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Lattice distortion and elasticity change in s-wave and d-wave superconductors
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The lattice anomaly, i.e., the lattice distortion and the elasticity change, caused by the appearance of
superconductivity (SC) is studied by use of the BCS theory. The BCS Hamiltonian with any attractive inter-
action between electrons is introduced for crystals with the symmetry Dy, so that the s-wave, d,2_2-wave, and
d,,-wave SC’s may appear. The microscopic parameters in the Hamiltonian are expanded in powers of distor-
tions u up to their first order, so as to make the Hamiltonian satisfy the crystal symmetry. The free energy of
the system as a function of SC order parameters (SOP) and u’s is obtained to reveal the properties of the lattice
anomaly. The temperature dependence of the equilibrium distortion and the elastic constants in the SC phases
with the different SOP’s is calculated. The calculated distortion is shown to give its temperature dependence
consistent with the observation. The elastic constants obtained can exhibit not only softenings but also hard-
enings below the transition temperature 7., depending on the microscopic parameters. This behavior of elastic

constant is just that observed in some high-7,. cuprates.
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I. INTRODUCTION

Since high-T,. superconductivities (SC) were found in
some perovskite-type cuprates,' findings of new SC com-
pounds have succeeded. In these SC compounds, not only
the conventional SC but also unconventional SC ’s have been
observed. For example, the SC’s in MgB,,> Sr,Ru0,,> and
PuRhGas (Ref. 4) are considered to be of s-wave, p-wave,
and d-wave SC’s, respectively. In experimental studies of
SC’s appearing in real compounds, various measurements
such as those of NMR, thermal conductivity, specific heat,
and others’ have been done. Also measurements of bulk
properties of crystal lattices, i.e., the lattice distortion and the
elasticity change caused by SC have already been performed
to clarify the properties of SC’s and the role of SC-lattice
coupling in the appearance of SC.%7 Unfortunately, however,
it seems difficult at present to get full information on SC
from the measurements on the lattice properties. In this pa-
per, therefore, we aim to relate the lattice anomaly to micro-
scopic quantities, so that the measurement on the lattice
properties may be a more microscopic probe into SC’s in real
compounds.

Usually, the experimental results on the lattice anomaly
caused by SC have been interpreted by use of the two theo-
ries, i.e., Ginzburg and Landau (GL)’s theory®® and Testar-
di’s theory.!” In the former theory,®® the free energy as a
function of SC order parameter (SOP) A and distortions u is
expanded near T, in powers of A and u so as to conserve the
symmetry of the SC-lattice system. This theory is helpful to
analyze the experimental results, but cannot be suitable for
description of the phenomena in a wide temperature region
including absolute zero. Moreover, it is not easy to know
from the analyses of experiments what happens in SC states
in real compounds. In the latter theory,m on the other hand,
the free energy is assumed to have a form as ¢f(7/T,) in the
all temperature region, where ¢ and T, are functions of
stresses o. This theory removed a difficulty at low tempera-
tures in the GL theory and clarified relations between the
lattice anomaly and some thermodynamic quantities, which
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supplied a helpful guide in analyses of observations. Never-
theless, it can hardly give detailed information about the ori-
gin of the lattice anomaly.

To get more insights into SC’s from measurements on the
lattice anomaly, we start with the BCS theory.!! Here, we
assume that any of the conventional and unconventional SC
states result from formations of electron pairs by possible
attractive interactions and are described by extended BCS
Hamiltonians, irrespective of mechanisms of electron attrac-
tion. The microscopic parameters in the BCS Hamiltonian
are introduced phenomenologically, but the Hamiltonian it-
self should satisfy the symmetry of the electron-lattice sys-
tem. On the basis of the BCS Hamiltonian thus obtained, we
see how the bulk distortion and the elastic change are caused
by the appearance of SC and how those depend on the mi-
croscopic parameters in the BCS Hamiltonian. This theoret-
ical procedure is made for both s-wave and d-wave SC states
in order to compare their lattice anomalies.

In the next section, we introduce a model of the electron-
lattice system in SC compounds. The Hamiltonian suitable
for this model system is diagonalized in Sec. III to give the
free energy as a function of A’s and u’s. Sections IV and V
are devoted to derive the equilibrium distortions and the elas-
tic changes for some different wave states of SC, respec-
tively. Characteristics of the lattice anomaly are seen more
explicitly in Sec. VI by making numerical calculations. The
results are compared with experiments in Sec. VIL. In the last
section, VIII, concluding remarks and discussion are given.

II. MODEL SYSTEM AND ITS HAMILTONIAN
FOR THE APPEARANCES OF THE s-WAVE AND
d-WAVE SUPERCONDUCTIVITIES

Putting into mind cuprate superconductors, we consider
compounds with tetragonal crystals whose structural symme-
try is Dyy,. In the compounds, the band electron system is
assumed to be of the two-dimensional (2D) nature and to
have a Fermi surface which has a cylindrical shape along the
fourfold rotation axis, say the z axis, of the crystal. It is
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further assumed that this electron system is able to make the
appearance of the s-wave and d-wave SC’s and the SC’s
couple to bulk distortions through various physical quanti-
ties. Without going into detail of mechanisms of attractive
interaction, we construct the BCS Hamiltonian in the pres-
ence of bulk distortions under requirement of the symmetry
of the starting crystal.'! As the result, the total Hamiltonian
of this electron-lattice system consists of the elastic energy
H,,, the band electron energy H,., and the energy of elec-
tron interaction H,,:

H:Hela+Hele+Hint' (1)

When the s-wave and d-wave SC’s appear in the present
2D electron system, it is sufficient to take into account the
following normal modes of distortion:

uy,uz(A ) sur(Big)sue(Byy), (2)

where the irreducible representations of D,;, which each dis-
tortion mode belongs to are also given. Then, the first term in
Eq. (1), Hy,, is given by

Hog=sVewd vexd s ey vegd). O
where V is the crystal volume in the absence of the distor-
tions and c’s are the elastic constants corresponding to each
mode. The expressions of u#’s and ¢’s in terms of the compo-
nents of the strain tensor e;; and the elastic stiffness con-
stants c;;, respectively, are given in Appendix A.

For the electron band responsible for the appearance of
SC, we introduce an effective band, which is parabolic in the
k,—k, plane and has a sufficiently large mass in the k, direc-
tion. The second term in Eq. (1), Hy., under the distortions is
approximated to be

Hg= 2 gkczackw (4)
k.o

2

&= LI+ K) + Lk~ k) + 20k ok } - i, (5)
2m Y Y
where ¢y, is the annihilation operator of the electron with

wave vector k and spin ¢ and m | is the electron mass in the

k,—k, plane. In Eqgs. (4) and (5), the constants  and the
chemical potential & are all defined to be quantities of dis-
torted crystals.

The final term in Eq. (1), H;,, on the other hand, can have
the form

1 ! ~ ! !
—— 2 B+ k) + k)
kp | k!
+ B = k) (K = k%) + 4k ke ik,
+ 8l + k) (K = k)7 + (k7 + k) (k= k)]
+2816lk e, (k) + K)%) + KLk (K + k) T

Hintz_

XctkflC;/TCkTC—kl’ (6)

where IIF 1 is the Fermi wave number in the k,—k, plane and
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g’s are interaction constants, which are again defined for dis-
torted crystals. One of g, g,, and g4, at least, should be
positive for the appearance of SC. X in Eq. (6) means a

summation over k under |Ek| <€, €, being a cut energy to
exclude the energy region of normal electrons.
By taking into account the crystal symmetry, the constants

Z’s and g’s can be expanded in powers of u’s up to their first
order as follows:
ZG == Lt

Zl =1-{iu, - 5{”3, Z2=— Gouy,

Si=g1(1+ yiuy + viuz), & =g (1 + vy + yyus),

86 = 86(1 + Yoty + Ygu3),
812=8ty, and gi6= gilts- (7)

Here, {’s, {'’s, g’s, ¥’s, and y'’s are new constants, which no
longer depend on u’s.

II1. FREE ENERGY OF THE
SUPERCONDUCTIVITY-DISTORTION SYSTEM

In order to derive the free energy of the system, we first
diagonalize H, .+ H;,, by applying the mean field approxima-
tion to Hj,. The superconducting order parameters (SOP)
that we are interested in are as follows:

g !
A= TIE (k,zc + k§)<ckTC—k1>s )
Vki, k
g !
Ay === (k= ki ewgeox)s 9)
Vkiy k
Ag= 20 ki
6= x y<CkTC—k¢>, (10)
Vki, &

where () means the thermal average. We call in the follow-
ing the SC’s with A, A,, and A4 the s-wave, d_p-wave,
and d,,-wave SC’s, respectively. Except for normal electrons
with |§|> €., the resultant mean-field Hamiltonian for H,,
+H;,, becomes Hgcg, Which is given by

!~ l I~ InEd
Hycs =2 &ChoCho— 7_2 {[AL(k; + k) + Ay(k; - k)
k

ko L
+2&2kxky]Cch—kl +H.C.}+ VES, (11)
where
51:&A1+@A2+&A6, (12)
81 82 86
&2=_2A2+ &Al’ (13)
82 81
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816

& __A6 Al’ (14)
86 81
and

~ & g g

Eo= D e S2,p o Boa o B2 (478, 4 400D
1 2 6 8182
+310 (AA A LAY, (15)
g1 6

By making the usual procedures, Hpcg is diagonalized to
become

! ~ + + !~ ~ ~
Hyes =2, Ex(aj g + alyay ) + > (&-Ey+VE,
k k

(16)
where
Ey={&+ (ke )18, (6 + K5) + 85k = &) + 28k k2.
(17)
Equations (16) and (3) give the free energy F(A;u) of the

SC state, which is subtracted by the electron free energy of
the normal state, as

F(Asu)=Hyy— > Em{w] +VE,,
k | B | cosh(BE/2)

(18)

where B=1/kgT with the Boltzmann constant kz, and tem-
perature 7. From Eq. (18), we see that the different SOP’s
cannot coexist in an equilibrium state with the crystal sym-
metry Dy, but can if the crystal symmetry is lowered by
distortions.

To avoid complications of various expressions, we first
consider the case where only A; and A, can coexist under the
distortions u; and u,. Then, it is convenient to scale k, and k,
by

Z1+Zz Ky 21—52 ky, (19)
so that the Fermi surface distorted by the lattice distortions

becomes a circle in the l:x—lzy plane. After the summation

over k in Eq. (18) is replaced with the integrations over k
and @ defined by

e
k= +y,

0= tan”'(k,/k,), (20)
the free energy in the present case is shown to be expressed
by

F(A LAy u) = =V(cyud + coul) + VE, — ZVEJ dé
0

" f”ﬁ 2, |:cosh(,BE(§, 9)/2)]
o 27| B L cosh(BER)

(21)

Here, D is the electronic density of states per unit volume at
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the Fermi energy in the presence of the distortions. We ex-
pand D in powers of u’s as

D=D(1+\u,), D=m, R2uch? (22)

where \; is assumed to be another expansion coefficient to
take into account the u dependence of the density of states!?
and c is the lattice constant along the z axis. In the following,
€. is replaced with the cut energy in the absence of the dis-
tortions, €., by assuming that the difference €.— €, gives only

a minor contribution to E,, as shown in Appendix B. E(¢, 6)
in Eq. (21) can be found by substituting Egs. (12), (13), and
(19) into Eq. (17) to be

Eto=\¢

(23)

Aj = A{1+ (& + y)uy + (& + 71)4'1”%"' (& + 7]1)4'2”%}
+A{(G+ mus+ QGG+ Lim+ Ly)uus},  (24)

Ry = A{1 + (&1 + wouy + (44 + y) i} + (& + 1) Lo}
+A{(G+ mus+ Q4G+ Lim + Ly)duua},  (25)

where terms up to the second order of u’s are retained in the
expansion of A”s, and 7, and 7), are defined by

7712@’ 7]22&- (26)
81 82

The free energy in the case where A and A4 coexist in the
presence of u; and ug, F(A;,Ag;u;,ug), is derived from
F(A,,A5;u,,u,) obtained above. When 6 is replaced by 6
—(m/4) in Eq. (20), 21&’% is changed to (l%—l%). By use of
this fact, F(A,,Aq;u;,ug) is easily obtained by replacing all
subscripts 2 of quantities in F(A;,A,;u;,u,) given by Egs.
(21)—(26) with the subscripts 6.

The free energies in the presence of u; instead of u; are
also obtained as follows: Since u; and u; have the same
symmetry properties, the two couple to the SC in the same
way but with different coupling constants. Therefore,
F(A{,Ay;us,uy) and F(A,,Aq;us,ug) are derived by the
replacements

uy—uy, ¢ —c3 L=,

YI—= Y. V2= Ye Ye— Yo and N\ — A\, (27)

in F(A,,Ay;up,uy) and F(A;,Ag;u;,ug), respectively.

In general, the SOP’s can have different phases. In the
following, however, we consider the case where they have
the same phases even when different SOP’s coexist through
H;,.. This simplification results only in discarding one of the
+ and — signs of u, or us induced by coexisting SOP’s.

IV. DISTORTIONS CAUSED BY THE s-WAVE AND
d-WAVE SUPERCONDUCTIVITIES

First, we study the case of the s-wave SC state, where
A, #0 and A,=A=0. Then, the linear terms of u’s other
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than those of u; and u; vanish in the free energy given by
Egs. (21) and (23), so that only the distortions u; and u; can
be caused by the SC. Therefore, the free energy
F(A;,Ay;uy,u,) with A;=0 and u,=0 is sufficient to find the
equilibrium uy, u;y. By minimizing this free energy with re-
spect to uy, uj, is found to be

2
Up=— {(2514‘71)' 10|
81
« 2 | cosh(BE(9)12)
+2D)\1f0 dglgln[ cosh(BE2) }} (28)

The equilibrium A, A}, in the above equation should satisfy
the gap equation:

A10=D81Alof ' dé tanh<§E1(§)>, (29)
0

1
E (¢
where

Ef(&=VE+]A | (30)

Equation (29) gives the well-known transition temperature of
the s-wave SC phase as

2eY

N I
=—=¢€.exp|—-——/|,

with Euler’s constant 7.

Secondly, we study the case of the d,2_2-wave SC state,
where A, #0 and A;=A4=0. Also in this case, u; and u; can
be caused by the SC. The equilibrium distortion u;, can be
found by minimizing F(A;,A,;u,,u,) with A;=0 and u,=0
with respect to u; to be

_ l | 2o|2
Up= B QL +y)—
1

82
492 coﬂmﬁEggeyz)]
+ab Af dgj 2B [ cosh(Ber2) [
(32)

The equilibrium A,, A,), in Eq. (32) should satisfy the gap
equation:

2™ 46 cos> 26
A20—D82A20J dgj 27722?5 0) anh(§E2(§,9)>,

(33)

where

E5(&,60) = VE + |Ay|* cos? 26. (34)

Equation (33) gives the transition temperature of the
d_p-wave SC phase:
2
2) g

8D

2e” (
.= ——€.eX
= ey P
Thirdly, we mention the case of the d,,-wave SC state,
where Ag#0 and A;=A,=0. 1 in this case is obtained by
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replacing all subscripts 2 of quantities in Egs. (32)—(34) with
the subscripts 6.

In all cases, the distortions us, can also occur in addition
to u;y’s. They are easily found by the replacement uy— us
together with the replacements given by (27) in Egs. (28) and
(32).

V. ELASTICITY CHANGE CAUSED BY THE s-WAVE AND
d-WAVE SUPERCONDUCTIVITIES

We confine ourselves to the isothermal elastic constants of
the SC-lattice system at the static limit of applied stresses.
Such constants are to be derived from the free energies,
which have already been given in Sec. III. Considerable ef-
fects of SC on the elastic constants are expected in the case
where the equilibrium SOP is deviated by distortions through
linear couplings of distortions to the SC. Before going into
detail of its calculation, the procedure for obtaining the elas-
tic constants is outlined on a representative SC state where
A, and A, coexist in the presence of u; and u,, and
F(A,,A,;u,,u,) given by Eq. (21) is appropriate. When any
stress is applied to give rise to further distortions du; and du,
from their equilibrium distortions as

u1=u10+ 51,{1, Up = 51/!2, (36)

the SOP’s deviate from their equilibrium values through the
SC-lattice couplings as

A1:A10+ 5A1, A2:A20+ (SAz (37)

For obtaining the elastic constants, it can be assumed that
6A, and SA, are proportional to the distortions as

OA | = Ajox110uy + Aooxn0Us, (38)

00y = AooXa1 0y + Ajox120Us, (39)

where x’s are the proportional constants depending on quan-
tities in the equilibrium state. We substitute Egs. (36)—(39)
into Eq. (21) to obtain a new free energy as a function of du,
and du,. After this free energy is expanded in powers of du,
and du,, the resultant energy increases quadratically with i
and du,.

When the above procedure is extended to SC states with
any SOP’s subjected to any distortions &u; with j=1, 2, 3,
and 6, the total increase of the free energy by the distortions
should have the form

(3, 81) = 2C (T80 + CooT)B1)? + ()

X (Su3)* + Ce(T)(Sug)* + 2C3(T)(Su,)(Su3)}.
(40)

The coefficients C(T) in this equation are the elastic con-
stants which are affected by SC.

A. Elastic constants in the s-wave SC state

We derive C;,(T) by use of F(A;,Ay;u;,u,) with A,=0
and u,=0. The condition JF/JA;=0 gives the gap equation
for A, in the presence of u,; as
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1
g_(l + yquy) =D{1 + (24 + 2y + Nuy}
1

0

xfécd§~l tanh(éﬁ(§)>, (41)
E\(&) 2

with

E(&) = V& + A L1+2(4 + v)uy]. (42)
From Egs. (41) and (36)—(38), x,; is obtained to be
i z_{ua+m+xo
! Ki1(Ayp)
where we have defined K;,(A,,) by

€. 1 2
K (Ayp) = 81D|A10|2f0 dg(m)

1
X {— £E® tanh('gEl(g)) + '[5 sech2(§E1(§)>}.
(44)

Substituting Egs. (37) and (38) with Eq. (43) into
F(A,,0;u;,0) known from Eq. (21) and expanding the free
energy thus obtained in powers of du;, we arrive at

2|A1o|2{ QL+ 7y +M)?
Ky1(Ayp)

+(4 + 71)}» (43)

+(4+ ’)’1)2}-

(45)

Cy(T), on the other hand, is derived by use of
F(A,,0A,; 1y, Suy) with u;o=0 by noting that du, induces
6A, under A,y # 0. The induced SA, should satisfy the gap
equation as

Cp(T)=c +
81

{& - Klz(Am)}(SAz ={[1+K5(A0)],

82
+K15(A1) 71 }A g0y, (46)

where K,(A,y) can be expressed by
1
Kl2(A10)=5{1 +K;1(40)}. (47)

Equations (46) and (39) give
. {8252 +81(&H+ 1)
2=-
22K 15(A o) — g1

Substitution of Egs. (37) and (39) with Eq. (48) into
F(A, 8A5;0, Suy) known from Eq. (21) and its expansion in
powers of du, result in

Co(T) =y + 2|A10|2{ [g1(5+ m) + 825 )

+(H+ 771)} (48)

+g(L+ 7 )2}-
8182 8:K12(A ) - g ne2m
(49)

Ceo(T) also is affected by the SC, because Aq is induced
by dug under A, #0 to be proportional to Sug. In a similar
way as in Cy(T), Ce(T) is derived by use of
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F(A, 6Ag;uyg, Sug) with u;p=0. As a result, Cgq can be
obtained by the replacements of all subscripts 2 of quantities
in Egs. (49) and (47) with the subscripts 6.

B. Elastic constants in the d,2_2-wave SC state

Parallel calculations of the elastic constants to those in
Sec. V A are made for the case of d,2_p-wave SC state.
Cy,(T) in this case is derived by use of F(0,A,;u,,0) known
from Eq. (21). The equilibrium condition of A, gives the gap
equation as

1
g_(l +vu) =D{1 + (21 + 2y, + \)}
2

fef fzﬂ dfcos>26 (,8~ )
X dé —— tanh| = F,(&,6) |,
0 0 2TEy(£,6) 2

(50)

with

E>(£,60) = V& + | A L1 +2(Z; + y)ugJeos® 26, (51)
Equations (50) and (39) give

) {eg+n+m>
X21=—

Ko (Ag) +({+ ‘}’2)}’ (52)

where we have defined K,;(A,) by

€. 2@ 4o
K>1(As) =g2D|A20|2f de Py
0 o <£T

(c052 20)2{_ 1 tanh(éE (& 0))
E,(&,0) E,(&,0) 27

+ g sechz(gEz(f, 6‘))} (53)

Equations (37), (39), (52), and (21) give

2|A50 | (2, + ¥+ \)?
Cll(T)=Cl+ | 20| {( L+ 1)

2
Koy(Ay) +(41+7) }

(54)

Cyy(T) is also affected by the SC, which is derived by use
of F(5A,A;u;9,0u,) known from Eq. (21). The gap equa-
tion for A, under du, # 0 becomes

82

g
g_25A1 = Koy (Ap0){ A + Aoso(Ln + 7)) Sunt + Aol Oy,
1
(55)

where we have defined K,,(A,) by
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€ 21
¢ deo
Kyn(Ay) = gsz d§f
0

0 27T

B
2

tanh( E,(&, 0))

X ! { 52
[E2(£,0)] | Ex(£,6)
B o[ B -
+ Ay 5 cos 26 sech 2E2(§, 0))(=2+K,.

(56)
The last relation in the above equation can be confirmed by
making numerical integrations in Egs. (53) and (56). Equa-
tions (55) and (38) give
. {8152 +8(&H+ 1)
n=-
81K2n(As0) — &2
Expanding F(SA;,Axy;uy9,0u,) with u;p=0 and Egs. (38)
and (57) in powers of du,, we obtain
2|A20|2{ [22(L+ ) + 16T
8182 81Kn(A) - &2

+(H+ 772)}~ (57)

Cop(T) =cy + + 8L+ 772)2}-

(58)

Since dug does not couple linearly to [Ay|d|A;] (j=1, 2,
and 6), the equilibrium SC state cannot be changed by dug
through the electron interaction. Nevertheless, Cgq(T) is also
affected by the SC. This is because dug changes the band
electron energies to distort the Fermi surface and this dis-
torted Fermi surface becomes favorable for the anisotropic
SC state. As a result, Cg(7) is shown to be {cg

— (2%l Ay0* 7 g2)}-

C. Elastic constants in the d,,-wave SC state

The d,,-wave SC state affects Cy;(T) and Cge(T). The
expressions of C,;;(T) and Cg(T) are obtained by replacing
all subscripts 2 of quantities in Eqs. (54) and (58) with the
subscripts 6. Moreover, C,,(T) also is affected by the SC for
a similar reason to that described about Cg(7) in Sec. V B.

D. Elastic constants C33(T) and C3(7) in the all
wave states of SC

The distortion u3 couples to the SC in the same way as u,,
so that the properties of C;(T) hold also for Cs;(T) except
for different coupling constants. The expressions of Cs3(7)
are obtained by making the replacements (27) in the expres-
sions of C,;(T) given by Egs. (45) and (54). The elastic
constant C5(T) also is affected by the SC, whose expression
is omitted here.

VI. NUMERICAL CALCULATIONS OF THE LATTICE
ANOMALY AND ITS CHARACTERISTICS

In order to see characteristics of the lattice anomaly, we
calculate numerically the distortions and the elastic constants
on the basis of the results obtained in the preceding sections.

Figures 1 and 2 show, respectively, the calculated tem-
perature dependence of u,, in the s-wave SC state and that in
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u (&D fey)

L L L Il L
0 0.2 0.4 0.6 0.8 1
T/T,

FIG. 1. Temperature dependence of the distortion u;, in the
s-wave SC state. The parameter values g;D=0.41 and €./kp
=300 K have been assumed as an example, which give 7,.=30 K.
The bold lines 1, 2, and 3 have been calculated for A;=1, -2, and
-5, respectively, under common (2;+7;)=3. The thin lines 4, 5,
and 6 have been calculated for (2£;+v,)=1, =2, and -5, respec-
tively, under common \;=3.

the d,>_,>-wave SC state for some sets of chosen values of
the parameters. As seen from both the figures, the tempera-
ture dependence of u;, exhibits similar characteristics irre-
spective of the SC state. This holds also for the equilibrium
distortion us3,. The sign of distortion depends on some micro-
scopic parameters. This is seen from the expressions of uy’s
at absolute zero, which are found from Egs. (28) and (32) to
be

Al 1 2
A1 {(2§1+7’1)+)\181D(_+ln = )}, (59)
181 2 1Al

in the s-wave SC state, and

Uy =

0.4

w [(EDIcy)

L L L 1 L
0 0.2 0.4 0.6 0.8 1
T/T.

FIG. 2. Temperature dependence of the distortion uq in the
d,2_-wave SC state. The parameter values g,D=0.82 and €./kp
=300 K have been assumed as an example, which give 7,.=30 K.
The bold lines 1, 2, and 3 have been calculated for A;=1, -2, and
-5, respectively, under common (2{;+ y,)=3. The thin lines 4, 5,
and 6 have been calculated for (2{;+7y,)=1, =2, and -5, respec-
tively, under common \;=3.
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(Cyy-¢)) 1&D
ﬂ

(Cy-c) 16D

T/T.

FIG. 3. Temperature dependence of the elastic constant C;,(7)
in the s-wave SC state. The assumed parameter values of gD and
€./ kg are the same as in Fig. 1. The bold lines 1, 2, and 3 have been
calculated for ({;+X\;)=-2.5, —1, and 0, respectively, under com-
mon ({;+y;)=2. The thin lines 4, 5, and 6 have been calculated for
(&+7y1)=-2.5, -1, and 0, respectively, under common ({;+\;)=2.

Al

- {(2§1+‘}’2)+)\1(1+%82D>}, (60)

€182

Uyp=

in the d,2_2-wave SC state. In addition, we see in the figures
that the thermal expansion coefficients «, which are the 7
derivatives of u;y and u3,, always become zero at absolute
zero and exhibit discontinuous changes at 7. The sign of «
can vary with temperature in some cases of the parameter
values.

Figure 3 shows the calculated temperature dependence of
C;(7) in the s-wave SC state for some sets of the parameter
values chosen. As seen from this figure, C,;(T) becomes soft
just below T with a discontinuous change at T... This discon-
tinuity at 7. arises from the fact that K;;(A,y) in Eq. (45)
becomes zero at T, as shown in Fig. 4, or in other words, x;;

0.1

Ki1(Arp)

= 1 Il
0‘50 0.5 1

T/T.

FIG. 4. Temperature dependence of K;(A ;) for different values
of g1D. €./kp=300 K has been assumed as an example. The lines 1,
2, and 3 have been calculated for g;D=0.21, 0.29, and 0.41, respec-
tively. The sets of these parameter values give 7.=3, 10, and 30 K
in the cases of the lines 1, 2, and 3, respectively.
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o 05 1

T/T,

FIG. 5. Temperature dependence of the elastic constant Cy,(T)
in the s-wave SC state. The same parameter values of g;D and
€./kg as in Fig. 1, and g,/g;=—-1.9 have been assumed. The bold
lines 1, 2, and 3 have been calculated for 7;=1.5, 0.5, and -0.5,
respectively, under common {,=-2.5. The thin lines 4, 5, and 6
have been calculated for {,=-2, —1, and 0, respectively, under
common 7;=2.

diverges at T,.. Equations (45) and (44) give the change at T,
in the case of the s-wave SC state as

kgT. \>(2, + v, + \y)?
Cll(TC—O)—c1=—2< B L) 24+ ) . (61
81 DK(ec/kBTc)
where «(y) has been defined by
1 2
k(y) = tanh 275 sech” — rdx. (62)

The softening in C;;(T) recovers partially with lowering
temperature. When {;=N\;=0 while y;#0, or when ;=0
while £; #0 and/or \; #0, its recovery is not sufficient to
cause a hardening at low temperatures, as seen from Eq.
(45). When, however, +7y,+\| is small but |Z;+7y| is
large, C,,(T) changes to show hardenings at low tempera-
tures. These prove that the change of C,,(7) from the soft-
ening to the hardening results from an interference of
changes in the electron band and in the electron interaction.
Figure 5 shows, on the other hand, the calculated tempera-
ture dependence of Cy,(T) in the s-wave SC state for some
sets of parameter values. Usually, C,,(T) becomes soft con-
tinuously below T.. When |[({+7,)+(g2/g1)8| is suffi-
ciently smaller (larger) than |Z,+ 7| for positive (negative)
values of g,, C»,(T) changes to show hardenings at low tem-
peratures, or, in the whole temperature region below 7,. In
order to see a strong (g,/g;)-dependence of C,,(T), we give
in Fig. 6 the calculated temperature dependence of Cy,(7T) in
the same wave SC state for some different values of g,/g;.
As seen from this figure, its softening is enhanced when
g,(<2g,) approaches to g;. This is because the s-wave SC
state can induce more easily the d,2_,2-wave SC state through
the cross term of the different SOP’s, when the latent 7. of
the d,2_>-wave SC state is closer to the real T, of the s-wave
SC state.
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(Cx-cy) /f'czD

o 05 1

T/T.

FIG. 6. Temperature dependence of the elastic constant C,5(7)
for different values of g,/g; in the s-wave SC state. The same
parameter values of gD and €./kg as in Fig. 1, {,=1.0 and 7,
=1.0 have been assumed. The lines 1, 2, 3, and 4 have been calcu-
lated for g,/g;=-1.9, —1.0 1.0, and 1.9, respectively.

Similar calculations to those for the s-wave SC state can
be made also for the d,>_,»-wave SC state. Figure 7 shows
the calculated temperature dependence of C;;(7) in the
d_p-wave SC state for some sets of parameter values. Also
in this SC state, C,;(T) becomes soft below T, with a dis-
continuous change at T,.. This behavior is ascribed to the fact
that K,;(A,,) becomes zero at T,, whose temperature depen-
dence is shown in Fig. 8. Equations (54) and (53) give the
discontinuous change at T, in the d,2_2-wave SC state as

1_6<kBTc>2(2§1 +y+\)°

Ci(T,-0)—c, =
]1( ¢ ) €1 3 82 DK(EL'/kBTC)

(63)

The softenings of C;(T) change to hardenings at low tem-
peratures for |2{;+y,+\,| sufficiently smaller than |{;+7,|.

T/T.

FIG. 7. Temperature dependence of the elastic constant C;,(7)
in the d,2_,2-wave SC state. The assumed parameter values of g,D
and €./kp are the same as in Fig. 2. The bold lines 1, 2, and 3 have
been calculated for (£;+\;)=-2.5, =1, and 0, respectively, under
common (£ + y,)=2. The thin lines 4, 5, and 6 have been calculated
for ({;+7v,)=-2.5, =1, and 0, respectively, under common (¢,
+N\)=2.
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0.1

K>1(Ay0)

- 1 Il
0'50 0.5 1

T/T,

FIG. 8. Temperature dependence of K,;(A,) for different values
of g,D. €./kp=300 K has been assumed as an example. The lines 1,
2, and 3 have been calculated for g,0=0.42, 0.57, and 0.82, respec-
tively. The sets of these parameter values give 7.=3, 10, and 30 K
in the cases of the lines 1, 2, and 3, respectively. It is noticed that
the temperature dependence of K, (A,g) is only slightly different
from that of K;;(A;y) shown in Fig. 4.

Figure 9 shows the calculated temperature dependence of
Cy(T) in the d,2_»-wave SC state. Again, C,(7) becomes
soft continuously below T,. The softenings of C»,(7) change
to hardenings at low temperatures or in the whole tempera-
ture region below T,, when |({,+7,)+(g/g2)&| is suffi-
ciently smaller (larger) than |Z,+ 7,| for positive (negative)
values of g;. As in the s-wave SC state, the temperature
dependence of Cp(7) in the d,2_,>-wave SC state depends
strongly on g,/g,, which is seen in Fig. 10. In the latter SC
state, the dxz_yz—wave SC state induces the s-wave SC state in
the presence of the distortion u,.

0.5

(Cy-cy) 1D

o
W
T

0 0.5 1
T/T.

FIG. 9. Temperature dependence of the elastic constant C,,(T)
in the d,2_,>-wave SC state. The same parameter values of g,D and
€./kp as in Fig. 2, and g,/g,=-0.47 have been assumed. The bold
lines 1, 2, and 3 have been calculated for 7,=2.5, 2, and 1.5, re-
spectively, under common {,=-2.5. The thin lines 4, 5, and 6 have
been calculated for {,=-2, —1, and 0, respectively, under common
7,=2.
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(Cx-cy) /f'czD

_ . . . . I . . . . I
50 0.5 1

T/T.

FIG. 10. Temperate dependence of the elastic constant C,y(7)
for different values of g/g, in the d,>_,2-wave SC state. The same
parameter values of g,D and €./kp as in Fig. 2, {,=1.0 and 7,
=1.0 have been assumed. The lines 1, 2, 3, and 4 have been calcu-
lated for g,/g,=-0.45, —0.25, 0.25, and 0.45, respectively.

VII. COMPARISON BETWEEN THE THEORY
AND EXPERIMENTS

The results of the present theory are here compared with
those of experiments performed on high-7, cupurates. The
theoretical analyses are done by assuming the d,>_>-wave
SC state in these compounds.

Bi,Sr,CaCu,0q4 has the crystal structure with the lattice
constants a=>b and c>a,b, and exhibits the SC with T,
=90 K. The prominent volume change caused by SC was
observed on this compound by Asahi et al.'* The measured
temperature dependence of the volume change vg—vy is
shown in Fig. 11, where vg and vy are, respectively, the
volumes of a unit cell in the superconducting and normal
phases. If the small orthorhombicity of this compound is
neglected, u;, obtained in the preceding sections can be com-
pared with vg—vy measured. Under the given 7., we have

c

0.2 : T " T
Bi,Sr,CaCu,0g

0.4+ —e— Experiment -
L —— Calculation
05 . 1 . 1 . 1 . 1 . 1 .
0 20 40 60 80 100 120
T[K]

FIG. 11. Comparison between the theoretical and experimental
temperature dependences of the volume change vg—vy in
Bi,Sr,CaCu,0g. The experimental data were taken from Ref. 13.
For the parameter values used, see the text.
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200+ LaggsSrg1sCuOy

= 100
a9
2
3 0
S
o

-100

Experiment
200+ —— Calculation i
. I . I . I . I .
0 10 20 30 40 50

FIG. 12. Comparison between the theoretical and experimental
temperature dependences of the elastic constant Cs3(7)—c3 in
La g5S1 15Cu0Oy4. The experimental data were taken from Ref. 14.
For the parameter values used, see the text.

the three parameters, €,, D(2{,+v,)/c;, and D\,/c,, whose
values are chosen so as to fit the calculated curve to the
measured one. The calculated u;, was found to depend on e,
so weakly that the fitting could not determine uniquely the
value of €.. When €./kz=300 K was employed, the fitting
gave

D&+ y)le;=—83 X 1073 kz K2, (64)

DN\ Jey=— 17X 107 k7 K2, (65)

The calculated curve by use of these parameter values also is
shown in Fig. 11. When other values of €./kg, 100 K and
500 K, were employed, D(2{,+,)/¢; and D\,/c, had val-
ues near those given by Egs. (64) and (65) and the curves
were only slightly changed from the one in Fig. 11. As seen
in Fig. 11, the agreement between the calculated and mea-
sured curves is fairly good. The deviation of the calculated
curve from the measured one results partly from a difficulty
in obtaining experimental values of vy below T,.'3

Nyhus et al.,'* on the other hand, measured the elastic
constant Cs3(7) of LaggsSry5CuO, with T.=37.3 K. The
temperature dependence of Cy3(7T)—c; measured'* is shown
in Fig. 12, c; being the elastic constant in the normal phase.
In the calculation of C33(T)—c3, we have the three param-
eters, €, D({{+v5)? and DL +vy,+\|)>. When €./k
=300 K was employed, the fitting of the calculated curve to
the measured one gave

D(Z) +94)?=2.2 X 107 kg> K> Mp, (66)

DRI+ Y+ N)?=44X 1073 kg K2 Mp.  (67)

The curve calculated by use of these parameter values also is
shown in Fig. 12. As in the case of the calculation of u,
other values of €./ky gave parameter values near those given
by Egs. (66) and (67) and curves very similar to the one in
Fig. 12. As seen in Fig. 12, the present theory reproduced the
observed discontinuous change of Cs3(T)—c5 at T, and its
hardenings observed at low temperatures. However, the

agreement between the calculated and measured temperature
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dependences of C33(T)—c; is not quite sufficient. This result
is again ascribed partly to the difficulty in obtaining experi-
mental values of c; below 7,.'4

VIII. CONCLUDING REMARKS AND DISCUSSION

In order to analyze the lattice anomaly accompanied by
the appearance of superconductivities (SC), we have started
with the BCS Hamiltonian, which is constructed for the sys-
tem consisting of SC’s and distortions u. The microscopic
parameters have been introduced into the Hamiltonian so
that itself may satisfy the crystal symmetry. By use of this
Hamiltonian, we have derived a free energy as a function of
the SC order parameters (SOP) and u’s. The free energy thus
obtained makes it possible to clarify how the distortions and
the elastic change originate from the SC state. In the present
analysis, we have taken into account the linear dependences
of the microscopic parameters (7) and the electronic density

of states D in Eq. (22) on u’s. In general, their quadratic
dependences on u’s also can contribute to the elastic
changes.!" In the usual SC compounds such as those with no
strong electron-lattice coupling, we expect that the linear
coupling terms play a major role in the lattice anomaly.
Within this linear-coupling theory, we have obtained the
same mode of distortion and the similar elastic properties in
both the s-wave and d-wave SC states. Moreover, we have
found that not only the softenings but also the hardenings of
the lattice are possible in those SC states.

The results obtained in our theory are compared with
those of the GL theory® and of Testardi’s theory,'” which
were developed for the s-wave SC state. In the GL theory,
the free energy of the system is expanded directly in powers
of the SOP’s and u’s near T.. As seen in Appendix C, a
simplified GL theory gives the distortion u o (T—-T,) near T,
and therefore gives a thermal expansion coefficient « inde-
pendent of 7. Testardi, on the other hand, considered the free
energy proportional to {1 —(7/T,)?}?, which is assumed to
hold at all temperatures below 7..'°© This theory gave a
temperature-dependent «, which has a nonzero slope at T.
but the zero slope at absolute zero, just as in the present
theory. Such a temperature dependence of a agrees qualita-
tively with a’s which were observed not only for
Bi,Sr,CaCu,0q,'? but also for YBa,Cu;0,_s (Ref. 15) and
HgBa,Ca,Cu;03, ;' However, the temperature dependence
of the free energy used in Ref. 10 is different from that
predicted by the BCS theory, even near T..

The elastic constants also were studied by use of the GL
and Testardi’s theories.”!® As shown in Appendix C, the GL
theory gives an elastic modulus, which exhibits a discontinu-
ous change at 7, but is constant below T.. Testardi’s theory
gave the temperature-dependent elastic moduli of the longi-
tudinal mode with a discontinuous change at 7, and of the
shear mode with a continuous change. The global feature of
these elastic moduli is somewhat analogous to that of ours,
although not only the temperature dependence but also the
microscopic quantities responsible for the elastic anomalies
are different between the theories.

A pioneering work of the experiment on the elastic con-
stants of the SC phase was reported by Alers and Waldorf.!”

PHYSICAL REVIEW B 76, 144515 (2007)

They observed the clear change of the longitudinal and shear
moduli by the conventional SC states of some 3d transition
monatomic metals. Unfortunately, no detailed analysis of this
elasticity change has been done from a theoretical point of
view. The most conspicuous effect of SC on the elastic con-
stants was found in some high-7. compounds of Al5-type
such as V;Si and Nb;Sn.'® In these compounds, both the SC
and martensitic transitions occur, which interfere with each
other. This interference originates the observed drastic
change of elasticity in these compounds.'®?° This phenom-
enon is not the subject of the present theory. More recently,
extensive and detailed observations of elasticity on the cu-
prate compound system La,_,Sr,CuO, have been reported by
Nohara et al.>'»> They found the clear changes of elasticity
by SC, which accompany the discontinuous or continuous
changes at T, as predicted. It was also found that the elastic
behavior strongly depends on x and is very sensitive to ex-
ternal magnetic fields. Moreover, some elastic modes exhib-
ited hardenings at low temperatures. This hardening was ob-
served also for other high-T, compounds.??~>> Evidently, the
elastic anomaly becomes more splendid in La,_Sr,CuOy,
with a higher T.. The whole behavior of elasticity observed
in a wide region of x is too complicated to be systematically
analyzed. Nevertheless, a thorough understanding of the lat-
tice anomaly of the high-7,. compounds surely helps us to
clarify the role of the electron-lattice interaction in the high-
T, of cuprates. Further experimental and theoretical studies
on the interrelation between SC and lattice will be desirable.

APPENDIX A: NORMAL MODES OF ELASTIC
DISTORTIONS IN CRYSTALS WITH D4, SYMMETRY

When a crystal with the D,;, symmetry is subjected to the
strains e;;; which can couple to the SOP’s we are interested
in, the elastic energy is expressed by

_ ) 2 2
Heo= ~Vcyi(er, + e;,) + ca3e,, + Coeyy + 20108 .8y

1
2
+

2013(exx + eyy)ezz}s (Al)

where c¢’s are the elastic stiffness constants in the normal
state. Here, we introduce the normal modes of distortion:

1
u = —=fe,+e,+ve.l, (A2)
! V2 + VZ{ > ‘ )

1
Uy Jr_ (exx - eyy) s (AS)
L egre)+2e),  (Ad)

uy = —={-vle, +e,,) +2e.},

Ug= ey, (A5)

where
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_ 4Cl3 ro_
=" [T \2 » Cpp=CtCp—Cs3.
cp+ V(e +8ct;

(A6)

In terms of these normal modes, Eq. (A1) is shown to be
written as Eq. (3), where ¢’s have been defined by

cp=cpptceptcys, Cr=C11—Cq2s

C3=C33— VCq3, and Ce = Cgp- (A7)

APPENDIX B: EFFECT OF THE CHANGE IN THE CUT
ENERGY BY THE DISTORTION

The cut energy €, in Eq. (21) is also affected by u; and u,
up to the linear order of u’s. Here, the contribution of this
effect to the free energy per unit volume, ES’, is derived.
From Eq. (21), we see that E; can be approximated as fol-

lows:
2
o f it f dg2 {cosh(,BE(g 9)/2)}
277,8 cosh(B&/2)

=- 2D(EL - 6(')f j_g{E(ew 0) - 60}
0 a

1
:—5D71(2|A1|2+|A2|2)M1, (Bl)

for €,>|A,| and |A,|. In Eq. (B1), we have already expanded
€. as

gc = EC(I + Tlul), (BZ)

where 7; is an expansion coefficient and u; is neglected.

Comparison of Eq. (B1) with Eq. (15) suggests that E! can
be neglected when gD, and g,D /2 are sufficiently small
compared with 1.

APPENDIX C: A SIMPLIFIED GL THEORY
OF THE LATTICE ANOMALY

In order to compare the results of the present theory with
those of the GL theory, we give here a simplified GL theory
of the lattice anomaly in a SC state. The SC state tested here

PHYSICAL REVIEW B 76, 144515 (2007)

has one component of SOP, A, which couples to a distortion
u. Then, the GL free energy is assumed to be expressed by

T 1 1
F= V{a(— - 1>|A|2 +—b|A[* + —cu® - d|A|2u},
T. 2 2
(C1)

where a and b are positive constants, ¢ is an elastic constant,
and d is a coupling constant with any sign. Minimization of
F with respect to |A| and u gives the equilibrium quantities
|Ao| and u,, which are obtained to be

ca T
| 0| ch— dz Tc ( )
NI )
=\ T.)
Equation (C3) gives further a thermal expansion coefficient,
d d
a=20 o 2 (C4)

T 9T (cb-dIT,

which is constant below 7.

When a further distortion du from u, is introduced, the
SOP is changed as |A|=|Ag|+ 8|A|. After that, the free energy
is increased by

F-Fy= V{ MTE - 1) +3b|Ao* - duo] (8|A))?

—2d|Ao|8A|Su + %c(éu)z}. (C5)

Another equilibrium condition of §|A| under du gives
SIA| = (d/2b]Ay) . (C6)

Substituting Eq. (C6) into Eq. (C5), we arrive at the increase
of the free energy due to du and an elastic constant in the SC
phase, C, as
1 5 d*
F—-Fy=—-C(éu)", C=c-—. (7
2 b
The above equations prove that the GL theory gives the elas-
tic constant which becomes soft by a quantity independent of
T below T..
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