Fizika Nizkikh Temperatur, 2002, v. 28, No. 1, p. 10-15
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superconduting 2H-NbSe, single crystals
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Magnetostriction measurements in the mixed state of superconducting 2H-NbSes single
crystals under in-plane magnetic fields 0—12 T have revealed a peak on the magnetostriction
versus magnetic field dependences in the vicinity of the upper critical field H,, . The peak
value of the longitudinal magnetostriction is higher by more than an order of magnitude in
comparison with that of the transverse magnetostriction when measured along the hexagonal
axis. Anal y sis of the mea sured field dependences of the magnetostriction and mag ne ti za tion of
2H-NDbSe, allows one to relate the observed peculiarities of magnetostriction with the loss of
order in the lattice of Abrikosov vortices, which occurs by a first-order phase transition.

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

1. Introduction

The observation of giant magnetostriction in
high-temperature superconductors [1-3], along
with establishing its relation to the interactions be-
tween the crystal lattice inhomogeneities and the
arrangement of Abrikosov vortices [4], enables one
to use magnetostriction measurements as the tool
for examination of a variety of phenomena in the
vortex assembly, which results from magnetic flux
pinning. An important direction in this field of in-
vestigation is elucidation of the origin of the peak
effect, which is the peak on the field dependences
of the critical current near the upper critical field
He , manifested as the maximum on the field
dependences of the irreversible magnetization [5],
and of its connection with the phase transitions in a
flux-line lattice [6]. It should be mentioned that an

advantage of magnetic studies of the peak effect is
that they provide direct data on the thermodynamic
parameters of the transition.

Many years of research on the field dependences
of the critical currents and magnetization of type-11
superconductors have shown that in general the
peak effect is observed in different ranges of mag-
netic fields between the lower Hy and upper He,
critical fields, and the shape of the peak is de-
scribed by an expression (H,)" f (), with f() si-
milar at all temperatures below Tgy , Where b is
the reduced magnetic induction in the sample, and
n=1-3, depending on the type of pinning center
and the pinning mechanism involved [5]. The peaks
on the field dependences of the magnetostriction
were observed in [2,7,8] on single crystals of
high-temperature superconductors (HTSCs) of the
1-2-3 type with rare-earth substitutions, polycrys-
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tals of Nb—Ti alloys, and single crystals of the laye -
red compound 2H-NbSe, , respectively. For HTSCs
it was shown [2] that the peaks in the intermediate
field range correspond to the traditional mecha-
nisms of pinning (h=2.5). For explanation of the
observed value n=4.5 for the magnetostriction
peak in Nb—Ti the field dependence of the Young’s
moduli of the crystal lattice was taken into ac-
count. The value n=6.5+0.2 for the magneto-
striction in 2H-NbSe, will be analyzed in the pre-
sent work.

2. Experimental results

The measurements were performed on high-qua-
lity single crystals of the superconducting com-
pound 2H-NbSe, with the superconducting transi-
tion temperature Tgy =7.2 K.

2.1. Magnetostriction measurements

The magnetostriction measurements were per-
formed in a cryogenic capacitance dilatometer [8].
The longitudinal | (a,a) and transverse | (c,a) mag-
netostriction values were measured in a field ap-
plied in the basal plane of the sample along the a
axis. The measurements of | (c,a) and | (&,a) in in-
creased field at temperature T = 1.5 K are presented
in Fig. 1. It is clearly seen that at fields near Hy, a
pronounced peak is observed, and the absolute val-
ues of | (c,a) are much lower than those for | (a,a).

2.2. Magnetization measurements

The magnetization measurements were per-
formed along the crystallographic ¢ direction by
means of a magnetic capacitance torquemeter tech-
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Fig. 1. Magnetostriction | versus magnetic field mea-
surements.

Fizika Nizkikh Temperatur, 2002, v. 28, No. 1

1S 1.0-Mdown.
1015 \/\ A
e 05 ® 0'5_{? I /1
- i up s 3
O - o i\
< = 07.5 8.0 85 9.0 |
o H
E- —0.5' .. ;
-1.0} J
0 2 4 6 8 10 12
uoH, T

Fig. 2. Absolute magnetization measurements along the
¢ direction for an in-plane direction of the magnetic
field. The inset shows the enlarged region of the peak
effect.

nigue [9]. The absolute values of the magnetization
were obtained using a calibration coil [10].

The measurements at temperature T =1.5 K are
shown in Fig. 2. Figure 3 presents irreversible com-
ponent of magnetization for different temperatures.
Figure 4 demonstrates irreversible magnetostriction
and magnetization in reduced coordinates. For the
magnetostriction and magnetization measurements
the scaling law withn=6.5 + 0.2 is fulfilled.

3. Discussion

The unit cell of this compound comprises two
sandwiches. Each of them is a hexagonally packed
plane of Nb between two hexagonally packed
planes of Se. The planes are shifted with respect to
each other, and atoms of Se form a trigonal envi-
ronment of the Nb atoms. The Nb planes are re spon-

1.2
» 4
c 1ol 3 —— 15K
£ [ i —— 25K
©  0.8f I —— 35K
~ 0.6 E
. _ 5ot
£ a1
s 04 4
I i
0 5 10 15 20
woH, T

Fig. 3. Field dependence of the irreversible magneti-
zation.
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sible for the superconductivity of this compound.
The distance between the nearest Nb planes is
d=c/2=6.27 A where c is the lattice spacing
along the hexagonal axis. The in-plane lattice pa-
rameters are a =b =3.45 A. The ratio of the lattice
parameters attests to pronounced crystallographic
anisotropy. At the same time 2H-NbSe, should not
be considered as quasi-two-dimensional supercon-
ductor, as its superconducting coherence length
along the hexagonal axis is twice the interplane
spacing x.>d (x.(0)=23A). This is a typical
highly anisotropic superconductor (x,,(0) =78 A),
which is characterized by an anisotropy parameter
g=(M / m)/? =Xap / Xc »3, or in alternative
definitions €2 =m/ M »009 (m=m; =m, and
M =m, are the effective electron masses along and
normal to the crystallographic planes). Such high
values of the anisotropy parameters of 2H-NbSe,
provide an adequate description of its supercon-
ducting properties by the Ginzburg—Landau equ-
ations [11] with the anisotropic mass tensor ([12]
and references therein). For our case my =m, <mj ;
m; Zm; =[Hu (||c) / He (* ©)]?. We take into
consideration the following expression

He @ =F o Z [2p(sin® g +€? cos® ) *x2 1 (1)

(F o is the quantum of magnetic flux, and q is the
angle between the direction of the applied magnetic
field and the c¢ axis), which defines the coherence
length values.

Validity of this approach significantly simplifies
analysis of the angular dependences of the mea-
sured properties, which in part will be considered
in this paper.

3.1. Anisotropy of magnetostriction at
Hcl < H<< Hc2

The observed differences of | (c,a) and | (@,a) in
the fields below the peak values may be explained
in the following way. In fields applied along the
extended surface of the sample in the a axis direc-
tion, magnetic flux penetrates the sample along the
b axis. Under this condition the penetration is post -
poned by a surface barrier until the magnetic field
H is increased to the value H » 2.7H_ [5], where
H. is the critical field, which is determined by the
difference of free energy values in the normal and
superconducting states, and which is much higher
than H,. The low-temperature limit of H_ for the
compound under investigation is H, »0.14 T [13].
In this range of magnetic fields the magnetostric-
tion is determined by the pressure of the magnetic
field and by the ratio of elastic constants in diffe-
rent crystallographic directions. From the theory of
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elasticity the relation between | (c,a) and | (a,a)
may be derived:

| ¢,a) 71 @a) =- C13(Cys - C12)Z (C11Cs3 - Cf3).

The right side of this relation includes the
components of the elastic-modulus tensor of
the crystal lattice. Introducing their values
from [13], one obtains the ratiol (a,a) /1 (c,a) =
=-0.76 /012 =- 6.3, which is in good agreement
with the measurements in fields well below H, .
When the magnetic flux penetrates the sample
along the b axis, the values of | (c,a) are deter-
mined by the ratios of the volumes of the normal
and superconducting parts of the sample [8] and
are proportional to the size differences dt (J|c) in
the normal and superconducting states along the
distinguished crystallographic direction in the ab-
sence of magnetic field. This quantity is determined
by relation dt (||c) ~ H.[H; Z TP(||c)], or accor-
ding to [13] dr ([c)~ HZ / Tsn [MTsn / TP(0)].
Substitution of the valuesTgy Z TP (|C) »
»18 x0%from [14] gives a satisfactory agreement
with the measurements [8] dt (|c) »2X0 7. It is
known [14] that the in-plane pressure dependence
of Tgy differs significantly from that in the c
direction. Pressure along the ¢ axis weakly in-
creases the transition temperature, while in-plane
pressure increases it significantly. In first approxi-
mation it should be assumed that the below peak
values, | (a,a) is also defined by the volumetric ra-
tio of the normal part of the sample due to weak
pinning (the ratio of the critical currents of de-
pinning and depairing j. Z Jj »10°8 [15] is sur-
prisingly small). Therefore, the ratio of | (c,a) to
I (@,a) in the field below peak is defined by the
relation [TTsn Z TP([0)] 7 [Tsn Z TP (" c)] »0.45
[15], which satisfies the experimental data for the
reversible component of the magnetostriction [8].
It appears that for explanation of the irreversible
magnetostriction we cannot neglect the pinning in
the basal plane parallel to applied magnetic field.

3.2. Magnetostriction in the fields near Hy,

In [16,17] the peak effect in the field depen-
dences of the critical currents near H, was attri-
buted to the change of the elastic moduli of the
flux-line lattice when the field approaches H, .
In [16] it was the decrease of the shear modulus
Cs6 » Which occurs faster than the decrease of the
pinningforce. Asaresult, the vor texesredistrib ute
in accordance with the spatial distribution of pin-
ning centers or the pinning potential relief. This
situation corresponds to a loss of spatial order in
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the flux-line lattice and, in principle, resembles
melting processes. It was described in [18] in terms
of the correlation volume V,; of the flux-line lattice
regions which can move independently of each
other. The results of this work have been used suc-
cessfully for examination of transformations in the
vortex arrays of anisotropic superconductors. The
possibility of transformations developing via a
first-order phase transition was analyzed in [19]. It
was suggested that the transition is realized in the
fluctuation regime when the Lindemann crite-
rion [20] is ful filled, i.e. when the mean-square am -
plitude of the vortex fluctuation displacements
amounts to about 0.2a; , where a, is the vortexlat-
tice parameter. It is a result of the loss of order in
the vortex lattice or the decrease of V, when the
mag neticfieldap proaches Hy, . A comparative ana-
lysis of the magnetostriction and magnetization
measurements allows us to check if this situation is
characteristic for our case. It should be noted that a
fluctuation contribution to the behavior of super-
conducting 2H-NbSe, is probable, as the Ginzburg
number [21], which characterizes importance of the
fluctuation contribution, is rather high: Gi =
=kg Ty Z H2ex® »107 4. For HTSCs it is of the
order of 10°2, and for other conventional supercon-
ductors it is of the order 108 [15]. This is, in part,
the reason for the noticeable difference between
the fields Hy, and H”, where H” is the field
above which all irreversible characteristics vanish
(H" »Hg,). The advantage of 2H-NbSe, for ana-
lysis of the transition processes is that, in contrast
to HTSCs, there is no flux creep in it, notwith-
standing the high level of thermal fluctuations. In
addition, the inset in Fig. 2 demonstrates that
in the peak regime the magnetization run (the
low-field arm of the peak) is irreversible. It may
be a proof of the first-order phase transition, on the
one hand, and a manifestation of vortex lattice dis-
ordering and the consequent spread over pinning
centers, on the other. So, the experimental data do
not contradict the proposed description.

In comparing the data on the magnetostriction
and magnetization we should keep in mind that in
the latter case the torque was registered in a tilted
field, which is a necessary condition for application
of such a measuring technique. The chosen value
q=77° corresponds to the maximum signal [22].
Analysis of the angular dependences and compari-
son of the data obtained at different g is possible
due to applicability of Ginzburg—Landau theory
with an anisotropic mass tensor to the compound
under study (the relations are presented in [6]).
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3.3. Phase transition

In order to analyze the possibility that a first-
order phase transition in the vortex array is ma-
nifestated in the peak effect, the relation derived
for the flux-line lattice from the Lindemann crite-
rion [19,20] will be used:

Him (M) =bpy (€ Z Gi)H O) (T Tsn)?

"L- T/ Ten) - Hp ZHOF . (2)

where b, »5.6, ¢, =0.23-0.15 is the Lindemann

criterion in systems with variable pinning,and H,

is the melting field of the flux-line lattice. The lo-
cation of the measured high-field magnetostriction

and magnetization peak-effect curves, namely H”,

suits well the value of H,,(T) if the superconduc-
ting parameters of 2H-NbSe, are substituted into
Eq. (2). The experimentally observed jump in the
equilibrium magnetization near H"at T=15K is
DM »5 G, and the corresponding elongation is
DL»2x0°8 mm. Therefore, the pressure deriva-
tive of the transition field may be estimated using
the Clapeyron—Clausius relation: DL(||c) / DM =
=H" /P (||c). Substitution of the magnitudes
obtained gives a reasonable [14] estimate
H* Z 1P(||c) » 0.6-0.8 G/bar.

3.4. Scaling law for isothermal field dependences
of magnetostriction

The analysis of the magnetostriction mea-
surements in the peak regime according to the
scheme [2,7] have shown that the field depen-
dences of the irreversible component of the mag-
netostriction | ;,, (c,a) measured at different tem-
peratures follow the scaling laws M;,, ~ (H")" and
liee ~(HD™ with the same power n=6.5+0.2.
Consequently, for analysis of the observed depen-
dences the concepts developed for the trivial peak
effect may be used, and the field dependences of
the elastic moduli of the crystal lattice may in our
case be excluded from consideration of the mag-
netostriction peak. In view of the softening of the
flux-line lattice in a peak effect regime and the in-
dependent displacements of its parts with the cor-
relation volumeV, , the relation for collective pin-
ning in the peak region [18] may be used for
description of the irreversible magnetization:

Mirr ~(npfp2 /Vc)ll2 ' ®3)

where n,, is the density of pinning centers, f, is the
elementary pinning force, and nI%,/Zfp is the volume
density of the pinning force. Usually, the latter is
characterized by a power-law dependence on H,
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with a power of 1-3 for different types of pinning
centers [5]. Its contribution to n may be also esti-
mated from analysis of the broad maximum of the
magnetization in fields of about H=2.4 T. The
nearly same position of the maxima at different
temperatures suggests a matching between the
flux-line Ilattice spacing and the distance between
the pinning centers involved [5]. The flux-line lat-
tice spacing may be estimated from the well known
relationag » (Fo/ B)Y2 =178 A, which can easily
correspond to the distance between the stacking
faults in Nb planes arising below the
charge-density-wave transition (Tepw =34 K),
with the appearance of an incommensurate struc-
ture of niobium atoms, characterized by a lattice
spacing of about 3a, [23]. Estimation of the corre-
sponding pinning force from [24] gives the power
ny » 2.5.

Now the contribution of the correlation volume
V. will be estimated. It goes as the inverse square
of the tilt and shear moduli of the vortex lattice, or
(He) #, which means that expression (3) com-
prises a multiplicativefactor with the power n, = 2.

And, finally, the thermofluctuational character
of the transition near H™ means that expression (3)
should be supplemented by a temperature-depend-
ent factor [25]. It is determined by temperature de-
pendence of the depinning energy for thermal fluc-
tuations, which to a first approximation is linear in
the temperature [5]. Using the temperature de-
pendence of the critical fields, a factor with n; =2
is obtained.

In this way a total power n=6.5 is obtained,
which agrees with that derived from magneto-
striction and magnetization measurements in the
peak-effect regime.

Conclusions

It was found that the maximum on the field
dependences of irreversible magnetostriction in su-
perconducting 2H-NbSe, corresponds to the field
range of structuraltransformations in the vortexar -
ray, which is realized after a first-order phase tran-
sition scenario. The measured field dependence in
the peak region is described by a scaling law
| iy ~ (H)8%92  similar to that for the irreversible
magnetization M, ~(H")%*%2_ It is shown that
the power n=6.5+ 0.2 is determined by the field
dependences of the elementary pinning force and
correlation volume and by thermal fluctuations
near the upper critical field. It should noted that
the analysis presented is the first one of this kind,
but the similar dependences may be expected for
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Fig. 4. Reduced field dependence of the irreversible
magnetostriction [8] and magnetization, normalized to
their values at the peak.

the irreversible magnetostriction in HTSCs in the
high-field peak-effect regimes. According to the ar-
guments proposed, in conventional superconductors
with a low probability of thermal fluctuations the
power of Hy in the high-field-peak scaling law
should be a few times lower.
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