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NMR, EPR, and bulk susceptibility measurements were performed in the perovskite-related layered com-
pound SrNbQ@,;. We determined®Nb NMR spectra, spin-spin relaxation rate§ 1/and spin-lattice relax-
ation rates I, down to 600 mK. From the spin-lattice relaxatioriT 1Ave identified an activated behavior
1T xexp(—Ayvr ks T) with a gapAywr= 6.5 meV for temperature$>20 K. Below 20 K, the line width
AH(T) from acceptor-EPR and®(1/T,)(T) both exhibit a temperature dependence propotional to exp
[—(To/TY?] 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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[. INTRODUCTION evokes speculations about the formation of a charge-density
wave (CDW).

Perovskite-related layered niobates belonging to the ho- Here, we present a detailed study of the one-dimensional
mologous serieA,B,,Os,42 such as SrNbgys (n=4.5)  conductor SrNb@y, utilizing bulk magnetization measure-
and SrNbQ, (n=5) gained considerable interest after re- ments and magnetic resonance techniques. Single crystals of
ports on one-dimensiondlLD) metallic behaviot™ Their ~ SrNbQ; 4, with lattice parametera=3.99 A, b=5.67 A,
structure is derived from the three-dimensional network ofandc=32.45 A were prepared from the constituents,Slb
the ABO; perovskite structure by introducing additional oxy- (purity 99.9%), Nb powder (99.9%), and Srg@>99%)
gen and thereby separating tB®g octahedra parallel to the by floating zone melting as described in detail by Lichten-
(110) planes resulting in NbQoctahedra which are chainlike berget al® All measurements were performed on single crys-
connected along the crystallographiexis®~° By tuning the  talline pieces from the same batch. For some NMR experi-
oxygen content in SrNbQ. , one can synthesize com- ments the single crystals were crushed into powders.
pounds with interesting properties: The fully oxidizeer 4
compound SrNbgs is a layered ferroelectric with one of the
highest ferroelectric transition temperatures1615 K) re- Il. EXPERIMENTAL DETAILS AND RESULTS
ported so faf:” With decreasing oxygen content a superlat-

tice arises for SINbQ,s (n=4.5) which is formed by well A Magnetic susceptibility

ordered stacking sequences w4 andn=5 subunits* The dc magnetizatioM (T) was determined using a com-
Forx~0.1 there are compounds with=5 within the homo- mercial SQUID magnetometer from Quantum Design in an
geneity range from SrNbQ, to SINbG, 40.%* external field of 10 kOe for temperatures £.8<380 K. In

Angle-resolved photoemission, submillimeter and far in-the complete temperature range, the susceptibility
frared spectroscopy, and resistivity measurements revealed M (T)/H, shown in Fig. 1, turned out to be negative dem-
that SINbQ 4, is a one-dimensional metaf® Also LDA  onstrating that diamagnetic contributions dominate. Starting
band-structure calculations agree with this experimentallyat the highest temperaturggexhibits an almost temperature
detected anisotropy of the electronic properties and indicatindependent plateau down to 250 K. On further decreasing
discernible electronic dispersion along theaxis, only: A temperatures the susceptibility decreases monotonically
high dielectric polarizibility and a tendency for polaron for- down to 50 K and increases again with a Curie-Weiss-type
mation has been detected by dielectric spectroscopy alorigehavior towards the lowest temperature of 1.8 K.
the ¢ axis? In these dielectric experiments on SrNb@a The anisotropic electronic character of SrNh@is well
phase transition of so far unknown origin has been foundestablished by the observation of one-dimensional metallic
close to room temperature. With decreasing temperature, tHeehavior along the axis for 66<T<130 K followed by a
above mentioned experimental investigations also estalyegime with increasing resistivity towards the lowest tem-
lished a metal-to-semiconductor transitionTat 40 K open-  peratures, and by a semiconducting characteristic alonly the
ing a small excitation gap of a few meV in siz8 The mi-  and ¢ axis within the whole temperature rang&Having
croscopic origin of this gapping of the Fermi surface is still these facts in mind, two models could be used to analyze the
unclear and it might be necessary to take into consideration suceptibility data in Fig. 1. In a first approach we assume that
structural phase transition or electronic correlations inducingy(T) is dominated by thermally activated charge carriers and
the observed gap. Certainly, the one-dimensional behavidry the ansatz
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1 —_——— towards an appreciable density of states at the Fermi level
I SINbO also for SINbQ 4; at room temperature.
ol 3.41 ; In a second attempt to fig(T) as shown in Fig. 1, we

H =10 kOe focus on the one-dimension@lD) electronic properties and
try to fit the experimental results using the Bonner-Fisher
g model for the susceptibility,p of an 1D antiferromagnetic

S=1/2 Heisenberg spin chaffi,i.e.,

Bonner-Fisher

X(10'5emu/mol)

2L ]
- thermally activated,
Curie-Weiss Xao(T)
sl \ vIr
N 0 =Xoat T
FIG. 1. Magnetic susceptibility(T) for temperatures 18T 0.25+0.0774973/T+ 0.075235J/T)2

<380 K, measured in an external magnetic field of 10 kOe. Dotted X 2 3
line: Pauli paramagnetism of thermally activated charge carriers 14+0.9931/T+0.17213%J/T)%+0.75782%J/T)
across an energy gap &;=19.8 meV at elevated temperatures 2)
and a Curie-Weiss contribution of defect states at low temperatures 3 ]

according to Eq(1). Solid line: One-dimensiona=1/2 Heisen- ~ With I'=1.5012 emu K/mol® The prefactorV is the frac-

berg AFM chain with an exchange constddit=530 K following  tion of electrons per formula unit which contribute to the 1D
Ref. 13 according to Eq2). spin chain. The parametdrdescribes the antiferromagnetic
coupling between localized nearest-neighbor spins. Equation
c E (2) is best applicable for temperaturés 0.31.12 Therefore,
X(T)=Xdiat =— + Xpaui exp(__g)_ (1)  we restrict the fit using Eq(2) to temperatures 59T
T=0 kgT <400 K leavingJ,V, andy i, as fit parameterésolid line in
Fig. 1). The exchange constant is rather high, namély,
The first term represents the diamagnetic contribution of=530 K, in accordance with strong intrachain interactions of
closed electron shells. The second term reflects the Curigieighboring spins. Large values dfare indicative of spin
Weiss tail of defect states at low temperatures. The third ternghains with the charges close to delocalization, in accordance
describes the Pauli paramagnetism from thermally activatedith the experimental results mentioned in Sec. | that
charge carriers which are excited across an energykgap SrNbO;4; is a one-dimensional conductor along thexis.
into the conduction band. The dashed line in Fig. 1 repreThe prefacto’V=0.15 nicely resembles the expected value
sents the best fit to the experimental data using(Eq.The  of 0.18 electrons per formula unit SrNB@ as it is obtained
diamagnetic contributioly ;= — 2.2< 10”° emu/mol seems from charge neutrality. Astonishingly, the diamagnetic sus-
to be somewhat too low when compared to the diamagnetismeptibility xq,=—6.8X10 °> emu/mol is in extraordinary
Xdia=—6.5X10"° emu/mol, determined from the summa- good agreement with the theoretical value mentioned above.
tion of the ionic constituents 3f(—15), Nb°*(—9), and

O? (—12). The values in brackets denote the diamagnetic B. NUCLEAR MAGNETIC RESONANCE
susceptibilities in units of 1 emu/mol® The low tem- o

perature tail, indicative for defect spins, exhibits a Curie- 1. ™Nb spectra

Weiss constanC=9.9x10 °K emu/mol and an antiferro- The NMR measurements have been carried out with a

magnetic Curie-Weiss temperatuge=—2.1 K. Assuming phase-coherent pulse spectrometer probing b nuclei
defects with spirS=1/2, we deduce an impurity concentra- (spinl=9/2, gyromagnetic ratig=10.406 MHz/T). Cryo-

tion of 0.03% per formula unit as an upper limit. EPR ex- genic temperatures were provided bytde/*He dilution re-
periments performed in the above mentioned starting matefrigerator from Oxford Instruments with the NMR resonant
rials identified traces of Feé(S=5/2) in NbOs and circuit residing in the mixing chamber and conventiofielle
Mn?*(S=5/2) in SrICQ. Due to these large spin values, the techniques at elevated temperatures, respectively. Spectra
real impurity concentration might be an order of magnitudewere obtained by field sweeps at constant radio frequencies
smaller. The saturated Pauli paramagnetism of the chargef) wq/2m=28 MHz andwy/27=45 MHz for polycrystal-
carriers amountgp=4.1x 10> emu/mol. The tempera- line powder samples as well as for an arrangement of some
ture regime 568 T=<200 K is well reproduced assuming ac- single crystals, respectively. Four single crystals of different
tivation processes across an energy gajEgf19.8 meV. size were stacked together with tiseaxes being oriented
The experimental susceptibility at room temperature is neggperpendicular to the external field. The spectra were col-
tive x300 k= —0.5X 10 ° emu/mol and clearly is overesti- lected using a conventional 1/6s— 7p— 3 s spin-echo se-
mated by the fit results. Subtracting the theoreticallyquence =50 us). The higher frequency of 45 MHz was
estimated diamagnetic contribution x4,=—6.5 needed in order to increase the nuclear signals of the tiny
x10"° emu/mol, we obtain a value of y=6 single crystals which only provided a poor filling factor of

X 10~° emu/mol which resembles the Pauli spin susceptibilthe resonance coil.

ity. We compare this value to the Pauli paramagnetism of Figure 2 shows*Nb spectra for the polycrystalline
elemental niobiumyp,,=10.9< 10~ % emu/mol This hints  sample at a radio frequency of 28 MHz and temperatures 2.3,
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FIG. 3. Spin-spin relaxation rate T/ vs InT. Stacked single
| crystals: ®/,wo=45 MHz; polycrystalline powder: [/, wq
i ' T 0 =28 MHz. Upper inset: rescaledTL(T) data in double logarith-
24 26 o8 30 mic representation. Solid line emphasizes the power law tempera-
ture dependence. Lower inset: intens[tM(0)XT in arbitrary
H (kOe) units| of the spin-echo amplitude which was obtained from The
decay forrp—0.

FIG. 2. ®*Nb NMR field-swept spectra for temperatures 2.3

<T<30 K. The solid lines indicate spectra simulations of the pow- . . . Lo
der pattern forl =9/2 nuclei at 27.7 MHz. Inset: temperature de- n~0.5 and assuming a preferential alignment of the princi-

pendence of the quadrupole coupling frequengy, and the inte- pal axis with the strongest EFG being perpendicular to the
grated intensity (X T) of the powder pattern. The lines in the inset €xternal field. Within the entire temperature range the line
are drawn to guide the eye. shift of the central transitiok;,~ —0.15% remains tem-
perature independent pointing towards a temperature inde-
@&ndent local susceptibility fofF<15 K which obviously is

not affected by the Curie-Weiss-type susceptibility of the de-
fect spins discussed above.

8.2, 15, and 30 K. The spectra are composed of a pronounc
central transition (1/2>—1/2) accompanied by an almost
symmetric pedestal which appeared to be quadrupolar in or
gin due to the interaction between the electrical quadrupolar
moment of the®>*Nb nuclei and the electrical field gradient
(EFG) at the nuclear sit& The product of the integrated The spin-spin relaxation rateTL/ was obtained by fitting
9Nb spin-echo intensity and temperature T, which can-  the decay of the transverse magnetization

cels the Curie-type contribution of the nuclear magnetiza-

tion, is plotted in the inset of Fig. 2solid circles. With T

decreasing temperature, the ateaTl of the spectra slightly M(27)=M (0)exp< B T_2> )
increases. This signal increase most likely is due to the slow-

ing down of the spin-spin relaxationTly(T) towards lower as a function of the pulse separation timbetween the first
temperaturegsee next sectionwhich results in higher echo and second rf pulses. The temperature dependence of the
intensities at a fixed pulse separatign(so calledT, effech.  Spin-spin relaxation rate Tj is presented in Fig. 3 for fre-
From spectra simulation&he solid lines in Fig. 2we ob-  quencieswy,=28 MHz (solid circle andw,=45 MHz (open
tained the quadrupole coupling frequeney and the asym- squarej respectively. The values of the spin-spin relaxation
metry parametem~0.5 which determines the ratio of the rate 17T, are found to scale linearly with frequency at con-
EFG values along the principal axes of the electrostatic crysstant temperatures, i.e.,Tb wq. In the upper inset of Fig. 3

tal potentials surrounding the probing nucielt is important ~ we rescaled both data sets, i.e., we divided the data of 45
to note that the simulations exhibit a very narrow GaussiatMHz by 1.6(=45 MHz/28 MHz) and left the data of 28
broadening of the edge singularities of the satellite transiMHz as it is. The increase of T4(T) from low temperatures
tions which are not resolved in the experimental pattern. Thelp to 15 K exhibits a power law dependencel )
quadrupole coupling frequenay, reveals a significant tem- « T35 followed by a relative minimum closé=20 K and a
perature dependenésee open squares in the inset of Fily. 2 relative maximum close t@=30 K. The origin of these
Such an increase of the quadrupole coupling frequaengy anomalies is not clear. A maximum inTL(T) has also been
towards lower temperatures, accompanied by a slowingbserved in the prototypical one-dimensional conductor
down of the spin-spin relaxation process, was interpreted itlNbSe and has been attributed to dynamics of the quadrupole
terms of a fluctuating quadrupole field due to the formationfield caused by the CDW The transverse signal intensity

of a CDW in the prototypical metallic linear-chain com- M(0) exhibits a pure Curie law within the entire temperature
pound NbSe.* The spectra which were obtained using arange. This is demonstrated by(0)X T=const for 1.KT
number of oriented single crystalsot shown could also be <50 K in the lower inset of Fig. 3. Hence, these anomalies
simulated using the same value of the asymmetry parametén 1/T,(T) cannot be attributed to extraneous signals of the

2. Spin-Spin relaxation
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FIG. 5. Logarithmic plot of the’®Nb spin-lattice relaxation rate

FIG. 4. Magnetization recovery vs pulse separationf the  1/T; vs T in SrNbO;,;, measured at two different frequencies/
longitudinal relaxation processTly for 600 MK<T<41 K. Solid  external fields:(solid squares 45 MHz/43.2 kOe, (open circles
lines represent fits to E@5). The dotted lines represent fits to Eq. 28 MHz/26.9 kOe. The dashed line indicates a power laW, 1/
(4). «T32to guide the eyésee text Upper inset: stretching exponet

vs InT. Lower inset: Arrhenius plot of the powder dg28 MHz).
pulsedT, experiment due to the recovery of the probe, i.e.,The solid line represents a fit Tjcexp(—Anvr/KsT);Anmr
coil ringing. All relaxation rates at elevated temperatures=6.5 meV.
were obtained by extensive signal averaging which has been
increased typically three orders of magnitude compared tsults are shown in Fig. 4 as solid lines. A stretched exponen-

the spectra measurements of Fig. 2. tial often is used in systems characterized by a broad
distribution of relaxation times in site-disordered or frus-
3. Spin-lattice relaxation T trated systems. As the pentaexponential recovery function

rflso represents a distribution of five single exponential pro-

The experiments determining the spin-lattice relaxatio N .
rate 1T, were performed by irradiating the center field of the CESS€S, @ description of the recovery using £).seems
reasonable. The resulting temperature dependencies of the

spectra and monitoring the inversion recovery of the longi ‘ . . .
tudinal magnetization after a conventional three-pulse trainSU€tching exponengs and the spin-lattice relaxation rate

The recovery of the inverted central transition (&/2 1/2)  1/T1 which we take as a mean relaxation rate are shown in

for nuclear spin systemis=9/2 is theoretically expected to F19- 9. We note that fo3<1 the quantity IT, is not a
be of the pentaexponential foln well-defined average rate and the observed value<.3

< 0.5 might be due to a distribution of spin-lattice relaxation
M () —M(7) times T, or spin diffusion processes of the nuclear spin sys-
M) =0.012 expp—2Wr)+0.067 exp—12Wr) tem with a vanishingly small spin diffusion coeffici€fit.
As with the spin-spin relaxation timé,, the spin-lattice
+0.185 exp— 30Wr) +0.43 exp — 56Wr) relaxation timeT, for the different stimulating frequencies,
i.e.,, 28 and 45 MHz, appears to be slightly faster at the
+1.306 expp— 90W), (4) higher frequency. At prepspent, the origingof ¥his frequency

where a unique relaxation rateT}/can be deduced from the dependence is not clear. FoiT}(T), two distinct tempera-
expression W= 1/T,. The weight of each exponential term ture regimes can be identified: At elevated temperatures 15
is obtained from the initial conditions of the spin-lattice re- <T<41 K the temperature dependence of;1&xhibits an
laxation process given in Ref. 16 for a selectively excitedactivated behavior which could be fitted usindT {#exp
central transition. The results of the fit to Eg) are indi- (—Axwr/KgT). In order to demonstrate this behavior we uti-
cated as dotted lines in Fig. 4 and it is to be seen that théize an Arrhenius plot as it is given in the lower inset of Fig.
accordance with the data is not satisfactory both at short and. The solid line yields an energy gap®fr=6.5 meV. At

at long times. Due to huge quadrupole mixing~0.5) the first glance, the low temperature regimeT <15 K can be
inversion efficiency of the central transition in our case isrepresented by a power law dependencl, ¢T%? (dashed
hard to determine and the unknown initial conditions leave atine in Fig. 5. This behavior reminds one of the temperature
least six free parameters for the pentaexponential recovery ilependence of the host spin-lattice relaxation FE(@/T,)

Eq. (4).17 In order to simplify the description of the magne- in semiconducting $B).1° However, a closer inspection of
tization recovery and to put the number of fitting parameterghe low temperature data down to 600 mK reveals a tempera-
to a minimum, we used a stretched exponential function ture dependence which is indicative for a variable range hop-

ping procesgsee Fig. 9 in Sec. II).
M) —M(7) :exp[ _ (_) ’
M (o) T

which proved to describe our data within the entire tempera- The EPR experiments have been performed at a Bruker
ture range 0.6 T<41 K over six decades in time. The re- ELEXSYS E500-CW spectrometer Atband frequency9.5

5

C. ELECTRON PARAMAGNETIC RESONANCE
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' '_9 48 Gl'_i The hyperfine structure belongs to an impurity ion with a
SrNbO, V= T 4'2}? nuclear spinl =5/2, which gives rise to a (2-1=6)-fold
splitting of the respective paramagnetic resonance transition.

- --- Lorentzian

= The magnitude of the splitting is characteristic f5vn.°

% Manganese usually attains valence states2+, or 4+. In

5 the present structure it is probably incorporated at the Nb site

g ’ as Mrf* (note that MR™ found in the starting materials can

& further be oxidized during the preparation progess the

= | | structure contains three inequivalently distorted RNbO

S HFS ¥ ¢,H = 40° octahedra, the HFS is smeared out for most of the orienta-

@ ‘/\\4/\/‘/\/‘ tions by the additional influence of the nonuniform crystal

E T electric field. For the angle, where the HFS is observable, the

w bllH magnetic field is approximately parallel to one of the main
axes of all three octahedra yielding a nearly uniform contri-
bution.

cavity background It turned out that the intensity of the EPR spectra was
45 much weaker for the magnetic microwave fididapplied

H (kOe) perpendicular to tha,b plane than perpendicular to thec

plane. This observation can be explained by the skin effect

due to the strongly anisotropic conductivity. Generally, the

skin depthé of the microwave field can be estimated by

FIG. 6. EPR spectra in SrNRQ, at three different orientations
and background of the cavity at 4.2 K.

GHz). For cooling the sample, we used a continuous He-gas- 6= (pl pow)®® (6)
flow cryostat(Oxford Instrumentsat temperatures above 4.2
K and a cold-finge*He-bath cryostatlsothern in the tem-
perature range 1¥T=<4.2 K. The single crystalline sample
with dimensiond ;X 1, X1, i.e., 3x2x 0.5 mn?, was fixed

in paraffin within a glass tube. The nor mal of its CleaV":lgenetic microwave fieldh oscillating parallel to thea axis,
plane cor.responds to the cry;tallograpnhmqs. By means of circular shielding currents are induced on the surfaces along
a Laue diffractogram, the axis was found to be parallel to b andc directions. The effective resistance can be estimated
the longest edge of t_he rectangular shaped cleavage plane Rl py+1.-pe, Wherel, andl, denote the sample di-
the crystal. Orientation dependent measurements with r&qensions alondp andc direction, respectively. The sample
spect to the static magnetic fieldl were performed in both  gimensions are of comparable magnitude, whereas the resis-
thea,b and theb,c plane. Due to the lock-in technique with +jyities differ by a factor of 18. Therefore, the skin depth is
100 kHz modulation of the static field, the EPR spectradetermined by, alone and can be estimated from E8). as
record the field derivative of the microwave power s(h||a)~4 mm. This is larger than the sample thickness and
dP,ps/dH absorbed by the sample from the magnetic micro-the microwave is probing the full volume of the sample. For
wave field which is applied perpendicular to the static field.the magnetic microwave field applied parallel to the axis,

An EPR response of SrNhQ; was detectable only at low the skin depth is analogously determined fy as 8(h||c)
temperature§ <25 K. Figure 6 shows typical spectra at 4.2 ~0.1 mm, a value clearly below the sample dimensions. In
K for three different orientations of the crystal. The spectrumthis case the skin effect is strongly shielding the sample, and
exhibits a well defined resonance line with a weak angulathe EPR signal originates only from the region near the
dependence. The low-field wing of the resonance is stronglgample surface.
distorted due to the inevitable background of the cavity We now return to the temperature dependence of the main
which is also included in Fig. 6. A simple subtraction of the résonance line which can be evaluated up to 20 K. As the
background is not possible, because @éactor of the cav- asymmetry of.the line shape increases W|th increasing tem-
ity is significantly diminished, when the sample is inserted.Perature, we fitted the signal by the Dysonian line shiape

This indicates a change of the microwave-field distribution

in the cavity, which also affects the background. Neverthe- d 2t a(1-XP)
less, the high-field wing of the resonance is well separated dH ' abs— (1+x?)2
from the background and therefore yields a satisfying fit by a

Lorentzian line(dotted. At intermediate orientation a sixfold wherex=(H—H,J/AH. The fit parametersi .,AH, and
hyperfine structuréHFS) appears which is centered at about A denote resonance field, half-width at half-maximum of the
3.4 kOe with a distancéH -s=85 Oe between neighboring resonance line and amplitude, respectively. The dispersion-
lines. This part of the spectrum follows a Curie law in its to-absorption ratioa measures the asymmetry of the line
intensity and is therefore independent of the main resonancghape due to the admixture of the real part of the dynamic
line which behaves in a completely different way as will be susceptibility y’ (dispersion to the imaginary pary” (ab-
discussed below. sorption: It vanishes in insulators yielding a pure Lorentzian

from the electric resistance and the microwave frequency
w=2mX9 GHz(uy=47Xx10 "Vs/Am). The dc resistivity
was found to amount about p,:ppipc
=10"2:10"1:10°Q cm at low temperatures® For the mag-

()
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— 600 of the dynamic susceptibility. However, this correction only

1 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 applied parallel to the
a axis, where the resistivity in the direction governs the
skin depth, as explained above. The experimentally observed

(=

e H_ (kOe) -

o bllH|: Mmﬁ% ] dispersion-to-absorption ratia is sketched in the inset of
L ae Fig. 8. It exhibits a monotonous increase frem=0 at 4 K
0 10 20 0 to =1 at 15 K. This indicates the increasing conductivity
T (K of the sample in accordance with the resistivity measure-

ments reported in Refs. 2,3. For low temperatures the inten-
FIG. 7. EPR line widtiAH as a function of temperature for the sity shows an approximately linear increase on temperature
static magnetic field applied parallel to tkeaxis (solid symbol}  and reaches saturation at about 7 K. Above 20 K the line
and parallel to thé axis (open symbols respectively. Solid lines  width becomes too large to be reasonably evaluated.
are fits AHxexg —(T,/T)¥?] (see Sec. Il). Upper inset: angular
dependence of the resonance field withinllegplane. Lower inset: I1l. DISCUSSION AND CONCLUSION

temperature dependence@f, andg . . . .
P P gl e The magnetic susceptibility at elevated temperatures is

satisfactorily described in terms of one-dimensioSal 1/2

shape. Bute becomes nonzero in metals, where the Sk'nHeisenberg spin chail?. Although this model is based on

effect drives the electric and magnetic components of th‘f’ocalized spins, this is not in contradiction to conducting be-

microwave field out of phase. , _ havior. The organic semiconductor (TMTTPR; can be
Temperature dependencies of the line width and the resqzyan as paradigm of a localized spin chain with the well

nance f_|eld_obta|ned from the EPR spec'_tra us_lng(Elqare known Bonner-Fisher-type susceptibility exhibiting a broad
shown in Fig. 7. At 4.2 K the resonance figtdesis found at  maximum at about 350 K. For the isostructural one-
3.95 kOe forH||b and 3.75 kOe foH|a,H|[c, respectively  dimensional organic conductor (TMTSIPF; the tempera-
(see upper inset in Fig.) 7Expressing the Larmor frequency ture dependence of the susceptibility looks quite similar, but
ashv=gugH s, this corresponds tg valuesg,=1.70 and  the characteristic maximum is shifted at least to temperatures
ga=0.=1.81, respectively. With increasing temperature theabove 500 K beyond the published d&tarhis was ex-

g values shift towards higher values. The difference withplained using the generalized model of Seitz and Kfein
respect to the free electron valge=2 decreases by about which admits a certain degree of delocalization within the
30% going from 2 to 20 K. The resonance line width mono-spin chains. As the resistivity in SrNR@, shows a compa-
tonically increases with increasing temperature from 60 Ogable anisotropy and magnitude such as (TMT$H, it

at 2 K up to 400 Oe at 20 K. seems reasonable to apply this scenario of one-dimensional
Figure 8 shows the temperature dependence of the EPSoin chains.
intensity determined by For temperatures lower than 200 K the susceptibility
x(T) might be approximated by an activated behavior. For
I=A-AH2(1+ a?)%5 (8)  this activated behaviofsee Eq.(1)] an energy gap oE,

=19.8 meV is found. It is of the order of magnitude as the
For a=0 this is the twofold integral of the field derivative of activation gap of 38 me\for 125<T<190 K) which was
the pure Lorentzian line. In the case of nonvanishinghis  deduced from resitivity data along tleeaxis® However, the
has to be corrected due to the rotation in the complex plant utilizing Eq. (1) bears difficulties concerning the too small

diamagnetic contribution and the nonzero Curie-Weiss tem-

— 7 perature of the impurity contribution. The latter contribution
2 |[SrNbO,,, . prohibits the analysis of the intrinsic bulk susceptibility and
541 (o e v masks a possible phase transition.
€ cllH a ] A closer inspection of the local susceptibility is provided
: 5 10 15 by magnetic resonance experiments. In the NMR experiment
3, ' ' ol performed on the powder sample, we observe an activated
2 " r o behavior of the spin-lattice relaxation rate with an energy
T o | ”..--" ] gap of Ayyr=6.5 meV within the temperature range 15
a g ﬂ...-“ ] <T<41 K. This is in rough agreement with a gap observed

0 P e ——— along thea axis belowT <50 K in resisitivity measurements
0 T K 10 20 (6.6 meV}, in optical spectroscopy%5 meV), and in angle-

resolved photoemission~8 meV)2>® This gap was dis-
FIG. 8. Temperature dependence of the EPR intensity of th&€ussed in terms of a Peierls scenario and a 1D Mott-Hubbard
main resonance in SrNhQ, for c|H. Inset: dispersion-to- model at 1/3 band filling. At temperaturesT<15 K, the
absorption ratiar which is a direct measure of the metallicity of the °*Nb spin-lattice relaxation rate in SrNB@, reveals a tem-
sample. perature dependence similar to tASi rate in boron doped
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silicon!® This is an important hint towards the presence of L R
acceptor states also in SrNb& which turned out to be a ? SrNb03_41
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 NMR
cannot be assigned to the low-temperature Curie-Weiss tail
of the static susceptibility. Considering thevalues only, one " ‘0'5‘ — 1'0‘ s
might ascribe the resonance line toNbwith 4d* electronic 1/'T1/2 K ' '
configuration. They shift to values lower than 2 is typical for )
ions with less than half filledi shell?® However, this possi- FIG. 9. Plot of the relaxation rates obtained from magnetic reso-
bility can be ruled out, because such localized*NIspins  nance experiment&Nb NMR and EPR, respectively. The spin-
are expected to show a Curie law in the intensity, as well. lattice relaxation rate In(T) vs 1/T¥2 in SrNbG; 4; measured at

We ascribe the EPR signal to acceptor states located a femwo different frequencies/external fields:(solid squares
Kelvin above the valence band of the semiconducting ground5 MHz/43.2 kOe,(open circley 28 MHz/26.9 kOe.
state. At zero temperature, these states are empty and no o . .
paramagnetic reso%ance can be detected. With pir}:creasi th the activation of electrons into the conduction band de-

. . ced from resistivity measurements, optical spectroscopy,
tfemperature the acceptor sta.te.s are filled by the”“?" activ ind angle-resolved photoemission. Simultaneously, the EPR
tion from the valence band, giving rise to an increasing EP

) : . ) .. Signal vanishes presumably due to the opening of the bottle-
intensity. When all acceptor states are filled, the intensity, & by an exponential increase of both electron and hole

reaches saturation and should finally follow a Curie law algiates which additionally corroborates the existence of this
higher temperatures, which is not observab_le any more du ap also from EPR results.
to the limited temperature range where the signal is resolved. |n conclusion, the bulk susceptibility can be interpreted as
The temperature dependence of the acceptor EPR lingrising from almost localized spins in a 1D Heisenberg chain
width (Fig. 7) nicely resembles the findings of the dielectric with an exchange constant #&530 K. This proposal has to
measurements along thedirectior? which revealed a tem- pe checked by high-temperature susceptibility measure-
perature dependence of the electrical conductivityT) ments. Another interpretation would be in terms of activated
sexd —(To/T)Y?] at temperature§< 100 K. This character- charge carriers across a gap of approximately 20 meV which
istic temperature dependence is typical of two different sceeorresponds to an average value over all crystallographic di-
narios: Either one-dimensional hopping in contrast to therections. From the NMR experiments in the intermediate
well  known three-dimensional hoppingo(T)xexp temperature range we deduce a gapA@fur=16.5 meV in
[—(To/T)4,2527 or three-dimensional hopping in the pres- agreement with recent resistivity measurements, optical
ence of a Coulomb gaf5. At present, it is not possible to spectroscopy, and angle-resolved photoemissfom the
decide between the two scenarios in the case of SENpO  bulk susceptibility this gap is masked by the Curie tail of
This coincidence of EPR and conductivity measurementgaramagnetic impurities. At present, based on experimental
is often observed in systems with hopping conductifity, facts it is hard to decide, whether this gap in the electronic
e.g., in calcium doped lanthanum manganites the hoppindensity of states is built via the formation of a CDW or if
motion of small polarons was identified by the similar tem-SrNbG; 4, has to be characterized as a narrow-gap semicon-
perature dependence of the two quantite8s it is clearly  ductor. Due to the one-dimensional structure and susceptibil-
to be seen in Fig. 9, also the nuclear relaxation rate exhibitgy, an interpretation in terms of CDW ground state such as in
the same temperature dependence belbw15 K even NbSe cannot be ruled out. Indeed, several observations bear
down to 600 mK rather than the power law proposed abovethe characteristics of the prototypical CDW compound
From the experimental point of view, the nuclear relaxationNbSe: For NbSg the formation of a CDW below the
appears to be governed by the same electron motion. Henceierls transition at 145 K affects the nuclear quadrupole
we suggest this variable-range hopping mechanism also tmteraction in the same way, evolving a huge quadrupole
account for the host NMR spin-lattice relaxation ifBias  broadening below 40 Ksee the inset of Fig.)2vhich might
reported by Fulleet al. in Ref. 19. be the analogous transition temperature in case of
It is worthy to note that the EPR line width in SINp@  SrNbO; 4;.** Also the energy gap yur=6.5 meV deduced
is governed by the spin-lattice relaxation rather than spinfrom the spin-lattice relaxation rate TL/ corresponds to a
spin relaxation. In analogy to the manganites mentionedorrelation induced transition at-~43 K predicted by
above, we assume a tremendous bottleneck situation due toean-field theory (&yur=3.Tc).2° Additionally, we
strong coupling between the acceptor and hole states whiabbserve a similar anomaly in the spin-spin relaxation rate
relax to the lattice very slowly via tunneling processes of thel/T, around the metal-to-semiconductor transition tempera-
hole states. ture atT~40 K in SINbQ, 4, as it was reported for NbSe*
Turning to elevated temperatures the characteristics oflore experiments focusing on an expected phase transition
variable range hopping in SINRQ, disappear in favor of the around 40 K, especially heat capacity measurements are
activated behavior foP*(1/T;) which was found to agree highly needed to clarify the ground state of SrNb@

EPR

In (1/T,)
()]

(HV)u

93Nb
2
L
=
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