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Magnetostriction measurements on 2H-NbSe, single crystals in the temperature range 1.5-8 K in a

magnetic field up to 14 T are reported. Peak and oscillations in the measured field dependences of

magnetostriction were observed near H_,

. The reversible and irreversible components are separated and

analyzed in the region of peak. The scaling parameters are defined, the contribution of the elastic

constants dependence on magnetic field is demonstrated. The oscillatory component is discussed

regarding Landau quantization of electronic spectrum.

PACS: 75.80+q, 74.25.Ha, 74.70.Ad

Introduction

The recent magnetostriction measurements per-
formed in the mixed state of superconductors, the
so-called Shubnikov phase has proved to be the
alternative tool for studying interplay between the
Abrikosov flux line lattice (FLL) and crystal lat-
tice [1—-4]. Though unambiguous manifestation of
pinning phenomena in the irreversible magnetostric-
tion was obtained some questions are still open.
Among them is a discrepancy of model calculations
and experimental data for high-T', superconductors
as well as the different orders of magnetostriction
magnitude in high- and low-T_ superconductors
characterized by pinning forces of the same order,
and the role of anisotropy. In this paper we report
measurements on an anisotropic low-temperature
superconductor 2H-NbSe,, , known for its purity
and excellent parameters, that make it nearly
an ideal system to study the issues mentioned
above [5]. The expectation is that in such a system
one has a better chance of understanding the com-
plex phenomena involved. In particular, we focus
on the old and famous but poorly understood «peak

effect> (i.e., a peak in the critical current slightly
below H_, that occurs in most classes of type II
superconductors [6,7] including cuprates [8]). The
2H-NDbSe., modification of niobium diselenide seems
to be the best object for investigation of these
problems, since its parameters of anisotropy are
close to those of high-T  superconductors (see
below), its crystal structure and vortex matter are
well studied, and the large single crystals of excel-
lent quality are accessible. In this paper we use a
different approaches to this problem based on the
irreversible magnetostriction measurements. The
basic idea behind a magnetostriction (MS) experi-
ment on a type II superconductor is that a change in
field will cause extra forces to act on the fluxoids.
These extra forces transmit to the lattice through
the pinning centers. An increase in field creates new
fluxoids at the samples surface. They will push the
already present fluxoids deeper towards the center
of the sample. If the time scale of the change of
field is big enough for the situation of the fluxoids
to be treated as quasi-static, the density of fluxoids
(DOF) will be such that the extra compressive
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forces among fluxoids due to the field increase will
be balanced by pinning forces. The DOF will have
a decreasing slope going towards the center. The
pinning centers will transmit these compressive
forces to the sample. For the decreasing fields, a
reverse process can be observed, resulting in a DOF
with an increasing slope and an extra expansive
forces on the sample. Because flux motion is irre-
versible the magnetostriction curves display a hys-
teresis and thus reveal the features of an interaction
between the flux lines and the crystal lattice.

System, sample preparation and experimental
details

X-ray studies of the obtained NbSe, single crys-
tals confirmed the 2H polytype. Magnetization
studies of this crystal showed a sharp supercon-
ducting transition at 7,=7.2 K and 0H , /0T =
= 8.1 kG /K for the field parallel to the ¢ axis. The
transition width was found to be less than 20 mK at
all fields. As in the magnetization studies, transport
measurements found 0H ., /0T =7.9 kG /K. For
H| ¢, the transport critical current was somewhat
higher than that inferred from magnetization hys-
teresis, ranging up to 40 A /cm? at low fields. The
critical current showed a very pronounced peak
effect near 0.9H ., as has been reported previous-
ly [5]. Below the following denotations will be
used:

A, =AL, /L is the length change in increased
field;

A, =AL, /L is the length change in deacreased
field;

A,=AL, /L -AL /L is the irreversible (pin-
ning induced) magnetostriction;

ANey=@L, /L+AL /L)/2 is the reversible
part of magnetostriction;

A, a), )\p(c, a), A.,lc,a) stand for the
AL/L|cand H Oc;

A, ¢), A (¢, ¢) stand for the AL /L | ¢ and H| ¢;

Ma, a), ip(a, a) stand for the AL/L Oc¢ and
H Ocg;

)\pm is the peak value of irreversible magneto-
striction;

H is the external magnetic field;

H ., is the upper critical field;

Hf‘:F is the field of irreversibility dissapearance
(peak goes to zero);

h = H/H"is the reduced magnetic field;

F_is the pinning force;

, is the shear force of FLL (flux line lattice);

J,, is the critical current density;

C is the elastic modulus.
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Fig. 1. Measured magnetic field dependences of magnetostric-
tion A(c, @) in 2H-NbSe, single crystal in a field normal to the
hexagonal axis ( H Oc ). The magnetostrictive length change
was measured along the c-axis. The arrows (- ) indicate the de-
pendences obtained during magnetisation and the arrows ()
correspond to reverse process (a, b). Longitudinal magnetostric-
tion A(a, a) versus applied magnetic field normal to the hexago-
nal axis (H Oc¢) (c, d). Longitudinal magnetostriction A(c, c)
versus magnetic field applied along the hexagonal axis (H]|| ¢)
at T =4.2 K (e).
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The length changes were measured using a pa-
rallel-plate capacitance method. The direction in
which the length changes were measured was paral-
lel or perpendicular to the field direction. The
length change measurements of A(c, @), A(c, ¢), and
A(a, a) were performed. The field sweeps were never
faster than 0.18 T /min.

Experimental results

Here we present the results for the A(c, @)
(Fig. 1,a,b), M(a, a) (Fig. 1,c,d), and A(c, )
(Fig. 1,e) measurements. Orientation of field in
ab-plane of 2H-NbSe, requires field up to 14 T in
order to reach the H ., below 2 K. The AL measure-
ments in ab-plane require capacitance cell of special
design and high sensitivity.

Figure 1,a,b presents the measured field dependen-
ces of magnetostriction A(c, @) in 2H-NbSe, single
crystal in a magnetic field normal to the hexagonal
axis (H O c¢). The magnetostrictive length changes
were measured along c-axis. In Fig. 1,c,d some
typical MS curves measured in ab-plane with longi-
tudinal orientation of the applied magnetic field for
different fixed temperatures are presented. A «dip»
for increasing and a «peak» for decreasing fields
is observed. In Fig. 1,e longitudinal magnetostric-
tion A(c, ¢) versus magnetic field applied along
the hexagonal axis is presented at the temperature
4.2 K. The irreversible component of magneto-
striction A~ was separated and is shown in
Fig. 2,a,b. 'ﬁ)"he measurements have given the ratio
M@, @)/ (c, a) 2 102.

Discussion

Irreversible magnetostriction

Previous works [1—4] describe how the vortex
flux pinning by the lattice is clearly shown from
magnetostriction measurements at the supercon-
ducting regime, as we believe to have observed in
the present 2H-NbSe, also. First of all and most
important is the already mentioned strong hys-
teresis shown by the A(c, @) and A(aq, @) modes,
similar to the magnetization hysteresis, which is
assigned to pinning effects. Second, as it is well
known, the critical current density j is a rapidly
decaying function of both field and temperature.
From Fig. 2,a,b we can notice that low temperature
irreversible magnetostriction isotherms show a field
dependence with a sharp maximum at a certain
field, typical for the systems with weak pinning on
point defects [9] which increases with decreasing
temperature, reminiscent of the mentioned j, beha-
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Fig. 2. Trreversible part of magnetostriction measurements at
different temperatures, T, K: 1.5 (71); 2.5 (2); 4.2 K (3):
)\p(c, a) (a); )\p(a, a) (b).

vior. The relation between pinning force (flux gra-
dient) and lattice deformation in the specified direc-
tion x may be obtained from the equation of elastic
balance [3]:

L/2

ALD1/CJ'dex. (1)
0

In Eq. (1) L is the dimension of our platelet
samples along the selected direction (L [J1.32 mm
along c-axis and L U5 mm in a-direction). The
field and temperature dependences of F,_ can be
well explained by using Kramer’s [7] theory of
pinning forces for type II superconductors, but in-
troducing a slight modification in order to apply
such a theory to superconductors with a pronounced
peak effect below H_, . In terms of reduced mag-
netic fields h = H/H" for h << hpm (h,,, corres-
ponds to the peak value of irreversibfe magne-
tostriction A ) flux motion primarily occurs by
depinning of the weakly pinned vortices present in
the sample, and for 2 >> h _ flux motion occurs by
synchronous shear of the vortex lattice around
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strong pinning centers. To these two regimes the
pin-breaking pinning force, F,, and the vortex
lattice ~ shearing pinning force, F,, corres-
pond [7,9]. In this way the models [7,9] yield sca-
ling law F (H) Of(h), and predict a (HH{T))>> de-
pendence fgr F_. Thus one should expect for the
flux-pinning magnetostriction the scaling behavior
followed by F), (see (1)), if the field dependence of
elastic constants is not taken into account. This
approach perfectly describes the results obtained on
the high-T', superconductors [1].

In Fig. 3,a,b we plot the ratio )\p(c,a)/)\pm(c,a)
and A (a, a)/)\pm(a, a) versus H/HY the data
points collapsing to universal curves as also ex-
pected from [7]. The H" values corresponding to
temperatures below 4.2 K were adjusted to get the
best collapse of the respective )\p /)\pm isotherms in
the universal curve. At the same time we were
unable to explain the observed scaling just by using
the H™2 law predicted by [7], i.e. in our case the
logarithmic plot )\pm versus HU gives the slope of
about 6 instead of the expected 2.5.

Therefore, following [2] we were overlooking
the fact that from a macroscopic thermodynamic
argument, a modified Ginzburg—Landau descrip-
tion [10], it can be shown that the elastic constant
in the superconducting state at H_, is proportional
to the normal state elastic constants times (H 02)_2
and elastic modulus in (1) C(T, H) = CO(h)(HCQ)_2
with C (k) being a function depending on / (con-

—
~—

Fig. 4. Scaling plot for irreversible magnetostriction: )\p(c, a) (a), )\p(a, a) (b).
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taining also the normal state elastic constants). The
above considered dependence of the macroscopic
pinning force density on magnetic field indicates
that A should obey the scaling law A = Hf'zsg(h) in
which g(#) is a function only dependent on #.
Taking into account the above mentioned arguments
for substitution of A by its irreversible part )\p and
H_, by HY where irreversibility disappears, we
plotted )\ /(HY%> as a function of & = H/H" for
low temperatures in comparison with the plot

/(HB?> suggested before (see Fig. 4). Indeed
tﬁe scaling law is closer to the experimental curve
but the best fit is obtained for A (c a)/(H9%> and
A (@, a)/(H)".

In conclusion, the above results point to a vortex
lattice pinning origin for the irreversible strains
observed at low enough temperatures for the stu-
died 2H-NbSe, samples. The important conclusion
is that the magnetostriction measurements represent
an alternative tool, on top of the usual one from
magnetization and critical current measurements. In
the present measurements the scaling behavior of
magnetostriction in a range of the peak observed
near H ., satisfies scaling low similar to that for
pinning force. The models of pinning explain the
results on magnetostriction in the mixed state of
2H-NDSe, if the dependence of elastic modulus on a
magnetic field is taken into account. The specifics
of the 2H-NbSe, layered structure should be ad-
hered to a large power magnitude.

Reversible magnetostriction. Quantum oscillations

We have reported on the peculiarities of the irre-
versible magnetostriction component in the mixed
state of the superconducting single crystals 2H-
NbSe2y which was determined as the difference
between magnetostriction values during magneti-
sation and those during demagnetisation of the
sample in external magnetic field. Now we consider
the reversible part of magnetostriction which is
determined as the sum between magnetostriction
values during magnetisation and those during de-
magnetisation of the sample in an external magnetic
field. The reversible part A _ (c, @) of A(c, a) in-
cludes two components. The first one is the mono-
tonic function of a magnetic field and the other
component is oscillatory function of magnetic field.
The oscillating component unambiguously results
from the Landau quantisation of electron spectrum,
being analog of the de Haas—van-Alphen (dHvA)
effect, which was observed earlier in the mixed
state of 2H—NbSe2 [11].

Magnetic field dependences of magnetostriction
and its reversible part are presented for the same
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Fig. 5. Field dependences of the reversible part of A(c, @) magne-
tostriction measurements. The arrows show peak position for A.

temperatures in Figs. 1 and 5, which clearly demon-
strate an existence of oscillatory component in field
dependence of A _ (c, @). The oscillatory part of
A(c, ¢) is possibly not observed because of large

M~
o
™~ 4 [
= 3r T=8K
s 2 >
<<L ON T T T T T M—M
1_5:_ T=42K
1.0 |
© 0.5_'
9 O T T T T T T T T t
s
S 20¢ T=25K
0_>) 1T.OMNAAAA~A————
(< -
O T If T T 1
2.0:: T=15K
1.0 A\AAA
O -_ T 1 T T T T
0.08 0.10 0.12 0.14 0.16
1H, T

Fig. 6. Oscillatory magnetostriction component of A (c, @) as
a function of inverse magnetic field. The arrows indicate the

peak position for A.
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frequency period according to Fermi surface calcu-
lations [11]. For the case of A(a, @) the experimen-
tal error is too high to observe the oscillations.

Magnetostriction dependences on an inverse mag-
netic field (Fig. 6) contain mostly a single har-
monic similarly to the dHvVA effect [11]. As in the
dHvA effect the amplitudes of oscillations below
H ., and above it slightly differ, which is attributed
to the additional electron scattering on the Abriko-
sov flux lines in the mixed state of superconducting
2H-NDbSe, [12].

The formula of Lifshits —Kosevich [13] for the
oscillating thermodynamic potential, which was ob-
tained in assumption of the arbitrary dispersion law
allows one to consider both dHvA oscillations and
those of magnetostriction. Chandrasekhar [14,15]
has shown that amplitude of the oscillations of
magnetostriction and of absolute magnetisation
values coincide within a factor dln (S,)/d0, ,
where S, is the extreme cross section area of the
Fermi surface normal to the direction of a magnetic
field, o, is the stress along this direction. The
parameter Oln (S, ),/d0, is relevant to the theory of
ultrasonic attenuation due to the electrons, and is
closely analogous to deformation potential in semi-
conductors.

Using our data on magnetostriction together
with the data on the absolute magnetisation values
would allow us to find the magnitude of
dIn (§,)/00, . However such data for 2H-NbSe,
have not been described in literature by now. We
plan to present these results in the nearest publica-
tion.

Monotonic component of reversible
magnetostriction and thermal expansion

Reversible magnetostriction consists of two
parts. The first one is determined by volume in-
crease of the normal component in the mixed state
V(H) and volume decrease of the superconducting
one V¢(H) during increase of applied field. The
second part is magnetostriction of the normal com-
ponent itself.

Therefore at fixed temperature we obtain

V()

A, =0 +A(H) . @
BN CERNC) I

Here & is the difference of the sample sizes in the
superconducting and normal states at fixed tem-
perature T <T_ . Figure 7 presents a temperature
dependence of this variable, which was obtained as
a difference between thermal expansion in super-
conducting state (T < T ) and that in the normal
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Fig. 7. Temperature dependence of the exceeding thermal ex-
pansion along ¢ axis in the normal state over that in the super-
conducting state.

state at the same temperature 7. The latter was
obtained by extrapolation of the experimental data
to the range of low temperatures as it is shown in
Fig. 8.

Magnetic field dependence of the longitudinal
magnetostriction A(c, ¢) in the mixed state of 2H-
NbSe, is shown in Fig. 1,e for field applied along
c-axis at 4.2 K. This is the most understandable
situation as magnetic susceptibility and magneto-
striction in normal state (7> T ) are negligibly
small at this orientation according to anisotropy of
Fermi surface. Regarding the first part in equation
(2) one can easily estimate A(c, ) if &, at 4.2 K is
known. In a result one obtains, that A(c, ¢) ap-
proaches the magnitude &, = 6.50077 in the fields
H>H, =23T for these orientation of magnetic
field and T = 4.2 K. This magnitude is close to the
measured one.
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Fig. 8. Experimental curve of thermal expansion along hexago-
nal c-axis (solid curve) and extrapolation of thermal expansion
into the normal state in a range 7 < T _ .

417



Conclusions

1. In a temperature range below critical tempera-
ture magnetostriction of 2H-NbSe, reveals both
reversible and irreversible parts.

2. In magnetic fields corresponding to a peak on
the field dependences of critical current a dip in
increased field and a peak during demagnetization
are observed.

3. In reduced coordinates )\p /)\pm = f(H/HY the
irreversible part of magnetostriction is described by
universal dependence for different temperatures
T <T,. Here A is the peak value of irreversible
magnetostriction in the field H" above which irre-
versible magnetostriction disappears.

4. In the coordinates )\p J(HB" = H/HY the
measurements of irreversible magnetostriction
correspond satisfactorily to universal curve at n = 6,
which differs from the expected value n = 4.5.

5. At a field orientation perpendicular to the
c-axis the field dependence of the reversible magne-
tostriction along c-axis reveals an oscillatory com-
ponent. Amplitude of this component is strongly
periodic with respect to inverse magnetic field
1,/ H. This part of magnetostriction is explained by
Landau quantization of electronic spectrum and is
similar to de Haas —van Alphen’s effect (dHvA).

6. The linear thermal expansion demonstrates
slight peculiarity at T, . At T < T, the monotonic
part of reversible magnetostriction saturates at
fields above H ., and is much higher than magneto-
striction in the same fileds though at T > T_ . This
part of reversible magnetostriction is explained by
increase of the volume of normal component in the
mixed state during an increase of the external
magnetic field.
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