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' 'Cu NMR and NQR measurements have been performed to study the Cu + electronic state and the
spin dynamics in Cuoe03, which is an inorganic compound that undergoes the spin-Peierls transition at
T,~ —14 K. The NQR frequency is discussed in connection with the lattice dimerization accompanied
by the spin-Peierls transition. The Knight shift with an axial symmetry showed the temperature depen-
dence corresponding to the reduction of the spin susceptibility. From the analysis of the Knight shift
and the magnetic susceptibility, orbital and spin susceptibilities are evaluated. The analysis of the
hyperfine structure leads to a conclusion that the electronic state of the Cu + ion above T,p is described
by a single-ion model in a crystal field with a tetragonal symmetry. The supertransferred hyperfine in-
teraction, which is one of the characteristic features of Cu + ions in the CuO2 plane in the high-T, su-
perconducting copper oxides, is found not to play an important role in CuGe03. The temperature
dependence of the nuclear spin-lattice relaxation rate 1/Tl clearly shows presence of a gap in the mag-
netic excitation spectrum below T,p. The relaxation mechanism is discussed based on the spinless fer-
mion treatment for an S=—' one-dimensional Heisenberg antiferromagnet (1DHAF) above T,p and for a
nonuniform S=

~
1DHAF with two unequal and alternating exchange interactions below T,p. Above

T p it is also discussed in terms of the dynamical susceptibilty of the 1DHAF.

I. INTRODUCTION

One-dimensional Heisenberg antiferromagnets
(1DHAF) have provided interesting magnetic phenomena
such as the spin-Peierls (SP) transition, ' the Haldane
gap, and so on. In particular, the 1DHAF of S=—,

' is

known to have a singlet ground state. The lowest-lying
excited state called the des Cloizeaux —Pearson mode is
located with no energy gap at the zone center and the
zone boundary. If there exists a spin-phonon interaction
in the S=—,

' 1DHAF, the spin and lattice dimerizations
simultaneously take place at the SP transition tempera-
ture T, . Consequently, below T,~, the dimerization pro-
duces an energy gap between the nonmagnetic total-spin
singlet ground state and the lowest excited triplet state in
the magnetic excitation spectrum. The SP transition had
been reported only in the organic salts such as
tetrathiafulvalene-CuS&C4(CF3)4 (TTF-CuBDT), TTF-
AuBDT, and methylethylmorpholinium ditetracyano-
quinodimethane [MEM-(TCNQ)z]. ' Recently, Hase,
Terasaki, and Uchinokura found a new inorganic SP
compound CuGeO3 with T, —14 K. A number of ex-
perimental studies have been performed to clarify the SP
transition in this compound.

CuGeO3 crystallizes in the orthorhombic structure
with the space group I'bmm at room temperature. ' A
unit cell contains two elongated CuO6 octahedra which
form the edge-sharing Cu-0 chains along the c axis.
Magnetic susceptibility g shows an abrupt reduction
below —14 K, and a broad maximum around -56 K, in-

dicating the low dimensionality. However, the tempera-
ture dependence of y above T,„cannot be well explained
by a theoretical curve with the exchange constant J =88
K numerically calculated by Bonner and Fisher' for the
S=

—,
' 1DHAF. The intrachain exchange constant

J, —10.4 meV, the interchain exchange constants
Jb-0. 1J, and J, ——0.01J„and the energy gap 2.11
meV at T=O K were obtained by an inelastic neutron-
scattering experiment. ' An appearance of an energy gap
in the magnetic excitation spectrum below T

p
was indi-

cated by the nuclear relaxation measurements. ' ' An-
isotropic g values were also determined by the ESR mea-
surements.

The lattice dimerization, which is one of the most
characteristic features in the SP transition, had not been
found for some time after the discovery of the SP transi-
tion in CuGe03. Recently, however, x-ray and elastic
neutron-scattering measurements revealed a second-order
structural transition to a dimerized ground state below
T

p
In the electron-difFraction measurements, a su-

perlattice reflection with indices (h /2, k, i/2) (h, k, and 1

are odd) was also found below T,v. Furthermore, the Cu
dimerization and oxygen displacements below T, were
determined by a neutron-scattering measurement.
Therefore, an essential point in the mechanism of the SP
transition in CuGe03 seems to be understood in the
framework of a conventional theory of the SP transition
based on the spin-phonon coupling. Nevertheless, the
microscopic magnetic properties related with the low
dimensionality and the SP transition have not been
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clarified even in the static properties as well as in the dy-
namics.

To investigate microscopically the Cu + electronic
state and the spin dynamics in CuGe03, we have per-
formed ' Cu NMR and NQR measurements. The
change in the NQR frequency below T, is determined to
probe the lattice dimerization. The anisotropic Knight
shift will be discussed from the aspect of the local sym-
metry. Furthermore, the orbital susceptibility and the
hyperfine structure are obtained by the analysis of the
magnetic susceptibility and the Knight shift. Finally,
from the temperature dependence of the nuclear spin-
lattice relaxation rate 1/T&, the spin dynamics will be
discussed for the 1DHAF with a uniform exchange in-
teraction above T, and the two unequal alternating ones
below T, .

II. EXPERIMENTAL PROCEDURE
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A polycrystalline sample used in the present experi-
ment was prepared by a solid-state reaction method. Ap-
propriate mixtures of Ge02 (5N ) and CuO (4N ) were
ground and pressed into a pellet. It was fired at 950'C in
air for 7 days with several intermediate regrindings. The
sample was confirmed to be a single phase by x-ray-
di6'raction analysis. Magnetic susceptibility and magneti-
zation process were measured by using a SQUID magne-
tometer (Quantum Design, model MPMS). NMR mea-
surements were performed by using a coherent spin-echo
spectrometer with sweeping the magnetic field of a super-
conducting magnet. NQR spectra were taken point by
point of frequency in zero external field using a su-
perheterodyne coherent pulsed spectrometer. The nu-
clear spin-lattice relaxation time T, was measured for the
Cu NQR signals by a saturation recovery method.

III. EXPERIMENTAL RESULTS

A. Magnetic susceptibility and magnetization curve

FIG. 1. Temperature dependence of the magnetic susceptibil-
ity of CuGe03 taken at 5 T. The susceptibility y is defined by
y=M/H where M is the magnetization at a field H. The inset
shows an expanded figure at low temperatures. The open circles
represent the results after subtracting the Curie-Weiss (the solid
curve) term due to the impurity local moments from the experi-
mental data.

curve up to 5.5 T in the SP phase of CuGe03. A slight
upturn above -4 T is seen in the temperature range
10—13 K because of the reduction of the SP energy gap
with increasing temperature.

B. NQR spectrum

Two resonance lines were observed at about 34.2/31.7
MHz in zero external field in the temperature range
4.2 —80 K. A spectrum taken at 4.2 K is shown in Fig. 3,
which is in agreement with a previous report. ' By the

Figure 1 shows the temperature dependence of the
magnetic susceptibility y of CuGe03 taken at 5 T. Here,
the susceptibility is defined by y=M/H, where M is the
magnetization at a field H. The result is essentially the
same as the previous data. Below —14 K, y reduces ex-
ponentially with decreasing temperature. A slight upturn
of g below —5 K, which approximately follows a relation

pcw+pp where go is a constant and the Curie-Weiss
term ycw =C/( T B) with C =—(8.53+1.13)X 10
emu K/mol and B=1.1+1.2 K is considered to be as-
cribed to the impurity local moments. The inset in Fig. 1

shows the result after subtracting the pew part with a
constant term from the experimental data. The
temperature-independent susceptibility at low tempera-
tures comes from orbital and diamagnetic contributions,
which we will discuss later. The susceptibility shows a
broad maximum at -60 K, and gradually decreases with
increasing temperature. This behavior cannot be well ex-
plained by the Bonner-Fisher calculation for the S=—,

'

1DHAF.
Figure 2 shows the magnetization vs magnetic field
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FIG. 2. Magnetization vs magnetic field at various tempera-
tures below T,„ in CuGeO3. The solid curves are drawn to
guide the eye.
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FIG. 3. 'Cu and 'Cu NQR spectra in CuGeO3 at 4.2 K in
zero external field. The solid curve is the result of least-squares
fitting the data to two Gaussian functions.

least-squares-fitting procedure, the central frequencies
and the line widths of the two Gaussian functions were
determined to be 34.22+0.01/31.66+0.02 and
0.42+0.02/0. 40+0.04 MHz at 4.2 K, respectively. The
ratio of the frequency at the two peaks 1.081+0.01 is in
excellent agreement with that of the nuclear quadrupole
moment Q/ Q=1.081. Also the ratio of the signal
intensity at 34.22 MHz to that at 31.66 MHz is 2.2, cor-

responding to that of the natural abundance of Cu to
Cu. Thus, the two resonances are assigned to the
Cu/ Cu NQR lines. As is presented in Fig. 4(a), the

NQR frequency vNQR is almost temperature indepen-
dent in the temperature range 4.2—16 K.

C. NMR spectrum and Knight shift

Figure 5 shows a field-swept spin-echo spectrum taken
at 4.2 K and 75.5 MHz. The observed powder pattern
consists of a superposition of two equivalent spectra due
to the Cu and Cu isotopes. Each spectrum is ex-
plained by taking into account the electric quadrupole
and the Zeeman interactions. To extract the Knight shift
from the spectra, we concentrate our attention to the pat-
tern of the central (+—,'~—

—,') transition as is presented
in the inset of Fig. 5.

To determine the Knight shift, we assume that the X,
Y, and Z principal axes of the Knight shift tensor are the
same as those of the electric-field gradient (EFG) tensor.
This assumption is usually reasonable because both ten-
sors are mainly governed by the local symmetry of the Cu
site. A powder pattern of the central transition has
anomalies at five frequencies for resonance v& —v5 in a
constant field (corresponding to Hi Hsin a cons—tan't fre-
quency) as expressed in the Appendix where the quadru-
pole effect is treated by the second-order perturbation.
In the range of 0 & g & —,

' where the asymmetry parameter
of the EFG tensor ri is defined as g=

~ V~+ —Vrr ~ /~ Vzz ~

( Vxx, Vi„, and Vzz are the principal components of the
EFG tensor and
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FIG. 4. Temperature dependence of (a) the 'Cu NQR fre-
quency vNQR (b) the Cu quadrupole frequency v&, and (c)
the asymmetry parameter of the electric-field gradient tensor g
in CuGe03. The solid curves are the results estimated based on
a point charge model with taking into account the displace-
ments of each ion accompanied by the SP transition (see the
text).

FIG. 5. Cu and Cu powder NMR spectra in CuGeO3 tak-
en at 4.2 K and 75.5 MHz. The solid and dotted arrows corre-
spond to the central (downward) and satellite (upward) transi-
tion lines of the Cu and Cu spectra, respectively. The inset
shows an expanded figure of the spectra of the central ( 2

—
2 )

transition. H& —H5 represent the fields where the powder pat-
tern has a singularity, step or shoulder.
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step at H3. Therefore, in the present case of a constant
frequency v0, the shift 5v (j =1—3) defined by the
difference between va and y HJ, where y =y/(2m) (y is
the nuclear gyromagnetic ratio, y=2m X1.1285X10
and y=2m X1.2089X10 MHz/Oe) is expressed as

5v. C.
=z,, + J

y'H (1+K")(y*H )

with

[x10 ]

and

R(3+g)
144

R(3—g)
144
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36

R =van[I(I+1) —
—,'],
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FIG. 6. 6v&/( 'y*H&) vs ( y*H, ) plot in CuGe03 at vari-
ous temperatures in the frequency range 75.5 —93 MHz for the
6eld H& where the Cu NMR powder spectrum of the central
(2 —2) transition has a peak. 5v& is the difference between
the resonance frequency and 'y H&.

where v& is the quadrupole frequency, I is the nuclear
spin (I=

—,
' for ' Cu), and EJJ (j = 1, 2, and 3) corre-

spond to the X, F, and Z principal values of the Knight
shift tensor, respectively. Therefore, if 5vjl(y HJ) is
plotted against (y*H ), the linear relation is expected.
The intersection between the straight line and the vertical
axis yields the principal values K„„(@=X,F, and Z) of
the Knight shift tensor. Here we should note that the
Knight shift can be generally defined only when magneti-
zation is proportional to a magnetic field. Below T

p
where an opening of the energy gap takes place in the
magnetic excitation spectrum, magnetization is not pro-
portional to a magnetic field. Therefore, the Knight shift
measured below T,„ is proportional not to the magnetic
susceptibility but to the magnetization at the measured
field. However, we determined K~~ and X~~ using
5v I( y'H~) vs ( y*HI) plot in the frequency range
75.5 —93 MHz, because a linear M vs H relation is expect-
ed to hold in such a frequency range. Indeed,
5v, I( y H, ) is proportional to ( y*H, ) as shown in
Fig. 6. On the other hand, we determined Kzz by fitting
the peak at H5 and the shoulder at H6 for Cu and Cu
at 75.5 MHz to Eqs. (A4) and (A5), respectively, because
we could not observe the step at H3 which is usually hard
to be observed in comparison with the other peaks and
shoulders. Also, we determined v& and g from the slope
of the straight line in the 5vj /(y HJ ) vs (y HJ ) plot.
Thus, for example, it was obtained at 4 2 K that

vg =31.41+0.10 ( vg =33.95+0.11) MHz,
g=0. 16+0.01, K& =0.37+0.02%, Krr=0. 34+0.03%,
and Ezz =1.76+0.03%. Furthermore, these values of
v&, q, and IC„„were checked by comparing the experi-
mental resonance fields of satellite transitions (+—,'~+—', )

with calculated ones which are denoted by the solid
( Cu) and dotted ( Cu) arrows in Fig. 5. The obtained
EFG parameters are consistent with a low-field NMR re-
sult. The experimental values of E„„show that the
Knight shift has an axial anisotropy, namely, X~~ =Kzz
and %~=K~~=K~~. Here, it should be noted that the

principal axes of the Knight shift tensor are not the crys-
tal axes but the local symmetry ones at the Cu sites. The
Z axis is estimated to be close to the Cu-O(1) bonding
axis in an elongated CuO(1)zO(2)~ octahedron, while the
X and Y axes are to the Cu-O(2) bondings. Therefore, it
is safe to say that the Cu + ion in CuGe03 is located in
an octahedral crystal field with a tetragonal symmetry.
Also, it should be noted that the directions of the Z axis
at the two Cu sites in a unit cell are different from each
other.

Figure 7 shows the temperature dependence of the Cu
Knight shift IC„„(p=X, F, and Z). Below T, —14 K,
K„„increases with decreasing temperature and saturates
below -4 K. This temperature dependence is due to the
reduction of the spin susceptibility accompanied by the
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FIG. 7. Temperature dependence of the Cu Knight shifts (a)

Ex&, K&z and (b) Kzz in CuGe03. The X, Y, and Z axes are the
principal axes of the Knight shift tensor.
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recoveries in which the long-time recovery is considered
to be intrinsic. We also compared T, with T, to clari-
fy whether the origin of the relaxation is magnetic or
electric. Figure 8 shows the temperature dependence of

Ti / Ti below T,~ which is equal to the ratio
( y/ y) =1.148 rather than ( Q/ Q) =0.8558,
showing the magnetic origin. The temperature depen-
dence of 1/ T& is presented in Fig. 9 which is in agree-
ment with the previous report. ' Below T, , the reduc-
tion of 1/T, indicates an appearance of a gap in the mag-
netic excitation spectrum. Above T, , 1/T, gradually in-
creases concavely upward with increasing temperature.
A finite value of (6.0+0.5) X 10 sec ' is extrapolated at
T=0 K, if the SP transition is removed down to T=O K.

IV. ANALYSIS AND DISCUSSION

FIG. 8. Temperature dependence of T&/ T& below T,~ in

CuGe03. The dashed and solid lines are the relations
T& / 'T& =( 'y/ y) and ( 'Q/6'Q), respectively, where y is

the nuclear gyromagnetic ratio and Q is the nuclear quadrupole
moment.

SP transition. Therefore, the Knight shifts extrapolated
at T=o K, E~~ =1.95+0.03%%uo and KJ =0.35+0.02%, are
the orbital shifts X~~' and Ez' in the SP phase, respec-
tively Figu. res 4(b) and 4(c) show the temperature depen-
dence of v& and q, respectively.

D. Nuclear spin-lattice relaxation time

We measured the nuclear magnetization recovery P(t)
by means of the saturation recovery method for the NQR
signals in zero external field. A nonexponential recovery
of P(t) due to the impurity local moments was observed
below —9 K, whereas we observed an exponential
recovery above -9 K. We determined T& by the least-
squares fitting P(t) to the sum of two exponential

A. NQR frequency and lattice dimerization

I I I I I I I I l I I (

Cu 'I = =-084

No anomaly of v& (vNQR) was observed in the present
experiment. To estimate the variation of v& accom-
panied by the SP transition, we use an empirical relation
between v& and Vzz which was found by Shimizu for
Cu + in various insulating copper oxides. The relation is
denoted as v = A Vzz+B, where
[=—(16.1+0.4) X10 Hz/esu for Cu] and 8 (=77.0
+1.8 MHz for Cu) are the constants independent of
materials. Here, the contribution to the EFG from the
surrounding lattice ions Vzz is calculated within the
point charge model. If the temperature variation of the
displacement 5u;" of each ion [i =Cu and 0(2), and k =a,
b, and c] has the form of 5u;"=(5u;")o(1—T/T, )~ with
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FIG. 9. Temperature dependence of the Cu nuclear spin-
lattice relaxation rate 1/T, taken for the 'Cu NQR line in
CuGeO3.

FIG. 10. Temperature dependence of the electric-field gra-
dient Vzz and the asymmetry parameter g due to the surround-
ing lattice ions in CuGeO3. They are calculated based on a
point charge model with taking into account the progressive
displacement of each ion accompanied by the SP transition and
the temperature variation of the lattice constants. The solid and
dashed curves are drawn to guide the eye.
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P=0.093,' the temperature dependence of Vz~z and g
can be calculated by using the temperature-dependent
lattice constants' ' and the reported displacements.
The results are presented in Fig. 10. Based on these re-
sults, the temperature variation of v& is estimated as
represented bv the solid curve in Fig. 4(b). Furthermore,
vNQR ( vg+ 1 + rI /3 ) is evaluated as is denoted by the
solid curve in Fig. 4(a), assuming a temperature-
independent g of 0.16. Thus the difference between vNQR
(v&) above and below T,z is too small to be detected in
the present NQR (NMR) measurement, as can be seen in
Fig. 4(a) [4(b)].

B. Orbital susceptibility

Magnetic susceptibility and Knight shift of 3d
transition-metal oxides are generally expressed as
y =y'~'"( T )+y""+y " and K =K '~'"( T ) +K", respec-
tively. Here, K' '"(T) and K" are the Knight shifts due
to spin susceptibility y' '"(T) and orbital susceptibility
y", respectively, and y "is diamagnetic susceptibility.

The orbital susceptibility g" of a Cu + ion in an octa-
hedral crystal field with a tetragonal symmetry can be ex-
pressed as

2A,„g
gj =2

1

(10)

where A,„is the coupling parameter of the spin-orbit in-
teraction. Since the principal axes of the g tensor gII
and gz are located in the ab plane, g in the ab plane is cal-
culated as

C. Hyperfine coupling constant

In the present case of the orbital singlet ground state,
the Knight shift K'"'" due to the spin susceptibility g' '"
is expressed as

where 0 is the angle between the Z axis and the external
field. From the values of g, =2. 162+0.002,
gb =2.266+0.002, and g, ( =g~ ) =2.070+0.002 deter-
mined by the EPR measurement, '

gII and g~ values are
calculated to be 2.350+0.002 and 2.070+0.002, respec-
tively. Thus, b, , /b, o is obtained to be 1.25+0.04, which
agrees with the value of 1.38+0.07 determined by the
NMR measurement mentioned above.

K spin A ~spin
a a~a (12)

(6)
The total hyperfine coupling constant A is expressed as

and A Fermi+ A orb + A so
a a a (13)

2N„p
XJ.

1

(7)

where Xz is the Avogadro's number, pz is the Bohr
magneton, g is the orbital reduction factor, b,o is the ener-

gy difference between d 2 ~2 and d», and b, is between
d 2 & and diaz (dzx). On the other hand, the Knight
shift K" (a=

II and 8 due to y" is generally expressed
as

A '~= —2A '~= ——', (r )7 3d ~ (14)

(15)

where A"" ', A 'P, and A" are the Fermi contact, di-
pole, and spin-orbit hyperfine coupling constants, respec-
tively. For a Cu + ion in a tetragonal symmetry, A '

and A" are written as

Ko~b =2(r ) (8) and

8A,„g
II

(9)

and

The displacements of the Cu and O(2) sites may lead to
a slight modification of the Cu + electronic state by the
change of the crystal-field parameters. However, we
neglect such an effect on y" . At T « T, , K~K"",be-
cause K' '"~0. Therefore, we can estimate g" from the

experimental values of K
II

rb = 1.95+0.03% and
K~' =0.35+0.02% by using the value of (r )3d =6.04
a.u. , which is 73% of the Hartree-Fock value. The
values we obtained are gll' =(1.44+0.02) X 10
y~" =(0.26+0.01)X10 ", and g,'s', =(gll' +2gz' /
=(0.65+0.02) X 10 emu/mol. The ratio b. , /b. o is also
evaluated as 1.38+0.07 from Eqs. (6) and (7).

On the other hand, the ratio of
bl/34=XII'b/4Xi'b=(2 gll)/4(2 gi) can also be es-
timated from the g values. The gII and g~ values are ex-
pressed as

A' =— 8A, ,g~ 6A,„g
(16)

From Eq. (12), it is found that the K vs y plot with
temperature as an implicit parameter yields A . Instead,
in Fig. 11, we show the isotropic Knight shift K;„vs
M/H yd;, plot [yd;, =——5.4X 10 emu/mol (Ref. 30)]
where M is the magnetization at H =5 T and M/H above
T, is equal to g;„, because the y data of CuGeO3 are
not available. As can be seen in Fig. 11, the data below
14 K deviate from the linear relation between K;„and
M/H —yd;, found above 15 K. The deviation below T,p
seems to be closely correlated to the SP transition. How-
ever, we will not discuss the deviation at present because
of lack of sufBcient information. Nevertheless, we can
reasonably discuss the hyperfine structure based on the
data above T, of the K;„vs M/H —yd;, plot. We also
present the KII vs K~ plot with temperature as an implicit
parameter in Fig. 12. A linear relation,
KII =11.6K~ —2.28X10, holds between KII and Kz,
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I I I I I I I I I l I I I I I I TABLE I. Values of hyperfine couphng constants above T,
in CuGe03. For comparison, values in CuO and YBa2Cu307
are listed. Units are in kOe/p&.

A
II

g Fermi

g dip

g SO

II

g SO
j.

CuGe03

—268+12
—23+5

—143+7
—216+6

108+3
91+17
12+2

CuO'

—146+10
15+15

—125+15
—225+6

112+3
203+20

27.4+5.0

YBa3Cu307

—22.2+0.2
128+1
28+4

—168+4
84+2

117+5
17+5

'Reference 31.
Reference 32.

5 10 15
M/H —g d, (10 4 emu/mol)

FIG. 11. K;„vs M/H —yd;, plot with temperature as an im-

plicit parameter for the Cu isotropic Knight shift in CuGe03.
M is the magnetization at H= 5 T, and yd;, is the diamagnetic
susceptibility. The inset is an expanded figure above 15 K. The
solid lines represent the best fit of the data above 15 K to a
linear relation between K;„and M/H —yd;, .

and

dK;„/dTiso 2 g spin + 1 g spin

d&iso /d T
(17)

dKi/dT
g spin

11

g spin
(18)

which means that dKI IdT=dK& IdT=dK;, /dT, name-

ly, dgI/dT= dy, /dT=dy;„/dT. Therefore, we can
write

can be divided into A "" ', A ', and A" as summarized
in Table I where the CuO (Ref. 31) and YBa2Cu307
(Ref. 32) data analyzed based on the same crystal field are
also listed for comparison. We note that each component
of A' '" estimated for CuGe03 is reasonably explained
within this single-ion model as can be seen in comparison
with those of CuO having a typical single-ion character.
However, CuGe03 is remarkably different from the high-
T, superconductor where A"" ' at the plane Cu sites is
positive due to the strong hybridization between the p
orbital of O and the 3d 2 2 and 4s orbitals of Cu +.
The presence of this supertransferred hyperfine mecha-
nism is strongly dependent on the Cu(, )-O(2)-Cu(2) bond-
ing angle t9, . In CuGe03, 0, —100', ' resulting in a very
small overlap between the p orbital, which mixes into
the d 2 2 orbital of the Cu~&~ ion, and the 4s orbital of
the Cu~2~ ion, while j9, —180 for the plane Cu sites in
YBa2Cu307 &. This is the main reason for the absence of
the supertransferred hyperfine interaction in CuGe03.

Using the experimental values of dK;„/dy;„= —105+7
kOe/pii above 15 K and dKI/dKi = 11.6+0.3, A ~~I"" and

A~ '" listed in Table I are obtained. Furthermore, A'p'"
J=88K
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FIG. 12. KII vs K~ plot temperature as an implicit parameter
for the Cu Knight shifts in CuGeO3. The solid line represents a
relation KII

= 11.6K~ —2.28 X 10

FIG. 13. Temperature dependence of the isotropic spin sus-
ceptibility y';„'" of CuGe03. The solid curves are the theoretical
ones on the S=

2 1DHAF with the two unequal alternating ex-
change interactions J, and J2 (J, & J2) for various (=J2/J&
(after Ref. 34). The g= 1 curve corresponds to a numerical re-
sult by Bonner and Fisher of the S= —' DHAF with J=88 K.
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D. Spin susceptibility

From the Knight shift data mentioned above, we esti-
mate the temperature dependence of the isotropic spin
susceptibility p';„'" as is shown in Fig. 13. We compare
the temperature dependence of g';„'" below T, with the
theoretical curves for the 1DHAF with two alternating
antiferromagnetic exchange interactions J

&
and J2

(J, ~ J2 ), which were obtained by extrapolating the exact
calculations up to 12 spins to the infinite chain for vari-
ous g= J2/Ji. With the progressive dimerization in the
SP phase, g must have such temperature dependence as
g~1 with T~T,p.

' However, the theoretical y,'p,'" vs T
curves fail to reproduce the observed temperature depen-
dence of g';~,'" in CuGe03 as can be seen in Fig. 13. Also,
above T, , there exists the discrepancy between the
Bonner-Fisher curve with J=88 K and the experimental

These features of y';~,'" are remarkably different
from those of the other organic SP compounds where
y';~,'" is well explained by the 1DHAF model. ' At present,
we cannot Gnd the origin of the discrepancy.

E. Spin dynamics

4 I I I I I I I I
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I
I
I

I
I
I
1
I
I
s
I
I
s
s
I

I

I
I
s ~

s
J

0 20 40 60 80
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FIG. 14. Calculated temperature dependence of the nuclear
spin-lattice relaxation rate 1/T& for the 1DHAF model of
S= z. The solid and dashed curves are based on the spinless

fermion and the slave fermion mean-field (after Ref. 37)
theories, respectively (see the text). The solid circles are the ex-
perimental data of 1/T, above T,p taken for the 63Cu NQR line
in CuGe03.

Nuclear spin-lattice relaxation rate 1/Ti is powerful to
study the low-lying magnetic excitation spectrum.

First, we will discuss the temperature dependence of
1/T, above T, based on the S=—,

' 1DHAF model for
which the nuclear relaxation has been treated by the spin-
less ferrnion ' and slave fermion mean-field theories.
The relaxation studies based on the spinless fermion by
Ehrenfreund et al. ' have been successful in explaining
1/Ti at low temperatures of the organic salts N-methyl
phenazinium tetracyanoquinodimethan (NMP- TCNQ),
TTF-AuBDT, and TTF-CuBDT. Within the spinless fer-
mion theory, at k~ T &&J, 1/T, is expressed as

with

( g spin )2j.

2fiJp( T )
(19)

p(T) = 1+—2 1—
3(1+2/m )

2
k~T
J +

(20)

Therefore, 1/T, is approximately expressed as
1/T, =ao+boT at k~T&&J. In CuGe03, ao and bo are
calculated to be 2.09 X 10 sec ' and 3.46 X 10
sec ' K, respectively, using experimental values of
AiP'" = —23 kOe/itt2I and J=120.4 K (10.4 meV). The
calculated ao is a factor of 3 larger than the experimental
value of (6.0+0.5) X10 sec ', and the calculated tem-
perature dependence of 1/Ti does not agree with the ex-
perimental data in the temperature range 15—80 K ( &J )

as is seen in Fig. 14. Therefore, the spinless fermion
treatment fails to explain the nuclear relaxation in
CuGe03, which indicates that the Hartree-Fock approxi-
mation for the interaction between fermions is poor. This
failure is not removed by the slave fermion mean-field
theory, which was developed by Cox and Trees to ex-

y k2I . Imp+ (q, ro„)
( g spin )2 g2 J-

2pg q
~n

(21)

where co„ is the nuclear Larmor frequency. The tempera-
ture dependence of 1/Ti T in CuGeO3 is shown in Fig.
15. In the S=—,

' 1DHAF model, the q summation over
the Brillouin zone in Eq. (21) is dominated by q =0 and m.

where the energy gap is absent in the excited spectrum.
Therefore, 1/Ti T has two contributions from q =0,
(1/T, T)~ o and q =n, (1/Ti T) . Recently, Schulz
calculated the dynamical correlation function S""(q,ro)

by mapping the 1DHAF Hamiltonian onto a relativistic
quantum Geld theory and exploiting the bosonization
method of Luther and Peschel. He obtained an analyti-
cal expression of S""(q,rv ) near q =m. as

S""(q,co) nc(n +1)Im —p p
1 co —vQ co+ vQ

7T g 7T

(22)

with

I (si —ix)
I ( —' —ix)4

(23)

plain the temperature variation of 1/T, at the Cu(1)
chain site in a high-T, superconducting copper oxide
YBa2Cu307 &, as shown in Fig. 14 where the dashed
curve represents the slave ferrnion result.

Next, we will consider the dynamical susceptibility of
the S=—,

' 1DHAF model to discuss further the tempera-
ture dependence of 1/T, above T, beyond the mean-
field theories. In general, 1/T, T is related to the trans-
verse dynamical susceptibility y+ (q, co) as
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FIG. 15. Temperature dependence of 1/T& T where T, is the

6'Cu nuclear spin-lattice relaxation time taken for the NQR line
in CuGe03. The inset shows the temperature dependence of the
q=0 contribution to 1/T& T& (1/T& T)q=0 and the q =a. contri-
bution, (1/T, T)q . The solid curve represents a theoretical
one for (1/Tl T)q=~.
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FIG. 16. 1/T, vs T,„/T plot in CuGeO3 (T,p =14 K) and

TTF CUBDT ( T
p

12 K after Ref 42) The nuc lear spin-
lsttice relaxation time T, was measured for the 6'Cu NQR line
in CuGeO3 and for the 'H NMR line in TFF-CuBDT. The Cu-
GeO3 data denoted by the solid circles refer to the left vertical
axis, while the TTF-CuBDT data represented by the open trian-
gles and squared refer to the right axis. The solid (T &0.75T,„)
and dotted (0.75T,p

& T& T,p) curve represents a theoretical
one calculated by Ehrenfreund and Smith for a nonuniform
Heisenberg 5=

2
chain with two unequal and alternating ex-

change interactions. The dashed line is proportional to
exp( —2~/k, T) with A/k, =24 K.

where Q =q —n, U =m J, n is the Bose factor, and I is
the gamma function. ' ' ' Thus, we obtain
(1/T&T)~=, which is proportional to 1/T, by inserting
Imp (q, co)=S+ (q, co)/ (n +1) to Eq. (21). The
solid curve in the inset of Fig. 15 is the best fit to the 1/T
dependence. On the other hand, (1/T, T)q o is estimat-

) 01

Temperature (K)

FIG. 17. log(1/T& ) vs log(T) plot in CuGe03. The nuclear
spin-lattice relaxation time T, was measured for the 6 Cu NQR
line in zero magnetic field. The solid line is the best fit to a rela-
tion 1/T& ~ T" below T,~.

ed by subtracting (1/T, T)~ from the experimental
1/T, T data as is also shown in Fig. 15. This calculation
seems to explain the observed temperature dependence of
1/T, T above T, in CuGe03.

Now, we will discuss the temperature dependence of
1/T& below T, . The system can be treated as a nonuni-
form Heisenberg S=—,

' spin chain with two unequal and
alternating exchange constants. Ehrenfreund and
Smith described the model as a system of interacting
fermions distributed in two bands with a minimum ener-

gy gap in the excitation spectrum. For the 1/T, mecha-
nism, they proposed an indirect process in the lowest or-
der accompanied by three excitations because the direct
process is forbidden. As is represented by the dotted
curve in Fig. 16, the theoretical 1/T, is enhanced just
below T,„due to the singularity of the density of states.
However, the enhancement is reduced by taking account
of a finite broadening of the excitation energies. Below
0.75T, , 1/T, shows a temperature dependence
represented by the solid curve in Fig. 16. At low temper-
atures T &(b,( T)Ikz, 1/T} is proportional to
exp( —2b. /ks T). As is shown in Fig. 16, the proton re-
laxation data in an organic SP compound TTF-CuBDT
were explained by their theory. In CuGe03, however, the
T variation of 1/T, is weaker than exp( —2b, /ks T ) with
6( T =0)Iks =24 K (Refs. 4 and 18) at T (& T, , and is
better traced by T in the temperature range from
just below T, to 4.2 K as is shown in Fig. 17. Therefore,
this relaxation mechanism is not successful in explaining
the nuclear relaxation below T, in Cuoe03. Further
theoretical investigations are required to understand the
temperature dependence of 1/T, below T,~ in CuCxeO3.

V. CONCLUSIONS

We have performed ' Cu NQR and NMR measure-
ments to probe the Cu + electronic state and the spin dy-
namics in the SP compound CuGe03. The change ac-
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companied by the SP transition in the electric-field gra-
dient parameters was found to be very small, and was not
observed in the present study. We observed the aniso-
tropic Knight shift with an axial symmetry. Below T p
the Knight shift varies with temperature accompanied by
the decreases in spin susceptibility. From the analysis of
the Knight shift and the magnetic susceptibility, the
Cu + electronic state was found to be described by a
single-ion model in an octahedral crystalline field with a
tetragonal symmetry. The temperature dependence of
the nuclear spin-lattice relaxation rate I /T, clearly
showed an appearance of the gap in the magnetic excita-
tion spectrum below T, . However, the spin dynamics
could not be explained by the spinless fermion treatments
in both uniform and SP phases. It was shown that the
I/T, above T,~ provides useful information on the
dynamical susceptibility in the 1DHAF.

APPENDIX

R(3+q)
p 144 xx p]44vp
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144vp
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g (1—~) (5 ri)Kzz+2(2 g)Kx~
v4 —vp +

3(3—g)
vp

If the quadrupole e6ect is treated up to the second or-
der of the perturbation for the Zeeman interaction, loca-
tions of shoulders and singularities in the powder pattern
for the central (+—,'~—

—,
'

) transition are expressed as
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