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Critical divergence of the symmetric (A,) nonlinear elastoresistance near the
nematic transition in an iron-based superconductor
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‘We report the observation of a nonlinear elastoresistivity response for the prototypical underdoped iron pnictide
Ba(Fe( 975C0g.025)2As,. Our measurements reveal a large quadratic term in the isotropic (A, ) electronic response
that was produced by a purely shear (B,,) strain. The divergence of this quantity upon cooling towards the
structural phase transition reflects the temperature dependence of the nematic susceptibility. This observation
shows that nematic fluctuations play a significant role in determining even the isotropic properties of this family

of compounds.
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I. INTRODUCTION

Nonlinear responses of crystalline materials are described
by high rank tensors and can therefore provide valuable
information concerning subtle phase transitions and broken
symmetries. For example, previous nonlinear measurements of
tensor properties have revealed interesting transitions in sev-
eral strongly correlated materials [1-3]. Here we demonstrate
a type of nonlinear transport response associated with changes
in the conductivity of a material in response to strain: nonlinear
elastoresistivity. This technique allows us to not only look at
broken symmetries across a phase transition, but to character-
ize properties of the disordered state. We perform these mea-
surements for a representative underdoped Fe-based super-
conductor Ba(Fe 975C00.025)2As,, which has previously been
shown to exhibit a large nematic susceptibility for temperatures
above a tetragonal-to-orthorhombic structural phase transition
[4-12]. The most remarkable aspect of the current data is that
they reveal a diverging nonlinear response in the isotropic ela-
storesistivity in response to a perfectly antisymmetric (shear)
strain. This observation, which is intimately tied to the large
nematic susceptibility of the material studied, serves to under-
score the role played by nematic fluctuations in determining
even the isotropic properties of the Fe-based superconductors.

Elastoresistivity relates changes in the resistivity [Ap =
p(€) — p(e = 0)] [13] to strains (€) experienced by a material:

Ap) 3
— ) = (m, €5 +my" €z € +--+), Q)
(2) - %

a,al,...

where the «’s represent a complete, orthogonal basis set for
the system, €, is the component of the overall strain along
a given basis vector, and pg is an appropriate normalization
factor [14]; here the in-plane resistivity of the tetragonal phase.
A natural basis to work in is the irreducible representations
of the crystallographic point group. In the absence of a
magnetic field and in the Dy, point group (appropriate for
the material studied here), both strain and Ap/py have six
independent components. Of these, four unique combina-
tions correspond to distinct representations: (Ap/po)p,, =
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AP/ P0)xx — (Ap/po)yyl. (Ap/po)s,, = (Ap/po)sy, and
(Ap/po)E, = [(Ap/po)xzs(Ap/po)y:]. Objects with By, and
By, symmetry are antisymmetric (odd) with respect to a 90°
rotation about the z axis. There is also a two-dimensional
space of components belonging to the A, representation,
the basis of which is not uniquely defined by symmetry
alone [15]. Objects with A, symmetry are symmetric (even)
with respect to a 90° rotation around the z axis. In this
paper we focus on one (of the two) components with Aj,
symmetry reflecting the in-plane changes in resistivity, i.e.,
(Ap/Po)ay, = 3L(AP/po)sx + (Ap/P0)yy]-

The linear elastoresistivity response is described by a fourth
rank tensor, which in the present basis corresponds to m%.

As shown previously, mg:i and mgz [16] are proportional
to the nematic susceptibility in the corresponding symmetry
channels x By, and XBy, [4,10-12,14]. To linear order, correctly
decomposed symmetry channels cannot mix. For example, for

a tetragonal material, antisymmetric strain (ep,, and €p, ) can-

. T . B B
not cause a symmetric resistivity response, 1.€., m A'lg =m AZI’Z =
8 8

0. However, this is not true when considering the nonlinear
response. In the present work, we demonstrate the presence
of a large and strongly temperature dependent nonlinear A,
elastoresistivity in response to antisymmetric By, strain (i.e.,

By, B . .
we show that m Azli "% > 1). We further show that this behavior
reflects the diverging nematic susceptibility of the material.

II. EXPERIMENTAL METHODS

Measuring the elastoresistance in the A, symmetry chan-
nel presents several technical challenges. In order to precisely
decompose the elastoresistance response into the isotropic and
antisymmetric components, the resistivity in two orthogonal
directions must be measured simultaneously for identical
strain conditions; otherwise, the B, elastoresistance (which
for these materials is much larger than the A, elastoresistivity
response) gets admixed. A second important consideration
is that to confidently extract the linear and quadratic A,
elastoresistance coefficients, the sample must be close to
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conditions of neutral anisotropic strain (€yy — €, = 0; here
the primed coordinate frame refers to the normal strain
frame [14]). As we demonstrate, a modified Montgomery
technique is especially suitable for both purposes [4]. The
crystals are cut into thin square plates with the electrical
contacts made at the four corners, enabling measurement of
Py and py simultaneously, while the crystal is held under
a measured set of strain conditions. The B,, neutral strain
point is determined by the condition of py = p,, since for
a crystal with tetragonal symmetry the in-plane resistivity is
isotropic if there is zero anisotropic strain.

In our experimental setup, we apply biaxial stress to the
samples by affixing them to a lead-zirconate-titanate (PZT)
stack (Part No.: PSt150/5x5/7 cryo 1, from Piezomechanik
GmbH). When positive voltage is applied to the PZT stack,
it expands along its poling axis (the y’ axis) and contracts
along the perpendicular axis (the x" axis). For thin samples,
the crystal deforms with the PZT stack. The ratio of the
strain experienced by the sample along the y’ and x’ axes
is dictated by the in-plane Poisson ratio vp of the PZT stack
(€yy = —vpeyy). This is a weakly temperature dependent
quantity, with an average value for our PZT stacks of ~2.3.
Since the magnitude of strains along the x’ and y’ directions
are not equal, the strain can be decomposed into two parts: a
part that is even with respect to rotation by 90° about the z axis
[in-plane A, symmetry; €4y, = %(ex/x/ + €,,)], and an odd
part [Byg/, symmetry; €p, , = %(ex«xr — €yy)]. As shown
in the inset of Fig. 1, by aligning the sample’s square edges
along either the tetragonal [100] or tetragonal [110] direction,
we selectively cause the material to experience A, + By,
symmetry strain (pink) or A, + B, symmetry strain (blue).
Further details about the sample preparation, experimental
protocol, and characterization of the strain transmission can
be found in Appendices A and B.

III. RESULTS AND DISCUSSION

There is a qualitative difference in the strain dependence of
the elastoresistivity between samples that experience By, and
By, symmetry strain. Figure 1 shows representative data for
Ba(Fe( 975Co0¢.025)2Asy above the structural phase transition.
Multiple samples of both orientations have been measured
and are in good agreement with the representative data shown
here. The sample that experiences B, strain exhibits a linear
change in py, and py,, under strain. Consequently, both
the antisymmetric response [(Ap/po) Bl and the symmetric
response [(Ap/po)a,,] are also linear in strain. In contrast,
the sample that experiences B, strain exhibits a clear
nonlinearity in both p,,» and p,,s as the strain is varied. The
antisymmetric (B,,) response is perfectly linear [black line in
Fig. 1(b)(ii)] and comparatively large, whereas the symmetric
(A1) response exhibits a striking nonlinearity and is well
fit by a quadratic function [black line in Fig. 1(b)(iii)]. The
minimum of the quadratic function does not occur at the same
strain as the neutral By, strain point [vertical line in Fig. 1(b)],
indicating the presence of a linear term in addition to the
quadratic coefficient.

The qualitative behavior shown in Fig. 1 is characteristic
of both crystal orientations for the range of measured tem-
peratures. Data of the elastoresistance response at different
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FIG. 1. Representative data showing the resistivity response to
strain of Ba(Fe(¢75C0(025)2As, at 116 K. The left-hand column
(a) shows data for a crystal oriented with the crystal axes parallel to
the normal strain frame [represented by the schematic pink-colored
crystal in the inset to (a)(i)], such that the crystal experiences an
admixture of A, and B, symmetry strain. The right-hand column
(b) shows data for a crystal with the axes oriented at 45 deg to the
normal strain frame [shown schematically by the blue crystal in the
inset to (b)(i)], such that the crystal experiences an admixture of A,
and B,, symmetry strain. The top graph (i) in each column shows
the resistive response of the sample along the x" and y’ axes due to
the strain, where the x’ and y’ axes are defined by the normal strain
frame (inset). The zero antisymmetric strain condition is marked by
a vertical line in (b). The middle graph (ii) shows the antisymmetric
response, given by the difference %[(A,o/po)x/xr —(Ap/po)yy] =
(%)Blg /B,, - FOr both crystal orientations, the antisymmetric response
is linear (black lines show linear fits). The bottom graph (iii) shows
the symmetric (A,,) response, given by the sum %[(Ap/ £0)x'xr +
(Ap/po)yy] = (%(’J’) Ay~ This response is found to be always linear
for samples that experience A, + Bj, symmetry strain (black line
shows linear fit), while that of the samples that experience A;, + B,
symmetry strain is clearly nonlinear and is fit by a second order
polynomial (black line).

temperatures are shown in Fig. 2 for the sample that
was oriented to experience B, symmetry strain. For this
crystal orientation, the antisymmetric response is linear for
all temperatures measured, with a slope that grows larger
as temperature decreases. Similarly, the symmetric (Aj,)
response exhibits a strong temperature dependence, with a
clear increase in the coefficient of the quadratic term as
temperature is reduced towards the structural transition. In
contrast, the sample that experiences B, symmetry strain
exhibits only a weak temperature dependence in the linear
response for both symmetry channels, as shown in Fig. 1(a),
and never exhibits any measurable nonlinearity.
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FIG. 2. Temperature dependence of (a) the antisymmetric (B,,)
elastoresistivity response, and (b) the isotropic (A ) elastoresistivity
response, of a single crystal of Ba(Fepg75C00.025)2As, oriented
with the crystal axes at 45 deg to the normal strain frame (blue
schematic insets). The anisotropic response is always linear, whereas
the isotropic response shows a large quadratic component with a
minimum close to the B, neutral strain point. Both responses exhibit
a strong temperature dependence. Note that the accessible strain range
shifts with temperature, due in part to differences in the thermal
expansion of the PZT and sample, and in part to the temperature
dependence of the dynamic range of the PZT stack. For clarity, each
fixed temperature strain sweep for the A;, response are offset by
—7.5 x 10* per trace from the 100 K sweep. The data showing the
B,, response are not offset.

We ﬁrst consider the linear response to antisymmetric
strains m 5 B “and m" B ¢ shown in Fig. 3(a). As found previously

[12], mpy"

dependence In contrast, mg is large and can be well fit by
a Curie-Weiss temperature dependence with a Weiss tempera-
ture ® = 75.8 £ 0.6 K (adjusted R-squared, Rad = 0.9995),
bearing witness to the divergent nematic susceptlblhty in
this material [4,10-12]. The coupled nematic/structural phase
transition occurs at a higher temperature 7; = 98 + 2 K due
to bilinear coupling between the nematic order parameter and
lattice strain with the same symmetry [10].

is smal] and exhibits almost no temperature

Al
The linear response to Ay, strain m Ay * is small and only

weakly temperature dependent [Fig. 3(b)] [17]. Moreover,
values of mﬁlz determined from both crystal orientations agree
[as they must, since by symmetry both €Ay, and (Ap/po) Arg
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FIG. 3. Temperature dependence of the elastoresistance coeffi-
cients of Ba(Fe( 975C0¢ 25)2As; for all symmetry channels measured.
Blue circles show the response for a sample that experiences an
admixture of A, + B,, symmetry strain (blue schematic insets),
while pink triangles show the response for a sample that experiences
an admixture of A;, + B, symmetry strain (pink schematic insets).

. . . . By . B
(a) The linear response to anisotropic strain, m Bzi (left axis) and m B:j
. . B . . .
(right axis). m BZ can be well fit by a Curie-Weiss functional form
(black line; see main text). (b) The linear response to isotropic strain
A . . .
m AIZ’ For crystals that experience A, + B;, symmetry strain (pink),
Alg . . .
m Ai; is extracted from a linear fit; for crystals that experience A, +

B,, symmetry strain (blue), the data are extracted from the linear
term of a second order polynomial fit. (c) The weighted quadratic

coefficients [(} L )2 A‘g Atg +m§21i’32g] (blue data, left axis) and

1+
1—vp 2 Alﬁ
(22

Atg —|—mBlg '] (pink data, right axis) describing the
isotropic response to (A1 ¢ + By,) and (A, + Bjg) symmetry strains,
respectively, extracted from the second order polynomial fit of the
isotropic response as a function of anisotropic strain. The only

measurably nonzero nonlinear coefficient is m Azg B , the isotropic
response to B, symmetry anisotropic strain. The temperature—
dependence of this coefficient can be well fit by — (_))2 + === T_@ +c
(black line; see main text), with ® taken from the Curie-Weiss fit to
m B; Error bars represent 95% confidence intervals from statistical
fits. If an error bar is not shown, the uncertainty of the fit is contained
within the size of the data point.

are invariant to rotations about the z axis], providing
additional confidence that the B, neutral strain point has
been accurately identified. For further discussion of errors
associated with identification of the neutral strain point, see
Appendix C.

From a symmetry perspective, nonlinear contributions to
(Ap/po)a,, are possible due to all three strains considered.
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To quadratic order,

A A A
(pp) — mA:; €A1; _I_mAlg lg [GA]g]z
0

Blg

BG BG’*BR
g e, 1P myt T e, )P (2)

Since the symmetric and antisymmetric strains are related
via vp (i€, €p,,,, = H*‘”)i;q,g) the quadratic coefficient of
(Ap/po)a,, asatfunctionof €, ,, is given by the weighted sum
of coefficients mili’gl‘“/gzg Py (}Jr”” Yom'y A“" M for A +
Big/2, symmetry strains, respectively. The temperature de-
pendence of these weighted sums, obtained from quadratic fits

to the data shown in Fig. 2(b) with appropriate transformation
of the strain axis, are plotted in Fig. 3(c). Evidently, m A"" s

and m" A Bis (the weighted sum of which is shown by the
pink data) are vanishingly small. Hence, the strlklng nonlinear
response seen in Fig. 2(b) derives solely from mﬁ Bre , that is,
the nonlinear symmetric response derives solely from purely
antisymmetric (Byg) strain.

The Curie-Weiss temperature dependence of mgz directly
attests to the presence of an electronic degree of freedom
(the nematic order parameter ¢p, ) that is separate from,
though bi- linearly coupled to, anisotropic strain €p, : ¢p, =
X By €8y, X m B egzg From the same perspective, in addition
to a bare contribution to (Ap/po)a,, that is directly propor-
tional to [eBzg]2, there should be additional induced terms
proportional to ¢p, €5, and [quzg]z. All these terms are
allowed by symmetry, and since ¢ Byy = XBsy€Bo> the latter two
contributions should be increasingly strong with decreasing
temperature, so that

Bag.Bay a b
~ + C,
Ae (T — @)2 T-0©
where a, b, and ¢ are coefficients to be determined. The Weiss
temperature ®, which is independently determined from the

3

temperature dependence of mgzi , is not a fit parameter. The
black line in Fig. 3(c) shows the best fit to this functional
form, with \/Ja = 4+ 1) x 10> Kand b = (7+ 1) x 10° K
both terms are important and necessary to fully fit the response
(see Appendix D for more details on the ﬁtting). This fit is
in excellent agreement with the data (RadJ = 0.99655) and
confirms our understanding of the contributing symmetry
terms and the underlying physics. The quality of fit also
implies that the proportionality constant relating xp, and
the elastoresistivity coefficients have negligible temperature
dependence over the fit range.

Finally, we note that mﬁzli,ng is positive. This implies
that the average resistance is expected to be larger in the
anisotropic nematic phase than an extrapolation of the in-plane
resistivity determined from the isotropic tetragonal state.
Since this is a second order effect, we expect the resistivity
increase to scale as the square of the on-setting nematic order
parameter, i.e., to have a T -linear temperature dependence, for
temperatures close to 7. This is consistent with the observation
[18] that the resistivity of twinned Ba(Feg 975C00.025)2A82
samples linearly increases upon cooling through the structural
transition [19].
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IV. SUMMARY

In summary, we have shown a diverging nonlinear Ay,
elastoresistivity response to By, symmetry strain. The most
remarkable aspect of this measurement is not that mﬁzl‘; g #0,
since this is allowed by symmetry, but how large this quantity
is. Indeed, close to the structural transition the nonlinear
response of (Ap/po)a,, to €p,, is an order of magnitude
larger than the linear response to €4,, for the range of strain
considered here. Furthermore, the temperature dependence of
this coefficient directly reveals that the effect is driven by the
large nematic susceptibility of the material, meaning that even
the isotropic properties of the Fe-based superconductors [in
this case (Ap/po)a,,] are strongly affected by the nematic
character of the material. These observations demonstrate a
means to witness the divergent nematic susceptibility in these
materials based on the measurement of the isotropic response
to anisotropic strain. They also provide a point of comparison
for microscopic models of the transport properties of Fe-based
superconductors.
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APPENDIX A: FURTHER DETAILS OF SAMPLE
PREPARATION AND EXPERIMENTAL PROTOCOL

Single crystals of Ba(Feg.975C00.025)2As, were grown using
the FeAs self-flux technique as described elsewhere [18].
The crystals were cleaved into thin plates and cut into
approximately square rectilinear tablets with typical side
lengths of 400-750 um and thicknesses of 10-30 um. The
By, sample shown in the main text has dimensions 30 um x
730 pum x 700 um and the Bj, sample has dimensions
10 um x 540 um x 530 um. The modified Montgomery
method assumes square isotropic equivalent samples, however
deviations from square, up to roughly side length ratios of
4:1, introduce errors significantly smaller than the errors from
Taylor series truncations (~4%) used in the method [20]. The
roughly square geometry does ensure equal strain relaxation
in both the x" and y’ directions. The samples are contacted on
the corners of their top surface by gold wires affixed with an
air-dry silver epoxy (Dupont 4929N) on sputtered gold pads.
The samples are glued to a PZT stack (Part No.: PSt150/5x5/7
cryo 1, from Piezomechanik GmbH) with either Devcon 5-min
epoxy or Master Bond EP2ITCHT-1. A photograph of a
typical sample and a diagram of the PZT setup can be seen in
Fig. 4. Stress was applied to the sample by stepwise cycling the
voltage from —150 to 150 V (below 150 K) and —50 to 150 V
(above 150 K) on the PZT stack at a fixed temperature. Three
to four voltage sweeps were performed at each temperature,

205133-4



CRITICAL DIVERGENCE OF THE SYMMETRIC (Ay,) ...

Sample

~ e PZT
Ba(Fjlo.975C00.oz§)2A52 h e

Strain Gauge

FIG. 4. Left: Photograph of a representative
Ba(Fe(975C00.025)2As, sample prepared for an elastoresistance
measurement using the modified Montgomery method. The sample
is cut into a square, affixed with electrical contacts, and glued onto
the PZT stack. This sample is aligned with its crystallographic
axes rotated 45 deg with respect to the normal strain frame.
Right: Schematic diagram showing the PZT stack prepared for an
elastoresistance measurement, seen from the side. The sample is
glued to the top face of the PZT. Strain is measured via a strain gauge
glued to the back of the PZT stack.

with typical voltage ramp rates between 8—15 V/s. Using
the modified Montgomery method [4,20], o/, and p,,, were
measured simultaneously at each voltage step.

The strain of the PZT stack is measured by a strain gauge
(Part No.: WK-06-062TT-350 from VPG) glued to the back
of the PZT stack. Typically only one direction of strain is
measured and the orthogonal strain is calculated using the
measured Poisson ratio of the PZT stack (e, = —vpe,y)
[12]. For measurements done here we assume perfect strain
transmission through the glue and sample such that the strain
experienced by the sample is the same as the strain of the PZT
stack. Imperfect strain transmission would scale the resistive
response in all symmetry channels, but would neither change
our symmetry decomposition nor affect our main conclusions.
This is discussed in detail in Appendix B.

Both the glue and the PZT stack have differing coefficients
of thermal expansion, neither of which are matched to the
pnictide sample. In addition, the glue will contract as it
dries during the mounting of the sample which can introduce
uncontrolled strains. All of these factors contribute to a
temperature dependence of the voltage required to have the
sample experience zero antisymmetric strain. There does
not appear to be a common trend between samples in the
evolution of this neutral point as a function of temperature.
For example, the evolution is often nonmonotonic and net
changes are evenly split between shifts to positive voltages
and negative voltages among the six samples measured. This
indicates that this effect is not solely due to differential
thermal contractions of the sample on PZT, implying that the
epoxy plays a significant role in determine the bias strain
experienced by the sample when zero volts are applied to the
PZT stack.

APPENDIX B: STRAIN TRANSMISSION

The strain transmission through the crystal will depend
on geometric factors; for example, the thicker the crystal is
compared with the in-plane dimensions, the more the strain
will relax along the z axis of the crystal. In order to quantify
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FIG. 5. Strain transmission through a large (3140 um X
3330 um x 50 pum) BaFe,As, crystal under A, + By, symmetry
strains. A strain gauge is glued on top of the sample (Ae ) and a
second strain gauge is affixed directly to the back of the PZT stack
(AePZT) For this particular test, Ae, is estimated based on the
measured Poisson ratio of the PZT, allowing for the estimation of
the antisymmetric strains AegZT and Aesamp LA — AGS%T) and

2(Aesamp Aey,y,p), respectively. (a) The temperature dependence
of the ratio of the range of antisymmetric strain experienced by the
two strain gauges during fixed temperature voltage sweeps. Below
250 K the strain transmission through the samples is > 80% and
only has a weak temperature dependence. (b) The extracted mh Bz
elastoresistivity response calculated from both strain gauges. The
two traces are in good agreement below 250 K, indicating that the
temperature dependence of the response is dominated by the intrinsic
temperature dependence of the electronic sample properties over the
temperature dependence of the strain transmission.

the strain transmission we compare a strain gauge mounted
on top of a large undoped BaFe,As, sample prepared as
described in Appendix A and a strain gauge glued directly to
the back of the PZT stack. For this experiment we measure the
range of strain along the y’ direction for the sample mounted
strain gauge (Ae) amp ) and for the PZT mounted strain gauge
(Aey”) for ﬁxed temperature voltage sweeps. The range of
strain along the x’ direction is estimated based on the Poisson
ratio of the PZT stack. From this we can calculate the range
of antisymmetric strain experienced by the sample strain
gauge [Aesamp 1(Ae, e Aeiflynfp)] and PZT strain gauge
[AeP 2T — (AeP 2T AG%,T)]. The temperature dependence

of the ratio Aesamp/ Aegzng is shown in Fig. 5(a), a ratio of
one implies perfect strain transmission through the sample.
At 270 K there is a sharp increase in strain transmission
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which we attribute to a freezing transition of the glue. Below
250 K the strain transmission is > 80% and has only a
weak temperature dependence. This temperature dependence
is small compared with the temperature dependence of the
elastoresistance response which is demonstrated in Fig. 5(b)
where m§ is calculated twice, once using the measured strain
of the strain gauge mounted on the sample and once using the
measured strain of the strain gauge mounted on the PZT stack.
The two calculations are in good agreement below 250 K.
The majority of samples are too small to accommodate
a strain gauge on their surface. To quantify the strain
transmission as a function of sample size, three undoped
BaFe;As; samples: small (280 pum x 300 um x 20 pm),

T,=135K
75 I ! I I
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FIG. 6. Comparison of sample size on the linear anisotropic
elastoresistivity response mh B ¢ and strain transmission in BaFe;As,.
Three sample sizes are studied: small (280 um x 300 um x 20 um),
medium (3760 um x 750 pum x 40 um), and large (3140 pum x
3330 um x 50 pum). The strain at the surface of the large sample has
been measured to be > 80% below 250 K (Fig. 5). For the data shown
here the strain is measured by a strain gauge glued directly to the PZT
stack and strain is assumed to be fully transmitted from the PZT to the
sample. The top plot (a) shows m BZ‘ data for all three samples. The
elastoresistivity responses of the medium and large samples have the
same magnitude and temperature dependence suggesting they are in a
regime of similar strain transmission (= 80%). The small sample has
a significantly smaller response. This is attributed to imperfect strain
transmission in the smallest sample, resulting in the overestimation of
the strain experienced by the sample. The bottom plot (b) shows the
normalized elastoresistivity response for the small and large sample.
The two curves exhibit the same temperature dependence, indicating
that imperfect strain transmission results in a temperature independent
scaling of the response.
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medium (760 pm x 750 um x 40 pm), and large (3140 um x
3330 um x 50 pm, this sample is large enough to have a
strain gauge on its surface and is the sample measured for the
data shown in Fig. 5) were measured. The extracted mgzz
responses are shown in Fig. 6(a). In these calculations of
mgz, strain was measured by a strain gauge glued to the
back of the PZT stack and the strain was assumed to be
fully transmitted, i.e., the sample experiences the same strain
as the PZT stack. The large and medium samples have the
same temperature dependence and magnitude of response,
indicating that both samples have similar strain transmission
(= 80%). While the magnitude of the response of the small
sample is significantly reduced, likely due to an overestimation
of the strain experienced by the sample. This implies that
for the small sample either the crystal is positioned on the
PZT stack such that it experiences a smaller strain or that
there is a strain gradient along the z crystallographic axis and
that the sample experiences an E, shear strain (e,,€,).

By normalizing the mgfi response at the structural transition
Ts = 135 K, the temperature dependence of the small and
large samples can be compared. This is shown in Fig. 6(b).
The two normalized responses are in good agreement below
250 K, which demonstrates that imperfect strain transmission
results in only a simple scaling of the magnitude of the
elastoresistance response.

This allows us to use the magnitude of the mh B ¢ response
as an approximate measure of strain transmlssmn with the
assumption that samples with in-plane dimensions ~750 um
or larger have > 80% strain transmission. For samples ori-
ented to experience B, strain estimating the overall strain
transmission is more challenging. Rough estimates can be
made based off of their relative size compared to samples that
experience By, strain. The B,, sample shown in the main text
(B0 um x 730 um x 700 wm) has > 80% strain transmission,
while the B, sample (10 pum x 540 um x 530 wm) has
>60%—-80% strain transmission.

APPENDIX C: ERRORS IN EXTRACTING THE LINEAR
AND QUADRATIC RESPONSE FROM p,,, ARISING
FROM UNCERTAINTY IN IDENTIFYING THE
NEUTRAL STRAIN POINT

As shown in the main text, the main finding of the current
work is that for the strain ranges we employ the elastoresistance
of Ba(Fe. 975Coo_025)2A52 is linear with the exception of a large
nonlinear mﬁ B2 torm, However, due to differences in the
thermal expans1on of the PZT, sample, and the glue holding
the sample in place, and the volume contraction of the glue as it
dries when the sample is attached to the PZT stack, the sample
once mounted and cooled may experience external strains even
when no voltage is applied to the PZT stack. The neutral B,
and A, strain points may even be offset from each other. Since
the PZT applies a fixed ratio of symmetric and antisymmetric
strains, if there is an offset in the neutral points at best we
can tune through one neutral point at a time (i.e., €4,, = 0 or
€ By, = 0)
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We can identify the neutral antisymmetric strain point above
the tetragonal to orthorhombic structural transition (98 K)
because, for a tetragonal material at the neutral antisymmetric
strain point, pxy = py,. The modified Montgomery method is
well suited to identify the antisymmetric strain neutral point
since it simultaneously measures p,/,» and p,/,, under identical
strain conditions in a single sample. This is one advantage
of the modified Montgomery method over the previously
used differential technique [12]. It is more challenging to
identify the symmetric strain neutral point and it is not done
in this work. Below is a detailed calculation of the effects
of the misidentification of strain offsets on the calculated
elastoresistivity tensor components. For simplicity we look at
an offset in €,/ which still allows for tuning to the neutral point
of both Ay, and By, />, symmetry strains, but the results hold
even if the neutral points are separated. The main conclusions
are that, for this material, the correct identification of the
antisymmetric neutral point is required to accurately estimate

A .
my “3 for samples that experience A, and B, symmetry

B Big/2g B
stram however neither m g *** nor m , **"""*"* are dependent

on the identification of the neutral pomt All results are
robust to the determination of the symmetric strain neutral
point.

We start with the simple case of the linear antisymmetric
response, assuming no offset between the neutral A;, and
Big g strain points and that €4,,, €p, ,, , and €y, are all
measured relative to the neutral point where €4,, = €p,,, =
€y = 0. Then the change in antisymmetric resistivity to €,/
is described by

_ . Bies _ B 1+ vp
(Ap/pO)Blg/Zg =B € Bigns = MRy, T Ex'x-

(ChH

If the neutral strain point is misidentified by an amount
A€y, such that €] = €% + A€, then there will be an
offset in both the symmetric and antisymmetric neutral points
(ie., A€y, = I_%Aex/x/ and Aep, = 1+2”” Aé€yy). Then the
antisymmetric response becomes

Bigne [ 1+ Ve
(Ap/p())Blg/Zg = Bii;ze< 2 >( o + Aex x ) (C2)
The linear antisymmetric elastoresistivity coefficient is ex-
tracted from the slope of the linear fit of (Ap/p0)s,,,, VS

H% meas (eg‘]""ﬁ ). In this case the extracted slope is the true

elastoresistivity coefficient m B, , independent of the error in
the identification of the strain neutral point A€, .

For the isotropic resistivity response, we again start by
assuming no offset between the neutral symmetric and an-
tisymmetric strain points and that all strains are measured
relative to the neutral point where €4, = €3, , = € =0.
For simplicity we will perform these calculations for a sample
that experiences A, and B, symmetry strain (the same
calculation can be done for a sample that experiences Aig
and B;, symmetry strains by simply replacing all references
to By, with By,). The isotropic resistivity response is then

z:/2;.'
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described by
e A Arg Bag.Bag
(Ap/pO)Alg = A 6Al;z + m ! ] [GAI;;]2 +m : ’ [GBzg]2
A 1—vp Arg,A
_mA:i< 2 >€X’,\’ +mA:g s
1-— Vp 2
X 5 €xiy!
1 2
+m§§§’32g[<%>ex,xl . (C3)

Now we introduce a misidentiﬁcation of the neutral strain point
by an amount A€, (e "o = el + Aepy). The isotropic
resistivity response then becomes

1—vp\* ana Bo B
(A,O/po)Alg = (1+y ) mA:Z lg_I_ 2¢+D2¢
P
2
X 1+UP6'“,‘”?S
2 X' X
+|:m£12 + mAlg A]g(l - VP)AGX’X’
(1+vp)? 1—v ”
e e
8 _UP
1
+mﬁ:§ ZUP Aex’x’
A I—vp A ?
A ) €x'x
14+v 2
e B[( s P)Aexw} : (C4)

For this material the only non-negligible quadratic response is
By, B Big,B Alg,A
Azli MmN ~m Al" ' 2 (). This further simplifies the

equation

(Ap/po)a,, = my’

2 XX
A Bag Boy (1 4+ vp)?
+(mA:“ +m Azli 2gﬁA€xfxf
1—v 1—
X m Ay

1 2
SR B[( Z”P)Aexfx/]. (C5)

1—vp _meas
She
effective

Fits to the
(E meas )
A

Ayg Ay | (1+4vp)*  Bag. By Ayg
measured Mylsas my s+ gmmmmy T Aepy =my b+
Bzg

linear %)A,g response Vs
incorrectly identify the slope, the

1+ By
(I_Ei ym “Aep,,, 80 to accurately measure this quantity

the neutral Bzg strain point must be correctly identified. If a
similar procedure is followed for a sample experiencing A,
and By, symmetry strain there is no error introduced to the
measured m Ay ¢ for misidentification of the neutral strain point
or for offsets between the Bz and Aj, neutral points since
there is no contribution from the quadratic response. Thus
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. A .
estimates of m Al:’ extracted from samples that experience A,
and B, symmetry strains are robust. Fits to the quadratic
( p)Al response vs [1+”” me““]2 ([eg‘eas] ) correctly extract

the quadratic coefficient mh A e Bag
strain.

Two experimental observations confirm that we can cor-
rectly identify the neutral B, strain point. First, the estimates

, independent of the neutral

of m’ A [shown in Fig. 3(b) of the main text] are the
same for crystals oriented such that they exhibit A, + By,

and A, + By, strains. Second, misidentification of the By,
By,

. . B .
neutral point would admix some amount of m Azl"’ into the
8

. A . .

nominal measurement of m Aig , which would introduce a strong
8

temperature dependence—this is not observed.

BngBZg

APPENDIX D: FITTING m Bz”' AND m

The linear antisymmetric response to B, symmetry strain

By, . A
m B;g is extracted from a first order fit of (p—f) B,, VEISUS €5, .
8

28

B
The temperature dependence of m B, Can then be fit to a

Curie-Weiss functional form m? = (T 5) +mBZ‘ . The
antisymmetric response deviates from a true Curie- Welss be-
havior at high temperatures where the epoxy softens and at low
temperatures due to the structural transition and disorder [4].

The optimal temperature range to extract the best Curie-Weiss
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fit is chosen following the procedure outline in Ref. [4], except
that the reduced x2 error was minimized as opposed to the
standard deviation. For the sample shown in the main text,
the best fit temperature range was found to be 104-181 K.
Extracted fit parameters are i =-2980+71K,® =758+

0.6 K, ande 0=173 :l:O7 with RAdJ = 0.9995.
The nonlinear symmetric response to antisymmetric B,

. BB
strain m "7
g

was extracted from the quadratic coefficient
of a second order fit of (%)A]g versus €p, using the same
temperature range 104-181 K. As described in the main
text, by symmetry the temperature dependence of m, zg B

is allowed to include the terms T 0)2 + 775 0 + c. The Welss
temperature ® is fixed to be 75.8 K from the Curie-Weiss fit of
mﬁzi. The fitted coefficientsarea = (2.0 £ 0.2) x 10’ K2, b =

(74+1) x 10° K, and ¢ = (—6.7 £ 0.9) x 10%, with Ridj =
0.99655. We can compare the magnitude of the contributions
from individual terms in the fit. Close to the Weiss temperature
(i.e.,as T — ® — 0), we expect the quadratic term (ﬁ) to
dominate; however, at high temperatures the Curie-Weiss term
(%) is largest. The crossover point is roughly 23 K above the
Weiss temperature, so for the accessible range of temperatures
considered here (i.e., above Ty = 98 K) the Curie-Weiss term
is equal in magnitude or larger than the —— T 0)2 component. Itis
not significantly larger over the whole temperature range and
both terms are necessary to fully fit the response.
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