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Abstract L 3
\ L
Characterizing the structural response of fun&@ erials (e.g., piezoelectrics and

ferroelectrics) to electric fields is key for the creation of structure-property relationships. Here,

we present a new sample environment ata reduction routines which allow measurement of
N

time-of-flight neutron total scatteringsduring in situ or ex situ application of high voltage (< 10

kV) to a sample. Instead of util 'ng% ire detector space of the diffractometer, only selected
scatt

regions of detector pixels with ing at the desired angle to the sample electric field are

interrogated, which allo tl@yeration of orientation-dependent reciprocal space patterns and
on fu

real-space pair distribliti ions (PDFs). We demonstrate the method using the relaxor
ferroelectric Nauﬁ&ﬂ;\ an/d observe lattice expansion parallel and contraction perpendicular
fo

to the electric th in situ and ex situ experiments, revealing the irreversible nature of

le strictural changes to this composition. Additionally, changes in the distributions

of nearest
_—

obserye in pr%w

ig/hb(y metal-oxygen bond lengths are observed, which have been difficult to
sly measured analogous orientation-dependent X-ray PDFs. Considerations
related tosaniple positioning and background subtraction are discussed and future research

di tioné are suggested.
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Publishing 1. Introduction
In situ X-ray and neutron scattering experiments facilitate understanding the structural responses
of a material to external stimuli (e.g., pressure, temperature, atmosphere, electric field, or stress),
as required for establishing structure-property relationships. One exam(ﬁre of material classes that
benefit from such measurements are ferroelectrics and piezoelectri S,Which e used in

electrical and

numerous electromechanical applications due to their ability to.integcon

mechanical energy (e.g., sonar, actuators, transducers, micro }rmﬁe.chanical devices,

—~
ferroelectric memories, and energy-harvesting).>> &3

Recently, conventional Bragg X-ray diffraction under ap lad electric fields has been extended to
measurements of X-ray total scattering (Bra }w@ s diffuse background), which can be
used to derive (via the Fourier transform)lﬁi:\m atomic pair distribution functions (PDFs)
that enable the observation of field,indu oeal-scale structural changes in real space.®” While
this method has proven to be informatiye it is limited by the relative insensitivity of X-ray
scattering to light elements.in the presence of heavy ones, which hinders measurements of metal-
oxygen distances in ty, icagf%ectric oxides. Likewise, X-ray scattering cannot differentiate
elements that ha\?/sigxégfnic numbers. On the instrument side, X-ray total scattering, which
is typically m smym 2D detectors, must balance both the need for an extended Q-range
(>25 A ith/the ailable reciprocal-space resolution, which is limited by the number of pixels
on a 20D detect é g., 2048x2048).1 While NOMAD also uses 2D detectors, they are limited
instead b ir time-resolution. These limitations can be addressed by using in sifu neutron total

)

Y ing to complement the X-ray data. In the present contribution, we report the development

~
ofithis method for applying electric fields to samples while measuring neutron total scattering,

which was performed using the instrument NOMAD at the Spallation Neutron Source at Oak


http://dx.doi.org/10.1063/1.5037609

! I P | This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record. |

PublishiRflze National Laboratory (ORNL).!": 12 We present the data reduction and analysis approach,
the high-voltage sample cells, the experimental setup, relevant details of the NOMAD
diffractometer, and experimental difficulties and limitations. Results and discussion are
presented for the ferroelectric ceramic sodium bismuth titanate, Nai2B#,TiO3, which shows
electric-field induced strain and changes in the metal-oxygen bon is%lces.

YN

T—
IL. Samples

As-synthesized, bulk polycrystalline (i.e., ceramic) @oelec tes are effectively isotropic.'* Each
grain is a single crystal that contains multiple ferr\obl%trkjomains with distinct orientations of
the polarization vector; the macroscopic pola&ix{ci is'zero. For polycrystalline ferroelectrics to

be useful for applications, a ‘poling’ process must be performed in which a strong electric field is
applied to the sample.'® This causeyr(n i r;o‘rientation such that electric dipoles become
preferentially aligned with the @ vector and the sample symmetry is reduced to
cylindrical (com).'"* Additj lattice strain typically accompanies domain reorientation and is
positive parallel to t el;:%d and negative perpendicular to the electric field.!> Other
possible electric-{ -in eé effects include interphase boundary motion and reorientation of

local-scale p r@place ents.% 16

£
We us d_3<%el9¢tric perovskite-structured oxide, Nai2Bi112Ti03, in the development of the ex
c\t

situ andyin si b neutron total-scattering technique. This lead(Pb)-free relaxor ferroelectric
-

17.18 and exhibits large

2Bi1/23fi03 has a complex hierarchical room temperature structure
h:tﬁc-ﬁeld-induced local structural changes.® The sample synthesis is described in Ref. !° but

was modified by increasing the calcining and sintering hold times to 4 h to accommodate larger

powder volumes and the pellets were pressed in a 25 mm square die without the use of binder.
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PublishiNgutron and X-ray PDF studies of Nai2Bi12TiO3 have shown that Na* and Bi** have distinct
oxygen bonding environments.?® For initial tests, the sample was measured ex situ in the
isotropic, unpoled state and the anisotropic, poled state. Neutron PDF studies following the
behavior of the local correlations in these and other oxides under appligd electric fields have not
previously been completed, and will offer potential new insights into ﬂ% structure-property

mechanisms enabling the functionalities of these materials. \

T—

(
III.  Experimental setup and detector geo@ies
Time-of-flight (ToF) neutron scattering utilizes pulses ofiwhite-beam neutrons with a range of
energies. Neutrons with different energies (a}dQ erit wavelengths, according to the de
Broglie relationship) travel at differen SQ rom a fixed source. Thus, a fixed-position

~ : D
or total scattering by sorting incident neutrons

detector can measure wide-angle dwl

according to the time at which Xt the detector, and calculating their wavelengths with
the knowledge of the dist traveled from source to sample to detector.?! The ToF instrument
NOMAD at the Spal tioghit)n Source at ORNL is optimized for high intensity diffraction
and total scatteriq{ eas n{ents on amorphous, nanostructured, and disordered crystalline
materials.!! I eahes a large bandwidth of neutron energies, extensive detector coverage, and
count rat%eed/in comparable instruments by one to two orders of magnitude.'! A schematic
diagr :f ths instrument detector banks is shown in Fig. 1a. As of 2018, 50 out of a maximum
p s;,.i-f)le %9 packs with eight *He linear position sensitive detectors are installed. This
?Bﬁreﬂ\)onds to 51,000 pixels, grouped into six default banks. The normalized and background
subtracted scattering intensities are shown separately for each of the six default banks in Fig. 1b.

In a typical total scattering experiment, the corrected intensity from each bank of detectors is
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Publishimgiged to a single S(Q) pattern prior to its Fourier transformation into the real space PDF, G(r).
Contributions to the pattern from each of the separate solid angle detector banks span different
ranges in O, with the lower angle (forward scattering banks) featuring lower Q and lower
resolution and the higher angle (backscattering banks) featuring higherAD and higher resolution.
In the case of an isotropic scatterer, the sample orientation relativef£o ﬂy incident neutron beam
is not important and the signals from all the detectors are combined In thig work, however, we
specifically want to investigate the orientation dependence in Qdﬁy an electric field in

—-—

ferroelectric ceramics. 3

L
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Figure 1. (a) Sch?éatic theNOMAD detector layout with 50 detector 8-packs. The black dot

in the center indicatesithe sample position. The neutron beam (black line) enters from the center

of the 154° d ec? on the left side of the schematic. (b) Neutron diffraction patterns from the 6
etector banks (labeled by their average in-plane scattering angle) for

strating the varying Q-ranges and Q-resolutions.

1sotropic PDFs such that the scattering vectors are at a desired orientation to the
ﬂ%}tl’l eld vector, one approach could involve utilization of scattering information from a
~

single default bank. However, given the varying Q-ranges and Q-resolutions from each standard

bank, it is not possible to calculate complete and comparable G(r) functions from the individual
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Publishibghks that are sufficient for studies of disordered crystalline materials. Rietveld*? refinement-
based texture analysis has previously been performed on neutron diffraction patterns from
NOMAD for Al alloys by dividing the detectors into 65 half-panels or smaller, but such analysis
can be performed with limited Q-ranges (10 diffraction peaks are suff%ant), unlike PDF
studies.? (The available resolution and range of a single NOMAD arﬂacoul e amenable to
orientation-dependent studies of glasses and amorphous materiaN ere (-resolution
requirements are significantly diminished.) Instead, the pix_e\ grouped according to the
angular relationship between the scattering vectors Q andithe sa})lple electric field vector E

described in Section IV. For the ex situ measure erﬁs_.da@rom different sample rotations are

L -
combined to access total scattering covering t&@ <Q<30A"

N

The geometry involved in neutron total—sé\th&g-measurements is much more complex than that

of a 2D detector used for in situ high en: §)§ray scattering due to the multiple banks that

measure scattering at various aqxsth\?%,sample electric field. In the X-ray case, a PDF along a

specific direction relative to the electti¢ field is obtained simply by integrating the scattered

intensity over a narro ags@ sector with the desired orientation (e.g., parallel or
Y.
field ve

perpendicular to ?é ctor).?®

ta retluction approach

<B/\
v
-

We 2:3 lopeaa data reduction and processing routine utilizing the Mantid Framework?’ which
in lves§umming data from different sample rotations to mitigate the distinct Q-ranges and Q-

\e\l\uﬁons of the standard detector banks. The detector pixels are divided into groupings based
0

n their position relative to the electric field vector for three different orientations. In this case,

we used 15° sectors, e.g., the red region in Fig. 2 represents pixels that are within 0-15° of the
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Publishidg red scattering vector, which is parallel to the sample electric field vector and oriented at 45°
to the incident neutron beam. In this figure different angular ranges are color coded as
following: orange - 15° to 30°; green - 30° to 45°; cyan - 45° t0-60°; blue - 60° to 75°; and
purple - 75° to 90°. By dividing the 51,000 available pixels into such géentation—based
groupings, we are no longer locked into the Q-ranges and Q-resol 10@)r0V1 d by the
individual default banks. However, it was found that at least two samplesotations are required to

\ ?s‘t‘atte

electric field vector, shown in red in Fig. 2). The require amp@ rotations for scattering parallel

access sufficient detector space for a specific angular range
-

ring within 15° of the

-

and perpendicular to the field are shown in Figs. a(dA, @pectively.

o

Figure 2. Orientation ased)groupings for a sample (electric field vector indicated by the
gray bar at center) or tell 45° to the incident neutrons (black line). The red sector represents
dete
ra

neutrons inciden which have their scattering vectors (Q) ~ parallel to the sample
electric field v % ~ 90° from the neutron beam. Figure adapted from Ref. 1.

H

q:f%n/the 0-15° grouping, which captures scatterings closely parallel to the electric

£
ere, oc
field.yector. 'aﬁs grouping routine was created for three different sample rotations defined by the
e&l@ild vector: 1) electric field vector, E, parallel to the incident neutron beam (Fig. 3a); 2)
>0t3’['ed in plane by 45° from the incident neutron beam (Fig. 3b); and 3) E perpendicular to the

incident neutron beam (Fig. 3c). These different sample orientations provide unique regions of
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Publishipigcls that detect neutrons with scattering vectors Q at a given angle to E (i.e., in this case,
closely parallel to the field). The total scattering patterns from these three detector regions are
shown in Fig. 3d; together, they provide sufficient O-coverage. The three patterns can then be
merged to create a single S(Q), as shown in Fig. 3e. The resulting G(r)(é shown in Fig. 3f. We
also created this grouping routine for scattering closely perpendic ar%%hctric field. In this

case, only the sample rotations where the electric field is perpendicular 08 45° to the incident

neutrons are needed, as shown in Fig. 4a-c. The backscatterin )igﬂa) and forward scattering

—
(Fig. 4b) neutrons for the sample electric field perpendicular to tjle incident neutrons are reduced
separately due to the different resolutions of thos d(tf‘ctol’a The total scattering patterns for

L -
each pixel grouping is show in Fig. 4d and the resulting merged S(Q) and G(r) are shown in Fig.

4e and 4f, respectively. l\

Rigorously, the anisotropic S(Q) must b hmted to G(r) using a spherical harmonics

expansion instead of the sine F Q{orm that is applicable for isotropic samples®* 2.

However, prior work with X-ray PDFs,on the same composition showed that the results from the

spherical harmonics méthodand the Fourier transform yield nearly identical PDFs.6 It was
£
employ

therefore decided pfeexisting routines with the standard Fourier transform for this

proof-of-conceft. \
AN,
A
5
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Figure 4. Orientation-based pixel groupings (blue, orangeyand gbeen) corresponding to neutrons
with scattering vectors within 75-90° of the sample Qez[ric vector (cyan bar) for two
sample rotations: perpendicular (90°) to the incident tro?)s (black line) with scattering divided
into (a) forward scattering and (b) backscattering, fotward scattering for the sample 45° to
the incident neutrons (c). The neutron diffraction patterns for the three pixel groupings for a
diamond calibrant are shown in d. The merg&i&( attern is shown in e and the resulting G(r)

is shown in f. ~

\ TS

In order to test our methodology ofvastandard sample, we first performed the data reduction and

1234567 10 15 20 25 30 0 )10\15 20 25 30
QA" g:ndé\“f(A)

pixel groupings on a powder dia mele in a standard vanadium can, which is used for
instrument calibration o D. Electric fields were not applied to the diamond sample; this
measurement was dofe tczfvjrw‘she data reduction routine with an isotropic powder. A small-
box fit using PD% % to /diamond G(r) from the standard 6-bank data reduction method
resulted in a i@parameter of 3.5662(14) A and an Rw of 17.1%. The weighted residual, Rw,
quantifies eéoo}n ss-of-fit between the experimentally measured and calculated PDFs, and is

r—

calculaged as Shown in Ref. %°. For the pixel groupings with scattering closely parallel to the
;-ie eis:ctric field (Fig. 3), an Rw of 17.1 % was also achieved, and the obtained lattice

\cn;a@ter was the same, 3.5662(14) A. For the pixel groupings with scattering closely

perpendicular to the sample electric field (Fig. 4), a similar Rw was obtained (17.2%) and the

lattice parameter was within error of the others, 3.5656(15) A. Figure 5 shows the fit to the G(r)

10
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Publishifirgi scattering closely parallel to the sample electric field vector; the other fits are visually
similar. Ideally, Rw’s as low as 10% can be achieved for data from materials with uncomplicated
structures, but in this case, the most important observation is that nearly identical Rw’s were
achieved for both the standard 6-bank reduction strategy and the pixel groupings for scattering

parallel and perpendicular to the field. The similarities of the fits gi e?’nﬁde e in the novel

pixel grouping strategy. \
Q\
—
0.8 o experimental 3
06k difference v‘ C

calculated _ . B 8 »-)
L

G
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o N b
T T T

'0-6' 1 1 1 . | ‘ |
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Figure 5. Small-box fit to hevd%non G(r) created from the pixel groupings with scattering
]

closely parallel to the s e eleetric field vector.

V.

V. Ex si@

Unpoled and lasamples of Nai2B112TiO3 were mounted on the NOMAD sample changer.

d discussion

The poledsamiples were measured at three different orientations, defined by the electric field

- V.
vectonk: parﬂle , perpendicular, and at 45° to the incident neutron beam. The unpoled sample

ﬁ
S measured only in the parallel orientation because it is assumed to be isotropic, as discussed

We tion I1.
o

11
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PublishimEe total scattering function S(Q) for unpoled and poled Nai2Bi12TiO3 and the difference curve
are shown in Fig. 6a for scattering parallel to the electric field and in Fig. 6b for scattering
perpendicular to the electric field. Parallel to the electric field, the peaks generally shift to lower
0, indicating a shift to higher d-spacing, consistent with expansion al(?/ the electric-field

direction. The converse occurs for scattering closely perpendicula omy electric field. The strain
6

behavior is consistent with prior X-ray total scattering-based repo ever, the previously

observed sharpening of X-ray diffraction peaks with increast ge't'tf-i.c field amplitude is not

S
A%

1.36 Fa : 1/ 2 [ - 1/

§ ........ unpoled .2
128 - —po|ed 1
120 —diﬁere&
S 1.12 \N)
& , _ ‘05 il
1.04 H ~ .
0.96 ) 100 A\

observed here.% 3% 31

0.95} \ i v

0.88
0.80 _parall'el . 0.90 perpelndicular' . S .
2 3 2 3 4 10 20
QA"
Figure 6. S(Q) from i sely (a) parallel to the electric field, and (b) perpendicular to

the electric field ?K poled and‘unpoled Nai2Bii2TiOs, with the differences between the two data

sets in each pane h‘@b%lt

£
The P(f@gred and poled Nai12Bi12TiO3 are shown in Fig. 7a and 7b for scattering closely

pa z}_lle nd Brpendicular to the field, respectively, highlighting changes observed in the low-
an high-’ regions. At low r, there are small changes to the shape of the peaks for both
hn’lbtries. For scattering parallel to the electric field, the peak at 2.8 A, which is mainly

composed of O-O distances and Bi-O distances*” slightly narrows for the poled sample, as shown

12
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Publishiingrig. 7a. Additionally, the shoulder at ~3.25 A, attributed to the Bi-Ti nearest neighbor peak
(negative in the neutron G(r)), appears to shift to lower r for the poled sample parallel to the
electric field, as was also found using X-rays.® More detailed analysis of field-dependent and
orientation-dependent metal-oxygen distances is possible but outside ‘?é scope of this

contribution.

Parallel to the field, at high 7, the peaks shift to higher r, indi aﬁ&}xiti e lattice strain parallel
L~y

to the electric field vector. Perpendicular to the field, thegeaks htly shift to lower 7,

indicating lattice compression. This is consistent w'(h-.:le 1 er;wes from the O-space data and

with the previous X-ray work.® One notable diffefence @en the neutron and X-ray results is

that for the X-rays, the PDF peaks narrowed«',&' th and increased in height with increasing

electric field, suggesting increasing struct&s?\o?’d’cﬁ-due to the applied field. This is not observed

here, and can be attributed to the faet t%ﬂ'& the X-ray PDF emphasizes interatomic distances
involving the Bi*" cations, the %\;[ﬁ contains significant contributions from the distances

involving all the atomic specieﬁinc ing the O anions.
/\
/\ /
£
ﬂ /
- :
w <

13
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Figure 7. G(r) for poled and unpoled Na12Big2TiQ3 with electric field vector closely (a) parallel
to the scattering vectors, and (b) perpendiculartq thesseattering vectors. The difference between
the poled and unpoled states are shown iniﬂLK t below. The atom pairs which contribute to

the PDF peaks below 6 A are labeled. w
N

VI.  In situ results and Q&%\O\

The in situ sample cells, one of whichuis shown in Fig. 8, were custom built at ORNL and can

accommodate solid sapiplesof ~ 3 x 3 x 20 mm. In order to apply a voltage across the width of
the sample, silve?!fect /es were painted on two opposing ~3 x 20 mm sides, to which lead
wires were at cﬁbjihhg silver paint and epoxy. A stiff Kapton tube surrounds the sample and
the lead resywh were fed into the body of the sample cell. The wires inside the sample cell
were geparated$tOm each other by insulating ceramic rings and connect to the external high
véltage and ground connections. The body of the cell and the stiff Kapton tube were filled

q%t&ﬂuorinert (FC-770) insulating liquid to prevent electrical breakdown around the sample.

o

e cell is attached to the insertion rod and placed at the correct depth within the NOMAD well

for the neutron beam to interact with the sample.

14
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Figure 8. Sample cell designed for in situ measurement neutrgn total scattering while high
voltage (< 10 kV) is applied to the sample. ( -
{ -

In situ neutron total scattering was measure@le high voltage (10 kV) was applied to
setric fiel

the Nai2Bi12TiO3 sample, resulting in%%s% 1eld across the sample of > 3 kV/mm. The

Publishim

P

sample cell was oriented such that the sa e clectric field vector was 45° to the incident neutron
beam; this orientation is showv@ly in Fig. 4b. The resultant G(r) before field
application and during hi tage ar¢ shown in Fig. 9. There are additional peaks present
(marked with a * in Fig. 9} )thhe sample cell and/or the electrically insulating liquid

ective background subtraction is challenging; the sample cell without

Fluorinert. Obtai2/q<el
a sample con in% greater volume of Fluorinert than when the sample is also present. However,

the result§.are gimi

-V

shift t%hl her r, indicating lattice expansion along the field direction. A PDF from

to those from the ex situ experiment shown in Fig. 8a. The PDF peaks at

] atterin%c sely perpendicular to the electric field was not possible with the set of in situ
ﬁisasu ents completed. A sample rotation to the -45° position was attempted, which would
N

allew scattering closely perpendicular to the electric field direction to be measured with the same

pixel grouping, but the sample position moved during rotation, yielding unreliable data.

15
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Figure 9. G(r) for Na12B112TiO3 at 0 and 10 kV (> 3 kV/mm) with electric field vector closely

parallel to the scattering vectors. Peaks due to the sample cell arqsi or the Fluorinert are indicated
with an asterisk (*).

In order to analyze the lattice expansion obser%;ot‘h_the ex situ and in situ measurements,
enden

hifts, described in Ref. 8. The relative

we performed an analysis that quantifies d%
shift of the G(r) from the poled sampl k the G(r) of the unpoled sample, Ar, are

o
calculated using a sliding boxcar approach With a box size of 5 A and a step size of 0.5 A. For

the ex sifu measurement, the latti%‘m is positive in the electric field direction and negative
perpendicular to the field(showmnuin Fig. 10, as expected for a piezoelectric ceramic. For
scattering closely pafallelto thewelectric field direction, Ar is nearly the same for both the in situ
and ex sifu meas N e fact that the strain remains after the field is removed indicates
that the electri )d-induced changes to the local structure of Nai2Bi12TiO3 are irreversible
(i.e., remai {ter the field is removed). Previously, it had been shown that the long-range

struc of Nsl/zBil/zTiO3 is irreversibly changed by a strong electric field.>* This result

-

C ﬁrms‘jhat the structure is changed irreversibly at the local scale (i.e., a few nm).

<

16
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Figure 10. r-dependent PDF peak shifts relative to theaunpoled sample for both ex situ and in situ
experiments. Only the parallel orientation was obtainedfor.the in situ experiment.

L -
Electric field-dependent and directional PD N fu neutron total scattering were obtained

for the first time and are validated by thei&iﬁi\ﬁty to the ex situ measurements, despite

challenges involving sample positi ningﬁ background subtraction. The sample environment
S%e.

and data reduction routines devél enable future studies where the local structure can be

is_,%)ed cycled.

Neutron total sca{ ing experiments were undertaken on the instrument NOMAD at the SNS

probed as the electric fiel

V. Conclusions y

with both in, 7 ad ex situ electric fields applied to ferroelectric ceramics. The sample cells for

these exp énts )w e built in-house. In order to obtain scattering data with sufficient coverage
ﬂ
and re olutioﬂ)in O-space, different groupings of pixels were combined from different physical
ﬁ

r ations(s)f the samples relative to the incident neutron beam. This new data reduction and
ﬁe@\sing routine was developed to probe neutron total scattering at selected angles to a given
sample electric field and was validated using a standard diamond powder sample. Scattering

parallel and perpendicular to the sample electric field vector were analyzed here, but the

17
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AllP

Publishidgzloped routine allows for a range of intermediate angles to be investigated. Reproducibility of
the sample position for sample rotations is exceptionally important for these types of
experiments, and higher precision sample stage hardware is being integrated with the NOMAD
beamline. The capability to measure angle-dependent PDFs will be imptoved with the
installation of the full planned detector coverage in NOMAD, whigh will nearly double the

number of detector pixels.

The development of a high voltage sample cell and assogiated data reduction routines will enable
novel future experiments. For example, the magnetigtesponge of multiferroic or magnetoelectric
materials could be probed with neutron total scattering while electric fields are applied. The
capability to probe the local structure of matérialsias a function of in situ electric field can clarify
whether electric-field-induced phase transitigns are-due to polarization rotation or adaptive
phases.” 3% 33 Additionally, due to the nature ofithe time-of-flight source at the SN'S and neutron
event-based data collection,** itéwill be possible with future development to explore these
structural responses stroboscopically with very fine time resolution. The time resolved responses
of the local structure of mategials with interesting frequency-dependent long-range structures or
properties could bg‘investigatéd.' ** Further details on the implementation of time-resolved

neutron time-of-flight data collection and analysis can be found in Fancher et al.*®
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