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Abstract. The lattice parameters of a Nd 1111 Fe-pnictide superconductor, NdFeAsQOg soFo.11, were ac-
curately measured using X-ray diffraction between 20 K and 280 K. A very small change in the lattice
parameter could be detected in the superconducting phase. This change can be attributed to a sponta-
neous strain generated in the superconducting phase by the coupling between a superconducting order
parameter and the strain. The present results are compared with the thermal expansion coefficients of
Ba(Fe1—xCox)2As2, in addition to the previous lattice parameter measurements of YBazCuzQOg.5, MgBa,

La1_85 Sr0,15 CuO4, and Bao,6K0,4BiO3 .

PACS. 74.70.Xa Pnictides and chalcogenides — 61.05.cp X-ray diffraction — 65.40.De Thermal expansion;

thermomechanical effects

1 Introduction

The structural changes in high-temperature superconduc-
tors have been studied extensively using high-resolution
diffractometers since the discovery of the superconduct-
ing phase transition in Las_,Sr,CuQOy4. Nevertheless, no
significant anomalies have been detected in connection
with the superconducting phase transition. However, the
following changes in lattice parameters were successfully
detected in 2002. The lattice parameters of orthorhom-
bic YBayCu3Og.5, which has a superconducting transition
temperature T, of 55 K, were accurately measured us-
ing high-angle double-crystal X-ray diffractometry, and a

change in the orthorhombicity, 2(b - a)/(a +b) = tan=1(b/a)-

/4, at T, was clearly detected [1]. An anomaly in lattice
parameter g of the hexagonal intermetallic superconductor
MgBs was clearly observed using high-resolution pulsed
neutron powder diffraction [2]: The a-axis thermal expan-
sion became negative near its T, of 39 K.

A change of volume in a superconducting phase was
first discussed thermodynamically on the basis of Gibbs
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free energy, and the following relation was obtained [3]:

0H,
n - Vs = ch - )
Vi = Vs(0) = oV, ( Bp >T

where V,, and V, are the volumes in the normal and su-
perconducting phases, respectively. H., p, and T are the
critical magnetic field, pressure, and temperature, respec-
tively. Using experimentally obtained values on the right
hand side of the above equation, AV/V was deduced to
be 10~ 7. In the case of Sn, this value was found to be in
good agreement with the observed value [3,4].

For Ta and Nb (and most of the other elemental super-
conductors), specimen lengths were observed to expand
with the occurrence of superconductivity, but a contrac-
tion was observed in the case of V [5] . The electronic
contribution to the volume expansion coefficient and its
discontinuity at T, expected by the standard Ehrenfest
equation, was discussed based on the BCS theory; satis-
factory agreements were achieved with experimental data
for Nb and some technical alloys [6]. The linear expansion
coeflicients of various high-T,. superconductors were also
measured using capacitance dialtometers and analyzed us-
ing the Ehrenfest equation [7,8].

A spontaneous strain, i.e., a secondary order param-
eter, is typically produced through the coupling between
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the strain e and the primary order parameter () or an
atomic shift in structural phase transitions. It is similar
to the case of ferromagnets. In ferromagnets, small spon-
taneous strains are produced (i.e., spontaneous magne-
tostriction), where the order parameter @ is spontaneous
magnetization. The strain in invar alloys is known to be
so large that the alloys show low thermal expansion in
their ferromagnetic phases [9]. The free energy G(Q,T)
near the transition temperature T, can be expressed in its
simplest form as follows, using a Landau potential:

G(Q.T) = Go(T) + %A(T ~TOQ? + iBQ‘*
+5Clef? — DlelQ?,

where A, B, C, and D are temperature independent posi-
tive constants. This free energy can be applied in the tem-
perature range near 7., not because of the existence of the
coupling and elastic terms but because of an insufficient
expression of the terms that do not include the strain. In
the case of structural phase transitions, however, a quan-
tum expansion of the Landau potential is applicable at all
temperatures below T, [10]. From the equilibrium condi-
tion for the strain, we can obtain the relation between the
strain and order parameter as follows:

le] = (D/C)Q”.

The primary order parameter () is zero above T,, whereas
it is nonzero below T.. Thus, a linear-quadratic relation
between the spontaneous strain and order parameter is
expected in this simplest case. Because this relation is
derived only from the terms that include e in G(Q,T),
it is expected to hold at all temperatures below T,.

We carried out precise lattice parameter measurements
of a high-temperature superconductor, Laj g55rg.15Cu0y,
[11], and a well-studied typical conventional superconduc-
tor, Bag ¢Kg.4BiO3 [12], using a conventional X-ray pow-
der diffractometer. We could detect very small changes
in the lattice parameters in their superconducting phases.
We showed that these changes could be explained as spon-
taneous strain caused by the coupling between the strain
and an energy gap A(T), i.e., a BCS gap, on a Fermi sur-
face. We also showed that the changes in the lattice pa-
rameters of MgBs and YBasCusOg 5 could be attributed
to this coupling [11,12], in contrast to the interpretations
given by the discoverers of the anomalies.

Recently, Fe-pnictide systems were discovered as a new
kind of high-temperature superconductor [13]. For these
systems, the so-called S symmetry with different signs
for the order parameters (A) between the disconnected
Fermi surfaces around the I' and M points was proposed
[14,15]. However, an Sy symmetry with no sign differ-
ence between the two A values has been reported from
both the experimental and theoretical view-points [16-18].

In the present study, we performed precise lattice pa-
rameter measurements on a Nd 1111 Fe-pnictide super-
conductor, NdFeAsOg ggF .11, to clarify whether such cou-
pling between the strain and superconducting energy gap
is commonly observed in this new group of superconduc-
tors.

2 Experimental details

Polycrystalline samples of NdFeAsQg ggFg.11 were prepared
from initial mixtures of Nd, Nd2O3, NdF3, and FeAs at
nominal molar ratios. Details of these preparations were
given in our previous papers [19,20].

X-ray diffraction patterns were measured using a Rigaku
X-ray diffractometer, RINT2500, with a graphite counter
monochromator and an X-ray generator with a rotating
Cu anode. The generator was operated at 50 kV and
300 mA. A powder sample was obtained by grinding the
polycrystalline powder. A plate-like powder sample was
mounted on a sample holder made of copper. The sample
was fixed in a closed-cycle He gas refrigerator that was
mounted on the diffractometer. The sample was cooled
from room temperature to 20 K. Diffraction patterns were
measured between 20° and 140° at a scanning speed of
20= 0.4°/min. Data were collected at every 26= 0.02°.
Measurements were performed twice or three times at the
same temperature between 21 K and 280 K. The measure-
ment at 20 K was made only once because of the limited
ability of the refrigerator.

To accurately determine the T, of the sample, we mea-
sured the magnetization of the powder sample used in the
X-ray experiment. This measurement was performed in a
magnetic field of 5 Oe after field cooling using a super-
conducting quantum interference device (SQUID) magne-
tometer, Quantum Design SP5000.

To obtain accurate lattice parameters, we analyzed the
patterns using the whole-powder-pattern fitting method
without reference to a structural model [21,22]. This method
uses lattice parameters and Miller indices only as structure-
related parameters. Thus, the analyzed results are not af-
fected by a preferred orientation effect. The Miller indices
were obtained based on space group P4/nmm(No. 129)
[23]. Very weak reflections were omitted during the calcu-
lations, with seventy indices finally used. The background
levels were fitted using polynomial expressions through
the analyses. A pseudo-Voight function was applied to
the profile of the X-ray powder diffraction peaks. Least-
squares refinements were carried out to minimize the R-
factor R, which is defined as follows:

Ryyp = \/sz’(yi - fi)Q/Zwiyizy

where y; and f; are the observed and calculated intensities,
respectively, at the i-th step. These intensities contain the
background intensities. The weight w; was taken to be
equal to 1/y;.

The phenomenological temperature dependences of lat-
tice parameters a and ¢ above T, were studied using the
computer program KaleidaGraph.

3 Results

The results of the profile fitting at 20 K are shown in
Figure 1, as an example. The R-factors of this fit were
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Ryp = 9.6%, R, =6.0%, and R, = 5.4%. The obtained
values of lattice parameters a and ¢ are delineated in Fig-
ures 2 and 3, respectively, as a function of the temperature
along with the magnetization for comparison: The lattice
parameters are averages of the parameters obtained at the
same temperature. Their estimated standard deviations
(esds) were obtained by appropriately dealing with the
esds of independent measurements from a statistical view-
point. The magnetization showed a negative value below
48 K, indicating a superconducting transition tempera-
ture T, of 48 K. We have to estimate the high-temperature
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Fig. 1. X-ray powder diffraction pattern and best-fit refine-
ment profile of NdFeAsOg.g9Fo.11 observed at 20 K. The calcu-
lated pattern is shown by a blue line passing though black data
points in the upper portion. The short vertical blue bars below
the pattern indicate the positions of the allowed reflections.
The longer bars and shorter bars indicate those for CuKas
and Kag X-rays, respectively. The red line in the lower por-
tion shows the differences between the observed and calculated
patterns.

phase lattice parameters ayr and cyr by extrapolating
to the same low temperature (i.e., the hypothetical lat-
tice parameters of the high-temperature phase at a low
temperature), because spontaneous strains e, and e, are
originally defined as follows [24] and there are no approx-
imate expressions in this case, in contrast to structural
phase transitions:

eq = (arr — amgr)/awT,
ec = (cor — cur)/cur,

where arr and cpp are low-temperature phase lattice pa-
rameters. To precisely estimate the agr and cyr below
T., we fitted a simple Einstein model to a and ¢ above 48
K. The functions are expressed as

In(a/ao) = AOplexp(O%/T) —1]7",
In(c/co) = AcO[exp(OF/T) — 1],
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Fig. 2. Plots of lattice parameter a (red open circles: left-hand
scale) and magnetization (blue solid circles: right-hand scale)
of NdFeAsOq.s9F0.11 versus temperature. The solid line shows
the least-squares fit using a simple Einstein model to the data
between T, and 200 K and its extensions.

where a, and ¢, are the lattice parameters at T'= 0, 6%
and ©F, are the Einstein temperatures, and A, and A,
are the scaling coefficients, which include the Griineisen
parameters. A, and A. give the thermal expansion coeffi-
cients at high temperatures. The values of (1/esd.)? were
used as the weights of the lattice parameters in the least-
squares fittings.

Recently, the existence of structural modifications in
NdFeAsQg g5 was detected between a T, of 53.5 K and
~180 K [25]. These modifications are accompanied by
changes in the slopes of the temperature dependences of
the lattice parameters at around ~ 180 K. Because we did

not employ a dense temperature sampling on NdFeAsOg goFo.11

above 200 K, we could not obtain clear changes in the
slopes. However, preliminary analyses indicated that the
c-axis lattice parameters at 240 K and 280 K deviated
from an extension of the fitting for data below 200 K.
Then, we applied the above equations to the data between
T. and 200 K for both the c-axis lattice parameters and
the a-axis ones.

The results of the fitting to lattice parameter a and its
extension below T, are shown in Figure 2 by a solid line,
where ©% = 278 £ 44K, A, = (7.3 £ 1.1) x 107 K~} and
the errors are the standard errors. The coefficient of de-
termination, B2, of this fitting was 0.9945. The ayr was
almost temperature independent below T.. No clear devi-
ations of ayr from a7 could be detected in the supercon-
ducting phase. The results of the fitting to lattice parame-
ter ¢ and its extension below T, are shown in Figure 3 by a
solid line, where ©% = 195 + 12 K, A. = (2.18 £ 0.08) x 107°
K=, and R? = 0.9997. The function accurately repro-
duced the data above T, until 200 K. The cgr showed
a slight temperature dependence below T, until close to
30 K; the change below T, was about 0.06 pm. The cpr
showed a very small negative thermal expansion, and a dis-
tinct deviation of ¢z from cyr was observed in the super-
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Fig. 3. Plots of lattice parameter ¢ (red solid circles with
error bars: left-hand scale) and magnetization (blue solid cir-
cles: right-hand scale) of NdFeAsOg.s9Fo.11 versus tempera-
ture. The solid line shows the least-squares fit using a simple
Einstein model to the data between T, and 200 K and its ex-
tensions.
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Fig. 4. Comparison between observed lattice parameter c
(solid circles) and calculated one (solid line in superconduct-
ing phase) of NdFeAsOg.g9F¢.11. The solid line above T, and
the broken line below 7. are least-squares fits obtained using
a simple Einstein model above T, and its extension below T¢,
respectively.

conducting phase. Figure 4 shows a comparison between
the observed lattice parameter, ¢, and the calculated one
(a red solid line) below 80 K. The red broken line indicates
cyt below T.. The spontaneous strain, e., was obtained
and compared with A%(T). The numerical values of A(T)
were taken from the table in ref. 26. The solid line below
T. in Figure 4 shows cp7 calculated for e, oc A%(T); i.e.,
crr = cgr + cgr K A%(T), where K is a proportional con-
stant. The function accurately reproduced the data below
T.. Such a relationship is expected in the case of a linear-
quadratic coupling between the strain and order parame-
ter.

4 Discussion

We could detect a very small change in lattice parameter
¢ of NdFeAsQgq.ggFg.11 below its superconducting transi-
tion temperature by X-ray diffraction. This change could
be explained as a spontaneous strain caused by coupling
with the superconducting order parameter. We previously
obtained similar results for the high-7,. superconductor
Laj 8551r0.15Cu0y4 [11] and the well-studied conventional
BCS superconductor Bag Ko 4BiO3 [12]. An anomaly in
lattice parameter a of the orthorhombic high-T, super-
conductor YBasCusOg 5 with a T, of 55 K was clearly ob-
served at T, [1] . A negative thermal expansion of « in the
hexagonal intermetallic superconductor MgBs was clearly
observed near its T, of 39 K [2]. MgB; is now known to
be a BCS superconductor showing two-band superconduc-
tivity [27]. We suggested that these published data could
be satisfactorily explained in terms of the coupling [11,
12]. Thus, the lattice parameter anomalies observed in
YBayCu30s.5, MgBa, La; g5510.15Cu0y, Bag.cKg.4BiOs3,
and NdFeAsOg ggFg.11 could be explained as spontaneous
strains caused by coupling with the superconducting order
parameter.

As already mentioned in §3, structural modifications
exist in NdFeAsOg g5 [25]. These modifications appear be-
tween Typser ~180 K and T, of 53.5 K. The slopes of
the temperature dependences of the a- and c-axis lattice
parameters change between Ty,ser and Tr ~135 K. At
around 7', a modification in the temperature dependence
is evidenced for several bond length characteristics. The
c-axis lattice parameters of NdFeAsOgg9Fg.11 at 240 K
and 280 K deviated from an extended line of the least
squares fit to the data between 200 K and a T, of 48
K. These deviations might indicate that the structural
modifications also exist in NdFeAsOg goFo.11. The a-axis
and c-axis lattice parameters of NdFeAsOq ggFg.11 at 90
K deviated slightly from the lines of the fittings, which
might correspond to the T. A structural study with dense
temperature sampling is desirable to clarify the existence
of the structural modifications in NdFeAsOg ggFg.11. The
temperature dependence of the c-axis, however, did not
show an anomaly in NdFeAsQOg g5 below T, in contrast
to the present result for NdFeAsOg g9Fg.11. The anomaly
below T, in NdFeAsQOq g5 might be covered or repaired by
the modifications.

In the z - T phase diagram for the Ba(Fe;_Coy)2Asy
system, superconductivity is observed between x ~0.035
and x ~0.18. Structural-antiferromagnetic phase transi-
tions appear in their normal states below x ~0.06, while
the phase transitions vanish above x ~0.06 [28,29]. Precise
thermal expansion measurements have been carried out on
the system [30,31]. To compare the present X-ray diffrac-
tion measurement results with these results, we calculated
the coefficients based on the solid lines in Figures 2 and
3 above 48 K, along with the solid line in Figure 4 below
48 K. The temperature dependences of the coefficients are
delineated in Figure 5. The values and temperature depen-
dences of the coefficients above T, are very similar to those
of Ba(FeO,926C00_074)2ASQ [30] and Ba(Feo_QQCOOvOS)QASQ
[31]. The coeflicient along the a-axis showed a rapid change
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Fig. 5. Thermal expansion coefficients of NdFeAsOg.s9Fo.11.
The lines above T, were obtained by differentiating the fitted
lines in Figures 2 and 3, while the «. values below T, were
obtained by differentiating the fitted line in Figure 4. No aq
values below T, could be obtained.

from almost zero to a positive value at T, after which it
again approached zero gradually at low temperatures in
these Co-doped Ba-materials. The coeflicients along the
c-axis of these Co-doped systems, however, showed rapid
changes from positive values to negative values at T,. The
coefficient of Ba(Feg 926C0g.074)2As2 approached zero be-
low T,.. The coefficient of Ba(Feg.92Cog.08)2As2, however,
showed a weak temperature dependence and remained at
a constant negative value at low temperatures. The coef-
ficient along the c-axis of NdFeAsOq g9Fg.11 also showed
a rapid change from a positive value to a negative value
at T,.. The coeflicient showed a weak temperature depen-
dence below T, and approached zero at low temperatures.
The maximum absolute value of the coefficient below T,
was about half of those for Ba(Feg.926Co0.074)2As2 and
Ba(Fep.92Cop.05)2Ase. Although it appears that the dif-
ferences between these materials might be the result of
the differences in the Einstein temperatures, a detailed
analysis of the data for Ba(Fe;_xCoyx)aAsy is necessary.
The magnitudes and signs of the spontaneous strains in
saturation for the six superconductors are compared in Ta-
ble 1 along with the symmetries of the pairing. We calcu-
lated the magnitude of NdFeAsQg goF.11 to be 1.3 x 1074
at low temperature, based on the solid and broken lines
in Figure 4. The linear thermal expansivities, Aa/a, and
Ac/e,, relative to the values of Ba(Feg g26Co0p.074)2As2 at
1.8 K are shown in the inset of Figure 6 in ref. 30: Aa/a,
shows almost no change at temperatures just above T..
However, it decreases below T,. and becomes zero at low
temperatures. This dependence on temperature is very
similar to the temperature dependence of the lattice pa-
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§3; the subscript HT has the same meaning as in §3.
The available temperature range is so limited, however,
that we could not obtain an accurate value of Acyr/c,
at low temperatures. Finally, we estimated the value in
Ba(Feg.926C00.074)2As2 to be 8 x 107°. The maximum strain
in Table 1 is widely different from the minimum one. The
linear expansion of untwinned La; g55rg.15CuQ,4 has been
measured by the capacitance dilatometer under a moder-
ate uniaxial pressure with the aim of achieving detwin-
ning of the sample introduced by a structural phase tran-
sition at about 180 K [7]: The anomaly in «. at T, is ap-
proximately one tenth of our X-ray observation value [11].
Though the discrepancy might be caused by the structural
phase transition, the detailed mechanism of the discrep-
ancy is not clear. In the case of Fe-pnictide superconduc-
tors, the difference in the values obtained by the two dif-
ferent methods is such that one value is within twice the
other value, these values seem to be reliable in Fe-pnictide
superconductors.

The temperature dependence of the lattice parameter
¢ for NdFeAsQg g9Fg.11 is very similar to that for invar
alloys that show low thermal expansions in their ferro-
magnetic phases [9]. Let us first consider the magnetovol-
ume effect in invar alloys. Based on the Stoner theory, fer-
romagnetism appears when a reduction in the exchange
energy of electrons exceeds the increase in their kinetic
energy caused by an exchange splitting of the electron
band [32]. The increase in kinetic energy is suppressed
by the expansion of lattice parameters, which results in a
low thermal expansion in the ferromagnetic phase. In the
case of superconductors, the electronic contribution to the
coeflicient of volume expansion in the isotropic supercon-
ducting state, O.s, is obtained based on the BCS theory
in the limit of weak electron-phonon coupling [6]. Using
the expression, the difference between (.5 and (3., which
is the electronic contribution to the coefficient of volume
expansion in the normal state may be given as follows:

A 1 0T,
ﬁes - ﬁen - ;(Ses - Cen) + T,civ ( ap ) (Ces - Ses)a

where 3., = AT and + and p are, respectively, the coef-
ficient of the electronic contribution to the normal-state
specific heat C,,, and the pressure. C.4 is the electronic
contribution to the superconducting-state specific heat.
Ses and Se,, are the entropies in the superconducting state
and the normal state, respectively. Then the leading term
on the right hand side of the equation is always negative,
which originates from the negative dependence of Fermi
energy on the volume, as in the case of invar alloys. The
sign of the second term, however, is the same as the sign
of (0T./dp), which depends on the detailed mechanism of
superconductivity; these terms have been observed to be
both negative and positive [6]. Because the leading term
vanishes at T, the above equation reduces to the standard

rameter in Bag 6K 4BiOs. The change in Ba(Fe 926 Cog.074 )2 Bhgenfest equation at T,.. The phenomenological approach

is —1.2 x 1075. The value of Ac/c, even changes with
temperature just above T,.. To estimate the low temper-
ature value of Acyr/c,, the values of Ac/c, between T,
and 35 K were analyzed using the method discussed in

we made in §3 is physically the same as the above analysis
based on the BCS theory. However, it is not meaningful to
evaluate the proportional coefficient between the sponta-
neous strain e and the square of the order parameter A2 in
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terms of the physical parameters in the above equation:
The equation is appropriate under limited conditions in
conventional superconductors. In addition, the coefficient
is composed of two independent terms, whose numerical
evaluations from the present experimental results are dif-
ficult.

5 Conclusions

The spontaneous strain generated in the Nd 1111 Fe-pnictide

superconductor NdFeAsQq ggFg.11 in the superconducting
phase could be explained in terms of the coupling between
a superconducting order parameter and the strain. This
coupling is common to various superconductors.
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tific Research from the Ministry of Education, Culture, Sports,
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Table 1. Comparison of spontaneous strains in saturation of six superconductors and pairing symmetries of their superconduc-
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tivities. The directions of the spontaneous strains are indicated in parentheses.

superconductor spontaneous strain in saturation reference symmetry of superconductivity
Lai.85510.15Cu04 0.53 x 10~°(c) (7" d-wave

7.0 x 107°(c) [11]
YBa2CuzO¢.5 2.4 x 107%(a) [1, 12] d-wave
Bag.¢Ko.4BiO3 —5.1 % 1075(3,) [12] typical s-wave
MgB» 1.4 x 107°(a) 1.0x 107%(c) [2, 11] two-band s-wave
NdFeAsOo.59F0.11 13 x 107°(c) this work  five-band s-wave
Ba(Fep.026Coo.074) 2As2 8x107%(c) —1.2x107%(a) [30]? five-band s-wave

1 This value was obtained by the integration of & = a — aspiine below a*(T¢) between 10 K and T, in Figure 4 in ref. 7.
2 These values were obtained by the analyses of the linear thermal expansivities relative to the values at 1.8K given in ref. 30
(see text).



