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Nematic order and its fluctuations have been widely found in iron-based superconductors. Above the nematic order
transition temperature, the resistivity shows a linear relationship with the uniaxial pressure or strain along the nematic
direction and the normalized slope is thought to be associated with nematic susceptibility. Here we systematically studied
the uniaxial pressure dependence of the resistivity in Sr1−xBaxFe1.97Ni0.03As2, where nonlinear behaviors are observed
near the nematic transition temperature. We show that it can be well explained by the Landau theory for the second-order
phase transitions considering that the external field is not zero. The effect of the coupling between the isotropic and nematic
channels is shown to be negligible. Moreover, our results suggest that the nature of the magnetic and nematic transitions in
Sr1−xBaxFe2As2 is determined by the strength of the magnetic-elastic coupling.

Keywords: iron-based superconductors, nematic order, uniaxial pressure, resistivity
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1. Introduction

One of the basic building blocks of iron-based supercon-
ductors is the Fe–As or Fe–Se layers, where Fe ions form a
square lattice.[1] In many systems, the electronic system shows
in-plane anisotropic properties that are believed to be associ-
ated with the nematic order,[2–6] which breaks the C4 rotational
symmetry of the square lattice.[7] The onset of the nematic or-
der is always coupled to a tetragonal-to-orthorhombic struc-
tural transition due to the electronic–lattice coupling,[7] i.e.,
the nematic transition temperature is equivalent to the struc-
tural transition temperature Ts. Therefore, from the symme-
try point of view, the rotational symmetries of the nematic
order and lattice are actually the same, which makes it hard
to conclude whether the rotational symmetry breaking at Ts

is driven by the electronic system or comes from the struc-
tural change. It is later found that the former picture should
be appropriate,[8] where the nematic susceptibility is assumed
to be proportional to the normalized slope of the strain de-
pendence of elastoresistivity. This assumption has since been
widely used in studying nematic susceptibility of iron-based
superconductors.[9–14]

According to Ref. [8], the free energy of the nematic sys-
tem under the uniaxial pressure p along the nematic direction

can be written as follows:

F = F0 +
a
2

ϕ
2 +

b
4

ϕ
4 +

c
2

ε
2 +

d
4

ε
4 +λϕε + pε, (1)

where F0 is the free energy in the paranematic state, and ϕ and
ε are the nematic order parameter and the strain, respectively.
A linear coupling between ϕ and ε is required by the symme-
try and λ is the magneto–elastic coupling. a, b, c, and d are
the typical parameters in the Landau theory. Near the nematic
transition, a = a0(T −T0), where a0 is a constant and T0 is the
mean-field nematic transition temperature without coupling to
the strain. The nematic susceptibility dχ/d p or dχ/dε is thus

dχ

d p
=

−λ/a0c
T − (T0 +λ 2/a0c)

, (2)

dχ

dε
=
−λ/a0

T −T0
, (3)

which is valid when p→ 0. Experimentally, the resistance
changes linearly with the uniaxial pressure or strain at high
temperature along the nematic direction, so dχ/d p or dχ/dε

is treated as proportional to d(∆R/R0)/d p or d(∆R/R0)/dε ,
where R0 is the resistance at zero pressure and ∆R = R(p)−
R0.[8–13] Since R is normalized by R0, the relative resistivity
change ∆ρ/ρ0 is equivalent to ∆R/R0.

In practice, the application of an external pressure along
one lattice axis will inevitably induce strains along all direc-
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tions. As pointed out in Refs. [15] and [14], the relative change
of the resistivity ∆ρ/ρ0 to strain ε can be understood within
the point group of D4h in the tetragonal notation as follows:(

∆ρ

ρ0

)
α

= ∑
ᾱ,ᾱ ′,···

(mᾱ
α εᾱ +mᾱᾱ ′

α εᾱ εᾱ ′ + · · ·), (4)

where the α ′ represents a complete, orthogonal basis set for
the system and εα is the component of the overall strain
along a given basis vector. Considering the symmetry strain
of iron-based superconductors, there are three components of
the in-plane elastoresistivity are relevant to this study, i.e.,
(∆ρ/ρ0)B1g , (∆ρ/ρ0)B2g , and (∆ρ/ρ0)A1g . For an external
pressure within the ab-plane of the tetragonal lattice, the B1g

and B2g channels are along the (100) and (110) directions, re-
spectively, while the A1g channel represents the isotropic re-
sponse.

It has been found that the strain dependence of the ela-
storesistivity along the (110) direction shows a nonlinear
term,[14] which is attributed to the isotropic (A1g) channel. It
is argued that this is due to high-order terms as follows:[14]

(∆ρ/ρ0)A1g = m
A1g
A1g

εA1g +m
B2g,B2g
A1g

(εB2g)
2. (5)

Due to the bilinear coupling between nematic order and εB2g

in Eq. (1), the quadratic term m
B2g,B2g
A1g

should show divergent

behavior near Ts as follows:[14]

m
B2g,B2g
A1g

≈ a
(T −Θ)2 +

b
T −Θ

+ c, (6)

where a, b, and c are constant coefficients and Θ is the Curie–
Weiss temperature. Their results suggest that the isotropic
properties of iron-based superconductors may be strongly af-
fected by the nematic character.

However, we note that the above analysis is based on the
assumption that the external field is small and the system is
close to the zero-field state. In a paramagnetic system, when
the magnetic field H is small, the magnetization M is propor-
tional to H. However, when the field is large, M will show non-
linear behavior. In this work, we study the nonlinear behav-
ior of the elastoresistivity in Sr1−xBaxFe1.97Ni0.03As2 along
the (110) direction.[13] Our results can be well described by
the Landau theory for the second-order phase transition with-
out the introduction of unusual strong coupling between the
isotropic and nematic channels. Moreover, the magnetic and
nematic transitions may be driven from first order to second
order due to the enhancement of magneto-elastic coupling.

2. Theoretical analysis
We first consider the effect when the external pressure is

large. By minimizing the free energy of Eq. (1) with respect to
variations in the nematic order parameter and strain, we have

∂F
∂ϕ

= aϕ +bϕ
3 +λε = 0, (7)

and
∂F
∂ε

= cε +dε
3 +λϕ + p = 0. (8)

From Eq. (7),

ε =−aϕ +bϕ3

λ
. (9)

Putting Eq. (9) into Eq. (8) and neglecting higher-order ϕ

terms,

p = −a0c
λ

[
T −

(
T0 +

λ 2

a0c

)]
ϕ

−
bc+da3

0(T −T0)
3

λ
ϕ

3, (10)

which will give rise to Eq. (3) when p is small. Accordingly,
we can fit the pressure dependence of resistance as follows:

p = pc3 +α

(
R
R0
−1

)
+β

(
R
R0
−1

)3

, (11)

where pc, α , β , and R0 are all constants. Here α−1 is equiva-
lent to ζ defined previously when β is small.[11] The term pc3

is to account for the residual pressure in the uniaxial pressure
device that causes the actual zero pressure deviating from the
nominal one for zero voltage applied in the piezobender.[11]

Equation (11) can also be approximately written as

R≈ R0 +
κ(p− pc3)

1+σ(p− pc3)2

≈ R0 +κ(p− pc3)−κσ(p− pc3)
3, (12)

where C0, κ , σ , and pc3 are constants.
While the above analysis is for the uniaxial pressure de-

pendence of the resistance, similar conclusions can be ob-
tained for the strain dependence of the resistance since the
pressure and strain are linearly coupled. The system we stud-
ied here is Sr1−xBaxFe1.97Ni0.03As2, where the nematic and
antiferromagnetic (AF) transitions change from first order to
second order.[13] There is an intermediate doping range from
0.42 to 0.52, within which the nematic transition is first-order
but the AF transition is second-order. All the data are obtained
from Ref. [13].

3. Results and discussions

Figure 1 gives the uniaxial pressure dependence of the re-
sistance for selected samples. All of them can be well fitted
by Eq. (11). We notice that within the same pressure range,
the nonlinear behavior becomes much weaker in the x = 0.32
sample, which makes the fitting unreliable. This is probably
because both its magnetic and nematic transitions are strongly
first-order.[13] Therefore, we will only discuss the data for
x≥ 0.39 samples.
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Fig. 1. (color online) Uniaxial pressure dependence of resistance for (a) x = 0.64, (b) x = 0.44, (c) x = 0.39, and (d) x = 0.32. The numbers in the labels are
temperatures with the unit in Kelvin. The solid lines are fitted by Eq. (11). The legends for different symbols are for different temperatures.
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Fig. 2. (color online) (a) Temperature dependence of α−1. The solid lines are fitted by Eq. (13). (b) Temperature dependence of β 1/3. The solid lines are
fitted by Eq. (14).

Figure 2 shows the temperature dependence of parameters
α−1 and β 1/3 in Eq. (11). According to Eq. (10), α should be
linear with T . However, as pointed out in Ref. [11], a constant
term will appear in α−1. Therefore, we fit α−1 as follows:

α
−1 =

A
T −T ′

+ y0, (13)

where A, T ′, and y0 are temperature-independent parameters.
For the parameter β , while it contains both the cubic term
of temperature and the constant term, the temperature depen-
dence of β 1/3 (Fig. 2(b)) shows linear behavior near Ts, sug-
gesting the effect of the constant term can be effectively ne-

glected at low temperature. Moreover, the nonlinear part in the
pressure dependence of the resistance becomes much weaker
at high temperature, which results in larger uncertainty. There-
fore, we perform the linear regression for β 1/3 on the begin-
ning linear region of the data (Fig.. 2(c)) as follows:

β
1/3 = B(T −T0), (14)

where B and T0 are temperature-independent parameters.
Figures 3(a)–3(c) shows the doping dependence of the fit-

ting parameters A, B and T ′−T0 in Eqs. (13) and (14). The
most significant change with doping is the value of T ′− T0.
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According to Eq. (10), T ′ − T0 = λ 2/a0c, A = −λ/a0c, so
(T ′ − T0)/A = -λ . Therefore, |λ | increases with increasing
x, as shown in Fig. 4(d). We have shown that the magnetic
and nematic transitions change from first order to second or-
der with increasing x at x = 0.52 and 0.41, respectively.[13]

Theoretical analysis has shown that these may be driven by
the increasing of nematic coupling g,[16] which can be en-
hanced by the magneto-elastic coupling.[17] The enhancement
of g is proportional to λ 2/Cs, where Cs is the shear modu-
lus and effectively equivalent to c in Eq. (1). Previous mea-
surements have shown that the bulk modulus changes from
46 GPa in SrFe2As2

[18] to 59 GPa in BaFe2As2.[19] Therefore,

one does not expect very significant change of shear modules

in the Sr1−xBaxFe1.97Ni0.03As2 system. On the other hand,

the value of λ is doubled with increasing x, which suggests

that the change of the magnetic–elastic coupling may play

the most important role in determining the nature of the mag-

netic and nematic transitions in Sr1−xBaxFe1.97Ni0.03As2.[13]

In fact, there are many studies have addressed the impor-

tance of the magneto–elastic coupling in understanding the ne-

matic order in iron-based superconductors.[20–22] The underly-

ing mechanism for the enhancement of λ with Sr substituted

by Ba needs to be further investigated.
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Fig. 3. (color online) Doping dependence of (a) A, (b) B, (c) T ′−T0, and (d) |λ |. Here |λ | = |(T ′−T0)/A| as discussed in the main text. The dashed and
dotted lines represent the crossovers from the first-order to second-order transition for the magnetic and nematic transitions, respectively.

As mentioned above, the nonlinear part of the resistiv-
ity may also come from the coupling between the isotropic
(A1g) and nematic (B2g) channels.[14] In this case, the resistiv-
ity has a quadratic dependence on strain. However, according
to Eq. (9), this may be simply resulted from the nonlinear ef-
fect when the strain is nonzero. To check the significance of
the quadratic component in our data, we fit the pressure de-
pendence of resistance of the x = 0.64 at 135 K by Eq. (12)
plus a quadratic term. The contributions from the cubic and
quadratic parts are shown in Fig. 4(a), where the latter is ap-
parently negligible.

Here we propose that the reason that a quadratic compo-
nent may be wrongly obtained is because in practice, the zero-

point of the pressure is hard to determine and the strain or pres-
sure range is rather limited. In Fig. 4(b), we plot the function
of x+x3 with the range close to x = 0. If we fit the data with a
linear function, the slope is just 0.7811. Subtracting this liner
component, a valley behavior can be found around x = −0.4
and can be fitted by the quadratic function. Following this
idea, we re-plot the data of x = 0.64 with the linear compo-
nent subtracted, as shown in Fig. 4(a). Around −3 MPa, the
data can be fitted by a quadratic function as follows:

RNL = R0 + γ(p− pc2)
2. (15)

The fitting range has been chosen as asymmetry to the cen-
ter of the parabola function, since in Ref. [14], the range of
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the strain is asymmetric due to the constraint of piezostack.

Here pc2 is about −3 MPa while pc3 obtained from the fitting

by Eq. (12) is 2.7 MPa. It should be noted that the negative

pressure here corresponds to the stretch of the sample, which

will result in a negative strain, so the range chosen to fit by

Eq. (15) is similar to that in Ref. [14]. Moreover, although we

cannot determine the strain in our measurements and the sam-

ples are different, the resistivity change within the fitting range

at 135 K is about 1.5%, which is larger than that in Ref. [14].

Figure 4(b) shows the temperature dependence of the parame-

ter γ , which can be well fitted as follows:

γ =
C

(T −Θ)2 , (16)

where C and Θ are temperature-independent constants.
All of the above results are consistent with those in

Ref. [14], which suggests that the quadratic dependence of
the resistance on the strain is wrongly obtained due to the un-
certainty in determining the zero strain and the limited strain
range a piezostack can achieve. While the coupling between
A1g and B2g should present from the symmetry point of view,
its effect is actually negligible.
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Fig. 4. (color online) (a) The cubic (black squares) and quadratic (red circles) components in the uniaxial pressure dependence of resistance of the x = 0.64
sample at 135 K. (b) Illustration on how the quadratic term may be wrongly. The blue line is a linear fit to the cubic function of x+ x3 (black squares).
The red circles are subtracted results from the cubic function by the linear fit result. The cyan line is fitted by the quadratic function. (c) Uniaxial pressure
dependence of the nonlinear part of the resistance for the x = 0.64 sample. The solid lines are fitted by Eq. (15). The numbers in the label are temperatures
with the unit of Kelvin. (d) Temperature dependence of γ for the x = 0.64 sample. The solid line is fitted by Eq. (16).

4. Conclusions

We have systematically analyzed the uniaxial pressure

dependence of the resistance in the Sr1−xBaxFe1.97Ni0.03As2

system, which shows significant nonlinear behavior near the

structural transition. By adopting the Landau theory for

the second-order phase transition with a linear coupling be-

tween the strain and nematic order parameter, the data can

be well described by considering the higher-order terms.

Our results show that the coupling between the isotropic

and nematic channels is negligible in iron-based supercon-

ductors. Moreover, the most significant factor in determin-
ing the nature of the magnetic and nematic transitions in
Sr1−xBaxFe1.97Ni0.03As2 may be the strength of the magneto-
elastic coupling.
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