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1. ABSTRACT

The investigation results of the influence of
fast neutron irradiation at liquid nitrogen tem-
perature on the properties of high-Tc supercon-
ductors, mainly, YBCO are discussed. It is shown
that investigation of the disordering effects

favours better understanding of the nature of
these compounds.

2. INTRODUCTION

As known the YBCO and LSCO compounde with decreasing
oxygen and strontium content show-the transition from the
superconducting metallic-like state to an antiferromagne-
tic insulator. The transition to a nonsuperconducting in-
sulator may also occur by introducing impurities into the
copper or yttrium (for example, Y is substituted by Pr)
sublattice. We investigated the influence of fest neutron
irradiation at liquid nitrogen temperature on the proper-
ties of HISC's and found that the radiation-induced disor-
der results in the nonsuperconducting insulating stete in
the system1“5). On the basis of the experimental data we
mey assert that the chemical composition of HTSC's in this
case does not change. Hence, the mean number of electrons
per atom and, probably, the Fermi energy does not vary al-
80. In this sense radiation disorder is one of the mo=st
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pure methods to produce the disordered state in crystals,
the properties of which are related to the properties of
the ordered state. Hence, investigation of the radiation
effects or, in other words, the effects of disorder in
HTSC's without variation of the chemical composition is
the fruitful method to study these compounds.

3. ©PROPERTIES OF DISORDERED YBCO CERAMICS

3.1.Crystal Structure of the Irradiated YBCO Samples
According to careful neutron and X-ray powder diffrac-
tion studies of the crystal structure of YBCO1’3) irradia-
ted by fest neutrons at 80K, irradiation leads to increase
in the lattice parameters, decrease in orthorhombicity,
partial oxygen redisiribution over 04 and 05 sites (in
chains) and to growth of the mean quadratic etomic dis-
placements from the regular lattice sites. The experimen-
tal data on neutron diffraction, heat capacity1’3 and
Hall effect (see below) ellow to assert that the chemical
composition of the samples including the oxygen content
does not chenge under the fast neutron irradiation at 80K.
Hence, the variation of the physical properties of HTSC's
in this case is connected with the disorder itself, i.e.

with the appearance of the cheotic potential in a crystal
lattice.

3.2. Electrical Resistivity

In all the HTSC's under study (RBCO, R=Y,Ho,Er,
LSCO, BSCCO) electrical resistivity 0 varies under di-
sorder in the same way. The linear temperature dependence
(TD) of P (T) characteristic of the ordered state tran-
sforms to the dependence of the type

PUT) ~ exp(T*/7)*"] &
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for fast neutrons of fluence ¢ > 101%m=2 (note that the

concentration of radiation defects D is proportional to @).

At fixed temperature T (e.g. at irradiation temperature
T=80K) electrical resis‘l:ivity grows exponentielly with D
1 3), but not lineerly as it may be expected, i.e.

PUTe, @) ~exp(KP) (2)

where K depends on temperature and the type of compound.
The variation of p as a function of T and ¢ may be
described by the empirical fomulaa)

p(t@:f{r)[kq’/“fm] (3)

where { (T) changes smoothly from linear in the ordered
state with high-Tc to almost temperature independent when
P (T) follows eq.(1) and Tc is absent. Note that such a
behavior of resistivity under disorder has never been
obaerved earlier.

3.3. Theoreticel Interpretation

At high enough disorder o (T) of HTSC follows eq(1)
introduced by Mott to deascribe the hopping conductivity
with variable hopping range. It is not clear if the mecha-
nism of Mottt conductivity actually realizes in this case.
It is likely, however, that in any case the exponential
growth of resistivity beginning from the smallest disorder
is connected with TD of the resistivity in the presence
of defects. The inherent sense of the empirical formuls
(3) is, probably, connected with this fect. The dielectri-
zation effects are essential even at the smeallest extent
of digorder so that the ordered HTSC's are close to the
metal-insulator transition. Since the structure of the
irradiated samples differs from the initial one in the
occurrence of the chaotic potential only and in the sys-
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tem with strong two-dimensionel anisotropy of conductivity,
to which the considered HTSC's belong, the minimal metal-
lic conductivity mey reach the value of > 103(0hm-cm)_1,
it is likely that the Anderson type itransition takes place
in this case. If so, the behavior of electrical resistivi-
iy is connected with a decrease in the localization radius
Ryge* In this case the variation of Rloc a8 & function of
fluence (i.e. defect concentration) may be determined by
egs.(2) and (3), and we may explain the degradation of Tec
in HTSC under disorder in the fremework of the localizati-
on theory. The drop of Tc results from the increase in the
Coulomb repulasion effects in a single quantum locelized
rsrl:a‘l:e6 . Hence, Rloc turns out to be the only parameter of
the theory. The calculation results are in good agreement
with the experimentel ones 3 ’5). In terms of this approach
we may conclude that even at the smallest extent of disor-
der pairing takes place in the system of localized elec-
trons. The decrease in Rlo o leads to Tc degradation. When
Rloc becomes comparable with the typical size of the Coo-

per pair in a highly disordered state, superconductivity
is fully suppressed.

4. HALL EFFECT IN DISORDERED YBa20u307 CERAMICS

In ?(Bla.a(}uy:!.;r TD of the Hall effect as well as of the
electrical resistivity has not yet a satisfactory theore-
tical explenation. For YBa Cu30 with x close to 7 the
value of Hall carriers concentration nH-(R e)” -1 increases
linearly with temperature at 100<T< 700K, For x<7 the
drop in Tec is accompanied by a decreese in Dy, the latter
being essentially temperature dependent, however7). Here
we investigated the Hall effect on the same ceramic samples
of YBa20u307 @3 in Refs.1-5,

Disordering of the YBCO ceramics weakens TD of ny
that remains, however, linear (Fig.1). At low T~ 100K the
value of n; practically does not change. In the oxygen de-
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FIGURE 1. Temperature dependence of Hall concentration for
the irradiated (left side) and oxygen deficient YBCO samples

ficient samples of ¥YBCO ny drops several times at the
comparable values of Tc both for low and high temperatures
(Fig.1). The data from this figure evidence that the radia-
tion disordered samples have different qualitative behavior
from that observed with decreasing oxygen content (see
above). But at the same time it is seen that there is no
unambiguous correlation between ?c and Dy The results

show that it is difficult to explain the variation of ng
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FIGURE 2. Temperature dependence of { (T) from eq.(3) for
YBCO before (o) and aft$r irradiation by fest neutrons of
fluence 5 (2) and 10x1018em~-2 (o).
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and P in the disordered samples on the basis of any com-
pensation model since unlike the experimental situation
Hall effect in these models i® more sensitive to alterati-
on of compensation than p . In LSCO nH(T), slightly depen-
dent on temperature in the ordered stete, also does not
change under disorder. The constancy of ny for low T under
disorder agrees with the above assumption concerning the
localization of carriersa). But it is difficult to explain
variation of TD of ny under disorder. Still more surpri-
sing is the similarity of ny(T) end j‘(T) (Fig.2). We be-
lieve that these results esre additional evidences for the
fact that TD of electrical resistivity in the ordered
state of HTSC's is not connected with scattering on the
correspondent quasi-particles, i.e. with TD of the free
path of carriers, but reflects some important features of
the electronic properties of oxide superconductors.

5. ANISOTROPY OF ELECTRICAL RESISTIVITY AND UPPER
CRITICAL FIELD ch

We investigated a series of the YB&26u307_'ssingle
crystels with the sizes by order of 1x1x0.03mm3 grown by
crystallization from melt. The parameters of these single
crystals are given in Teble 1. The resistivities were
measured by Montgomery methodg).

Electrical resistivities [, (along the ab-plane) and
P (along the c-axis) for single crystal 1 were measured
at 80K directly during irradietion by fast neutrons at
liquid nitrogen temperature (Fig-B)-}Oaé increases expo-
nentially with QB (i.e. defect concentration) starting
from the smallest D while P grows slower and only for
$> 10192 they grow with the same rate. Hence aniso-
tropy'f% 4pn6 at 80K drops rapidly (to the value of ~30
for ¢ =10 cm'z) and then practically does not change,
80 that some "residual" anisotropy exists in all the cases.
In the temperature range 300K Pat and O, as functions
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TABLE 1. The parameters of the YBe (}u;,’o7 gingle crystals
before and after irradiation by fag't neutrons at 80K

N @ 2 Te FPat (100K) Pe (100K) f’c /}oaé PC/P&E
10'8cm™ K m® +em m? -cm T=100K T=300K
1 0 92 0.260 5T 220 40
18 1200 32200 27
2 0 90.7T 0.041 115 280 147
2 77.9 0.097 20.5 212 140
3 0 91.9 0.113 154 13T 32.6
3 59.3 0.690 48,5 60 28
4 0 91.5 0.043 15.0 350 135
4 43 0.324 62.5 192
5 0 92.2 0.057 9.0 158 60
5 9.0 0.880 T 81 48
6 0 92 0.075 15.8 212 87
6 7.1 1.16 133, 116
T 0 91 0.132 35.3 268 T
7 11.05 770 80 60

of D change with the same rate. The temperature dependence
of anisotropy weakens in the disordered samples (Fig.4).
Moreover, this weskening is intensified with increasing
disorder. From a comparison of these results with those
obtained earlier on the ceramic samples we may conclude
that the exponential growth of electrical reaistivity cha-
racteristic of ceramics takes place for the gingle crys-
tals in the direction of the Cu-0 layers and it is likely
to be the inherent property of HTSC.

The upper criticel fields of the YBCO single crystals
were measured before and after irradiation in the fields
up to 5T. TD of H, in the disordered samples is essenti-
ally nonlinear in these fields, especially for the samples
with low Tc (Fig.5). According to the high-field regions
on the H o2 V8. T curves the temperature derivative of the
upper critical field (H:E)' (along the c-axis) increases
with disorder. To obtain the unambiguous results it is
necessary to perform the measurements in high fields.
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FIGURE 3. p,end O at BOK vs, TFIGURE 4. Anisotropy R/ Pk
fluence of’ fast neutrons for vs, T for single crystal 7
single crystal 1 obtained direc- gifgre(o% a;d $ff‘68:,:é t;:gg.(-.)
tly duri irradiation. ation by ¢ =7Tx
B SR and after heating to 300K
(4).

(ng), (along the ab-plane) drops in the beginning and then
does not change or increases slightly. However, it is clear
that the anisotropy of H oo decreases for’ any ffield and in
the samples with Tc ~10K the ratio (H',)7(H1,) is close to
unity.

Hence, we see that disorder weakens anisotropy of ch
and of electrical resistivity at low temperatures, but the
former diseppears at the essential "reaidusl" anisotropy

fo).

6. NQR AND SPIN-LATTICE RELAXATION OF 63 Cu IN DISORDERED
YBCO CERAMICS

We investigated the 63Gu NOR in the disordered cera -
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FIGURE 5. 522(0) and H:E(o) vs. temperature for the
YBa.ZCu:,'O?_S' single crystals with different disorder.

N Y T

mics YBaEGu306_95 at the frequencies YV =22.0 MHz and

V =31.4 MHz corresponding to Cul and Cu2 sites, respecti-
vely. The spin-spin relaxation time T2 ve. T in Cuil sites
grows monotonously and tends to the dipole limit irrespec-
tive of disorder (Fig.6). In the normal state in Cu2 sites
'1‘2 does not depend on tempere.tnré at any disorder up to a
fluence of 10190m'2(}3‘ig.6). The spin-lattice relaxation
rate 17! in Cu2 sites at T>100K in the disordered samples
decreeses as compared to the initial one and its tempera-~
ture dependence is weakened (Fig.7). Below 100K in the
normal state the kink in the T;‘I va, T curves is observed
and ‘1‘;1~ T"L (£ =1.5 + 0.3). The superconducting transi-
tion is accompanied by sharp decrease in T'.'|'1 which may be
described now as T; 18 (B =62+ 1.5)(Fig.7). Similar be-
havior of Tf"1 wes observed in YBCO doped with Zn10). For
4.2K T?‘ is proportional to the Curie constant in our
samples, This implies that the interaction of the nuclear
magnetic moments with the paremagnetic centers in the de-
fect sites is the main relaxation mechanism at low tempe-
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FIGURE 6. Spin-spin relaxation time T, for®>Cu in Cu2
(31.4 MHz)(left side) and Cul (22.0 MHz) sites for

YBa20u306 95 before (0) and after irradiation by a fluence
of 5(4) and 7x10'8cm2(e).

ratures. (Note thet irradiation leads to the appearance of
the Curie-Weiss contribution to the magnetic susceptibili-
ty with the Curie constant proportional to defect concen-
tration). At ¢ =2x10"%cm™2 the value of the localized

megnetic moment (IMM) reaches the quantity 0.66 /g per Cu
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FIGURE 7. Spin-lattice relaxetion rate T1'1 vs. temperatu-
re for ®3Cu in Cu2 site (31.4 MHz)(left side) and Cul

(22.0 MHz) sites for YBa,Cuy0¢ o5 before (o) and after
irradiation by a fluence of 5(A) and 7x101Scm~2(e).
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atom that corresponds to the mean distance between IMU

of order of the lattice parameters. Under these conditi-
ons one may expect a decrease of T,. In fact, the line

at 31 MHz becomes practically undetectable for ¢ = 2 x
x ‘1019::n1"'2 rointing to the preferential occurrence of the
IMM in Cu2 sites, Irrespective of disorder the behavior

of the spin-lattice E{‘:l and spin-spin T2 relaxation times
up to a fluence of 10 9cm_2 is connected, probably, with
small correlation length of the Fermi-liquid exchange
fluctuations. Around the defect centers these fluctuations
are likely to be broken. This leads to the appearance of
IMM forming a kind of another megnetic subsystem. At
sufficient disorder the appearance of & spin-glass state
in the system of IMM for low temperatures may be expected.
At 4.2K we failed to find the correspondent NMR signal

in the local field within the frequency renge 80-100 MHz
although TD of magnetic susceptibility in this sample

( @ =2x10"%m™2) deviates from the Curie law at T < 10K.

7. CONCLUSION
The experimental results suggest that:

- even the ordered HISC's are close to the metal-insulator
transition end are likely to be on the insulator side of
this transition; :

~ disordering is likely to distort the quasi-two-dimensi-
onal character of the electron motion which is essenti-
@l in the ordered state, especially at low temperatures;

- disorder leads to a variation of a magnetic state in
YBCO.

0f course, further investigations are required. Neverthe-

less, we see that the radiation-induced disorder affects

@& lot of importent aspects of the physics of superconduc-

ting oxides. We hope that these investigations will be
useful.
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