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The presence of columnar defects (CDs) in NbSe3 is shown to induce oscillations in the nonlinear
charge density wave (CDW) conductivity as a function of magnetic field, when the field is oriented
parallel to the axes of the defects. The period of oscillation corresponds to a change in the magnetic
field flux in each CD by an amountf0  hcy2e, the superconducting flux quantum. This result is con-
sidered as the collective response of the moving CDW to Aharonov-Bohm flux trapped inside the CDs.
[S0031-9007(96)02262-4]
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Twenty years of studies of quasi-one-dimension
metals in which charge density waves (CDWs) occur ha
not yet clearly revealed their quantum properties [1].
theory of depinning of the CDWs by quantum tunnelin
was derived by Bardeen [2], but important prediction
of this theory, in particular photon-assisted tunnelin
have not been observed. Most of the observed CD
properties could be explained by appropriate classic
models. However, some indications of CDW quantu
tunneling at very low temperature have been recen
discussed [3,4]. Thus, up to now, there has been
observation of quantum effects associated with CD
motion, which directly include Planck’s constant in th
measured parameters (e.g., as with Josephson effect
Little-Parks effect in superconductors).

One possible demonstration of the quantum nature
the CDW has been considered in a theoretical paper [5]
connection with the possibility of observing the Aharonov
Bohm effect [6] in a ring formed by a CDW conductor. I
has been shown that magnetic flux quantization is possi
in this case due to large scale quantum fluctuations of
CDW order parameter phase, the instantons. As a res
oscillations of the CDW electric conductivity can occu
with flux periodf0  hcy2e. To observe this effect the
diameter of the ring should have a size comparable to
order parameter coherence length. We have underta
a search for a similar effect. The geometry suggested
[5] is beyond our present capabilities. Instead we use
geometry of a planar film (thin single crystal) containin
an array of small holes of equal diameter. Such a ty
of geometry has been successfully used to demonstrate
Little-Parks effect in highTc superconductors [7]. In the
case of CDW materials the holes will cross the metall
chains. However, we can expect the CDW in motion
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pass over a hole without conversion if the diameter
the hole is smaller than the transverse coherence len
j' of the CDW order parameter amplitude. For NbS3

the value ofj' can be estimated asj' , a'sEFyDd ,
about a few hundred Å. a' is the unit cell parameter,
EF is the Fermi energy, andD is the Peierls gap. To
produce “holes” of diameter,D ø 100 Å, we used heavy
ion irradiation on thin NbSe3 samples. In a magnetic field
each defect hole serves as a “solenoid” which contribu
to the flux dependent scattering of the depinned CDW.
we have several million columnar defects and the CD
still moves coherently through most of the crystal, th
contributions resulting from the majority of the holes ma
be synchronized, considerably increasing the value of
CDW conduction affected by Aharonov-Bohm flux.

For the experiment, we chose longs.2 mmd, thin
s,0.5 mmd, and wide s,50 mmd NbSe3 samples of
rather good qualitysRRR  50d. The single crystal was
mounted on polished sapphire substrates, half of a sam
having been masked by a 100mm thick glass cover slide
in order to provide an unirradiated part of the sample f
reference measurements. The irradiation was carried
at the Hahn-Meitner Institut (Berlin), using Xe ions with
an energy of 250 MeV, and the ion beam being direct
along theap axis. The radiation dose corresponded
4 3 109 defectsycm2. The average distance betwee
neighboring defects is estimated to be 0.16mm. After ir-
radiation six indium contacts were attached to the samp
giving the possibility of switching potential probes from
the irradiated to the unirradiated part of the sample und
the same experimental conditions of temperature, b
current, and sample orientation. The magnetoresista
(MR) was measured using a 40 Hz phase sensitive de
tor with an ac current amplitude of less than 10mA. dc
© 1997 The American Physical Society 919
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current was supplied by a high stability current sourc
High magnetic fields up to 20 T were supplied by a Bitt
coil at the Laboratoire des Champs Magnétiques Inten
of Grenoble. The magnetic field experiments were carri
out at a fixed temperature belowTp2, the lower Peierls
transition temperature. The temperature was chosen to
high enough to avoid the influence of Shubnikov–de Ha
MR oscillations on the experiments [8]. The dc curre
was changed in steps. For each current the magnetic fi
H was swept up and down with a sweep rate of 2 Tymin.
H was oriented parallel to theap axis. Detailed studies
of the influence of columnar defects on the transpo
properties of NbSe3 will be published elsewhere.

Figure 1(a) shows the variation of the differentia
resistanceRd of the irradiated and unirradiated parts of th
sample as a function of the dc currentI at T  52 K. The
irradiation increases substantially the depinning currenIt

and the transition from the pinned CDW to the movin
CDW state becomes more smeared. The influence
H on the RdsId of the irradiated part is illustrated in
Fig. 1(b). We can identify three current regions wit
different responses to the magnetic field. In regions
and III there is a positive MR, which we can conside
as the pure response of the pinned and depinned CD
states toH. The MR in region I is about 10 times large
than in region III. In region II there is some negativ

FIG. 1. The variation of the differential resistance of NbS3

as a function of the dc current along theb axis at 52 K (a)
for the irradiated and unirradiated parts of the NbSe3 sample in
zero magnetic field (inset shows enlargement near the depinn
current) and (b) for the irradiated part in zero field and in a fie
of 16 T applied parallel to theap axis.
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MR contribution because the decrease of the thresh
current due to the magnetic field. In this region a
three contributions are mixed, making the analysis rat
difficult. This was the reason for our more detaile
studies of the MR in regions I and III. Similarly positive
magnetoresistance in the pinned and depinned CD
states for NbSe3 has been previously reported [9]. Th
decrease of the threshold field in high magnetic field h
also been observed [10], but at lower temperatures.

The main goal of this Letter has been to clarify the i
fluence of columnar defects on MR of pinned and movi
CDW states. We have carried out detailed studies of
magnetoresistanceRsHd for the irradiated and the unirra
diated parts of the NbSe3 samples at the fixed temperatur
T  52 K, and for different values of the dc current abov
and belowIt (Fig. 2). One can see that belowIt sI 
50 mAd there is practically no difference inRsHd between
the irradiated and unirradiated parts. They are both smo
and monotonic. The appropriateDRsHd  RsHd 2 Rs0d
curves coincide with each other over the whole range
H except for the region below 5 T, where the curve of t
unirradiated part is more flat. This is not the case aboveIt.
While theRsHd dependences of the unirradiated part sho
a similar smooth shape [Fig. 2(a)], theRsHd dependences
of the irradiated part change significantly [Fig. 2(b)]. I
addition to a monotonically increasing part, a contributio
appears which oscillates withH. These long period os-
cillations are most clearly observed in the dc current ran
around 2–3 times the threshold current (200–300mA). At
even higher currents they gradually weaken and beco
indistinguishable atI ø 900 mA).

To estimate the amplitude of the oscillating part of th
MR we suppose that the oscillating and the monoto
cally growing contributions are additive, the latter bein
some scaling function ofRsHd, below the threshold cur-
rent. This scaling is found to be valid for the unirrad
ated part, and we have considered it to be also valid
the irradiated section. Figure 3(a) shows that the fo
curves DRsHd for I  50, 180, 300, 900mA [shown
in Fig. 2(a)] can be superimposed on a single univer
curve by changing the vertical scale, i.e., they can be
pressed in the formaDRsHd, wherea is a scaling pa-
rameter which depends onI. Figures 3(b) and 3(c) show
the DRsHd curves for both the irradiated and the uni
radiated parts for the same current of 180mA and the
appropriate fitting curvesRfitsHd below the threshold at
I  50 mA. The oscillating part of the MR at each field
has been extracted as an average value of the run ups"d
and run downs#d as follows: DRoscsHid  fRsHid " 1

RsHid #gy2 2 Rfit. The result of this procedure is show
in Fig. 4. One can see that for the irradiated part oscil
tions are quite symmetrical and regular. The average va
of half-period, 4.9 T, is consistent within 10%. The am
plitude of the oscillatory part of the MR is 0.7V (peak
to peak), at least 7 times larger than the background s
nal determined by the same procedure from the refere
unirradiated part of the sample (shown also in Fig. 4
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he
FIG. 2. Variation of the magnetoresistance of NbSe3 at 52 K for different dc currents I applied along the chain axis (a) for t
unirradiated part of the sample and (b) for the irradiated part of the sample. The magnetic field is applied along theap axis, parallel
to the columnar defect axes.
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The oscillations in the CDW conduction are about 0.25
of the total CDW conduction.

Since these long period oscillations have been observ
only aboveIt and only on the part of the sample containin
columnar defects, it is reasonable to identify them
a manifestation of macroscopic quantum interference
CDW coherently moving over columnar defects (CDs
The principal point is that the CD size is smaller than bot
the longitudinal and transverse coherence length of t
CDW order parameter amplitude. It means that the CD
can pass over CD without conversion, i.e., without pha
breaking. The interaction of CDW with Aharonov-Bohm
flux trapped inside the CD causes the time dependent ph
difference between local CDWs passing the CD from th
right and from the left. It leads to the appearance of
persistent current around the CD due to the excitation
the instantons as it was considered in [5] for a small CD
ring. The instanton theory of the Aharonov-Bohm effe
predicts that the amplitude of the persistent current a
the CDW conduction of the ring should be an oscillatin
function of Aharonov-Bohm fluxfyf0, wheref is a flux
trapped inside the ring andf0 is a superconducting flux
quantumf0  hcy2e. If we consider the instanton mode
to be valid for our case, we can expect that the local CD
conduction associated with CDW passing over the CD w
be a periodic function of the Aharonov-Bohm flux, i.e
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Hsyf0 whereH is the external magnetic field ands the
effective area of the CD inside which the CDW cann
move. All the CDs have about the same cross sectio
area. Hence we can expect that the local Aharonov-Bo
contributions of a large number of CDs are synchroniz
due to the coherent CDW motion over large distance
The phase coherence length of moving CDW in NbSe3 is
known to be several hundred of microns.

Let us compare the period of the oscillating part of th
MR with that predicted by the instanton model. We ca
estimate the size of the CD in NbSe3 on the basis of TEM
on high Tc cuprates Bi2Sr2CaCu2O8 whiskers which had
been irradiated by Xe ions under quite similar conditio
[11]. It was shown that a CD is a real hole with a diamet
of 10–12 nm surrounded by a damaged region which ad
a further 2–4 nm to the effective diameter. The ho
diameter is not expected to depend strongly on the mater
and we take the CD size for the scattering of the slidi
CDW in NbSe3 to beD  15 nm with an uncertainty of
order 2 nm. The expected period of the MR oscillatio
DH is as follows:

DH  shcy2edyspD2y4d . (1)

Equation (1) yieldsDH  11.3 T. That is consistent
with the experimental valueDH  9.8 T (Fig. 4) within
experimental uncertainty.
921
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FIG. 3. (a) Scaling of the magnetoresistance [shown
Fig. 2(a)] aDRsHd  asId 3 fRsHd 2 Rs0dg of the unirra-
diated part of NbSe3 at 52 K as a function of the magnetic
field for the dc currents 50, 180, 300, 900mA. (b) aDRsHd
of the irradiated part of the sample for the dc currents 50 a
180 mA sa  0.125, 1d. (c) aDRsHd for the unirradiated part
sa  0.09, 1.0d for the same current 50 and 180mA.

Another observation, that the oscillatory part of MR ha
a minimum atH  0, is also consistent with the instanton
Aharonov-Bohm picture. Zero field corresponds to th
zero amplitude of circulating persistent currents and hen
to the minimum of the oscillating MR.

We cannot properly analyze the expected amplitud
of the oscillations, since there is not yet a microscop
theory, similar to that of [5] which is applicable to our

FIG. 4. Variation of the oscillatory part of the magnetoresis
tance of NbSe3 DRoscsHd as a function of the magnetic field
extracted from the data of Figs. 3(b) and 3(c) according to t
procedure described in the text.
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experimental geometry. The experiments show thatDRosc
decreases rather rapidly with the current increase abov
ø2It. It may be considered as the loss of the phas
coherence between local CDWs passing over differen
CDs at higher velocities. This view is consistent with
experiments on Shapiro step response of sliding CDW
to an rf field with frequency 5–15 MHz carried out on
irradiated samples. It was shown that complete mod
locking response, corresponding to the coherent CDW
motion over the whole sample volume, was observed onl
within the current range just above the threshold value.

In summary, we have observed oscillations of the CDW
conduction as a function of magnetic field due to the CDW
passing columnar defects containing trapped magnet
flux. This observation is consistent with the instanton
Aharonov-Bohm effect predicted in CDW systems. Until
recently superconductors were the only systems know
to exhibit the flux-quantization effect produced by the
collective response of a condensate.
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Note added in proof.—We have observed similar os-
cillations of the MR on two more thin NbSe3 samples
irradiated with Pb ions of 6 GeV at the GANIL accel-
erator [12] (Caen, France). Preliminary TEM observa-
tions have revealed [13] latent tracks produced by Pb ion
of 6 GeV with amorphous cores in the crystalline matrix.
The diameters of the amorphous cylinders were measure
to be16 6 2 nm. The period of the MR oscillations was
8.6 T, consistent with Eq. (1) which yieldsDH  10.3 T
and was independent on defect densityn for samples with
n  5 3 109 and 1010 defycm2. The oscillations were
observed within the temperature range 50–36 K withou
noticeable change in the period value.
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