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Evidence for Charge Instability in the CuO3 Chains ofPrBa2Cu3O7 from 63,65Cu NMR
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NMR and NQR measurements have been performed on Cu(1) chain sites in PrBa2Cu3O7 between
300 and 4.2 K. The spin-lattice relaxation rate1yT1 has been measured in the whole temperature
range 4.2–300 K. Static and dynamic NMR and NQR parameters undergo a crossover at 180 K and an
energy gap opens atTy ø 120 K, as revealed by the temperature dependence of1yT1. These results are
consistent with a charge density wave occurring in the quasi-one-dimensional CuO3 chains and reveal
the internal electronic properties of the chains in the “123” compounds. [S0031-9007(98)05545-8]

PACS numbers: 71.45.Lr, 74.72.Jt, 76.60.Gv
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There is an increasing interest in the physics of hol
doped CuO3 chains, as they may play a subsequent ro
in the normal and superconducting states ofsRdBa2Cu3O7
(R  rare earth) and YBa2Cu4O8 high temperature super-
conductors. These chains are believed to act as a cha
carrier (holes) reservoir for the CuO2 planes in the latter
systems. Nevertheless, there is no well-established c
sensus on the nature of the low-energy excitations in t
chains [1,2]. The spin phase diagram has been extensiv
studied in the insulating chains of Sr2CuO3 [3]. Unfortu-
nately, recent experimental investigations have shown
difficulty of hole doping in such systems. In “123” com
pounds the possibility that these chains carry some par
the supercurrent is still controversial. In-plane anisotro
of the magnetic penetration depth [4] and specific-he
measurements [5] seem to suggest the presence of pa
a superconducting condensate on the chains. Some
thors have shown a fall atTc  90 K both in theT de-
pendence of1yT1 [6] measured in YBa2Cu3O7 on Cu(1)
(chain) sites and in the local spin susceptibility me
sured on Cu(1) by the NMR line shift [7]. These effect
were sometimes attributed to proximity-induced supe
conductivity, from the CuO2 planes to the CuO3 chains.
Edwardset al. [8,9] observed a spatially varying energ
gap, detected by scanning tunneling microscopy at 20
in YBa2Cu3O7 CuO3 chains. They claimed that their re
sults are consistent either with a short-range charge d
sity wave (CDW) or a proximity-coupled supercurren
in the chains. Finally, incommensurate one-dimension
fluctuations have been detected in YBa2Cu3O6.93 CuO3
chains by neutron scattering [10].

These results strongly suggest that the CuO3 chains of
123 compounds display an intricate electronic structu
as has also been observed in the “124” family. For t
latter system, Suteret al. [11] performed NQR and NMR
measurements in the double-chain compound YBa2Cu4O8

and observed an electronic crossover both on the Cu
and on the Cu(2) sites. They analyzed their results in t
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framework of a CDW driven by the CuO2 planes. Pulsed-
neutron-scattering data [12] also revealed collective di
placements of chain oxygen atoms in YBa2Cu4O8, which
raises the question of the origin of this CDW.

All of these experiments face a common difficulty:
How can one separate the internal physics of CuO3
chains from possible proximity effects induced by the
CuO2 planes? Among the fully dopedsRdBa2Cu3O7
cuprates, PrBa2Cu3O7 appears as an exception as i
exhibits insulating CuO2 planes with antiferromagnetic
(AF) order below TN ø 280 K [13,14]. In order to
explain the absence of superconductivity, Fehrenbach
and Rice [15] proposed a model that is still a matte
of debate, in which the absence of in-plane conductivit
is explained by in-plane hole localization through Pr-O
hybridization. Nevertheless, several studies suggest th
the CuO3 chains remain metallic on a local scale in this
compound [16–19]. PrBa2Cu3O7 thus offers a unique
opportunity for studying the internal physics of quasi-one
dimensional CuO3 chains, isolated from the contributions
of CuO2 metallic and superconducting planes.

In this Letter, we present NMR and NQR measure
ments between 300 and 4.2 K on the Cu(1) chain si
in PrBa2Cu3O7. New NQR line-shape measurements a
300 K show that the effective charge in the CuO3 chains
of PrBa2Cu3O7 deduced from the electric field gradient
(EFG) value should be approximately the same as
YBa2Cu3O7, which supports the Pr-O localization mode
of Fehrenbacher and Rice [15]. The value of1yT1, mea-
sured by means of NMR, NQR, and the NQR line shap
undergoes a dramatic change below 120 K. NMR me
surements of the temperature dependence of1yT1 re-
veal theopening of a gapin the electronic excitations at
Ty ø 120 K. We show how these results are consisten
with a charge density wave transition in the quasi-one
dimensional CuO3 chains.

Our experiments were performed on a highly homoge
neous powder of PrBa2Cu3O7. The conditions of single
© 1998 The American Physical Society 2405



VOLUME 80, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 16 MARCH 1998

ell

in

t
le
t-

e
n

at
of

me

d

les
to
a

st

he

e

ed
the

tic
rred
ct
the
m,
he

t

crystal synthesis favor BayPr substitution, leading to the
progressive occupancy of the O(5) antichain site [2
and therefore to structural disorder in the CuO3 chains.
Our procedure was therefore as follows. A mixtur
of carefully dried rare earth oxides Pr6O11 (freshly
calcined), BaCO3 and CuO in stoichiometric amounts
sPr:Ba:Cu  1-2-3d, was reacted in air for a week a
955±C. This promotes the growth of single crystal grain
and prevents Pr substitution on the Ba sites. The sam
was likely ground to disperse the mixture without destro
ing the crystals and then annealed at the same tempera
for four days. This procedure was repeated seve
times. Finally, the crucible was quenched in atmosphe
air and the optimum composition was obtained by a
nealing the powder under a flow of oxygen while slow
cooling from 450 to 200±C at 1±C per hour and subse-
quently maintaining it for 100 h at 100±C. The sample
was characterized by x-ray diffraction, and the la
tice parameters a  3.8617s1d, b  3.9280s1d, and
c  11.7035s4d Å confirm the low substitution rate of Ba
by Pr, as this substitution would induce a transition to
tetragonal phase (c

3 ø a  b) [21].
Our measurements were made on a powder orien

along thec axis in an epoxy resin under an applied fie
of 6 T. NMR and NQR63,65Cu spectra were obtained
by varying the frequency and integrating the spin-ec
intensity after apy2-t-p pulse sequence. The NMR
experiments were done with the static magnetic fieldH0
parallel to thec axis and in some cases to theab-plane
direction. The spin-lattice relaxation rateT21

1 of Cu(1)
was measured using a differential antiringing recove
pulse sequence [22].

63,65Cu(1) NQR spectra between 300 and 4.2 K a
shown in Fig. 1. The63,65Cu(1) NQR spectrum is re-
markably well resolved at high temperatures. To o
knowledge, no data have been published forT . 25 K.
In the low temperature range (4.2 , T , 20 K), the

FIG. 1. 63,65Cu(1) NQR spectra of PrBa2Cu3O7 measured
between 300 and 4.2 K. The right side displays the full wid
at half-maximum of the63Cu(1) NQR line, fitted to a Gaussian
2406
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anomalously broadened line observed agrees quite w
with previous studies by Nehrkeet al. [23]. The line
shape at 300 K is very similar to that measured
other sRdBa2Cu3O7 systems, and we obtained63yNQR 
21.36 MHz for Cu(1). Our spectrum shows clearly tha
the CuO3 chains are quite well ordered in our samp
and that the low-temperature linewidth cannot be a
tributed to structural disorder as claimed by Nehrkeet al.
[23]. Moreover, the NQR frequency is very sensitiv
to the local electronic charge distribution. Compariso
of the value63yNQR Cu(1) with that obtained in other
sRdBa2Cu3O7 compounds [24] leads us to conclude th
the CuO3 chains carry approximately the same number
holes per copper site in PrBa2Cu3O7 as in YBa2Cu3O7.
This result supports the theoretical models that assu
localization of in-plane holes in4f- Pr-2pp -O orbitals
[15]. Indeed, in-plane hole localization is not expecte
to induce a major change in the local charge of CuO3
chains. Other models have suggested that in-plane ho
are filled when trivalent Y is replaced by Pr, assumed
be tetravalent; this situation, however, should result in
hole antitransfer from planes to chains, which would mo
probably strongly affect the local EFG of Cu(1).

We now turn to the temperature dependence of t
NQR results for the line shape, the63Cu(1) spin-lattice
relaxation rate63T21

1NQR and the spin-spin relaxation rate
63T21

2 . The full width at half-maximum (FWHM) of the
63Cu(1) NQR line starts to increase below 170 K (se
Fig. 1), whereas below this temperature63T21

2 (Fig. 2)
sharply increases. Since the NQR linewidth is broaden
between 4.2 and 25 K (for temperatures higher than
Pr AF ordering temperature, 17 K), Nehrkeet al. [23]
claimed that this effect was independent of the magne
phase of the Pr sublattice as they detected no transfe
hyperfine field at the Cu chain site. Another effe
must therefore be responsible for the broadening of
NQR line. For a pure magnetic relaxation mechanis
one expects a single-exponential law behavior of t
longitudinal magnetization decay, exps2tyT1NQRd. This,

FIG. 2. Temperature dependence of63Cu(1) 1yT1 (solid
circles) and 1yT2 (open circles) obtained by NQR a
21.35 MHz.
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however, fails to fit our data. Instead, we used a stretch
exponential form [25]:

expf2styT1NQRdlg , (1)

to account for the1yT1 distribution (l  0.55 6 0.05 for
120 , T , 270 K). Below 180 K,63T21

1NQR increases as
shown in Fig. 2. The distribution of63T21

1 raises the
question of a charge-fluctuation relaxation mechanis
Nevertheless, the accuracy of the measurements is lim
by the jump in63T21

2 , which is such that the signal falls
below the sensitivity of our experiment in the temperatu
range between 100 and 30 K. No reliable comparis
can therefore be made between the two copper isotop
For this reason, in this temperature range we checked
low-energy excitations on the Cu(1) site through the NM
spin-lattice relaxation rate.

In PrBa2Cu3O7, the local field induced by the antiferro
magnetic order in the CuO2 planes below 280 K shifts the
Cu(2) NMR line to frequencies above the Cu(1) line an
prevents any overlap between these lines whenH0 k c
[13]. This makes it possible to study the behavior ofT 21

1
on Cu(1). Figure 3(a) displays the values of63,65T21

1NMR
measured in 8.497 T at 97.24 MHz, obtained assum

FIG. 3. (a)Temperature dependence of1yT1 at H0  8.497 T
with the field parallel to thec axis on the Cu(1) site for the
63Cu (solid squares) and the65Cu (open triangles) isotopes
The solid line is a fit to an exponential. Open circles:631yT1
measured withH0 k ab. (b) Temperature dependence of1yT1
at H0  4.567 T with the field parallel to thec axis on the
Cu(1) site for the63Cu (solid squares) and the65Cu (open
triangles) isotopes.
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the following decay behavior:

1y10 exps2tyT1d 1 9y10 exps26tyT1d (2)

which is expected for a relaxation of magnetic origi
The relaxation rate shows a marked maximum at ab
150 K, and a gaplike state opens in the low-energy ex
tations belowTy ø 120 K. We define this temperature
as the onset below which lnsT1d is linear with respect to
1yT . Using the relation1yT1 ; exps2DykBTyd, we de-
duce a gap energy2DykBTy  7 6 0.2 (2D  72 meV).
This value is remarkably close to that obtained by E
wardset al. [8,9] for the YBa2Cu3O7 chains. Under this
magnetic field, the relaxation rates of the two copper is
topes are roughly equal in the whole range of tempe
ture. Moreover, for a smaller field (H0  4.567 T k c
axis at 53.87 MHz) the ratio63T21

1 y65T 21
1 is, within

experimental error, equal to the square of the nucl
quadrupole moment ratio,63Q2y65Q2  1.16 in the tem-
perature range120 , T , 220 K [see Fig. 3(b)]. This
implies EFG fluctuations associated with a dynam
charge processin this temperature range, and confirm
the deviation from single-exponential behavior in NQ
experiments. 63T21

1 y65T21
1 is never equal to63g2y65g2

in our measurements, which rules out the hypothesis
a purely magnetic relaxation mechanism. We therefo
fitted our data at 8.497 and 4.567 T to a quadrupolar
laxation form [26],

1y2 exps22W1td 1 1y2 exps22W2td , (3)

whereW1 and W2 represent the contributions from EFG
fluctuations to theDm  1 and Dm  2 transitions
between the nuclear energy levelsEm. The relaxation
rates 63,65W1 obtained at 8.497 and 4.567 T reveal th
same behavior as with the fit to the magnetic relaxat
rate: Critical fluctuations arise below 180 K, and a g
opens below 120 K. We still obtain63T21

1 ø 65T21
1 at

8.497 T, whereas63T21
1 y65T 21

1 ø 63Q2y65Q2 at 4.567 T.
Finally, measurement of63T21

1 at 200, 99, and 89 K with
the fieldH0  8.497 T parallel to theab-plane direction
yielded the same values within the error bars as those w
H0 k c, both with Eqs. (2) and (3). This suggests that t
relaxation at Cu(1) is quite isotropic in PrBa2Cu3O7, as
is found in YBa2Cu3O7 [7,27]. Moreover, the frequency
dependence of63T21

1 (observed from the 8.497 T to the
4.567 T data) is consistent with charge fluctuations o
1D diffusive mode in the chain segments [28]. On th
other hand, the similar values ofT21

1 found at 8.497 T
for the two isotopes even in the case of the quadrupo
decay, indicate that there are probably two channels
the relaxation: the charge-fluctuation mechanism (1yT1Q)
and magnetic fluctuations (1yT1M). In this case, there is
no obvious expression for the relaxation.

We now discuss why the hypothesis of a spin de
sity wave (SDW) mechanism seems to be ruled o
by our results. A transition to a SDW phase shou
involve magnetic fluctuations, and one would expe
2407
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that 63T21
1 y65T21

1 ; s63gy65gd2. One would also expect
some kind of antiferromagnetic zero-field NMR spectrum
on Cu(1) at low temperatures due to a local field that
proportional to the very large gap2D  72 meV. Our
results disagree with these predictions: (i) The1yT1 mea-
surements reveal quadrupole fluctuations, (ii) the NQ
line is broadened at the beginning of the transition
(iii) the excellent correlation between1yT2 and the in-
crease in FWHM of the NQR line below 180 K strongly
supports a charge mechanism, whereas1yT2 measured on
the s 1

2 , 2
1
2 d NMR line is nearly constant in this range of

temperature, and (iv) there is no clear evidence of AF o
der at low temperatures on Cu(1).

Finally, we studied the behavior of the local spin
susceptibility on the Cu(1) sites by measuring the positio
of the NMR line as a function of the temperature with
H0kc. An accurate determination of the shift tensor i
possible only with a reliable estimate of the asymmetr
parameterh of the electric field gradient tensor, which is
not known accurately on the Cu(1) site in PrBa2Cu3O7.
Another difficulty comes from the strong paramagneti
contribution from the Pr sublattice and the AF orderin
at 17 K, which prevents a direct estimate being made
the orbital part of the shiftKa,orb at low temperatures.
Only the relative T variation of the s 1

2 , 2
1
2 d central

line frequency Dfs1y2,21y2d with H0kc can be given.
This parameter measured atH0  8.497 T is roughly
constant from 200 to 170 K and decreases monotonica
below 170 K, revealing a loss in the local static spi
susceptibility as expected for a CDW transition. Th
absence of any discontinuity in the slope ofDfs1y2,21y2d
at 120 K excludes a magnetic phase transition at th
temperature.

In conclusion, our data reveal unambiguously the exi
tence of a collective charge instability (i.e., a charge de
sity wave) occurring in the CuO3 chains. Up to now,
NMR and NQR have been used extensively to stud
charge and spin density waves in quasi-one-dimension
materials such as organic conductors, NbSe3, and the blue
bronzes [28–31], and the highly correlated hole-dope
CuO3 chain opens a new field of investigation. Sinc
CuO3 segments are expected to remain metallic at lo
temperature [16–19], this charge instability should be di
ferent from a true Peierls transition. The commensura
or incommensurate character of this transition and th
physical origin (phonon modes or electronic correlation
remain to be investigated. Our findings are to be com
pared with the charge instability reported in under-dope
YBa2Cu4O8 by Suteret al. [11], who speculate on the
2408
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possible relation with the spin-gap phenomenon. Final
these results call for other experiments in YBa2Cu3O7, in
order to confirm the existence of such instabilities in th
chains of superconducting compounds and give new
sight into the interplay between chains and planes.
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