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Abstract. The lattice parameters of a Nd 1111 Fe-pnictide superconductor, NdFeAsO0.89 F0.11 , were accurately 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 spontaneous 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−x Cox )2 As2 , in addition to the previous lattice parameter measurements of YBa2 Cu3 O6.5 , MgB2 ,
La1.85 Sr0.15 CuO4 , and Ba0.6 K0.4 BiO3 .
PACS. 74.70.Xa Pnictides and chalcogenides – 61.05.cp X-ray diﬀraction – 65.40.De Thermal expansion;
thermomechanical eﬀects

1 Introduction

free energy, and the following relation was obtained [3]:
(
)
∂Hc
∼
Vn − Vs (0) = µ0 Vs Hc
,
∂p T

The structural changes in high-temperature superconductors have been studied extensively using high-resolution
diﬀractometers since the discovery of the superconducting phase transition in La2−x Srx CuO4 . Nevertheless, no where Vn and Vs are the volumes in the normal and susigniﬁcant anomalies have been detected in connection perconducting phases, respectively. Hc , p, and T are the
with the superconducting phase transition. However, the critical magnetic ﬁeld, pressure, and temperature, respecfollowing changes in lattice parameters were successfully tively. Using experimentally obtained values on the right
side of the above equation, ∆V /V was deduced to
detected in 2002. The lattice parameters of orthorhom- hand −7
be
10
. In the case of Sn, this value was found to be in
bic YBa2 Cu3 O6.5 , which has a superconducting transition
temperature Tc of 55 K, were accurately measured us- good agreement with the observed value [3, 4].
For Ta and Nb (and most of the other elemental supering high-angle double-crystal X-ray diﬀractometry, and a
−1
conductors),
specimen lengths were observed to expand
change in the orthorhombicity, 2(b - a)/(a +b) = tan (b/a)with
the
occurrence
of superconductivity, but a contracπ/4, at Tc was clearly detected [1]. An anomaly in lattice
parameter a of the hexagonal intermetallic superconductor tion was observed in the case of V [5] . The electronic
MgB2 was clearly observed using high-resolution pulsed contribution to the volume expansion coeﬃcient and its
neutron powder diﬀraction [2]: The a-axis thermal expan- discontinuity at Tc , expected by the standard Ehrenfest
equation, was discussed based on the BCS theory; satission became negative near its Tc of 39 K.
A change of volume in a superconducting phase was factory agreements were achieved with experimental data
ﬁrst discussed thermodynamically on the basis of Gibbs for Nb and some technical alloys [6]. The linear expansion
coeﬃcients of various high-Tc superconductors were also
a
measured using capacitance dialtometers and analyzed use-mail: fujishit@staff.kanazawa-u.ac.jp
b
Present address:Research Center for Neutron Science and ing the Ehrenfest equation [7, 8].
A spontaneous strain, i.e., a secondary order paramTechnology, Comprehensive Research Organization for Science
and Society, Shirane, Tokai-mura, Ibaraki 319-1195, Japan
eter, is typically produced through the coupling between
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the strain e and the primary order parameter Q or an
atomic shift in structural phase transitions. It is similar
to the case of ferromagnets. In ferromagnets, small spontaneous strains are produced (i.e., spontaneous magnetostriction), where the order parameter Q 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 Tc can be expressed in its
simplest form as follows, using a Landau potential:
1
1
G(Q, T ) = G0 (T ) + A(T − Tc )Q2 + BQ4
2
4
1
+ C|e|2 − D|e|Q2 ,
2
where A, B, C, and D are temperature independent positive constants. This free energy can be applied in the temperature range near Tc , 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 quantum expansion of the Landau potential is applicable at all
temperatures below Tc [10]. From the equilibrium condition for the strain, we can obtain the relation between the
strain and order parameter as follows:
|e| = (D/C)Q2 .
The primary order parameter Q is zero above Tc , whereas
it is nonzero below Tc . 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 Tc .
We carried out precise lattice parameter measurements
of a high-temperature superconductor, La1.85 Sr0.15 CuO4
[11], and a well-studied typical conventional superconductor, Ba0.6 K0.4 BiO3 [12], using a conventional X-ray powder diﬀractometer. We could detect very small changes
in the lattice parameters in their superconducting phases.
We showed that these changes could be explained as spontaneous strain caused by the coupling between the strain
and an energy gap ∆(T ), i.e., a BCS gap, on a Fermi surface. We also showed that the changes in the lattice parameters of MgB2 and YBa2 Cu3 O6.5 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 (∆) between the disconnected
Fermi surfaces around the Γ and M points was proposed
[14,15]. However, an S++ symmetry with no sign diﬀerence between the two ∆ values has been reported from
both the experimental and theoretical view-points [16–18].
In the present study, we performed precise lattice parameter measurements on a Nd 1111 Fe-pnictide superconductor, NdFeAsO0.89 F0.11 , to clarify whether such coupling between the strain and superconducting energy gap
is commonly observed in this new group of superconductors.

2 Experimental details
Polycrystalline samples of NdFeAsO0.89 F0.11 were prepared
from initial mixtures of Nd, Nd2 O3 , 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 20o and 140o at a scanning speed of
2θ= 0.4o /min. Data were collected at every 2θ= 0.02o .
Measurements were performed twice or three times at the
same temperature between 21 K and 280 K. The measurement at 20 K was made only once because of the limited
ability of the refrigerator.
To accurately determine the Tc of the sample, we measured 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 superconducting quantum interference device (SQUID) magnetometer, 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 structurerelated parameters. Thus, the analyzed results are not affected 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 calculations, 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. Leastsquares reﬁnements were carried out to minimize the Rfactor Rwp , which is deﬁned as follows:
√
/∑
∑
wi (yi − fi )2
wi yi2 ,
Rwp =
i

i

where yi and fi are the observed and calculated intensities,
respectively, at the i-th step. These intensities contain the
background intensities. The weight wi was taken to be
equal to 1/yi .
The phenomenological temperature dependences of lattice parameters a and c above Tc 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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Rwp = 9.6%, Rp = 6.0%, and Re = 5.4%. The obtained
values of lattice parameters a and c are delineated in Figures 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 viewpoint. The magnetization showed a negative value below
48 K, indicating a superconducting transition temperature Tc of 48 K. We have to estimate the high-temperature

Fig. 2. Plots of lattice parameter a (red open circles: left-hand
scale) and magnetization (blue solid circles: right-hand scale)
of NdFeAsO0.89 F0.11 versus temperature. The solid line shows
the least-squares ﬁt using a simple Einstein model to the data
between Tc and 200 K and its extensions.

Fig. 1. X-ray powder diﬀraction pattern and best-ﬁt reﬁnement proﬁle of NdFeAsO0.89 F0.11 observed at 20 K. The calculated 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 CuKα1
and Kα2 X-rays, respectively. The red line in the lower portion shows the diﬀerences between the observed and calculated
patterns.

phase lattice parameters aHT and cHT by extrapolating
to the same low temperature (i.e., the hypothetical lattice parameters of the high-temperature phase at a low
temperature), because spontaneous strains ea and ec are
originally deﬁned as follows [24] and there are no approximate expressions in this case, in contrast to structural
phase transitions:
ea = (aLT − aHT )/aHT ,
ec = (cLT − cHT )/cHT ,
where aLT and cLT are low-temperature phase lattice parameters. To precisely estimate the aHT and cHT below
Tc , we ﬁtted a simple Einstein model to a and c above 48
K. The functions are expressed as
a
a
ln(a/ao ) = Aa ΘE
[exp(ΘE
/T ) − 1]−1 ,
c
c
ln(c/co ) = Ac ΘE [exp(ΘE /T ) − 1]−1 ,

a
where ao and co are the lattice parameters at T = 0, ΘE
c
and ΘE are the Einstein temperatures, and Aa and Ac
are the scaling coeﬃcients, which include the Grüneisen
parameters. Aa and Ac give the thermal expansion coeﬃcients at high temperatures. The values of (1/esd.)2 were
used as the weights of the lattice parameters in the leastsquares ﬁttings.
Recently, the existence of structural modiﬁcations in
NdFeAsO0.85 was detected between a Tc 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 NdFeAsO0.89 F0.11
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
Tc 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 Tc are shown in Figure 2 by a solid line,
a
where ΘE
= 278 ± 44 K, Aa = (7.3 ± 1.1) × 10−6 K−1 , and
the errors are the standard errors. The coeﬃcient of determination, R2 , of this ﬁtting was 0.9945. The aHT was
almost temperature independent below Tc . No clear deviations of aLT from aHT could be detected in the superconducting phase. The results of the ﬁtting to lattice parameter c and its extension below Tc are shown in Figure 3 by a
c
solid line, where ΘE
= 195 ± 12 K, Ac = (2.18 ± 0.08) × 10−5
−1
2
K , and R = 0.9997. The function accurately reproduced the data above Tc until 200 K. The cHT showed
a slight temperature dependence below Tc until close to
30 K; the change below Tc was about 0.06 pm. The cLT
showed a very small negative thermal expansion, and a distinct deviation of cLT from cHT was observed in the super-
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4 Discussion

c / pm

Fig. 3. Plots of lattice parameter c (red solid circles with
error bars: left-hand scale) and magnetization (blue solid circles: right-hand scale) of NdFeAsO0.89 F0.11 versus temperature. The solid line shows the least-squares ﬁt using a simple
Einstein model to the data between Tc and 200 K and its extensions.

Fig. 4. Comparison between observed lattice parameter c
(solid circles) and calculated one (solid line in superconducting phase) of NdFeAsO0.89 F0.11 . The solid line above Tc and
the broken line below Tc are least-squares ﬁts obtained using
a simple Einstein model above Tc and its extension below Tc ,
respectively.

conducting phase. Figure 4 shows a comparison between
the observed lattice parameter, c, and the calculated one
(a red solid line) below 80 K. The red broken line indicates
cHT below Tc . The spontaneous strain, ec , was obtained
and compared with ∆2 (T ). The numerical values of ∆(T )
were taken from the table in ref. 26. The solid line below
Tc in Figure 4 shows cLT calculated for ec ∝ ∆2 (T ); i.e.,
cLT = cHT + cHT K∆2 (T ), where K is a proportional constant. The function accurately reproduced the data below
Tc . Such a relationship is expected in the case of a linearquadratic coupling between the strain and order parameter.

We could detect a very small change in lattice parameter
c of NdFeAsO0.89 F0.11 below its superconducting transition 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-Tc superconductor
La1.85 Sr0.15 CuO4 [11] and the well-studied conventional
BCS superconductor Ba0.6 K0.4 BiO3 [12]. An anomaly in
lattice parameter a of the orthorhombic high-Tc superconductor YBa2 Cu3 O6.5 with a Tc of 55 K was clearly observed at Tc [1] . A negative thermal expansion of a in the
hexagonal intermetallic superconductor MgB2 was clearly
observed near its Tc of 39 K [2]. MgB2 is now known to
be a BCS superconductor showing two-band superconductivity [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
YBa2 Cu3 O6.5 , MgB2 , La1.85 Sr0.15 CuO4 , Ba0.6 K0.4 BiO3 ,
and NdFeAsO0.89 F0.11 could be explained as spontaneous
strains caused by coupling with the superconducting order
parameter.
As already mentioned in §3, structural modiﬁcations
exist in NdFeAsO0.85 [25]. These modiﬁcations appear between Tonset ∼180 K and Tc of 53.5 K. The slopes of
the temperature dependences of the a- and c-axis lattice
parameters change between Tonset and Tf ∼135 K. At
around Tf , a modiﬁcation in the temperature dependence
is evidenced for several bond length characteristics. The
c-axis lattice parameters of NdFeAsO0.89 F0.11 at 240 K
and 280 K deviated from an extended line of the least
squares ﬁt to the data between 200 K and a Tc of 48
K. These deviations might indicate that the structural
modiﬁcations also exist in NdFeAsO0.89 F0.11 . The a-axis
and c-axis lattice parameters of NdFeAsO0.89 F0.11 at 90
K deviated slightly from the lines of the ﬁttings, which
might correspond to the Tf . A structural study with dense
temperature sampling is desirable to clarify the existence
of the structural modiﬁcations in NdFeAsO0.89 F0.11 . The
temperature dependence of the c-axis, however, did not
show an anomaly in NdFeAsO0.85 below Tc , in contrast
to the present result for NdFeAsO0.89 F0.11 . The anomaly
below Tc in NdFeAsO0.85 might be covered or repaired by
the modiﬁcations.
In the x -T phase diagram for the Ba(Fe1−x Cox )2 As2
system, superconductivity is observed between x ∼0.035
and x ∼0.18. Structural-antiferromagnetic phase transitions 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 diﬀraction 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 dependences of the coeﬃcients above Tc are very similar to those
of Ba(Fe0.926 Co0.074 )2 As2 [30] and Ba(Fe0.92 Co0.08 )2 As2
[31]. The coeﬃcient along the a-axis showed a rapid change
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Fig. 5. Thermal expansion coeﬃcients of NdFeAsO0.89 F0.11 .
The lines above Tc were obtained by diﬀerentiating the ﬁtted
lines in Figures 2 and 3, while the αc values below Tc were
obtained by diﬀerentiating the ﬁtted line in Figure 4. No αa
values below Tc could be obtained.
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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 ∆cHT /co
at low temperatures. Finally, we estimated the value in
Ba(Fe0.926 Co0.074 )2 As2 to be 8 × 10−5 . The maximum strain
in Table 1 is widely diﬀerent from the minimum one. The
linear expansion of untwinned La1.85 Sr0.15 CuO4 has been
measured by the capacitance dilatometer under a moderate uniaxial pressure with the aim of achieving detwinning of the sample introduced by a structural phase transition at about 180 K [7]: The anomaly in αc at Tc is approximately 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 discrepancy is not clear. In the case of Fe-pnictide superconductors, the diﬀerence in the values obtained by the two different 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
c for NdFeAsO0.89 F0.11 is very similar to that for invar
alloys that show low thermal expansions in their ferromagnetic phases [9]. Let us ﬁrst consider the magnetovolume eﬀect in invar alloys. Based on the Stoner theory, ferromagnetism 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
coeﬃcient of volume expansion in the isotropic superconducting state, βes , is obtained based on the BCS theory
in the limit of weak electron-phonon coupling [6]. Using
the expression, the diﬀerence between βes and βen , which
is the electronic contribution to the coeﬃcient of volume
expansion in the normal state may be given as follows:
(
)
1
∂Tc
A
(Ces − Ses ),
βes − βen = (Ses − Cen ) +
γ
Tc V
∂p

from almost zero to a positive value at Tc , after which it
again approached zero gradually at low temperatures in
these Co-doped Ba-materials. The coeﬃcients along the
c-axis of these Co-doped systems, however, showed rapid
changes from positive values to negative values at Tc . The
coeﬃcient of Ba(Fe0.926 Co0.074 )2 As2 approached zero below Tc . The coeﬃcient of Ba(Fe0.92 Co0.08 )2 As2 , however,
showed a weak temperature dependence and remained at
a constant negative value at low temperatures. The coefﬁcient along the c-axis of NdFeAsO0.89 F0.11 also showed
a rapid change from a positive value to a negative value
at Tc . The coeﬃcient showed a weak temperature dependence below Tc and approached zero at low temperatures.
The maximum absolute value of the coeﬃcient below Tc
was about half of those for Ba(Fe0.926 Co0.074 )2 As2 and
Ba(Fe0.92 Co0.08 )2 As2 . Although it appears that the differences between these materials might be the result of
the diﬀerences in the Einstein temperatures, a detailed where βen = AT and γ and p are, respectively, the coefanalysis of the data for Ba(Fe1−x Cox )2 As2 is necessary.
ﬁcient of the electronic contribution to the normal-state
The magnitudes and signs of the spontaneous strains in speciﬁc heat Cen and the pressure. Ces is the electronic
saturation for the six superconductors are compared in Ta- contribution to the superconducting-state speciﬁc heat.
ble 1 along with the symmetries of the pairing. We calcu- Ses and Sen are the entropies in the superconducting state
lated the magnitude of NdFeAsO0.89 F0.11 to be 1.3 × 10−4 and the normal state, respectively. Then the leading term
at low temperature, based on the solid and broken lines on the right hand side of the equation is always negative,
in Figure 4. The linear thermal expansivities, ∆a/ao and which originates from the negative dependence of Fermi
∆c/co , relative to the values of Ba(Fe0.926 Co0.074 )2 As2 at energy on the volume, as in the case of invar alloys. The
1.8 K are shown in the inset of Figure 6 in ref. 30: ∆a/ao sign of the second term, however, is the same as the sign
shows almost no change at temperatures just above Tc . of (∂Tc /∂p), which depends on the detailed mechanism of
However, it decreases below Tc and becomes zero at low superconductivity; these terms have been observed to be
temperatures. This dependence on temperature is very both negative and positive [6]. Because the leading term
similar to the temperature dependence of the lattice pa- vanishes at Tc , the above equation reduces to the standard
rameter in Ba0.6 K0.4 BiO3 . The change in Ba(Fe0.926 Co0.074 )2 Ehrenfest
As2
equation at Tc . The phenomenological approach
is −1.2 × 10−5 . The value of ∆c/co even changes with we made in §3 is physically the same as the above analysis
temperature just above Tc . To estimate the low temper- based on the BCS theory. However, it is not meaningful to
ature value of ∆cHT /co , the values of ∆c/co between Tc evaluate the proportional coeﬃcient between the spontaand 35 K were analyzed using the method discussed in neous strain e and the square of the order parameter ∆2 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 difﬁcult.
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Table 1. Comparison of spontaneous strains in saturation of six superconductors and pairing symmetries of their superconductivities. The directions of the spontaneous strains are indicated in parentheses.
superconductor

spontaneous strain in saturation

reference

symmetry of superconductivity

La1.85 Sr0.15 CuO4

0.53 × 10−5 (c)
7.0 × 10−5 (c)
2.4 × 10−5 (a)
−5.1 × 10−5 (a)
1.4 × 10−5 (a)
13 × 10−5 (c)
8 × 10−5 (c)

[7]1
[11]
[1, 12]
[12]
[2, 11]
this work
[30]2

d-wave

YBa2 Cu3 O6.5
Ba0.6 K0.4 BiO3
MgB2
NdFeAsO0.89 F0.11
Ba(Fe0.926 Co0.074 )2 As2

1.0 × 10−5 (c)
−1.2 × 10−5 (a)

d-wave
typical s-wave
two-band s-wave
ﬁve-band s-wave
ﬁve-band s-wave

This value was obtained by the integration of α∗ = α − αspline below α∗ (Tc ) between 10 K and Tc in Figure 4 in ref. 7.
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).
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