivity of SrNbOs,; in this regime has not
previously been examined in this context.

Along the conducting chains, theory?*2! predicts po 7%,
with?? B=n’K,+n’K,~3. Here K, and K, are LL parameters
in the charge and spin sectors, respectively (K.=1 corre-
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FIG. 7. (a) Electrical resistivity versus temperature plotted on a
log-log scale. (b) Same data shown on a log versus 1/T scale. Inset
displays the linear region for the c-axis data in the range 120 K
<T<300 K. Dashed line is a guide to the eyes.

sponds to noninteracting electrons), n, is the order of com-
mensurability, and n,=0(1) for even (odd) commensurability.
The commensurability is determined by the ratio of the
Fermi momentum to the size of the Brillouin zone, i.e.,
kra=m/n, with n.=2, 3, and 4 corresponding to 1/2, 1/3, and
1/4 filling, respectively. This power in the 7 dependence of p
arises at or near commensurate fillings since dissipation
along the chains is dominated by electron-electron umklapp
scattering involving the nesting vector 2kp.

Transport perpendicular to the chains is prescribed by the
theory for weakly coupled LLs,?! with p, «T'-2% Here «
=(K,+1/K_.)/4—1/2 is the anomalous exponent that governs
the discontinuity of the electron occupation number at the
Fermi surface.”’ As can be seen from the above expressions,
LLs do not necessarily exhibit metallic resistivities with
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FIG. 8. Electrical resistivity versus temperature plotted on a
log-log scale for the a axis (top panel) and the b axis (lower panel).
The dashed lines are a guide to the eyes. Neglecting the slight jump
(Ref. 23) in the a-axis data, the region of linearity extends to nearly
100 K. Along the perpendicular direction (i.e., the b axis), the re-
gion of linearity is smaller, extending to about 150 K.

dp/dT>0. Also note that & depends quite sensitively on K,
and thus a comparison of K. and « determined from separate
power-law fits to p; and p |, respectively, provides for a strin-
gent self-consistency check on the analysis.

Photoemission experiments’ indicate that the Fermi sur-
face of StNbOs 4, is close to 1/3 filling, corresponding to
n.=3. For odd commensurability the p; power-law exponent
involves the parameter K, which is not constrained by ex-
periment. Nevertheless, we can demonstrate that a range of
values for K| exists for which K. and «, determined from p
and p, data, are in excellent agreement. A fit to the a axis
data of Fig. 8 for the region”® T>80 K yields 8=
—1.05*+0.05, and thus K,=0.217=0.006—K,/9. A fit in the
same T range®® to the b axis data (p,) yields «
=0.90*=0.04. The Ilatter value corresponds to K,
=0.185*+0.006. These values of K. agree for K,
=0.29*+0.1.

The inferred values for K,.(=0.2) are comparable to those
determined for quasi-one-dimensional organic compounds,?*
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and imply relatively strong correlations. K,<<1 implies spin-
anisotropic interactions, as can arise from spin-orbit coupling
or dipole-dipole interactions,” and a gap in the spin-
excitation spectrum. The magnetic susceptibility x of
SrNbO; 4, increases with temperature in the range of our
fitting,"?% in a manner that is consistent with the presence of
a spin gap.

Though the thermally activated resistivity behavior along
the ¢ axis seems inconsistent with the expression for p |, it is
important to emphasize that this expression arises in the
theory for interchain transport?! under the simplifying as-
sumption that no dissipation (i.e., no umklapp scattering)
occurs along the chains. This assumption is undoubtedly too
crude to describe realistic systems. The incorporation of in-
chain umklapps increases the tendency toward the opening
of a Mott gap.?!' It is possible that the activation energy in-
ferred for this transport direction is related to Mott localiza-
tion but this issue remains open without further guidance
from theory. Alternatively, the p.. behavior might arise via
thermal excitation to another conduction band near Ep.
Band-structure calculations’ indicate other bands near E. but
none with significant dispersion along the ¢ axis.

IV. CONCLUSION

In conclusion, the diagonal components of the electrical
resistivity tensor of SrNbOs,; have been determined using
the Montgomery method. The results confirm quasi-1D be-
havior with a smaller anisotropy than previously reported.
Linear thermal expansion reveals weakly anisotropic behav-
ior that is atypical for low-dimensional oxides. The thermal
expansion coefficients reveal no indications of an electronic
phase transition, such as CDW formation. The heat capacity
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also does not reveal any features that might suggest the pres-
ence of a phase transition. The electronic heat-capacity coef-
ficient is near zero, indicating localized electrons or a small
density of states at the Fermi level. The weak anisotropy in
the thermal expansion shows that the relative interatomic
spacings remain fairly constant over the entire measurement
range. This is significant since changes in relative inter-
atomic spacing can drastically affect the physical properties
of quasi-1D materials.'* In this sense, STNbO5 4; may prove
to be an important prototype compound for future investiga-
tion of quasi-1D behavior under nearly constant relative in-
teratomic spacing over a broad temperature range.

Further analysis of the electrical resistivity reveals power-
law behavior at T=80 K along the two most conducting
crystallographic axes (a,b), with exponents consistent with
Luttinger liquid theory and the experimental commensurabil-
ity. This analysis implies strong correlations with Luttinger
parameter K.=0.2. The origin of the very small low-T en-
ergy gap remains a mystery, given that the apparently strong
correlations inferred from the Luttinger liquid analysis tend
to favor a large Mott gap. The activated behavior of the
resistivity for 7= 80 K along the least conducting ¢ axis is
also a puzzle that may be associated with correlations or
bands away from Efp.
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