
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Defect-Induced (Dis)Order in Relaxor Ferroelectric Thin
Films

Sahar Saremi, Jieun Kim, Anirban Ghosh, Derek Meyers, and Lane W. Martin
Phys. Rev. Lett. 123, 207602 — Published 15 November 2019

DOI: 10.1103/PhysRevLett.123.207602

http://dx.doi.org/10.1103/PhysRevLett.123.207602


     

1 
 

Defect-induced (dis)order in relaxor ferroelectric thin films 

Sahar Saremi,1 Jieun Kim,1 Anirban Ghosh,1 Derek Meyers,1 and Lane W. Martin1,2,* 

1 Department of Materials Science and Engineering, University of California, Berkeley, 

Berkeley, CA 94720, USA 

2  Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 

94720, USA 

* Corresponding author: lwmartin@berkeley.edu 

 

KEYWORDS: relaxor ferroelectrics, thin films, point defects, defect dipoles, ion 

bombardment 

 
 
ABSTRACT: The effect of intrinsic point defects on relaxor properties of 0.68 

PbMg1/3Nb2/3O3-0.32 PbTiO3 thin films is studied across nearly two orders of magnitude of 

defect concentration via ex post facto ion bombardment. A weakening of the relaxor character 

is observed with increasing concentration of bombardment-induced point defects which is 

hypothesized to be related to strong interactions between defect dipoles and the polarization. 

Although more defects and structural disorder are introduced in the system as a result of ion 

bombardment, the special type of defects that are likely to form in these polar materials (i.e., 

defect dipoles) can stabilize the direction of polarization against thermal fluctuations, and in 

turn, weaken relaxor behavior. 
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Relaxor ferroelectrics are characterized by broad maximum in temperature-dependent 

dielectric permittivity, strong frequency dispersion of dielectric response below the 

temperature of maximum permittivity ( ௠ܶ௔௫ ), and the absence of long-range ferroelectric 

order at zero field [1,2]. Relaxors also exhibit high dielectric permittivity over a broad 

temperature range, large electromechanical response, and negligible hysteresis [1-3]. Owing 

to these unique properties, relaxors have been used in a wide range of applications. Common 

to all relaxors, and strongly influencing their properties, is the existence of some degree of 

disorder in their crystalline structure [2,4]. Point defects, therefore, can be a valuable tool for 

controlling relaxor behavior, since they can create both random electric and strain fields [4]. 

In complex oxides, for example, extrinsic substitutional defects (i.e., dopants) have been 

extensively used to introduce compositional disorder and to manipulate relaxor behavior (i.e., 

to induce, strengthen, or weaken the relaxor character) [4-7]. The role of intrinsic point 

defects (i.e., vacancies, interstitials, and substitutional defects related to the constituent 

elements, their complexes and clusters), on the other hand, is less developed. Structural 

disorder induced by intrinsic point defects can induce relaxor character in non-relaxors as in 

strontium-deficient SrTiO3 [8 ], lanthanum-substituted PbTiO3 where the resulting cation 

vacancies can weaken long-range order and induce relaxor character [9], and in lead scandium 

tantalate and lead scandium niobate wherein intrinsic vacancies can affect the degree of cation 

ordering and relaxor character [10 ,11]. A full understanding of how various types and 

concentrations of intrinsic point defects affect the properties of relaxor ferroelectrics, however, 

is lacking.  

This paucity of knowledge regarding the role of intrinsic point defects is primarily 

related to difficulties in on-demand and controlled production of such defects, which are 

typically formed during the synthesis process with their concentration and type being dictated 

by the laws of thermodynamics [12]. Recent studies on complex-oxide thin films have, 

however, shown that energetic ion beams are effective for ex post facto production of intrinsic 
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point defects with control over their type, concentration, and location [13-20]. This controlled 

defect production provides opportunities for systematic studies of defect-property relations in 

relaxors. Here, although the introduction of point defects is shown to increase the structural 

disorder, strong interactions between specific defect types that are likely to form in these polar 

materials (i.e., defect dipoles) and polarization is hypothesized to be responsible for the 

suppression of the polarization fluctuations and weakening of the relaxor behavior. Ultimately, 

having the ability to carefully control both concentration and type of point defects is 

necessary in controlling and understanding relaxor materials physics. 

We have investigated the effect of bombardment-induced intrinsic point defects on the 

relaxor behavior of pulsed-laser deposited, 55 nm 0.68 PbMg1/3Nb2/3O3-0.32 PbTiO3 (PMN-

PT)/25 nm Ba0.5Sr0.5RuO3/NdScO3 (110) thin-film heterostructures, across nearly two orders 

of magnitude of defect concentrations (see Supplemental Material for details [21]). A 3.04 

MeV helium-ion beam is used for defect production, and the concentration of the induced 

defects is controlled by the ion dose (3.33×1014-1016 ions cm-2). Stopping and range of ions in 

matter (SRIM) simulations [22] show that intrinsic vacancies, including oxygen (~42%), lead 

(~32%), niobium (~13%), titanium (~8%), and magnesium (~5%) vacancies, are formed 

with uniform concentrations across the thickness of the PMN-PT layer as a result of collision 

events between the incoming helium ions and target atoms (Supplemental Material, Fig. S1(a) 

[21]). The total initial concentration of induced defects is calculated to vary from ~1018 to ~1020 cm-3, for the ion-dose range used. It is important to note that the helium ions are 

implanted at a depth of ~14.5 μm within the NdScO3 substrate (Supplemental Material, Fig. 

S1(b) [21]); therefore, the concentration of helium ions in the relaxor is effectively zero, and 

the observed defect-induced effects can be primarily attributed to the induced intrinsic defects. 

Formation of structural defects in the bombarded heterostructures is confirmed by X-

ray diffraction studies (Supplemental Material, Fig. S2 [21]). ߠ െ  X-ray diffraction studies ߠ2

reveal that the heterostructures are fully epitaxial and single-phase for all doses (Supplemental 
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Material, Fig. S2(a) [21]). A zoom in of the ߠ െ  scans about the 002- and 220-diffraction ߠ2

conditions, however, reveals a systematic out-of-plane lattice expansion with increasing dose 

(Supplemental Material, Fig. S2(b) [21]) which is attributed to the formation of point defects 

such as vacancies in many related complex oxides [23,24]. Moreover, although insignificant 

at doses below 1015 ion cm-2, dramatic changes in the crystalline quality are observed at 

higher doses. This is manifested by broadening of the diffraction peaks, disappearance of the 

Laue fringes (Supplemental Material, Fig. S2(b) [21]) which occur only in highly crystalline 

and homogeneous films, and increase of the full-width-at-half-maximum (FWHM) of the 

PMN-PT rocking curves as shown in comparison to that of the substrate (Supplemental 

Material, Fig. S2(c) [21]). We note that similar bombardment-induced changes in the 

crystallinity of the bottom electrode are expected as the SRIM simulations suggest that the 

helium ions travel through the bottom electrode. Such changes, however, cannot be directly 

observed in this case, due to overlap of the electrode and substrate X-ray peaks, but are 

expected to have minimal effect on the properties observed herein. These observations point 

to increased structural disorder in the system with increasing ion dose as a result of the 

formation of bombardment-induced point defects. In turn, these materials, provide the 

opportunity to study the effect of point defects on the evolution of relaxor behavior across 

nearly two orders of magnitude of defect concentration and at varying degrees of disorder.  

To study the impact of the induced defects on the relaxor behavior, we probed the 

evolution of the dielectric response as a function of ion dose (see Supplemental Material for 

details [21], which includes Ref. [ 25 ]). Dielectric permittivity studies as a function of 

frequency [Fig. 1(a)] reveal a number of changes. First, a dose-dependent reduction in 

dielectric permittivity and loss is observed; consistent with effects attributed to the presence 

of defects in similar systems [26-28]. A systematic reduction in frequency dispersion is also 

observed with increasing bombardment and is almost fully suppressed in highly bombarded 

heterostructures [Fig. 1(a,b)]. To better understand these changes, temperature-dependent 



     

5 
 

studies were also completed [Fig. 1(c)]. While a frequency-dependent change in the dielectric 

maximum temperature (∆ ௗܶ௜௦௣ ൌ ௠ܶ௔௫ଷ଴଴ ௞ு௭ െ ௠ܶ௔௫଴.ଷ ௞ு௭; which characterizes the strength of the 

relaxor behavior [29]) and strong frequency dispersion below ௠ܶ௔௫ (as expected for relaxor 

ferroelectrics) can be observed in the as-grown heterostructures ( ∆ ௗܶ௜௦௣ ൎ 45 K ), the 

frequency-dependence of the response systematically weakens as the ion dose is increased 

[Fig. 1(d)]. For example, the heterostructures exposed to 1016 ion cm-2 show negligible 

dispersion (∆ ௗܶ௜௦௣ ൏  It is also important to note that, in addition to a suppression of the .(ܭ 5

frequency dispersion, ௠ܶ௔௫ shifts to higher temperatures with increasing dose [Fig. 1(c,d)]. 

These observations suggest a weakening of the relaxor character as a result of increasing 

defect concentration. Thus, we note that the increased structural disorder (due to the 

displacement of the atoms from their ideal lattice sites) is not the only factor affecting the 

relaxor response. 

A similar increase of ௠ܶ௔௫ and decrease of ∆ ௗܶ௜௦௣ has been previously reported as a 

result of compressive strain in relaxor thin films [30-32], and have been related to changes of 

the correlation length and polar nanoregion morphology, and the direction of dipoles within 

them [30-34]. To examine whether defect-induced changes in the morphology of the local-

polar order are responsible for the weakening of the relaxor response, a series of two-

dimensional reciprocal space mapping (RSM) studies was conducted (Supplemental Material, 

Fig. S3(a-e) [21]). Two-dimensional KL-cuts about the PMN-PT 002-diffraction condition 

reveal classic butterfly-shaped diffuse-scattering patterns, with diffuse rods extending along 

the ሾ011ሿ and ሾ01ത1ሿ for all doses. Although increased peak broadening and lattice expansion 

can be observed in both the film and substrate diffraction peaks with increasing dose, the 

overall shape of the diffuse-scattering patterns remains unchanged. Intensity profiles along the 

[011] are also extracted (Supplemental Material, Fig. S3(f) [21]), and show no significant 

changes as a function of dose. These observations imply that there is no change in the shape 
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or size of the polar nanoregions as a result of the introduction of defects and, thus, additional 

considerations are required to explain the dose-dependent evolution of the relaxor behavior. 

To further explore the origin of the defect-induced effects, polarization-electric field 

hysteresis loops were measured at a frequency of 10 kHz as a function of temperature and ion 

dose [Fig. 2(a-f)], and the width of the hysteresis loops at zero polarization, and shift of the 

center of the hysteresis loops on the field axis were extracted [Fig. 2(g-i)]. The as-grown 

heterostructures show slim hysteresis loops at room temperature (typical of relaxor 

ferroelectrics) [Fig. 2(a)]. Upon reducing the temperature, however, the width of the 

hysteresis loops increases from ~40 kV cm-1 at room temperature to ~280 kV cm-1 at 77 K. 

Neither the overall shape of the loops [Fig. 2(a-c)] nor the width and shift of the hysteresis 

loops, at both room temperature and 77 K [Fig. 2(g-i)], exhibit any appreciable changes up to 

ion does of 1015 ions cm-2. At higher doses, however, a number of changes are apparent. A 

slight pinching appears in the hysteresis loops and becomes more pronounced as the ion dose 

is increased [Fig. 2(d-f)]. Additionally, a dose-dependent increase in the width of the 

hysteresis loops is observed at higher temperatures [Fig. 2(g,h)]. At room temperature, for 

example, the width of the hysteresis loops increase from ~ 40 to ~ 160 kV cm-1 with 

increasing dose, but this is less pronounced at lower temperatures (at 77 K, for example, the 

width of the loops remains constant at ~280 kV cm-1). An increase in the shift of the 

hysteresis loops is also observed at all temperatures [Fig. 2(i)], from ~24 to ~135 kV cm-1, 

with increasing dose.  

The pinching and horizontal shift of the hysteresis loops are signatures of the 

formation of defect dipoles (i.e., defect complexes composed of point defects of opposite 

charge) in the relaxor, similar to effects seen in other polar systems [35,36], and consistent 

with the evolution of bombardment-induced defects. It is known that as the defect 

concentration increases, the initially formed point defects can cluster into complexes. Thus, 

by increasing the ion dose, the concentration of isolated point defects decreases while the 
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concentration of defect complexes increases, causing more pronounced pinching and shifting 

of the hysteresis loops. Strong interactions between the electric dipole of such defect 

complexes and the polarization have been predicted and measured [37-40]. Defect dipoles 

typically align in the direction of the polarization and act as pinning centers for polarization 

switching, with pinning strengths considerably larger than that of isolated point defects 

[20,40]. The likely presence of such defect-dipole-polarization coupling could explain the 

increase of the width of the hysteresis loops at high-ion doses (>1015 ions cm-2) where a 

considerable concentration of defect complexes appears to exist (as indicated by the 

pronounced shift and pinching of the hysteresis loops). Polarization reversal, on the other 

hand, is a thermally-activated process and the activation-energy barrier for switching 

increases as the temperature is lowered. As a result, at high temperatures, where thermal 

fluctuations play a significant role, the pinning effect of defects on polarization reversal is 

more pronounced as compared to lower temperatures, where the polarization switching is 

predominantly field driven. Therefore, different ion-dose and temperature regimes can be 

identified. In the low-dose regime (<1015 ions cm-2), where the presence of isolated point 

defects is more likely, there is no significant change in the switching. Within the high-dose 

regime (>1015 ions cm-2), where defect dipoles are more likely to form, strong defect-

polarization interactions (i.e., pinching and an increase of the width and shift of the hysteresis 

loops) are observed. Within this regime, the effect of defects on polarization reversal is 

temperature dependent. At high temperatures, the process is limited by the presence of defects 

(i.e., pinning of polarization by defects), while at low temperatures it is limited by the freezing 

of polarization fluctuations. This is useful in explaining the evolution of the dielectric 

response and weakening of the relaxor behavior with increasing ion dose. Based on these 

observations, it is hypothesized that although more displacement defects (and disorder) are 

introduced in the system, the special type of defects (i.e., defect dipoles) that are likely to 

form as the defect concentration is increased, and their ordering, stabilize the direction of the 
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polarization against thermal fluctuations, and, in turn, weaken the relaxor behavior, while the 

morphology and size of the local-polar order remains effectively unaltered. We also note that 

our conclusions regarding defect-dipole formation is primarily based on the observed 

bombardment-induced changes in the hysteresis loops, and that future studies would be 

worthwhile in further supporting this hypothesis.  

To further analyze this defect-induced deviation from relaxor behavior, we have 

extracted the critical exponent ߛ  (which describes the diffuseness of the phase transition) 

according to a modified Curie-Weiss law relating the dielectric permittivity ߝ  with 

temperature ܶ as in: 

ଵఌ െ ଵఌ೘ೌೣ ൌ ଵሺܶିܥ െ ௠ܶ௔௫ሻఊ  (1) 

where ߝ௠௔௫  corresponds to the maximum dielectric permittivity and ܥ  is a constant [41]. 

While the dielectric permittivity of a normal ferroelectric follows the Curie-Weiss law above 

the Curie temperature, relaxors exhibit a temperature dependence of dielectric permittivity 

that deviates from Curie-Weiss behavior over a wide temperature range above ௠ܶ௔௫. This 

deviation can be used to characterize the strength of the relaxor behavior and is quantified by 

the critical exponent ߛ. For a normal ferroelectric (i.e., sharp transition) ߛ ൌ 1, while for an 

ideal relaxor (i.e., completely diffuse phase transition) ߛ ൌ 2 [41-43]. For relaxors, it is not 

uncommon to find 1 ൏ ߛ ൏ 2 depending on the strength of the relaxor character [41]. ߛ was 

determined for the heterostructures exposed to various doses from the slope of the plot of ݈݃݋ ሺଵఌ െ ଵఌ೘ೌೣሻ vs. ሺܶ ݃݋݈   െ ௠ܶ௔௫ሻ [Fig. 3(a)]. For the as-grown heterostructures, ߛ ൌ 1.82 

which is indicative of strong relaxor character, and there is little change in ߛ up to 1015 ions 

cm-2. At higher doses, ߛ systematically decreases with increasing dose and reaches ߛ ൌ 1.3 

for a dose of 1016 ions cm-2. This reduction of ߛ above 1015 ions cm-2 correlates well with the 

onset of pinching and the dose-dependent increase of the width and shift of the hysteresis 
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loops, and further supports the hypothesis that the formation and ordering of defect dipoles is 

responsible for suppression of polarization fluctuations, thus weakening the relaxor behavior. 

In addition to deviation of the dielectric response from Curie-Weiss behavior, it is 

known that, due to the presence of dipolar correlations, the frequency dependence of ௠ܶ௔௫ in 

relaxors deviates from the Arrhenius dependence expected for normal dielectrics [44,45]. It is 

generally observed that this dependence obeys an empirical Vogel-Fulcher relation which can 

be used to study cooperative thermal relaxation processes: 

݂ ൌ ଴݂ ݁݌ݔሺ షಶೌ಼ಳ൫೅೘ೌೣష೅ಷ൯ሻ
 (2) 

where ݂ is the applied ac field frequency, ଴݂ is the limiting response frequency of the dipoles, ܧ௔ is the activation energy, ிܶ is the static freezing temperature, and ܭ஻ is the Boltzmann’s 

constant [44,45]. Vogel-Fulcher fits are obtained from the temperature-dependent dielectric 

permittivity data [Fig. 3(b)]. The degree of relaxor behavior is represented by the curvature of 

the ln ሺ݂ሻ vs. ௠ܶ௔௫ plot, and is found to reduce with increasing dose as noted by the decreased 

௠ܶ௔௫ range and more linear and vertical Vogel-Fulcher curves. Values of ிܶ, ܧ௔, and ଴݂ are 

extracted from the fits of the experimental data [Fig. 3(c)]. While ଴݂ values are similar and 

within a reasonable range for thermally-activated polarization fluctuations (1011-1013 Hz) 

[44,45] at all doses, there is a systematic reduction of ܧ௔ and increase of ிܶ as the dose is 

increased. ܧ௔  is related to the energy required for a thermally-activated and cooperative 

transition between different polarization configurations and is, therefore, the product of the 

number of dipoles which are free to take part in the cooperative rearrangement and the 

chemical potential change associated with the reconfiguration [46]. The reduction of ܧ௔ with 

increasing defect concentration is, thus, consistent with the hypothesis that ordering of special 

defect types (i.e., defect dipoles) can stabilize the polarization direction, and therefore, reduce 

the number of lattice dipoles that are free to fluctuate. This is also consistent with the dose-

dependent increase of ிܶ  which suggests that the suppression of polarization fluctuations 
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occurs at higher temperatures as the ion dose increases. These observations further confirm 

the hypothesis that ordering of defect dipoles plays an important role in weakening the relaxor 

behavior. 

In summary, this work demonstrates a weakening of the relaxor character as a result of 

the formation of intrinsic point defects in PMN-PT thin films, despite a defect-induced 

increase of structural disorder. Formation and ordering of the defect dipoles are hypothesized 

to be responsible for observed changes in macroscopic properties. Such ordered defects can 

stabilize the direction of polarization against thermal fluctuations, and, in turn, weaken the 

relaxor behavior. This study, therefore, shows the complex effect of point defects in 

controlling the local (dis)order, and suggests that having the ability to carefully control both 

the concentration and type of point defects is instrumental in engineering relaxor materials. 
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Figure 1. a) Room-temperature dielectric permittivity (filled squares) and loss (open squares) 
as a function of frequency for heterostructures bombarded with various ion doses. b) 
Dielectric permittivity as a function of ion dose extracted at various frequencies (0.1-1000 
kHz). c) Dielectric permittivity as a function of temperature and frequency (0.3-300 kHz) for 
heterostructures bombarded with various ion doses. d) Extracted values of ௠ܶ௔௫ as a function 
of ion dose at various frequencies (0.3-300 kHz).  
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Figure 2. a-f) Polarization-electric field hysteresis loops measured at a frequency of 10 kHz at 
77 K and 293 K for heterostructures bombarded with various ion doses. g) Width of the 
hysteresis loops extracted as a function of temperature for heterostructures bombarded with 
various ion doses. h) Width of the hysteresis loops as a function of ion dose extracted at 77 K 
and 293 K. i) Horizontal shift of the hysteresis loops as a function of ion dose extracted at 77 
K and 293 K.  
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Figure 3. a) Plot of modified Curie-Weiss law ሺ݈݃݋ ሺଵఌ െ ଵఌ೘ೌೣሻ  vs. ݈݃݋ ሺܶ െ ௠ܶ௔௫ሻሻ  for 
heterostructures bombarded with various ion doses. The critical exponent ߛ is extracted from 
the slope of the linear fits (inset). b) Vogel-Fulcher plot ሺln ሺ݂ሻ vs. ௠ܶ௔௫ሻ for heterostructures 
bombarded with various ion doses. Solid squares and lines correspond to experimental data 
and fittings, respectively. c) Vogel-Fulcher parameters extracted from fits of the experimental 
data for various ion doses.   
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