NANO
LETTERS

Ferroelectric Phase Transition In y 2006
ol. 6, No. 4

Individual Single-Crystalline BaTiO 3 735-739
Nanowires

Jonathan E. Spanier, T8/ Alexie M. Kolpak, " Jeffrey J. Urban, 8 llya Grinberg, ©
Lian Ouyang, 8 Wan Soo Yun, #3 Andrew M. Rappe,* Y and Hongkun Park*

Department of Chemistry and Chemical Biology, Had University, Cambridge
Massachusetts 02138, Department of Materials Science and Engineering, Drexel
University, Philadelphia, Pennsydnia 19104, and The Makineni Theoretical
Laboratories, Department of Chemistry, Warsity of Pennsylania,

Philadelphia, Pennsyhnia 19104-6323

Received December 24, 2005

ABSTRACT

We report scanned probe characterizations of the ferroelectric phase transition in individual barium titanate (BaTiO 3) Nanowires. Variable-
temperature electrostatic force microscopy is used to manipulate, image, and evaluate the diameter-dependent stability of ferroelectric
polarizations. These measurements show that the ferroelectric phase transition temperature ( Tc) is depressed as the nanowire diameter ( dhy)
decreases, following a 1/ dj,, scaling. The diameter at which  T¢ falls below room temperature is determined to be ~ ~3 nm, and extrapolation of
the data indicates that nanowires with  dy, as small as 0.8 nm can support ferroelectricity at lower temperatures. We also present density
functional theory (DFT) calculations of bare and molecule-covered BaTiO 3 surfaces. These calculations indicate that ferroelectricity in nanowires

is stabilized by molecular adsorbates such as OH and carboxylates. These adsorbates are found to passivate polarization charge more effectively

than metallic electrodes, explaining the observed stability of ferroelectricity in small-diameter BaTiO 3 hanowires.

Ferroelectric phase transitions of perovskite-based oxidesferroelectric film§=7:13-15> and nanocrystalline materiats?
represent an important class of structural phase transitionsin the absence of metallic electrodes suggest, however, that
that bear significant technological implicatioh&Ferroelec- other screening mechanisms may also be operative in
tric perovskites exhibit a spontaneous electric polarization stabilizing nanoscale ferroelectricity.
that can be reoriented by an external electric fields the , ) )
temperature increases and reaches a critical temperdgyre, _ [1€ré, we report combined experimental and theoretical
these oxides undergo a polar-to-centrosymmetric structuralinvestigations that characterize nanoscale ferroelectricity in
transformation. The size dependence Tef governs the  Single-crystalline BaTi@ nanowires and propose a new
ultimate size limit of ferroelectric nonvolatile meméfjand ~ mechanism for the screening of surface charge by atomic
has been the subject of numerous investigatfoi?s. and molecular adsorbates. Variable-temperature scanned
One of the most important factors determining the stability probe microscopy is used to probe temperature-induced phase
of nanoscale ferroelectricity is the compensation of polariza- transitions in individual single-crystalline BaTi@anowires
tion-induced surface chargés.Incomplete screening of  lying on gold (Au) substrates, thereby removing the difficul-
surface charges results in a depolarization field that opposesies associated with ensemble averadity.Our density
the bulk polarization, thereby suppressing ferroelectricity. functional theory (DFT) calculations and first-principles
In typical ferroglectric devices, the surface charge is Screen_edstatistical mechanical modelitfg” indicate that charge
by two rlnzetalhc eIectrers that sandwich the f_erroc_-:‘lect_rlc compensation is provided by molecular hydroxyl (OH) and/
materiall2 The observations of stable ferroelectricity in thin or carboxylate (R COO) adsorbates, which are prevalent
on oxide surfacé&'82° and confirmed to be present in our
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further than imagined previously by exploiting the new (a)
charge compensation mechanism. @

The single-crystalline BaTi¢nanowires were synthesized
by solution-phase decomposition of barium titanium isopro-
poxide as reported previoustyThe procedure yields well- ( Y
isolated BaTiQ nanowires with diameters ranging from 3
to 100 nm and lengths up to and above /8. Electron GoidEubainis =
microscopy and converging beam electron diffraction mea-
surements show that these nanowires possess a single(b)
crystalline perovskite structure with a principal axis lying
along the nanowire length.

The ferroelectric properties of individual BaTi@ano-
wires were investigated by dispersing them onto a Au
substrate and probing them using a variable-temperature
scanned probe microscope (SPM) in an ultrahigh-vacuum
environment (base pressurd0-1° Torr), as reported previ-
ously?? Topographic images of the nanowires were obtained (C)
by operating the SPM in a noncontact atomic force micros-
copy (AFM) mode. Once a nanowire was located and its
diameter @n) was measured, ferroelectric polarization was
induced or “written” on the nanowire (perpendicular to the
wire axis) by applying a large voltag¥,) to a conductive
SPM tip. The written polarization was then probed or “read”
using electrostatic force microscopy (EFM) by measuring § ! 2.5 hr|
the shift (Av) in the cantilever resonance frequency while ‘ ‘
scanning the tip with a smalfy.1:5131522

The actual polarization maps were obtained by subtracting
an EFM image aW;, = +1.5 V from another taken afy,
= —1.5V, as shown in Figure 1b. This procedure eliminates Figure 1. (a) Schematic diagram illustrating the experimental
the capacitive contribution between the tip and the nanowire 980MelY. Here/, represents the voltage applied to a conductive
. - - tip. (b) A topographic image (left) and a spatial map of the electric
so that the resulting map exhibits only the contribution from qjarization (right) of an 11-nm-diameter nanowire. The scale bar
the surface charges associated with a local electric polariza-on the left image represents 200 nm. The polarization map was
tion. Specifically, the contrast in an EFM image reflects the obtained by subtracting the electric force microscope (EFM)
variation in the electrostatic potential across the surface of 'esponse av, = +1.5 V from that atViy, = —1.5 V to remove
the nanowire arising from the presence of localized surfaceLhe contributions from capacitive and topological interactions
- . - . etween the tip and the sample. The writing of the polarization
charges, a finite-range dipole layer, and/or variations in the spot was performed withy, = —10 V. The tip-surface distance
work function. Previous studies have shown that the lateral was held at 10 nm during the writing procedure and at 35 nm during
extent of the polarized domain does not affect the behavior the reading procedure. On the right panel, white corresponds to a
of the nanowires significantly and that the nanowires resonance frequency shith() of 15 Hz. (c) Time series of EFM

effectively act as one-dimensional systems that can beM2ages (300< 300 nn) for a 25-nm-diameter nanowire following
the polarization writing below and above the phase transition

characterized only byhy,.?? temperature. The writing and reading conditions were identical to
Ferroelectric phase transitions were investigated by record-those in b.
ing the time variation of the EFM signal from individual
nanowires as a function of temperatufg. (Figure 1¢c shows  phase transition temperature, the extrapolation of the ex-
a series of such images obtained from a 25-nm-diameterperimentally determinedlc reproduced the bulk phase
nanowire at two different temperatures. At sufficiently low transition temperatureTpu) in the limit of large dn,
T, the signal did not decay over a period af7/ days, substantiating the validity of the experimental procedure.
indicating that the nanowire was ferroelectric. At higfer The strong dependence ©f ond,, is illustrated in Figure
the induced polarization became metastable, decaying with2. The figure shows thdlc in larger diameter nanowires is
time as shown in the lower panels of Figure 1c. This time- close toTc puk (~400 K) but drops rapidly ad,,, decreases.
scale behavior and its interpretation as evidence of the Furthermore, the inset to Figure 2 clearly shows that the
ferroelectric phase transition is consistent with previously reduction ofT¢ is inversely proportional td,,. Notably, T¢
published electrostatic scanning probe characterizations ofreaches room temperature whey, is ~3 nm, thus estab-
ferroelectric thin films at temperatures below, near, and abovelishing the smallest diameter at which a stable polarization
Tc.2 For each wire diameter, a phase transition temperature,signal can be measured at room temperature. Extrapolation
Te, was identified below which the polarization was abso- of the experimental data indicates that nanowires ith
lutely stable for the duration of the experiment200 h.). as small as 0.8 nm can support ferroelectricity at lower
Although this operational definition can overestimate the true temperatures.
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Figure 2. Ferroelectric phase transition temperatule)(as a
function ofdy,. The solid circles are the experimentally determined
Tc, and the error bars are uncertainties. The magenta solid line is
the result of the fit to the data using theld/ scaling relation. The
inset plotsT¢ as a function of I, and illustrates the inverse-
diameter dependence.

Figure 3. (a) An infrared spectrum of a BaTi®anowire ensemble
showing bands of OH stretching (from adsorbed OH) and CH
stretching modes (from oleic acid ligands). The sample was prepared

The 14, scaling relation shown in Figure 2 suggests that in the KBr pellet form after baking the nanowire sample at 430 K
the observed suppression of ferroelectricity is caused by the! Ultrahigh vacuum. The spectrum was taken under inert N

. el 25 . . environment. (b) Relaxed structure for the 1.6-nm BaJlTH
depolarizing fielc:***However, current views of ferroelectric  gystem obtained from our DFT calculations. Barium, titanium,

destabilization with size suggest that the magnitude of this oxygen, and hydrogen atoms are represented by cyan, blue, red,
depolarizing field should become too large to support stable and gray, respectively. Displacements from perfect perovskite
polarization at significantly greater valuesd, than those  Positions are shown by arrows (scaled up by a factor of 7).
observed in Figure 2, particularly in a geometry lacking a
top metallic electrode that screens the polarization cl¥drgeé? indicating that ferroelectricity in nanowires and thin films
The data therefore suggest that a new screening mechanisrbehave similarly. Both BaO- and Tierminated structures
is responsible for stabilizing nanoscale ferroelectricity in were modeled and showed very similar adsorbate-stabilized
BaTiO; nanowires. ferroelectricity. Because experimental evidence suggests that
One promising candidate that may explain the observedthe BaO surface predominates in the nanowifage focus
ferroelectric stability is the adsorbate-induced charge screen-on this termination.
ing. Previous studies have shown that surface hydroxylation The bottom Au electrode was modeled in three different
is prevalent in oxides, including BaTiDespecially when  ways; as a vacuum, as a physisorbed film, and as a film
these oxides are prepared by wet chemical methods, and thatorming an epitaxial interface with one BaTjQurface. In
chemisorbed OH is stable in an ultrahigh-vacuum environ- addition to OH, atomic H and O were also considered as
ment at elevated temperaturesg70 K) 220 Moreover, the adsorbates, and the effect of the oleate ligands was modeled
BaTiO; nanowires studied here are covered with oleate by the adsorption of HCO and HCOO (products of HCOOH
ligands that are introduced during the synthesis. Figure 3amolecules). All adsorbates were modeled at full coverage
shows the infrared spectrum of the nanowire ensemble that(one adsorbate per adsorption site) on the 1 BaTiO;
underwent high-temperature treatment in ultrahigh vacuum surface, and the HCOOH-derived adsorbates were addition-
and clearly illustrates the presence of OH and oleate groupsally simulated at half coverage on th@ x 2) surface. The
on the surface of BaTi® nanowires. These molecular favored adsorption site for both OH and O was determined
adsorbates can compensate the surface polarization charge$y be directly above the surface Ba or Ti cation, while the H
providing a mechanism for reducing the depolarizing fields. preferred to bind to the surface oxygen ions. The HCO
To assess the role of molecular and atomic adsorbatesfragment acted as an electropositve adsorbate, bonding to a
the BaTiQ nanowires were modeled via accurate first- surface oxygen ion through the carbon atom, while the
principles density-functional-theory (DFT) computations. electronegative HCOO preferred to form an ester linkage
DFT simulations for 0.84.0-nm-thick BaTiQ films were with a surface cation.
also performed using both generalized gradient (GGA) and In all calculations, a 4 4 x 1 Monkhorst-Pac® k-point
local density approximations (LDA) to ensure that the results mesh was used, and a vacuum of more than 2 nm separated
are not sensitive to the choice of functiof&kéComparison periodic copies of the structures along the surface normal.
of results for 0.8-nm nanowires and 0.8-nm films revealed Applying a dipole correction did not affect the structures
only minor differences in adsorbate adsorption energy (0.04 significantly. For all systems, the entire structure was relaxed
eV) and ionic displacements in the oxide@.0025 nm), until the forces on each atom werd®.002 eV/nm. The DFT-
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GGA calculations were performed using ultra-soft pseudo- terms for the changes in zero point and spin polarization
potentiald® as implemented in the ab initio code Dacapo energy upon OH adsorption. The presstwelume term
(http://fysik.dtu.dk/campos), with a plane-wave cutoff of 30 pAV, which is dominated by the contribution of the gas-
Ry. The in-plane lattice constant was fixed to the theoretical phase adsorbate, is approximated4isT (wherekg is the
(unstrained) BaTi@ value of 0.396 nm. The optimat Boltzmann constant). The entropy contribution of the adsorp-
parameter for the tetragonal phase of Balias determined  tion reaction,TAS is determined primarily by the difference
to be 0.406 nm, the ferroelectric well depth was 28 meV/ in the vibrational entropy of the adsorbed OH and the entropy
unit cell, and the polarization for the ground-state BailiO of the gas phase OH. The former is computed directly from
structure was 0.26 C/nThe DFT-LDA calculations were  the DFT values of the vibrational modes (found at 20, 30,
performed with our in-house plane wave code, using 130, 470, 650, and 3860 cr), and the latter is known
optimized norm-conserving pseudopotenf&al® with a 50 experimentally and can be found tabulated online at http://
Ry cutoff. The in-plane lattice constant was fixed to 0.398 webbook.nist.gov/chemistry.
nm, and calculations with aparameter value of 0.403 nm The computation oAG as a function of temperature at
found a ferroelectric instability of 9 meV/unit cell, and a the experimental kD and Q gas pressureg,o= Po, ~
minimum energy polarization of 0.25 Cfm 1012 atm) allows the determination df above which OH

The results of our simulations demonstrate unambiguously 2dsorption becomes thermodynamically unstable for each
that molecules are dramatically more effective than vacuum film thickness. The value of this temperature ranges from
or metal electrodes at stabilizing ferroelectricity. In agreement 380 t0 420 K depending on film thickness and is higher than
with previous studie$, none of the bare BaTiQfilms the experimental value dt at all film thicknesses. Although
considered were found to have a stable ferroelectric state;0Ur calculations show thakG for O and H adsorption is
the thinnest SrRug@BaTiOySrRuG film with nonzero also favorable under some range of temperature, OH adsorp-
polarization aff = 0 K in a recent study was 3.2 nm (8 unit tion is the most favorable, indicating that sufficient OH
cells) thick, with polarization that is a small fraction of the Molecules are present in the temperature and pressure range
bulk value? In contrast, our LDA and GGA calculations —accessed in the experiment, and providing further evidence
demonstrate that all of the BaTi@dsorbate systems con- that OH-induced charge screening is responsible for the
sidered exhibit bulklike ferroelectricity in even the thinnest Observed ferroelectric stabilization.
films and nanowires. Regardless of the method used to N summary, we determined experimentally the size scaling
simulate the Au electrode, our results show that the elec- Of hanoscale ferroelectricity in single BaTy@anowires. The
tronegative adsorbates (OH, O, HCOO) stabilize a positive €nhanced stability relative to previous reports is explained
polarization (cations toward the surface), while the electro- PY the presence of molecular adsorbates. The experimental
positive adsorbates (H, HCO) induce a negative polarization Strategy presented here allows the investigation of the size-
direction (cations away from the surface). Figure 3b shows dependent evolution offc without the complication  of
a representative structure of a 1.6 nm Bagfm with a ensemble averaging, and it should be applicable to phase
full coverage of OH adsorbates. As the figure illustrates, the ransitions of other nanoscale systems. Furthermore, the
presence of the OH adsorbates enhances ferroelectricity aPrésent theoretical study suggests that atomic and molecular
the positively polarized surface, and maintains a characteristic2dsorbates are more effective than metallic electrodes in
ferroelectric displacement pattern throughout the film. Similar Stabilizing the ferroelectric stability of nanoscale domains,
trends are observed in the other BaJ@lsorbate systems, Suggesting the possibility of new design principles for
with the ferroelectric displacements enhanced at the BgTiO ferroelectric memory devices.

adsorbate interface in all cases. .
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