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Cu nuclear quadrupole resonance study of the spin-Peierls compound Cu1ÀxMgxGeO3:
A possibility of precursory dimerization
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We report on a zero-field63Cu nuclear quadrupole resonance~NQR! study of nonmagnetic Mg impurity
substituted Cu12xMgxGeO3 ~single crystals; the spin-Peierls transition temperatureTsp;14, 13.5, and 11 K for
x50, 0.0043, and 0.020! in a temperature range from 4.2 to 250 K. We found that belowT* ;77 K, Cu NQR
spectra are broadened and nonexponential Cu nuclear spin-lattice relaxation increases for undoped and more
remarkably for Mg-doped samples. The results indicate that random lattice distortion and impurity-induced
spins appear belowT* , which we associate with a precursor of the spin-Peierls transition. Conventional
magnetic critical slowing down does not appear down to 4.2 K belowTsp .
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The discovery of the first inorganic spin-Peierls co
pound CuGeO3 ~the transition temperatureTsp;14 K)
~Ref. 1! and subsequent reports on unprecedented impu
effects2–7 have renewed the interests of a quasi-o
dimensional spin S51/2 Heisenberg antiferromagne
coupled to phonons. No soft mode of phonon atTsp is one of
the characteristics of CuGeO3. An appreciable interchain ex
change interaction,8 lattice, and phonon anomaly perpendic
lar to the chain9,10 are different from an ordinary spin-Peier
system or conventional theoretical result.11 A pseudogap in
the magnetic excitation spectrum below 20 K observed
inelastic neutron scattering12 and a local dimerization until a
least 40 K observed by diffusive X-ray scattering13 resemble
a pseudogap of the electronic Peierls materials.14 In contrast
to conventional competition between Ne´el ordering and lat-
tice dimerization, the impurity substitution~Zn, Mg, Ni, or
Si! for Cu or Ge induces a dimerized antiferromagntic ord
ing state,3–6 where a spin-wave mode coexists in the sp
Peierls gap.7 The coexistence atT50 K is understood
within the framework of the phase Hamiltoninan.15

Nuclear quadrupole resonance~NQR! and nuclear mag-
netic resonance~NMR! are unique and powerful technique
to study low-frequency dynamics and local spin fluctuatio
in space. The intensive studies using Cu NQR and NM
techniques have revealed many aspects of CuGeO3.16–19The
spin-gap opening atTsp was evidenced by an abrupt decrea
of the Cu nuclear spin-lattice relaxation rate 1/T1 without
any appreciable change of Cu NQR spectrum,16 although a
singlet-triplet excitation, a spin gap, and ion displacem
were directly confirmed by neutron scattering.20,21The above
Tsp spin dynamics, the Cu 1/T1, is understood by a quas
one-dimensionalS51/2 antiferromagnetic correlation with
out spin-phonon coupling.16,22,23 To our knowledge, how-
ever, there are no reports of Cu NQR spectrum far aboveTsp
for CuGeO3 nor of impurity effects on the low-frequenc
spin dynamics, after the work on Zn doping.24

In this Communication, we report the high-temperatu
measurement of Cu NQR spectrum for undoped CuG3
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and the Cu NQR study of nonmagnetic Mg impurity subs
tution effect on Cu12xMgxGeO3 ~single crystals;Tsp;14,
13.5, and 11 K forx50, 0.0043, and 0.020! in a wide tem-
perature range ofT54.2–250 K. We found that the broad
ening of Cu NQR spectra and the increase of nonexpone
Cu nuclear spin-lattice relaxation occur below about 77
much higher thanTsp , which suggest a precursor of the spi
Peierls transition. We did not observe critical divergence
1/T1 for x50.020 down to 4.2 K, although the magnet
ordering occurs at about 2.5 K.4

The single crystals grown by a floating-zone method
well characterized in Ref. 4. Zero-field63Cu NQR spin-echo
measurements were carried out with a coherent-type pu
spectrometer. NQR frequency spectra with quadrature de
tion were measured by integration of the63Cu nuclear-spin
echoes as the frequency was changed point by point. Nuc
spin-lattice relaxation was measured by an inversion rec
ery spin-echo technique, where the63Cu nuclear spin-echo
amplitudeM (t) was recorded as a function of time intervalt,
between an inversionp pulse and ap/2 pulse (p2t2p/2
2p-echo!.

Figure 1 shows63Cu NQR spectra for undopedx50 ~a!
and for Mg doping ofx50.020~b! in the temperature rang
of T54.2–250 K. The observed Cu NQR spectra for M
doping are nearly symmetrically broadened, not of Gauss
nor of Lorentzian type but rather have a triangle-shaped
profile for x50.020 at 4.2 K. Implication of the characteris
tic line shape is not clear. In general, the Cu NQR freque
n is given by n5(e2qQ/2h)A11h2/3, where eq is the
maximum component of the electric-field gradient tensor
the nuclear site,Q is the nuclear quadrupole moment, andh
(0<h<1) is an asymmetry factor.25 The muon spin-
relaxation measurements have not detected any static inte
magnetic field for Zn-doped samples above about 4 K.6 Thus
it is likely that the random distribution of the electric-fiel
gradient (eq andh) is the origin of broadening.

Figure 1~c! shows the temperature dependence of the p
frequency 63n for x50, 0.0043, and 0.020. The observe
©2002 The American Physical Society06-1
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linear temperature dependence of63n, nearly independent o
Mg content, is similar to that of the cuprate mono-oxi
CuO.26 Figure 1~d! shows the temperature dependence of
linewidth defined as full width at half maximum63Dn1/2.
The linewidth as well as the peak frequency does not sh
any appreciable change atTsp , in agreement with the previ
ous reports on CuGeO3.16,22,27 The linewidth of the x
50.020 sample is about three times larger than that ox
50 atT.T* . In Fig. 1~d!, we obtain a significant result tha
63Dn1/2 increases rapidly below about 77 K@Tsp ~denoted
as T* ) for all samples including CuGeO3. For each
x, 63Dn1/2 at 4.2 K is about two times larger than th
aboveT* .

NQR is a measure of deviation of charge distribution fro
cubic symmetry around the nuclear site, being quite sens
to crystal imperfections. The observed nearly symmetric l
shape implies a random distribution of local charge.25 If the
origin of 63Dn1/2 is a static distribution of lattice distortion
around crystal imperfection,63Dn1/2 would decrease as th
temperature is decreased so as to scale with the temper
dependence of63n. However, the actual63Dn1/2 increases
belowT* . Thus the inhomogeneity of lattice distortion mu
depend on temperature and must increase rapidly belowT* .
Without dimerization, a freezing of some lattice motion b
low T* and the active motion aboveT* would lead to the
observed temperature dependence of63Dn1/2. However, no
softening of phonon atT* has been observed in these ma
rials, i.e., no slowing down of lattice motion. The appearan
of nonexponential nuclear spin-lattice relaxation atT*
~shown below! could not be accounted for by a uniform
freezing of the lattice motion. Some inhomogeneous elec
spin-lattice formation must be caused atT* . The pretransi-
tional lattice fluctuations aboveTsp observed by the diffrac-
tion experiment,13 which are explained by the random-pha
approximation calculation,28 may be closely related with th
increase of63Dn1/2. According to the recent quantum Mon
Carlo simulation,29 a precursory dimerization takes plac
near the edges far aboveTsp . T* corresponds to the onset o

FIG. 1. The temperature dependence of63Cu NQR frequency
spectrum forx50 ~a! and forx50.020~b!. The temperature depen
dence of the peak frequency63n ~c! and of the linewidth~full width
at half maximum! 63Dn1/2 ~d! for x50, 0.0043, and 0.020. The
dashed lines in~d! are guides to the eye.
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preformed dimer bonds. In the soliton picture,30 Tsp is an
order-to-disorder transition temperature of locally dimeriz
segments.T* may correspond to the onset of development
the interchain correlation between the soliton and antisolit

Figure 2 shows Mg-doping effect on63Cu recovery curve
p(t)[12M (t)/M (`) of the 63Cu nuclear magnetization
M (t) at 10 K (,Tsp) ~a! and at 16 K (.Tsp) ~b!. The
recovery curve changes from a single exponential function
nonexponential one as Mg is substituted and as the temp
ture is decreased. To account for the nonexponential fu
tion, we assume a minimal model, which consists of a h
homogeneous relaxation process and of a single inhom
neous relaxation one. The solid curves are the least-squ
fitting results using the following equation:31

p~ t !5p~0!exp@2~ t/T1!NQR2At/t1#. ~1!

The fit parameters arep~0!, (T1)NQR,32 andt1 . p(0) is a
fraction of an initially inverted magnetization, and (T1)NQR
is the nuclear-spin-lattice relaxation time due to the host
spin fluctuations.t1 is an impurity-induced nuclear-spin
lattice relaxation time, which is originally termed a longitu
dinal direct dipole relaxation time, because the second t
of Eq. ~1! is derived from a randomT1 process of 1/T1(r )
5C/r 6 (C is a constant, andr is a distance between a
impurity-induced spinS and a Cu nuclear spinI ) through a
direct dipole coupling}I 6Sz /r 3 (Sz is thez component ofS,
andI 6 is a raising or lowering operator ofI ). The randomly
distributed impurity-induced spins yield the stretched exp
nential function of Eq.~1!. The original Mg ion does not
carry spin 1/2. Atomic defects or Mg ions cut chains in
segments. The existence of spatially extended staggered
ment induced by an edge or an impurity has been pointed
for a finite or a semi-infinite chain.29,30,33The assumption of
impurity-induced spins could be only a working hypothe
to introducet1. Since the essence of the stretched expon
tial function is randomness in theT1 process, one may
speculate thatT1(r ) with a local-spin density induced by Mg
is approximated by a power law, leading to the stretch
exponential function. In the soliton picture,30 the soliton
which stays in the middle of a segment or near the edges
to an interchain coupling, carries spin 1/2, so that it can
as an impurity spin.

FIG. 2. Mg-doping dependence of63Cu recovery curves
1-M (t)/M (`) at 10 K ~a! and at 16 K~b! for x50, 0.0043, and
0.020. The solid curves are the least-squares fitting results using
~1!.
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Figure 3 shows log-log plots of63(1/T1)NQR ~a! and
63(1/t1) ~b! as functions of temperature forx50, 0.0043,
and 0.020. Far aboveT* , 63(1/T1)NQR for Mg-doped
samples is nearly the same as that for an undoped one
undoped andx50.0043, the activation-type temperatu
dependence of63(1/T1)NQR is observed belowTsp . The
spin gap D is estimated to be;26 K by fits of 1/T1
5R1exp(22D/T) (R1 andD are fitting parameters!,34 which
agrees with the value estimated from the sta
susceptibility.1 For x50.020, however, the temperature d
pendence of63(1/T1)NQR is changed into a power-law typ
(;T3), probably because of an inhomogeneous distribut
of D(r ). Conventional critical divergence toward the ma
netic ordering does not appear.

Below aroundT* , 63(1/t1) immediately increases as th
temperature is decreased down toTsp even forx50, which
indicates the increase of the impurity-induced spin corre
tion. Far belowTsp , 63(1/t1) is systematically enhanced b
Mg doping, which is due to an increase of the number
impurity relaxation centers. It is likely that the origin o
63(1/t1) for x50 is due to nonintentionally introduced im
perfections~defects, dislocations, . . . !. The actual sample is
not a perfect crystal, because the observed linewidths
63Cu NQR spectra of ourx50 (;180 kHz at 4.2 K,
;100 kHz above 100 K! are broader than those expect
from T1 or T2 broadening~a few kHz!, i.e., inhomogeneous
broadening. The estimated63Dn1/2 for x50 is nearly the
same as or somewhat sharper than the reported values b
40 K.16,17,22,27In Fig. 3~b!, 63t1 for eachx makes a kink at
aroundTsp . In terms of an impurity spin picture,63(1/t1) is
nearly proportional to the lifetime of the impurity spin sca
tered by the host magnetic excitations. Then, the kink
63(1/t1) reflects a change in the host magnetic excitat
spectrum at the true transition temperatureTsp , which is
evident in 63(1/T1)NQR.

FIG. 3. Log-log plots of63(1/T1)NQR ~a! and 63(1/t1) ~b! as
functions of temperature for undopedx50 and for Mg-doped
samples ofx50.0043 and 0.020. In~a!, the solid line is aT3 func-
tion, and the dashed curve is the least-squares fitting result us
function of 1/T15R1exp(22D/T).
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Figure 4 shows the Mg-doping effect on63(1/T1T)NQR.
For comparison, the squared static susceptibilityxu

2 of un-
doped CuGeO3 ~solid curve! is also reproduced from Ref. 1
In general, 1/T1T is the low-frequency dynamical spin su
ceptibility at an NQR frequency summed over a moment
space via a nuclear-electron coupling.35 For x50 aboveTsp ,
63(1/T1T)NQR is understood by the sum of the staggered s
susceptibility x(q5p);1/T and the Bonner-Fisher-typ
uniform spin susceptibilityxu ~to be exact,xu

2).22,23The up-
turn of 63(1/T1T)NQR just aboveTsp , which is ascribed to
the staggeredx(q5p);1/T, is suppressed by Mg doping o
x50.020. Then, the contribution from the uniform modeq
50 is uncovered, being similar to the temperature dep
dence ofxu

2 . Theq5p mode is easily affected by imperfec
tion, comparatively more than theq50 mode, as can be see
for La2Cu12xZnxO4.36 However, one should note tha
63(1/T1T)NQR for x50.020 andxu

2 for x50 aboveTsp are
similar but do not completely agree with each other. T
suppression of63(1/T1T)NQR for x50.020 begins from be-
low 60–120 K more steeply than that ofxu

2 below about 50
K. Thus the further mechanism of the suppression is nee
The precursory dimerization enhanced by Mg below arou
T* is a possible candidate. Our observations of the s
pressed x(q5p) and of the deviation betwee
63(1/T1T)NQR and xu

2 for Mg-doped samples will be con
straints on dynamical theory toward the low-temperat
dimerized antiferromagnetic transition.

To conclude, belowT* ;77 K, the inhomogeneous
broadening of Cu NQR spectra and the impurity-induced
nuclear spin-lattice relaxation occur for undoped and m
remarkably for Mg-doped CuGeO3. Precursory dimerization
inhomogeneous in real space, is suggested. The host an
romagnetic correlation aboveTsp is suppressed by Mg dop
ing of x50.020. No magnetic critical divergence down to 4
K is a puzzle.

We thank Dr. J. Kikuchi and Professor M. Ogata f
stimulating discussions. This work was supported
New Energy and Industrial Technology Development Org
nization ~NEDO! as Collaborative Research and Develo
ment of Fundamental Technologies for Superconductiv
Applications.

a

FIG. 4. The temperature and Mg-doping dependence
63(1/T1T)NQR. The solid curve is the squared static uniform su
ceptibility xu

2 of undoped CuGeO3 reproduced from Ref. 1.
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