
PHYSICAL REVIEW B, VOLUME 64, 235414
NMR, EPR, and bulk susceptibility measurements of one-dimensional SrNbO3.41
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NMR, EPR, and bulk susceptibility measurements were performed in the perovskite-related layered com-
pound SrNbO3.41 . We determined 93Nb NMR spectra, spin-spin relaxation rates 1/T2 and spin-lattice relax-
ation rates 1/T1 down to 600 mK. From the spin-lattice relaxation 1/T1 we identified an activated behavior
1/T1}exp(2DNMR /kBT) with a gap DNMR56.5 meV for temperatures T.20 K. Below 20 K, the line width
DH(T) from acceptor-EPR and 93(1/T1)(T) both exhibit a temperature dependence propotional to exp
@2(T0 /T)1/2# which is indicative for a variable range hopping process. We discuss the possibility of charge-
density-wave formation at low temperatures.
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I. INTRODUCTION

Perovskite-related layered niobates belonging to the ho-
mologous series AnBnO3n12 such as SrNbO3.45 (n54.5)
and SrNbO3.4 (n55) gained considerable interest after re-
ports on one-dimensional ~1D! metallic behavior.1–3 Their
structure is derived from the three-dimensional network of
the ABO3 perovskite structure by introducing additional oxy-
gen and thereby separating the BO6 octahedra parallel to the
~110! planes resulting in NbO6 octahedra which are chainlike
connected along the crystallographic a axis.3–5 By tuning the
oxygen content in SrNbO3.52x one can synthesize com-
pounds with interesting properties: The fully oxidized n54
compound SrNbO3.5 is a layered ferroelectric with one of the
highest ferroelectric transition temperatures (51615 K) re-
ported so far.6,7 With decreasing oxygen content a superlat-
tice arises for SrNbO3.45 (n54.5) which is formed by well
ordered stacking sequences of n54 and n55 subunits.3,4
For x'0.1 there are compounds with n55 within the homo-
geneity range from SrNbO3.42 to SrNbO3.40 .3,4

Angle-resolved photoemission, submillimeter and far in-
frared spectroscopy, and resistivity measurements revealed
that SrNbO3.41 is a one-dimensional metal.2,3,8 Also LDA
band-structure calculations agree with this experimentally
detected anisotropy of the electronic properties and indicate
discernible electronic dispersion along the a axis, only.1 A
high dielectric polarizibility and a tendency for polaron for-
mation has been detected by dielectric spectroscopy along
the c axis.9 In these dielectric experiments on SrNbO3.41 a
phase transition of so far unknown origin has been found
close to room temperature. With decreasing temperature, the
above mentioned experimental investigations also estab-
lished a metal-to-semiconductor transition at T'40 K open-
ing a small excitation gap of a few meV in size.2,3 The mi-
croscopic origin of this gapping of the Fermi surface is still
unclear and it might be necessary to take into consideration a
structural phase transition or electronic correlations inducing
the observed gap. Certainly, the one-dimensional behavior
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evokes speculations about the formation of a charge-density
wave ~CDW!.

Here, we present a detailed study of the one-dimensional
conductor SrNbO3.41 utilizing bulk magnetization measure-
ments and magnetic resonance techniques. Single crystals of
SrNbO3.41 with lattice parameters a53.99 Å, b55.67 Å,
and c532.45 Å were prepared from the constituents Nb2O5
~purity 99.9%), Nb powder (99.9%), and SrCO3 (.99%)
by floating zone melting as described in detail by Lichten-
berg et al.3All measurements were performed on single crys-
talline pieces from the same batch. For some NMR experi-
ments the single crystals were crushed into powders.

II. EXPERIMENTAL DETAILS AND RESULTS

A. Magnetic susceptibility

The dc magnetization M (T) was determined using a com-
mercial SQUID magnetometer from Quantum Design in an
external field of 10 kOe for temperatures 1.8,T,380 K. In
the complete temperature range, the susceptibility x
5M (T)/H , shown in Fig. 1, turned out to be negative dem-
onstrating that diamagnetic contributions dominate. Starting
at the highest temperatures, x exhibits an almost temperature
independent plateau down to 250 K. On further decreasing
temperatures the susceptibility decreases monotonically
down to 50 K and increases again with a Curie-Weiss-type
behavior towards the lowest temperature of 1.8 K.

The anisotropic electronic character of SrNbO3.41 is well
established by the observation of one-dimensional metallic
behavior along the a axis for 60,T,130 K followed by a
regime with increasing resistivity towards the lowest tem-
peratures, and by a semiconducting characteristic along the b
and c axis within the whole temperature range.2,3 Having
these facts in mind, two models could be used to analyze the
suceptibility data in Fig. 1. In a first approach we assume that
x(T) is dominated by thermally activated charge carriers and
try the ansatz
©2001 The American Physical Society14-1
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The first term represents the diamagnetic contribution of
closed electron shells. The second term reflects the Curie-
Weiss tail of defect states at low temperatures. The third term
describes the Pauli paramagnetism from thermally activated
charge carriers which are excited across an energy gap Eg
into the conduction band. The dashed line in Fig. 1 repre-
sents the best fit to the experimental data using Eq. ~1!. The
diamagnetic contribution xdia522.231025 emu/mol seems
to be somewhat too low when compared to the diamagnetism
xdia526.531025 emu/mol, determined from the summa-
tion of the ionic constituents Sr21(215), Nb51(29), and
O22(212). The values in brackets denote the diamagnetic
susceptibilities in units of 1026 emu/mol.10 The low tem-
perature tail, indicative for defect spins, exhibits a Curie-
Weiss constant C59.931025K emu/mol and an antiferro-
magnetic Curie-Weiss temperature u522.1 K. Assuming
defects with spin S51/2, we deduce an impurity concentra-
tion of 0.03% per formula unit as an upper limit. EPR ex-
periments performed in the above mentioned starting mate-
rials identified traces of Fe31(S55/2) in Nb2O5 and
Mn21(S55/2) in SrCO3. Due to these large spin values, the
real impurity concentration might be an order of magnitude
smaller. The saturated Pauli paramagnetism of the charge
carriers amounts xPauli54.131025 emu/mol. The tempera-
ture regime 50<T<200 K is well reproduced assuming ac-
tivation processes across an energy gap of Eg519.8 meV.
The experimental susceptibility at room temperature is nega-
tive x300 K'20.531025 emu/mol and clearly is overesti-
mated by the fit results. Subtracting the theoretically
estimated diamagnetic contribution xdia526.5
31025 emu/mol, we obtain a value of x56
31025 emu/mol which resembles the Pauli spin susceptibil-
ity. We compare this value to the Pauli paramagnetism of
elemental niobium xPauli510.931025 emu/mol.11 This hints

FIG. 1. Magnetic susceptibility x(T) for temperatures 1.8,T
,380 K, measured in an external magnetic field of 10 kOe. Dotted
line: Pauli paramagnetism of thermally activated charge carriers
across an energy gap of Eg519.8 meV at elevated temperatures
and a Curie-Weiss contribution of defect states at low temperatures
according to Eq. ~1!. Solid line: One-dimensional S51/2 Heisen-
berg AFM chain with an exchange constant uJu5530 K following
Ref. 13 according to Eq. ~2!.
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towards an appreciable density of states at the Fermi level
also for SrNbO3.41 at room temperature.

In a second attempt to fit x(T) as shown in Fig. 1, we
focus on the one-dimensional ~1D! electronic properties and
try to fit the experimental results using the Bonner-Fisher
model for the susceptibility x1D of an 1D antiferromagnetic
S51/2 Heisenberg spin chain,12 i.e.,

x1D~T !

5xdia1
VG

T

3
0.2510.0774975J/T10.075235~J/T !2

110.9931J/T10.172135~J/T !210.757825~J/T !3

~2!

with G51.5012 emu K/mol.13 The prefactor V is the frac-
tion of electrons per formula unit which contribute to the 1D
spin chain. The parameter J describes the antiferromagnetic
coupling between localized nearest-neighbor spins. Equation
~2! is best applicable for temperatures T>0.3J .13 Therefore,
we restrict the fit using Eq. ~2! to temperatures 50<T
<400 K leaving J ,V , and xdia as fit parameters ~solid line in
Fig. 1!. The exchange constant is rather high, namely, J
5530 K, in accordance with strong intrachain interactions of
neighboring spins. Large values of J are indicative of spin
chains with the charges close to delocalization, in accordance
with the experimental results mentioned in Sec. I that
SrNbO3.41 is a one-dimensional conductor along the a axis.
The prefactor V50.15 nicely resembles the expected value
of 0.18 electrons per formula unit SrNbO3.41 as it is obtained
from charge neutrality. Astonishingly, the diamagnetic sus-
ceptibility xdia526.831025 emu/mol is in extraordinary
good agreement with the theoretical value mentioned above.

B. NUCLEAR MAGNETIC RESONANCE

1. 93Nb spectra

The NMR measurements have been carried out with a
phase-coherent pulse spectrometer probing the 93Nb nuclei
~spin I59/2, gyromagnetic ratio g510.406 MHz/T). Cryo-
genic temperatures were provided by a 3He/4He dilution re-
frigerator from Oxford Instruments with the NMR resonant
circuit residing in the mixing chamber and conventional 4He
techniques at elevated temperatures, respectively. Spectra
were obtained by field sweeps at constant radio frequencies
~rf! v0/2p528 MHz and v0/2p545 MHz for polycrystal-
line powder samples as well as for an arrangement of some
single crystals, respectively. Four single crystals of different
size were stacked together with the c axes being oriented
perpendicular to the external field. The spectra were col-
lected using a conventional 1.5 ms2tD23 ms spin-echo se-
quence (tD550 ms). The higher frequency of 45 MHz was
needed in order to increase the nuclear signals of the tiny
single crystals which only provided a poor filling factor of
the resonance coil.

Figure 2 shows 93Nb spectra for the polycrystalline
sample at a radio frequency of 28 MHz and temperatures 2.3,
4-2
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8.2, 15, and 30 K. The spectra are composed of a pronounced
central transition (1/2↔21/2) accompanied by an almost
symmetric pedestal which appeared to be quadrupolar in ori-
gin due to the interaction between the electrical quadrupolar
moment of the 93Nb nuclei and the electrical field gradient
~EFG! at the nuclear site.11 The product of the integrated
93Nb spin-echo intensity and temperature I3T , which can-
cels the Curie-type contribution of the nuclear magnetiza-
tion, is plotted in the inset of Fig. 2 ~solid circles!. With
decreasing temperature, the area I3T of the spectra slightly
increases. This signal increase most likely is due to the slow-
ing down of the spin-spin relaxation 1/T2(T) towards lower
temperatures ~see next section! which results in higher echo
intensities at a fixed pulse separation tD ~so called T2 effect!.
From spectra simulations ~the solid lines in Fig. 2! we ob-
tained the quadrupole coupling frequency nQ and the asym-
metry parameter h'0.5 which determines the ratio of the
EFG values along the principal axes of the electrostatic crys-
tal potentials surrounding the probing nuclei.11 It is important
to note that the simulations exhibit a very narrow Gaussian
broadening of the edge singularities of the satellite transi-
tions which are not resolved in the experimental pattern. The
quadrupole coupling frequency nQ reveals a significant tem-
perature dependence ~see open squares in the inset of Fig. 2!.
Such an increase of the quadrupole coupling frequency nQ
towards lower temperatures, accompanied by a slowing
down of the spin-spin relaxation process, was interpreted in
terms of a fluctuating quadrupole field due to the formation
of a CDW in the prototypical metallic linear-chain com-
pound NbSe3.14 The spectra which were obtained using a
number of oriented single crystals ~not shown! could also be
simulated using the same value of the asymmetry parameter

FIG. 2. 93Nb NMR field-swept spectra for temperatures 2.3
,T,30 K. The solid lines indicate spectra simulations of the pow-
der pattern for I59/2 nuclei at 27.7 MHz. Inset: temperature de-
pendence of the quadrupole coupling frequency nQ , and the inte-
grated intensity (I3T) of the powder pattern. The lines in the inset
are drawn to guide the eye.
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h'0.5 and assuming a preferential alignment of the princi-
pal axis with the strongest EFG being perpendicular to the
external field. Within the entire temperature range the line
shift of the central transition K iso'20.15% remains tem-
perature independent pointing towards a temperature inde-
pendent local susceptibility for T,15 K which obviously is
not affected by the Curie-Weiss-type susceptibility of the de-
fect spins discussed above.

2. Spin-Spin relaxation T2
The spin-spin relaxation rate 1/T2 was obtained by fitting

the decay of the transverse magnetization

M ~2t !5M ~0 !expS 2
2t

T2
D ~3!

as a function of the pulse separation time t between the first
and second rf pulses. The temperature dependence of the
spin-spin relaxation rate 1/T2 is presented in Fig. 3 for fre-
quencies v0528 MHz ~solid circle! and v0545 MHz ~open
squares!, respectively. The values of the spin-spin relaxation
rate 1/T2 are found to scale linearly with frequency at con-
stant temperatures, i.e., 1/T2}v0. In the upper inset of Fig. 3
we rescaled both data sets, i.e., we divided the data of 45
MHz by 1.6(545 MHz/28 MHz) and left the data of 28
MHz as it is. The increase of 1/T2(T) from low temperatures
up to 15 K exhibits a power law dependence 1/T2(T)
}T3/5, followed by a relative minimum close T520 K and a
relative maximum close to T530 K. The origin of these
anomalies is not clear. A maximum in 1/T2(T) has also been
observed in the prototypical one-dimensional conductor
NbSe3 and has been attributed to dynamics of the quadrupole
field caused by the CDW.14 The transverse signal intensity
M (0) exhibits a pure Curie law within the entire temperature
range. This is demonstrated by M (0)3T5const for 1.7,T
,50 K in the lower inset of Fig. 3. Hence, these anomalies
in 1/T2(T) cannot be attributed to extraneous signals of the

FIG. 3. Spin-spin relaxation rate 1/T2 vs ln T. Stacked single
crystals: /d/ ,v0545 MHz; polycrystalline powder: /h/ ,v0
528 MHz. Upper inset: rescaled 1/T2(T) data in double logarith-
mic representation. Solid line emphasizes the power law tempera-
ture dependence. Lower inset: intensity @M (0)3T in arbitrary
units# of the spin-echo amplitude which was obtained from the T2
decay for tD→0.
4-3



J.-E. WEBER et al. PHYSICAL REVIEW B 64 235414
pulsed T2 experiment due to the recovery of the probe, i.e.,
coil ringing. All relaxation rates at elevated temperatures
were obtained by extensive signal averaging which has been
increased typically three orders of magnitude compared to
the spectra measurements of Fig. 2.

3. Spin-lattice relaxation T1
The experiments determining the spin-lattice relaxation

rate 1/T1 were performed by irradiating the center field of the
spectra and monitoring the inversion recovery of the longi-
tudinal magnetization after a conventional three-pulse train.
The recovery of the inverted central transition (1/2↔21/2)
for nuclear spin systems I59/2 is theoretically expected to
be of the pentaexponential form15

M ~` !2M ~t !

M ~` !
50.012 exp~22Wt !10.067 exp~212Wt !

10.185 exp~230Wt !10.43 exp~256Wt !

11.306 exp~290Wt !, ~4!

where a unique relaxation rate 1/T1 can be deduced from the
expression 2W51/T1. The weight of each exponential term
is obtained from the initial conditions of the spin-lattice re-
laxation process given in Ref. 16 for a selectively excited
central transition. The results of the fit to Eq. ~4! are indi-
cated as dotted lines in Fig. 4 and it is to be seen that the
accordance with the data is not satisfactory both at short and
at long times. Due to huge quadrupole mixing (h'0.5) the
inversion efficiency of the central transition in our case is
hard to determine and the unknown initial conditions leave at
least six free parameters for the pentaexponential recovery in
Eq. ~4!.17 In order to simplify the description of the magne-
tization recovery and to put the number of fitting parameters
to a minimum, we used a stretched exponential function

M ~` !2M ~t !

M ~` !
5expF2S t

T1
D bG ~5!

which proved to describe our data within the entire tempera-
ture range 0.6,T,41 K over six decades in time. The re-

FIG. 4. Magnetization recovery vs pulse separation t of the
longitudinal relaxation process 1/T1 for 600 mK,T,41 K. Solid
lines represent fits to Eq. ~5!. The dotted lines represent fits to Eq.
~4!.
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sults are shown in Fig. 4 as solid lines. A stretched exponen-
tial often is used in systems characterized by a broad
distribution of relaxation times in site-disordered or frus-
trated systems. As the pentaexponential recovery function
also represents a distribution of five single exponential pro-
cesses, a description of the recovery using Eq. ~5! seems
reasonable. The resulting temperature dependencies of the
stretching exponent b and the spin-lattice relaxation rate
1/T1 which we take as a mean relaxation rate are shown in
Fig. 5. We note that for b,1 the quantity 1/T1 is not a
well-defined average rate and the observed value 0.3,b
,0.5 might be due to a distribution of spin-lattice relaxation
times T1 or spin diffusion processes of the nuclear spin sys-
tem with a vanishingly small spin diffusion coefficient.18

As with the spin-spin relaxation time T2, the spin-lattice
relaxation time T1 for the different stimulating frequencies,
i.e., 28 and 45 MHz, appears to be slightly faster at the
higher frequency. At present, the origin of this frequency
dependence is not clear. For 1/T1(T), two distinct tempera-
ture regimes can be identified: At elevated temperatures 15
,T,41 K the temperature dependence of 1/T1 exhibits an
activated behavior which could be fitted using 1/T1}exp
(2DNMR /kBT). In order to demonstrate this behavior we uti-
lize an Arrhenius plot as it is given in the lower inset of Fig.
5. The solid line yields an energy gap of DNMR56.5 meV. At
first glance, the low temperature regime 1,T,15 K can be
represented by a power law dependence 1/T1}T3/2 ~dashed
line in Fig. 5!. This behavior reminds one of the temperature
dependence of the host spin-lattice relaxation rate 29(1/T1)
in semiconducting Si~B!.19 However, a closer inspection of
the low temperature data down to 600 mK reveals a tempera-
ture dependence which is indicative for a variable range hop-
ping process ~see Fig. 9 in Sec. III.!.

C. ELECTRON PARAMAGNETIC RESONANCE

The EPR experiments have been performed at a Bruker
ELEXSYS E500-CW spectrometer at X-band frequency ~9.5

FIG. 5. Logarithmic plot of the 93Nb spin-lattice relaxation rate
1/T1 vs T in SrNbO3.41 measured at two different frequencies/
external fields: ~solid squares! 45 MHz/43.2 kOe, ~open circles!
28 MHz/26.9 kOe. The dashed line indicates a power law 1/T1
}T3/2 to guide the eye ~see text!. Upper inset: stretching exponent b
vs ln T. Lower inset: Arrhenius plot of the powder data ~28 MHz!.
The solid line represents a fit 1/T1}exp(2DNMR /kBT);DNMR
56.5 meV.
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GHz!. For cooling the sample, we used a continuous He-gas-
flow cryostat ~Oxford Instruments! at temperatures above 4.2
K and a cold-finger 4He-bath cryostat ~Isotherm! in the tem-
perature range 1.7<T<4.2 K. The single crystalline sample
with dimensions la3lb3lc , i.e., 33230.5 mm3, was fixed
in paraffin within a glass tube. The normal of its cleavage
plane corresponds to the crystallographic c axis. By means of
a Laue diffractogram, the a axis was found to be parallel to
the longest edge of the rectangular shaped cleavage plane of
the crystal. Orientation dependent measurements with re-
spect to the static magnetic field H were performed in both
the a ,b and the b ,c plane. Due to the lock-in technique with
100 kHz modulation of the static field, the EPR spectra
record the field derivative of the microwave power
dPabs /dH absorbed by the sample from the magnetic micro-
wave field which is applied perpendicular to the static field.

An EPR response of SrNbO3.41 was detectable only at low
temperatures T,25 K. Figure 6 shows typical spectra at 4.2
K for three different orientations of the crystal. The spectrum
exhibits a well defined resonance line with a weak angular
dependence. The low-field wing of the resonance is strongly
distorted due to the inevitable background of the cavity
which is also included in Fig. 6. A simple subtraction of the
background is not possible, because the Q factor of the cav-
ity is significantly diminished, when the sample is inserted.
This indicates a change of the microwave-field distribution
in the cavity, which also affects the background. Neverthe-
less, the high-field wing of the resonance is well separated
from the background and therefore yields a satisfying fit by a
Lorentzian line ~dotted!. At intermediate orientation a sixfold
hyperfine structure ~HFS! appears which is centered at about
3.4 kOe with a distance dHHFS585 Oe between neighboring
lines. This part of the spectrum follows a Curie law in its
intensity and is therefore independent of the main resonance
line which behaves in a completely different way as will be
discussed below.

FIG. 6. EPR spectra in SrNbO3.41 at three different orientations
and background of the cavity at 4.2 K.
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The hyperfine structure belongs to an impurity ion with a
nuclear spin I55/2, which gives rise to a (2I1156)-fold
splitting of the respective paramagnetic resonance transition.
The magnitude of the splitting is characteristic for 55Mn.20
Manganese usually attains valence states 21 ,31 , or 41 . In
the present structure it is probably incorporated at the Nb site
as Mn41 ~note that Mn21 found in the starting materials can
further be oxidized during the preparation process!. As the
structure contains three inequivalently distorted NbO6
octahedra,5 the HFS is smeared out for most of the orienta-
tions by the additional influence of the nonuniform crystal
electric field. For the angle, where the HFS is observable, the
magnetic field is approximately parallel to one of the main
axes of all three octahedra yielding a nearly uniform contri-
bution.

It turned out that the intensity of the EPR spectra was
much weaker for the magnetic microwave field h applied
perpendicular to the a ,b plane than perpendicular to the b ,c
plane. This observation can be explained by the skin effect
due to the strongly anisotropic conductivity. Generally, the
skin depth d of the microwave field can be estimated by

d5~r/m0v !0.5 ~6!

from the electric resistance r and the microwave frequency
v52p39 GHz(m054p31027Vs/Am). The dc resistivity
was found to amount about ra :rb :rc
51023:1021:102V cm at low temperatures.2,3 For the mag-
netic microwave field h oscillating parallel to the a axis,
circular shielding currents are induced on the surfaces along
b and c directions. The effective resistance can be estimated
as R}lb•rb1lc•rc , where lb and lc denote the sample di-
mensions along b and c direction, respectively. The sample
dimensions are of comparable magnitude, whereas the resis-
tivities differ by a factor of 103. Therefore, the skin depth is
determined by rc alone and can be estimated from Eq. ~6! as
d(hia)'4 mm. This is larger than the sample thickness and
the microwave is probing the full volume of the sample. For
the magnetic microwave field h applied parallel to the c axis,
the skin depth is analogously determined by rb as d(hic)
'0.1 mm, a value clearly below the sample dimensions. In
this case the skin effect is strongly shielding the sample, and
the EPR signal originates only from the region near the
sample surface.

We now return to the temperature dependence of the main
resonance line which can be evaluated up to 20 K. As the
asymmetry of the line shape increases with increasing tem-
perature, we fitted the signal by the Dysonian line shape21

d
dH Pabs5A

22x1a~12x2!

~11x2!2
, ~7!

where x5(H2H res)/DH . The fit parameters H res ,DH , and
A denote resonance field, half-width at half-maximum of the
resonance line and amplitude, respectively. The dispersion-
to-absorption ratio a measures the asymmetry of the line
shape due to the admixture of the real part of the dynamic
susceptibility x8 ~dispersion! to the imaginary part x9 ~ab-
sorption!: It vanishes in insulators yielding a pure Lorentzian
4-5
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shape. But a becomes nonzero in metals, where the skin
effect drives the electric and magnetic components of the
microwave field out of phase.

Temperature dependencies of the line width and the reso-
nance field obtained from the EPR spectra using Eq. ~7! are
shown in Fig. 7. At 4.2 K the resonance field H res is found at
3.95 kOe for Hib and 3.75 kOe for Hia ,Hic , respectively
~see upper inset in Fig. 7!. Expressing the Larmor frequency
as hn5gmBH res , this corresponds to g values gb51.70 and
ga5gc51.81, respectively. With increasing temperature the
g values shift towards higher values. The difference with
respect to the free electron value g52 decreases by about
30% going from 2 to 20 K. The resonance line width mono-
tonically increases with increasing temperature from 60 Oe
at 2 K up to 400 Oe at 20 K.

Figure 8 shows the temperature dependence of the EPR
intensity determined by

I5A•DH2~11a2!0.5 ~8!

For a50 this is the twofold integral of the field derivative of
the pure Lorentzian line. In the case of nonvanishing a , this
has to be corrected due to the rotation in the complex plane

FIG. 7. EPR line width DH as a function of temperature for the
static magnetic field applied parallel to the c axis ~solid symbols!
and parallel to the b axis ~open symbols!, respectively. Solid lines
are fits DH}exp@2(T0 /T)1/2# ~see Sec. III.!. Upper inset: angular
dependence of the resonance field within the bc plane. Lower inset:
temperature dependence of g ib and g ic .

FIG. 8. Temperature dependence of the EPR intensity of the
main resonance in SrNbO3.41 for ciH . Inset: dispersion-to-
absorption ratio a which is a direct measure of the metallicity of the
sample.
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of the dynamic susceptibility. However, this correction only
holds true, if the microwave field can penetrate the whole
sample. As soon as the skin depth becomes small compared
to the sample dimension, only the spins near the sample sur-
face contribute to the signal. For this reason we determined
the intensity for the microwave field h applied parallel to the
a axis, where the resistivity in the c direction governs the
skin depth, as explained above. The experimentally observed
dispersion-to-absorption ratio a is sketched in the inset of
Fig. 8. It exhibits a monotonous increase from a50 at 4 K
to a51 at 15 K. This indicates the increasing conductivity
of the sample in accordance with the resistivity measure-
ments reported in Refs. 2,3. For low temperatures the inten-
sity shows an approximately linear increase on temperature
and reaches saturation at about 7 K. Above 20 K the line
width becomes too large to be reasonably evaluated.

III. DISCUSSION AND CONCLUSION

The magnetic susceptibility x at elevated temperatures is
satisfactorily described in terms of one-dimensional S51/2
Heisenberg spin chain.12 Although this model is based on
localized spins, this is not in contradiction to conducting be-
havior. The organic semiconductor (TMTTF)2PF6 can be
taken as paradigm of a localized spin chain with the well
known Bonner-Fisher-type susceptibility exhibiting a broad
maximum at about 350 K. For the isostructural one-
dimensional organic conductor (TMTSF)2PF6 the tempera-
ture dependence of the susceptibility looks quite similar, but
the characteristic maximum is shifted at least to temperatures
above 500 K beyond the published data.22 This was ex-
plained using the generalized model of Seitz and Klein23
which admits a certain degree of delocalization within the
spin chains. As the resistivity in SrNbO3.41 shows a compa-
rable anisotropy and magnitude such as (TMTSF)2PF6, it
seems reasonable to apply this scenario of one-dimensional
spin chains.

For temperatures lower than 200 K the susceptibility
x(T) might be approximated by an activated behavior. For
this activated behavior @see Eq. ~1!# an energy gap of Eg
519.8 meV is found. It is of the order of magnitude as the
activation gap of 38 meV ~for 125,T,190 K) which was
deduced from resitivity data along the c axis.3 However, the
fit utilizing Eq. ~1! bears difficulties concerning the too small
diamagnetic contribution and the nonzero Curie-Weiss tem-
perature of the impurity contribution. The latter contribution
prohibits the analysis of the intrinsic bulk susceptibility and
masks a possible phase transition.

A closer inspection of the local susceptibility is provided
by magnetic resonance experiments. In the NMR experiment
performed on the powder sample, we observe an activated
behavior of the spin-lattice relaxation rate with an energy
gap of DNMR56.5 meV within the temperature range 15
,T,41 K. This is in rough agreement with a gap observed
along the a axis below T,50 K in resisitivity measurements
~6.6 meV!, in optical spectroscopy ('5 meV), and in angle-
resolved photoemission ('8 meV).2,3 This gap was dis-
cussed in terms of a Peierls scenario and a 1D Mott-Hubbard
model at 1/3 band filling.2 At temperatures T,15 K, the
93Nb spin-lattice relaxation rate in SrNbO3.41 reveals a tem-
perature dependence similar to the 29Si rate in boron doped
4-6
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silicon.19 This is an important hint towards the presence of
acceptor states also in SrNbO3.41 which turned out to be a
necessary point in order to explain the EPR results.

To understand the origin of the observed EPR line, the
temperature evolution of its intensity is of crucial impor-
tance. It does not show any Curie-like behavior, as it is usu-
ally observed in the case of paramagnetic defects, but it van-
ishes approaching zero temperature. Hence, this signal
cannot be assigned to the low-temperature Curie-Weiss tail
of the static susceptibility. Considering the g values only, one
might ascribe the resonance line to Nb41 with 4d1 electronic
configuration. The g shift to values lower than 2 is typical for
ions with less than half filled d shell.20 However, this possi-
bility can be ruled out, because such localized Nb41 spins
are expected to show a Curie law in the intensity, as well.

We ascribe the EPR signal to acceptor states located a few
Kelvin above the valence band of the semiconducting ground
state. At zero temperature, these states are empty and no
paramagnetic resonance can be detected. With increasing
temperature the acceptor states are filled by thermal activa-
tion from the valence band, giving rise to an increasing EPR
intensity. When all acceptor states are filled, the intensity
reaches saturation and should finally follow a Curie law at
higher temperatures, which is not observable any more due
to the limited temperature range where the signal is resolved.

The temperature dependence of the acceptor EPR line
width ~Fig. 7! nicely resembles the findings of the dielectric
measurements along the c direction9 which revealed a tem-
perature dependence of the electrical conductivity s(T)
}exp@2(T0 /T)1/2# at temperatures T,100 K. This character-
istic temperature dependence is typical of two different sce-
narios: Either one-dimensional hopping in contrast to the
well known three-dimensional hopping s(T)}exp
@2(T0 /T)1/4# ,26,27 or three-dimensional hopping in the pres-
ence of a Coulomb gap.28 At present, it is not possible to
decide between the two scenarios in the case of SrNbO3.41 .

This coincidence of EPR and conductivity measurements
is often observed in systems with hopping conductivity,24
e.g., in calcium doped lanthanum manganites the hopping
motion of small polarons was identified by the similar tem-
perature dependence of the two quantities.25 As it is clearly
to be seen in Fig. 9, also the nuclear relaxation rate exhibits
the same temperature dependence below T'15 K even
down to 600 mK rather than the power law proposed above.
From the experimental point of view, the nuclear relaxation
appears to be governed by the same electron motion. Hence,
we suggest this variable-range hopping mechanism also to
account for the host NMR spin-lattice relaxation in Si~B! as
reported by Fuller et al. in Ref. 19.

It is worthy to note that the EPR line width in SrNbO3.41
is governed by the spin-lattice relaxation rather than spin-
spin relaxation. In analogy to the manganites mentioned
above, we assume a tremendous bottleneck situation due to
strong coupling between the acceptor and hole states which
relax to the lattice very slowly via tunneling processes of the
hole states.

Turning to elevated temperatures the characteristics of
variable range hopping in SrNbO3.41 disappear in favor of the
activated behavior for 93(1/T1) which was found to agree
23541
with the activation of electrons into the conduction band de-
duced from resistivity measurements, optical spectroscopy,
and angle-resolved photoemission. Simultaneously, the EPR
signal vanishes presumably due to the opening of the bottle-
neck by an exponential increase of both electron and hole
states which additionally corroborates the existence of this
gap also from EPR results.

In conclusion, the bulk susceptibility can be interpreted as
arising from almost localized spins in a 1D Heisenberg chain
with an exchange constant of J5530 K. This proposal has to
be checked by high-temperature susceptibility measure-
ments. Another interpretation would be in terms of activated
charge carriers across a gap of approximately 20 meV which
corresponds to an average value over all crystallographic di-
rections. From the NMR experiments in the intermediate
temperature range we deduce a gap of DNMR56.5 meV in
agreement with recent resistivity measurements, optical
spectroscopy, and angle-resolved photoemission.2,3 In the
bulk susceptibility this gap is masked by the Curie tail of
paramagnetic impurities. At present, based on experimental
facts it is hard to decide, whether this gap in the electronic
density of states is built via the formation of a CDW or if
SrNbO3.41 has to be characterized as a narrow-gap semicon-
ductor. Due to the one-dimensional structure and susceptibil-
ity, an interpretation in terms of CDW ground state such as in
NbSe3 cannot be ruled out. Indeed, several observations bear
the characteristics of the prototypical CDW compound
NbSe3: For NbSe3 the formation of a CDW below the
Peierls transition at 145 K affects the nuclear quadrupole
interaction in the same way, evolving a huge quadrupole
broadening below 40 K ~see the inset of Fig. 2! which might
be the analogous transition temperature in case of
SrNbO3.41 .14 Also the energy gap DNMR56.5 meV deduced
from the spin-lattice relaxation rate 1/T1 corresponds to a
correlation induced transition at TC'43 K predicted by
mean-field theory (2DNMR53.5kBTC).29 Additionally, we
observe a similar anomaly in the spin-spin relaxation rate
1/T2 around the metal-to-semiconductor transition tempera-
ture at T'40 K in SrNbO3.41 as it was reported for NbSe3.14
More experiments focusing on an expected phase transition
around 40 K, especially heat capacity measurements are
highly needed to clarify the ground state of SrNbO3.41 .

FIG. 9. Plot of the relaxation rates obtained from magnetic reso-
nance experiments 93Nb NMR and EPR, respectively. The spin-
lattice relaxation rate ln(1/T1) vs 1/T1/2 in SrNbO3.41 measured at
two different frequencies/external fields: ~solid squares!
45 MHz/43.2 kOe, ~open circles! 28 MHz/26.9 kOe.
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