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Using �rst-principles methods, we investigate the dielectric constants of free-standing ultrathinSrTiO3 �lm and the dielectric response of SrTiO3 interfaced with various metal electrodes. Byexamining dipole moments induced by an external electric �eld, we evaluate the dielectric constantof SrTiO3 slabs with nanometer thicknesses. The dielectric constant of ultrathin SrTiO3 is found tobe substantially smaller than that of bulk SrTiO3 and is also inuenced by surface relaxation. Onthe other hand, the dielectric response of the metal-insulator structure shows a strong dependenceon the metal electrodes; the SrRuO3 electrode is found to interfere with the dielectric responseto a lesser extent than the Pt electrode. These �ndings are consistent with previous experimentalobservations.
PACS numbers: 71.15.-m, 77.22.-d, 73.90.+fKeywords: Dielectric constant, SrTiO3, Ultrathin �lm, Metal-oxide interface
I. INTRODUCTION

As all components of microelectronic devices are scaleddown to increase the integration density, several techni-cal problems arise. A well-known issue is the leakagecurrent through the SiO2 gate insulator used in metal-oxide-semiconductor-�eld-e�ect transistors (MOSFET);if the performance of the down-scaled devices is to bemaintained, the thickness of the gate dielectric shouldbe reduced proportionally. According to the Interna-tional Technology Roadmap for Semiconductors (ITRS),the thickness of the SiO2 insulator will be as small as 1nm around 2010 [1]. The leakage currents from directtunneling in such an ultrathin SiO2 are beyond the tol-erance levels required for MOSFET devices. A possiblesolution is to use an alternative insulator with a higherdielectric constant, often called a high-k material. Todate, many candidate materials, such as Al2O3, HfO2,TiO2 and SrTiO3, have been explored. In particular,SrTiO3 possesses the largest static dielectric constantsranging up to several hundreds at room temperature,and is considered as a material of choice to be used in anultimately scaled device [2].Even if high-k materials are employed, the materialthickness is still as small as several nanometers. In thosecases, it is widely accepted that the physical propertiesof the material can be di�erent from the bulk proper-ties. For example, it was observed that the dielectric
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constant of SrTiO3 is a�ected by the thickness of thedielectric [3,4], implying the presence of so-called intrin-sic dead layers [5, 6]. This is partly attributed to thehardening of soft modes in the SrTiO3 thin �lm [7]. Fur-thermore, the dielectric constant of SrTiO3 is found todepend on the electrodes for the capacitor structure [8,9].Similar observations were also reported for other high-kmaterials, such as HfO2 [10]. The aforementioned ex-periments highlight that size and/or interfacial e�ectsbecome signi�cant in dielectric materials with nanoscalethicknesses. This is understandable because the ratio ofthe interface region to the total volume is much larger forthin �lms. For development of reliable electronic devices,therefore, it is important to understand how dielectricbehaviors are a�ected by the small thickness or by inter-facial structures. Experimentally, a study of ultrathinmaterials requires a high level of sophistication, and theinterpretation is often complicated due to many coexist-ing origins. In this respect, theoretical studies based onthe �rst-principles method can provide insightful infor-mation because one can systematically impose variousinterfacial conditions through a proper design of modelstructures.In this work, we study the dielectric behaviors ofultrathin SrTiO3 slabs and the interfacial regions ofmetal-SrTiO3 junctions by using the �rst-principles ap-proaches. We examine the induced dipole moments orionic responses under external electric �elds. We �ndthat the computed dielectric constants and ionic re-sponses are substantially di�erent from those of the cor-
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responding bulk materials and are consistent with previ-ous experimental observations. The microscopic originsof those di�erences are discussed in detail.

II. COMPUTATIONAL METHOD
Throughout this work, we perform the �rst-principlescalculations by using the PWSCF package [11] as a com-putational code. We employ the local density approxi-mation to describe the exchange-correlation energies ofelectrons [12]. The ultrasoft pseudopotential [13] is usedfor the ion-electron interactions, which reduces the en-ergy cuto� to 40 Ryd at the desired levels of convergence.The k-points on 4 � 4 � 1 and 6 � 6 � 1 regular meshesare used in the Brillouin zone integration for the ultra-thin insulator slab and metal-insulator interface, respec-tively. A higher density of k-points is required to describelarge electronic dispersions of the conduction electronsin metals. The atomic positions are relaxed until theHellmann-Feynmunn forces are reduced to 10�3 atomicunits. The equilibrium lattice parameter of SrTiO3 wascalculated to be 3.85 �A, in good agreement with the ex-perimental value of 3.91 �A [14].SrTiO3 can be thought of as a series of SrO and TiO2layers, i.e., (SrO)(TiO2)(SrO)(TiO2)� � �, with each layerbeing electrically neutral. The dielectric constant of ul-trathin SrTiO3 is calculated following a method proposedin Ref. 15, the so-called dipole-moment method. In thismethod, the induced dipole moment is evaluated for anisolated slab per unit area by applying an external elec-tric �eld. The slab thickness is varied, and the resultingdipole moments are linear with respect to the slab thick-ness. The line slope corresponds to the bulk polarization(Pbulk). The dielectric constant of the material (") isthen calculated as follows:
" = "0Eext"0Eext � Pbulk ; (1)

where "0 and Eext are the vacuum permittivity and theexternal electric �eld, respectively. To apply the dipole-moment method to calculate the dielectric constant ofultrathin SrTiO3, we use �ve di�erent SrO-terminatedslabs constructed with three to seven SrTiO3 cubic unitcells along the z-direction which is also the direction ofexternal electric �elds. A vacuum region with a lengthof 20 �A is inserted within periodic supercells. The exter-nal electric �elds are applied as saw-tooth potentials forcompatibility with periodic boundary conditions of theplane wave basis. The dipole moments of neighboring su-percells are cancelled by arti�cial dipole layers betweensupercells. Therefore, the computed dipole moments canbe considered as \true" dipole moments free of the inu-ence from other slabs [15].On the other hand, we choose Pt or SrRuO3 as ametallic electrode when studying the dielectric responseof the metal-SrTiO3 interface. Figure 1 shows the model

Fig. 1. Schematic model systems representing the studiedmetal-SrTiO3 interfaces. (a) SrRuO3/SrTiO3, (b) Pt/SrO-terminated SrTiO3 and (c) Pt/TiO2-terminated SrTiO3.
structures of the metal-SrTiO3 interface. The in-planelattice parameters of the metal electrode are adjusted tothose of SrTiO3. In the case of Pt electrodes, there aretwo possible types of interface, Pt/SrO and Pt/TiO2, de-pending on the termination of SrTiO3 at the interface.When an electric �eld is applied to the insulator slabsor the metal-oxide interfaces, we carefully con�rm thatthere is no metal-to-insulator electron transfer, whichcan occur for large electric �elds. This is directly checkedby examining the local density of states (DOS) for theinsulator slabs.

III. RESULTS
1. Dielectric Response of Ultrathin SrTiO3 Film

Following the method outlined in the previous section,we calculate the dielectric constants of ultrathin SrTiO3�lms. Figure 2 shows the dipole moments induced inSrTiO3 slabs with various thicknesses under an exter-nal electric �eld of 0.4 V/�A. We note that the electric�eld inside the insulator slab is the external �eld dividedby the dielectric constants, and, as such, the internal�elds are a tenth or a hundredth of the applied �eld.The dielectric constant can be divided into two parts -electronic and ionic responses. The electronic responsedictates the optical dielectric constant ("1) because "1is measured at high frequencies to which ions do not re-spond. Computationally, the electronic response or "1can be evaluated by �xing the ions at their equilibriumpositions determined in the absence of the electric �eld.On the other hand, the static dielectric constant ("0) in-cludes both electronic and ionic contributions; therefore,it is described by allowing all atoms to fully relax. InFigure 2, we obtain "1 from the dashed line and "0 fromthe solid line, and they are 6.2 and 191.4, respectively.The optical dielectric constant compares well with the
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Fig. 2. Dipole moments per unit area induced in theSrTiO3 slab with respect to the slab thickness. An externalelectric �eld of 0.4 V/�A is applied. The dashed line indicatesthe frozen-phonon results, and the solid line is obtained withfull ionic relaxations.
experimental value of 5.6 [16]. However, the static di-electric constant is signi�cantly di�erent from the bulkvalue, as will be discussed below.The dielectric constants of SrTiO3 are known tostrongly depend on the magnitude of the electric �eld,leading to a tunability property [17]. The �eld (E) de-pendence of the static dielectric constant of bulk SrTiO3can be formulated within the Landau-Devonshire theoryas follows [18]:

"(E) = "(0)�1 + � EE0
�2�� 1

3 ; (2)
where "(0) is the dielectric constant at the zero �eld.From the numerical results in Ref. 18, we �nd that "(0)and E0 are 391 and 14 V/�m, respectively. By directlymeasuring the potential slope inside the SrTiO3 slab, weobtain an internal �eld of 20.9 V/�m. This correspondsto an external �eld plus depolarization �eld, i.e., Eext {Pbulk/"0. From Eq. (2), the expected dielectric constantof bulk SrTiO3, in consideration of this internal �eld, is264.6, which is contrasted to the measured value of 191.4for the ultrathin SrTiO3 in the above. This indicatesthat the dielectric constant of an ultrathin slab is muchsmaller than the bulk value, which is consistent with theexperimental observations in Refs. 3 and 4.In order to further understand the dielectric behaviorof ultrathin SrTiO3 slabs we compare two di�erent typesof boundary conditions imposed on freestanding SrTiO3.In one case (\�xed-end"), the ions at the outermost lay-ers are �xed to positions calculated without the exter-nal bias while in the other case (\free-end"), all ionicpositions in the slab are optimized under the inuenceof external �elds. In the above, we used the �xed-endboundary conditions for the calculation. By followingthe same method, we �nd that the static dielectric con-

Fig. 3. Di�erential dipolar displacements between �niteand zero �elds (�d: see text for an exact de�nition). Thesolid line is obtained by �xing atoms in the outer layer whileall atoms are fully relaxed in the dashed-line data. The ex-ternal �eld is 0.4 V/�A.
stant for the �xed-end case is only 58.9, which is lessthan half of the free-end value of 191.4. This impliesthat the ionic response of the inner layers is signi�cantlyhardened when the boundary layers are �xed. This be-comes clearer by examining the di�erential displacementof atoms, �d, de�ned as follows:

�d = jdcation�anion(Eext = 0:4V=�A)�dcation�anion(Eext = 0V=�A)j; (3)
where dcation�anion means a positional di�erential alongthe z-direction between the cation and the anion in eachlayer. Under an external bias, the anions move alongthe electric �eld while the cations shift in the oppositedirection. This displacement between anion and cationis closely related to the dipole moment of the system,which ultimately determines the dielectric constant. InFigure 3, the �d's at the �xed-end and the free-end con-ditions are compared. We �nd that the value of �d in themiddle layers of the �xed-end case is noticeably smallerthan that for free-end condition. This is well correlatedwith the smaller dielectric constant for the �xed-end slabmodel. (We recall that the dipole-moment method ex-tracts the dielectric constant inside the slab, so the largedi�erence in the surface relaxation does not directly in-uence the computed dielectric constant).It is an interesting question whether such a strongcorrelation between surface relaxation and the dielectricconstant inside the slab holds for other high-k materi-als. As an example, we calculate the dielectric constantof a ZrO2 (011) slab by employing the same method.The dielectric constants of ZrO2 are 33.8 and 30.5 forthe �xed- and the free-end results, respectively. That isto say, the surface relaxation does not much a�ect thedielectric behavior in the middle of the slab. (For com-parison, 36.5 was obtained for crystalline ZrO2 based onthe Berry's phase formulation [19]). Therefore, SrTiO3
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Fig. 4. �d for three kinds of metal-SrTiO3 (STO) inter-faces. The external �eld is 0.4 V/�A.
is a unique material that shows an extreme sensitivity tothe boundary condition.

2. Dielectric Response of the Metal-SrTiO3 in-terface
The dielectric response near the metal-insulator inter-face is an issue that has been receiving much attentionrecently. The computation of the dielectric constant atthe interfacial region poses many technical di�culties.With recent developments of computational methodol-ogy, a quantitative description is now feasible [20, 21].As a �rst-hand analysis, we examine in this work the di-electric response at the interface, which is represented byionic displacements. We construct various model inter-faces as explained in Sec. II (see Figure 1) and apply anexternal electric �eld of 0.4 V/�A along the z-direction.In the metal-oxide interface, relative positions of valenceand conduction edges with respect to the metal Fermilevel should be carefully examined because the under-estimation of the energy gap inherent in LDA tends tomake the interface metallic. From an analysis of the localdensity of states [22], we �nd that the valence (conduc-tion) o�set of the Pt/SrO-terminated SrTiO3 interfaceis 1.38 (0.60) eV while that for the Pt/TiO2-terminatedSrTiO3 interface is 1.31 (0.57) eV. On the other hand, forthe SrRuO3/SrTiO3 interface, the valence and the con-duction o�sets are 1.28 and 0.71 eV, respectively. Theseo�sets are enough to attain insulating interfaces and sur-faces as long as the applied �eld is not too big.We investigate the dielectric response of the metal-SrTiO3 interface by using local ionic displacement �dde�ned by Eq. (3). �d for each layer is plotted in Figure4. The correlation between �d and the actual dielectricconstant was substantiated by the above study of thefreestanding SrTiO3 slab. The bigger the absolute valueof the displacement is, the larger the local polarizabilityis expected to be along the electric �eld. The most inter-esting feature in Figure 4 is that the interfacial dielectric

Fig. 5. Net displacement of each atom in SrTiO3 between�nite and zero �elds: (a) SrRuO3/SrTiO3, (b) Pt/TiO2-terminated interface, and (c) Pt/SrO-terminated interface.The solid line is �d, which is decomposed into displacementsof cations (dSr/dTi: dashed lines) and anions (dO: dottedlines). (�d = dSr=dTi � dO).
response of SrTiO3 depends substantially on the metallicelectrode epitaxially attached to SrTiO3. �d in the mid-dle of the slab is similar between the freestanding SrTiO3slab and the SrRuO3/SrTiO3 interface, indicating thatthe SrRuO3 electrode interferes least with the intrinsicionic motion in SrTiO3. This is a result of the coherentcrystal structures between SrRuO3 and SrTiO3 and isin line with the increased critical thickness reported forthe SrRuO3/BaTiO3 interface [23]. Our results are alsoin good agreements with experimental �nding that thedead layer is thinner when SrRuO3 electrodes are used[24, 25]. On the other hand, the Pt electrode is foundto reduce the dielectric response of SrTiO3, particularlyfor Pt/SrO-terminated interface. To analyze the micro-scopic origin further, we plot in Figure 5 the displace-ment of each atom under an external electric �eld. It canbe seen that Pt/SrO-terminated interface suppresses thedisplacements of oxygen atoms to near zero comparedto SrRuO3/SrTiO3 and Pt/TiO2-terminated interfaces.This should constitute a primary reason for the distinctdielectric behavior of the Pt/SrO-terminated interfacefound in Figure 4. The speci�c chemical bonding be-tween Pt and O atoms could have a�ected the e�ectivecharges or soft phonon modes of SrTiO3 near the inter-face.

IV. SUMMARY
In summary, we investigated the dielectric responsesof ultrathin and interfacial structures of SrTiO3. Wefound that the nanoscale ultrathin SrTiO3 slab had a
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dielectric constant substantially smaller than the bulkvalue. On the other hand, the dielectric response at themetal-SrTiO3 interface showed distinct relaxation pat-terns depending on the types of metal electrodes and thetermination of SrTiO3. We found that SrRuO3, ratherthan Pt electrodes, maintained an ionic response closerto the bulk behaviors. Our observations are all in goodagreement with previous experiments.
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