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Uniaxial stress is used to detwin samples of orthorhombic iron based superconductors to study their intrinsic electronic
anisotropy. Here we describe the development of a new detwinning setup enabling variable-load stress-detwinning with
easy sample mounting/dismounting without the need to re-solder the contacts. It enables the systematic study of the
anisotropy evolution as a function of an external parameter when the sample is modified between the measurements.
In our case, the external parameter is the dose of 2.5 MeV electron irradiation at low temperature. We illustrate the
approach by studying resistivity anisotropy in single crystals of Ba;_,K Fe,As, at x =0.25 where the much discussed
unusual re-entrance of tetragonal Cy4 phase, C4 — C2 — Cu, is observed on cooling. With the described technique we
found a significant anisotropy increase in C, phase after electron irradiation with dose of 2.35 C/cm?.

I. INTRODUCTION

In iron-based superconductors the nematic in-plane
anisotropy of electrical resistivity in strain-detwinned sam-
ples strongly depends on sample residual resistivity'>. The
anisotropy changes sign between electron- and hole- doped
iron based superconductors® and it was argued that the sign
change may be linked with dramatically different resid-
ual resistivities on electron- and hole doped sides*. In-
deed substitution on transition metal side in electron-doped
Ba(Fe;_,Coy)2As; gives notably higher disorder and resid-
ual resistivity as compared to hole-doped Ba;_,K,Fe;As; in
which substitution is performed into electronically inactive Ba
site.

Low-temperature sample irradiation with relativistic
2.5 MeV electrons provides a controlled way to introduce
point defects®, altering residual resistivity of the samples®.
In hole doped Ba;_,K,Fe;As, irradiation with reasonable
doses of several C/cm? was shown to bring residual resistivity
to the level comparable to the electron-doped compositions’.
Targeting experiments on electron irradiated samples to
directly test the effect of controlled disorder on in-plane
resistivity anisotropy, we realized that none of the approaches
used for sample detwinning® are compatible with electron
irradiation, which stimulated us to design a detwinning device
described here.
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Il. DESIGN CONSIDERATIONS

In the low-temperature electron irradiation facility at Lab-
oratoire des Solides Irradiés (LSD)'?, a sample is immersed
into liquid hydrogen at approximately 20 K, providing effi-
cient sample cooling during irradiation to prevent defects from
self-annealing. The liquid hydrogen surrounding sample is
heated by electron beam both indirectly by heating the sample
and the sample holder, and directly by heating the liquid itself.
Thus, the cryogenic path of electron beam (thickness of sam-
ple space) should be kept at a minimum. In fact the sample
space is limited to 5 mm diameter and 2 mm in thickness. In
addition, the machine time for these experiments is available
for a short period and with a big interval (typically twice a
year), so that sample stress application needs to be separated
from the irradiation process.

Ill. DESIGN

The basic idea of our design is to make possible applica-
tion of stress in a highly controllable way to the same sample
undergoing multiple mounting-dismounting cycles between
electron irradiation runs. Additional limitation is imposed by
the fact that these mounting procedures cannot invoke solder-
ing or any other heating, leading to sample annealing. For
this reason contacts to the sample for four-probe resistivity
measurements were permanently fixed and were also used to
apply tensile stress similar to our previous design''"'2. The
novel elements introduced were (i) modification of the sample
contact arrangement to make it easy to dismount; (ii) modifi-
cation of the horseshoe device enabling simple sample mount-
ing with silver paint; (iii) introduction of the strain gauge to
enable stress monitoring.

The sample had four silver wire contacts permanently tin-
soldered!>!* (shown with black in Fig. 1), stable to electron
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FIG. 1. (Color online) Schematics of the hook device developed
for multiple stress applications to the same sample after mount-
ing/dismounting cycles (top). Sample mounting (middle panel) for
measurements in stress-free conditions. Sample contacts are glued
with silver paint (orange) to supporting bent silver wires (blue lines)
soldered (black dots) to the mounting boards. Sample is floating
without touching hooks. For stress application (bottom panel) sam-
ple potential silver wires (green) are glued to hooks (magenta) with
silver paint (orange). Big arrows indicate the direction of stress ap-
plication.

irradiation'>. Similar to our previous design'!, stress was ap-
plied through 50 um silver wires forming potential contacts
(green in Fig. 1). In the previous design these wires were
directly soldered to the mounting boards at two hook arms.
In the current design these stress-transmitting wires are glued
with silver paint (orange in Fig. 1) to the hooks, formed by
thick, 500 um diameter silver wires (magenta in Fig. 1). Cur-
rent wires on the sample were made short. The electrical con-
tact to the sample was separated from the hook in stress-free
conditions. Four silver wires (blue in the middle and bottom
panels of Fig. 1) soldered to the mounting boards at two arms
of the horseshoe device (gray) were bent to avoid stress and
glued to four sample contacts with silver paint (orange dots
in the middle and bottom panels of Fig. 1). This way sample
properties can be measured in stress free conditions without
attaching sample to the hooks.

One of the hooks was attached to a mounting board on a
horseshoe device while the other was soldered to a thin plate
of phosphorus bronze with strain gauge glued on top. The
strain gauge was 5000 Q FSM2-A6306S-500-SXEC gauge
from Vishay.

In Fig. 2(a) we show response of the strain gauge resis-
tance (SGR) to the force applied. Initially gauge resistance
was slightly above 4996 Q and stable in time. On applica-
tion of stress resistance reached 5001 Q and then relaxed to a
stable value close to 4999 Q. Releasing stress leads to a new
transient with resistance undershooting the stable value, best
seen for the relaxation of the highest stress of 0.7 N, where the
relaxation time is the longest. Continuous (though small) in-
crease of the strain gauge resistance limits our ability for pre-
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FIG. 2. (Color online) (a) Time dependence of the strain gauge re-
sistance during loading (black solid dots) and relaxing (open circles)
stress in the hook device. On application of force the strain gauge
resistance shows transient (with relaxation tine gradually increasing
with stress) and reaches stable value in several minutes (black solid
dots). Relaxing force to zero does not bring the resistance completely
back, with zero stress value gradually increasing (open circles). Note
time scale break in (a). (b) Change of the strain gauge resistance as
a function of force applied. Solid dots show change relative to the
initial value before stress application, half filled circles show the dif-
ference between loaded and relaxed values [solid and open circles in
panel (a)] for each force application step. The slopes of the curve
determine stress sensitivity and its uncertainty.

cise stress determination. In addition in the configuration with
connection of strain gauge to a wide plate there are unavoid-
able additional distortions in transverse direction. We evalu-
ated the transverse strain as about 0.1 of the main stress by
gluing strain gauge rotated by 90 degrees. As can be seen in
Fig. 2(b) taking the difference of the strain gauge resistances
with initial value (solid dots) gives a slope of 10 Q/N, taking
the difference to consecutive relaxed values (open circles in
panel (a)) gives a slope of 7.5 Q/N. So in the current design
strain gauge is used as rather an indicator of stress level, not
for precise stress measurement.

IV. ELECTRICAL RESISTIVITY MEASUREMENTS IN
MECHANICAL DETWINNING DEVICE

We measured a single crystal of Ba;_,K,FeyAs, (x =0.25)
which has two structural transitions: one is from tetragonal to
orthorhombic phase at T¢p = 55 K and the other is re-entrant
tetragonal transition at 7¢4 = 37 K. The sample was cut with
the wire saw along tetragonal [110] direction in the plane. The
sample dimensions were 3.2 ([110]-direction)x0.33([1-10]
direction)x 0.11 ([001] direction) mm?>. The sample length
between potential contacts was 1.64 mm.

In Fig. 3 we plot temperature-dependent electrical resistiv-
ity p(T) (left panel) of the sample stretched using hook de-
vice with several levels of stress applied at room temperature.
This stress value naturally varies on cooling, see right panel.
The inset shows p(T) of the sample over the whole range up
to 300 K, with the resistivity value fixed at p(300K) =300
uQem?®. The right panel shows temperature dependence of
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FIG. 3. Electrical resistivity of Ba;_,K,FeyAs, sample with
x =0.25, zoomed in the range of tetragonal to orthorhombic phase
transition (left panel). The curve colors correspond to those of the
temperature-dependent strain gauge resistance (SGR) shown in the
right panel. The black curve is measured in stress-free condition
(ASGR=0) while the other curves measured under stress. The blue
(ASGR=30 Q) and green (ASGR=25 Q) curves for higher stress lev-
els almost perfectly coincide with red curve, and for this reason
limited numbers of data points are shown. Actual data set for the
red curve is shown below in Fig. 5. Inset of left panel shows the
p(T) dependence over the whole range to room temperature. Right
panel presents temperature-dependent resistance of the strain gauge
mechanically connected in series with the sample during the mea-
surements. The increases of strain gauge resistance, ASGR at 60 K
(dashed line), were used as stress measure in Fig. 4

the strain gauge resistance, SGR, with numbers correspond-
ing to SGR increase compared to stress-free state, ASGR. The
strain gauge is mechanically connected in series with the sam-
ple and in ideal case experiences the same tensile force. The
applied stress monotonically increases between runs.

The black curve was measured with sample floating on
mounting silver wires over hook device in stress-free con-
ditions. Measurements of the strain gauge resistance in this
condition provides a baseline for its temperature dependence.
Note that temperature variation of the gauge resistance is ob-
served in stress-free conditions and the stress value is nearly
temperature independent over the temperature range of par-
ticular interest, 30 to 80 K. Gluing sample wires to the
hook creates stress in the series connected sample and the
strain gauge as presented with red curves and changes notably
temperature-dependent sample resistivity. Further increase of
stress with push-screw provides notably smaller effect (green
and blue curves). To make these changes visible we limit the
number of the actual data points presented for each curve, oth-
erwise they closely overlap. The difference in response is no-
table, however, close to small anomalies in p(7') at the tetrag-
onal to orthorhombic T¢; phase transition and the re-entrant
tetragonal transition at T¢g4.

The fact that the resistivity in the range between Ty and
Tc4 does not evolve with the increase of stress suggests that
the detwinning action of stress is complete. The sample is
in the state with domains aligned by stress and the longer in-
plane a-axis of the sample oriented along the tensile stress
direction.
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FIG. 4. Stress-evolution of the temperature dependent resistiv-
ity derivative, dp/dT, showing sharp features at tetragonal to or-
thorhombic C; transition (top panels) and Cy4 transition (lower pan-
els). Right panels show shifts of the transition temperatures with
application of stress.

V. STRESS-DEPENDENCE OF STRUCTURAL
TRANSITIONS

The temperature-dependent resistivity of the sample used
in this study follows previous reports'>!7 with small upturn
in p(T) below 60 K signalling tetragonal-to-orthorhonbic
phase transition at T and small down-turn feature at 37 K
signalling re-entrance of the tetragonal phase at Tgy'%20.
These features in the p(T) lead to clear anomalies in the
temperature-dependent resistivity derivative, dp(T)/dT, see
left panels of Fig. 4. Comparison with temperature-dependent
resistivity under applied tensile stress clearly shows that in
the vicinity of these features the response of the sample is the
strongest. As can be seen by comparison of the temperature-
dependent resistivity derivatives (Fig. 4) stress shifts the T¢»
up and T4 down, stabilizing orthorhombic phase with respect
to the tetragonal phase.

The temperature independent shift of strain gauge resis-
tance suggests that the tensile stress applied to the sample re-
mains constant for each temperature sweep. The magnitude
of the stress applied can be evaluated from change in strain
gauge resistance, approximately 20 Q for the first curve. Us-
ing the slope of the initial gauge resistance change line (10
Q/N, Fig. 2(b)) this corresponds to a force of about 2 N, the
slope for relaxed line (7.5 Q/N, Fig. 2(b)) gives a value 2.7
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N. For the sample of cross-section area of 3.6x10~8 m? this
corresponds to a stress of 55 MPa and 74 MPa, respectively.
These stress values are somewhat higher than usually used for
detwinning, in 10 MPa range®"?3. The stress dependence of
Tco and Tgyq is shown in the right top and bottom panels of
Fig. 4, respectively, using stress calibration with the slope for
relaxed curve.

VI. IN-PLANE RESISTIVITY ANISOTROPY

The shifts of the phase transition temperatures under stress
lead to sharp features in the plot of the difference between
p(74MPa) = p, and p(0) = p; curves. This curve is closely
linked with in-plane resistivity anisotropy!"!2. Indeed due
to multiple domain walls in the stress-free samples mea-
sured electrical resistivity p; is equivalent mixture of p, and
P, Pr = (Pa+ Pp)/2, thus pg — pr = (Pa — pp)/2. In the
right panel of Fig. 5 we show nematic resistivity ansiotropy
Pa— P» = 2(pr — pa). Interestingly the sign of resistivity
anisotropy in our sample is the same as reported® for slightly
lower x, i.e. p, > pp, reversed compared to the electron-doped
side??. Note that because of nearly zero stress sensitivity of
the sample resistivity in the stress-detwinned state (compare
curves for different stress values in the left panel of Fig. 3), the
difference curve between T and Tey4 does not change with
stress and is quite reproducible.

VIl. ELECTRON IRRADIATION

After initial measurements in pristine conditions, the sam-
ple with contacts was removed from the detwinning device
and mounted on a very thin (about 5 m) mica plate in the
hollow Kyocera chip. The chip was placed in the irradiation
chamber and subjected to the flux of electrons of about 2.7
UA of electric current. This current was measured with the
Faraday cage placed behind a hole in the sample stage, so that
only transmitted electrons were counted. The accumulated ir-
radiation dose is 2.35 C/cm?”. After irradiation the sample was
re-mounted on the detwinning device and its temperature de-
pendent resistivity was measured in a stress-free condition.

The irradiation increases resistivity of the sample by ap-
proximately 20 puQcm, compare blue and green lines in the
left panel of Fig. 5. It also suppresses notably T¢4 in line with
our previous results'>.

Gluing the sample to hook device created stress sufficient
to detwin the sample (light green and cyan curves in the
left panel of Fig. 5 , before and after irradiation, respec-
tively). Stress-induced resistivity anisotropy?>2* in the tetrag-
onal phase above T¢; coincides with measurements before ir-
radiation. The anisotropy in the orthorhombic phase increases
notably, nearly doubling in magnitude. This result clearly
shows that despite the anisotropy changes sign in the compo-
sition range x > 0.20 it is still linked with residual resistivity,
similar to compositions on electron doped side.
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FIG. 5. Temperature-dependent resistivity of Ba;_, K FeyAsy sam-
ple with x =0.25 in stress-free twinned state (dark green) and in
stress-detwinned state achieved by application of uniaxial stress and
measurements along a-axis in the orthorhomic plane. Blue and cyan
curves show the resistivity in stress-free and strained conditions af-
ter electron irradiation with 2.35C/cm? dose. Right panel shows
temperature-dependent nematic in-plane resistivity anisotropy, p, —
pp- Note that sharp features at ~35 K and ~60 K are due to the shifts
of T, and T4 under stress. Green curve is for pristine sample, blue
curve is for sample after electron irradiation. Note visible shift of
Tc4 down with irradiation.

Vill.  SUMMARY

In summary, we developed a new design of stress-
detwinning device enabling multiple sample mounting-
dismounting cycles. The device performance is illustrated
by studying stress-detwinning of hole doped Ba;_,K,Fe;As,
sample with x =0.25 before and after electron irradiation with
dose of 2.35 C/cm?. We find stabilization of the C, phase
under stress as would be naturally expected. The increase of
residual resistivity as a result of electron irradiation is accom-
panied by the increase of in-plane resistivity anisotropy, argu-
ing against the link between the low residual resistivity and
the sign change of in-plane resistivity anisotropy.
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