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Using symmetry theory we explore how symmetry breaking inevitably present in the vicinity of any surface
gives rise to spontaneous surface piezomagnetic, piezoelectric, and magnetoelectric effects. The large surface-
to-volume ratio makes the surface symmetry effects dominant in small enough nanosystems. As a result
piezomagnetism, piezoelectricity, and strong size-dependent linear magnetoelectric coupling are predicted in
nanomaterials, which are nonpiezomagnetic and/or nonpiezoelectric in the bulk, but belong to the one of the
existing 90 bulk magnetic classes, e.g., among a wide class of cubic binary oxides such as MnO, FeO, CoO,

NiO, EuO, PrO, and Er,0Os;.
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I. INTRODUCTION

Symmetry breaking present in the vicinity of any surface
is the source of intriguing modifications of the interface
structure, their polar and magnetic states.'~* Recent atomistic
calculations should be considered as the manifestation of
strong  Dzyaloshinskii-Moriya (DM) interaction in
nanosystems.!™* Actually, the symmetry lowering near the
surface could strongly increase the symmetry related
Dzyaloshinskii-Moriya vector value and change its
direction.* Based on these results one can expect weak fer-
romagnetism in different nanosystems while the correspond-
ing bulk material may be antiferromagnetic.

Actually, Bode et al.! revealed experimentally the spiral
magnetic order with a period of about 12 nm in a single
atomic layer of manganese on a tungsten (110) substrate.
Using the spin-polarized scanning tunneling microscopy,
they observed that adjacent spins are not perfectly antiferro-
magnetic but slightly canted, resulting in a spin spiral struc-
ture. Using the density-functional theory, Bode et al.! proved
that the spin order is caused by the DM interaction, which
arises from spin-orbit scattering of electrons in an inversion-
asymmetric crystal field. Raedt et al.? theoretically studied
effects of the DM interaction on the adiabatic magnetization
dynamics in molecular nanomagnets Vs and Mn,,. They
show that DM interaction is the most plausible source for the
energy-level repulsions that leads to adiabatic changes in the
magnetization. On the basis of first-principles calculations in
combination with a micromagnetic model Heide et al.® have
shown that for a two monolayers thick Fe film on W(110) the
DM interaction determines the orientation of magnetic do-
mains relative to the lattice, the type of domain wall, and the
rotational direction of the magnetization in the wall. Using
first-principles calculations and Green’s-function formalism
Rudenko et al.* investigated electronic and magnetic struc-
tures of the Mn antiferromagnetic chains supported on the
CuN surface. They predict a weak ferromagnetism in the
nanochains caused by surface-enhanced DM interactions and
expect the weak ferromagnetism phenomenon in the similar
surface nanosystems. The main source of this phenomenon is
local distortion that breaks the inversion symmetry between
Mn atoms.
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Symmetry breaking is especially important in small
enough nanosystems, where the surface symmetry effect may
become dominant for the whole system because of the large
surface-to-volume ratio, leading to new properties absent in
bulk.>"'° For example, such striking phenomena as the obser-
vation of ferromagnetism in spherical nanoparticles (size
7-30 nm) of nonmagnetic oxides CeO,, Al,O3, ZnO, etc.,
have been reported.’ Strong superparamagnetic behavior
down to 4 K has been found in gold and palladium nanopar-
ticles with mean diameter 2.5 nm and a narrow size
distribution.® Ferroelectric phase transition appears in thin
antiferroelectric PbZrO; and BiNbO, films when their thick-
ness decreases.” A strong enhancement of the spontaneous
polarization and a persistence of the ferroelectric phase up to
the chemical decomposition have been observed in Rochelle
salt nanorods of diameter 30 nm.® The appearance of ferro-
electricity takes place in nanosized incipient ferroelectrics,
which remain paraelectric up to 0 K in the bulk.>!" Er,04
that is paramagnetic and paraelectric in the bulk becomes
ferroelectric and strongly magnetoelectric (ME) at room tem-
perature if it is put in the form of 5—6 nm size nanoparticles
in an insulating matrix.!?

All these various facts (which are only a small subjective
selection from the available great number) illustrate how ex-
tremely important surface influence can be the on the elec-
tronic, polar, and magnetic properties as well as their cou-
pling for nanomaterials. Despite the great importance for
nanoscience, the unified theory of the surface-induced phe-
nomena is currently absent. Thus a theoretical approach ca-
pable to study different polar and magnetic properties and
especially to predict new effects and couplings in nanosys-
tems seems rather important for both fundamental science
and useful for the design of new functional nanomaterials
with prominent applications. In particular, the ME effect, i.e.,
induction of magnetization by an electric field or of polariza-
tion by a magnetic field, attracted broad interest in the recent
years,'3-16 while the features of ME coupling remains virtu-
ally unexplored in nanosystems. The vital interest to the pi-
ezoelectric (PE) and piezomagnetic (PM) effects in nanoma-
terials is determined by their multiple novel applications.'*!”

While the existence of the PE effect in the vicinity of
surface was shown earlier,'® the supposition about the ap-
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TABLE 1. Surface and bulk PE, PM, and ME tensors in Voigt notation.

Symmetry group Piezomagnetic tensor

Piezoelectric tensor Linear ME tensor

Bulk m3m, m'3m Absent in the bulk 7} =0

Bulk m’'3m’ Absent in the bulk d\} =0

000d” 0 0

000 0 d» o

Bulk m3m’ 000 0 0 d(m)
00045 0 0

000 0 —d™ 0

Surface 4mm 000 O 0 0
0 0 0 0 4%

0 0 0 4™ o

Surface 4m'm'’ dy" dym dY 0 0
00045 0 0

000 0 4% o

Surface 4'mm'? 000 O 0 d(3ssm)
0 0 0 0 4

0 0 0 -d o

Surface 4'm'm* d(sm) dgslm) 0 0 0

Absent in the bulk d\f)=0 Absent ;=0
i O 0
0 v, O
Absent in the bulk d\f)=0 0 0 9,
Absent in the bulk d\f)=0 Absent ;=0
0 0 0 0 d¥ o 0 4,0
(Se)

O S B I R
a3 dy 4y 0 0 0 0 0 0
0 Y, 0 0
0 0 %, 0
0 The same as above 0 0 7’§3
0 ¥, 0
Y, 0 0
The same as above 0O 0 O
o Y 0 0

0 0 -7
0 0 0

0 The same as above

4Groups 4'mm' (x;, L m planes) and 4'm'm (x;, Lm' planes) are equivalent within the rotation of the

coordinate system.

pearance of PM effect was not proved theoretically.'” The
surface influence on ME properties was studied from the first
principles for a few ferromagnetic materials only?® while PM
effects in nanosystems were not considered so far.

The above facts motivated us to use symmetry theory to
explore how the surface induces PM, PE effects, and linear
ME coupling in nanosystems. Below we will show that in
small enough nanosystems with a large surface-to-volume
ratio new phases and phenomena such as size-dependent PM,
PE, and linear ME effects appear, though they are absent in
the corresponding bulk materials. The reasons for the appear-
ance of these phases are the built-in magnetic and electric
fields originating from surface piezoeffects coupled with the
surface stresses in nanospheres, nanowires, and nanotubes as
well as mismatch strains in thin films on substrates.

II. SYMMETRY THEORY CONSIDERATIONS OF THE PE,
PM, AND ME TENSORS

It should be stressed that these effects can appear in all 90
magnetic classes. In bulk materials the PM effect could exist
in 66 magnetic classes.>! The number is obtained as a differ-
ence between the total number of magnetic classes (90) and
the number (21) of magnetic classes, which possess opera-
tions of time reversal and space inversion simultaneously,
and three classes of cubic symmetry (m3m, m'3m’, and
m'3m). It is obvious that because the inversion center is

absent in the vicinity of surface for nanomaterials of arbi-
trary geometry, the PM effect has to exist in the aforemen-
tioned 21 magnetic classes, too. Our calculations, presented
below, have shown that the PM effect also appeared in the
nanomaterials, whose bulk symmetry group belongs to the
above-mentioned three cubic classes. Therefore, contrary to
the bulk, in nanomaterials the PM effect has to exist in 90
bulk magnetic classes.

The PM tensor that couples the axial magnetic field vector
H with the polar strain tensor u;; is a third-rank axial tensor
dfj”,? Because the components of any tensor are defined by its
transformation laws, let us consider quantitatively the form
of the piezomagnetic tensors present in nanomaterials. To
find out the nonzero components of third-rank tensors we
will use the system of linear equations obtained from the
transformation laws for the axial (dlpn) and polar (d,mn) third-
rank tensors describing PM (m) and PE (e) effects in bulk,?!

tlA]mAkn lmn
(1)

Here the summation is performed over the repeating indexes.
A is the transformation matrix with components A; (i,;
=1,2,3) and determinant det(A)= = 1; the factor tr denotes
either the presence (tr=1) or the absence (tr=0) of the time-
reversal operation coupled to the space transformation A;;.
For the case when the matrices A represent all the generating

dyy) = (= 1)"det(A)A A Apdy), ) =A

085408-2



SURFACE-INDUCED PIEZOMAGNETIC, PIEZOELECTRIC.,...

PHYSICAL REVIEW B 82, 085408 (2010)

TABLE II. Surface built-in fields H?, E?, and ME coupling coefficients for different nanosystems.

Thin film of thickness / on a
rigid substrate, surface normal

TTx3

Wire of the radius R,
wire axes | Tz, local normal e
(cylindrical coordinates {p, ¢,z})

Sphere of radius R,
local normal e,
(spherical coordinates {p, 0, ¢})

1 )
37 woph(sy+sp) 2
u,, is misfit strain,

Magnetic field H? s;; are compliances

b 2l

Electric field E” 37 egeh(sitsyy)
B Ay sy
ME coupling TV T syt

(Sm), Sm)
_20dgg+dy))
—

,L’»(JMRZ
7 is the intrinsic surface

stress tensor coefficient®

Hp = S )
r HouR®

7 is the intrinsic surface

stress tensor coefficient

>

b _
Hp—

Se) 4 g(Se)
Eb __ ZT(d(?W-f-d '.’3)
p

sost

(Se. Se) Se)
b St
-

sosR2

L=yt 2y
'}/ij.z 'yij+]%»y§j ) iy R/

4Reference 32.

elements of the material point symmetry group (considered
hereinafter) the identity 575;’}(’8)55187}(’8) should be valid for
nonzero components of the piezotensors.

For any spatially confined system the inversion center dis-
appears in the surface-normal direction and only the symme-
try axes and planes normal to the surface are conserved.
Thus the magnetic and space symmetry group should be re-
duced to one of its subgroup, consisting of the transforma-
tion matrices Aisj, which satisfy the relations niA,-Sjn = 1, where
n; are the components of the surface normal. As a result the
surface piezoeffect tensors d;lf,'f) and d;;ffn) (existing even in a
cubic symmetry lattice near the surface) should obey other
transformation laws than the ones existing in the bulk mate-
rial, namely, di5"=(-1)"det(A$)AJAT A diS" and d5
= AGAS AL i)

In the same way one can analyze the second-rank ME
tensor 7;;. The transformation laws for the linear surface ME
axial tensor )/f] are 7;=(—1)”det(AS)AiSkAfl r and 7?15 yf] for
nonzero components, i.e., the laws differ from the ones ex-
isting in the bulk material: %,;=(~1)"det(A)AA;yy. In the
bulk the ME effect was shown to exist in 58 magnetic
classes.”! The analysis, similar to the one we performed for
the piezomagnetic tensor, shows that the ME effect exists in
nanosystems in 90 magnetic classes. Thus new piezomagnet-
ics, piezoelectrics, and linear magnetoelectrics should appear
even among nanomaterials, which are nonpiezomagnetic and
nonpiezoelectric in the bulk but belong to the one of the
existing 90 bulk magnetic classes, e.g., simple binary oxides
such as EuO, CoO, and Er,05. Note that similar arguments

could be applied to the different physical phenomena de-
scribed by tensorial coupling between magnetic field and
other physical fields. Thus, new terms in galvanic and ther-
momagnetic effects such as Hall, Righi-Leduc, Nernst-
Ettingshausen, and magnetoresistance should appear for
nanosystems of magnetic materials.

To demonstrate this intriguing possibility, we calculate the
form of the surface PE, PM, and ME tensors for the bulk
m3m, m'3m', m'3m, and m3m’ cubic symmetry groups
(symbol prime stands for the coupling with time reversal).
The surface 4mm, 4m'm’, 4'm’'m, and 4'mm’ symmetry
groups were directly obtained from the bulk m3m, m'3m’,
m'3m, and m3m’ symmetry groups, respectively, by consid-
ering the surface normal x;7 T4 (symbol 4 stands for the
fourth-order rotation axis). Note, that the bulk symmetry
groups correspond to the nonpiezoelectric binary oxides
MnO, FeO, CoO, NiO, MnS, EuO, PrO, and Er,0O5.

Results for dﬁf,f“), dﬁf,?, and ylgj are presented in Table I. Tt
is seen that all above-mentioned cubic materials become PE
and PM in the vicinity of surface with different dff,;") tensors,
which depend on the surface symmetry group. The influence
of the surface on the symmetry and properties is essential at
distances of several tens of nanometers from the surface.?>?
It is seen that the surface influences the number and type of
nonzero components of PE, PM, and ME tensors.

Nonmagnetoelectric bulk materials of cubic symmetry be-
come linear ME in the vicinity of surface with different yf]
tensors, which depend on the surface symmetry group. ME
bulk materials with m'3m’' symmetry remain linear ME in
the vicinity of surface but the symmetry of yfj changes in

TABLE III. Material parameters of typical binary oxide used in calculations.

)/I-Sj=2 X 1071 X a X s/m; where the lattice constant a
=(0.4-0.5) X107 m; d§=-1.63X 107" XaXm/V, d34
=3.82x 107" Xaxm/V, d}¢=-0.86 X 107! X a X m/V;
dy'=-1.0X10"Xaxm/A, dy3=3.0Xx 10" XaXm/A,

Surface ME, PE, and PM tensors

d§=-0.5X10"XaxXm/A

21 and 38

511=10.23 % 10712 Pa™!, 5,,=-2.91 X 1072 Pa™!, 544
=29.67X 10712 Pa™!; ¢;;=126.1 X 10° Pa,

Elastic modules

C12=50.0X 109 Pa, C44=33.7X 109 Pa 38

£0=8.85X 10712 F/m, uy=4mx 1077 N/A?, relative
permittivities e=30, u=1, surface stress coefficient 7

Others

=10 N/m, mismatch strain u,,=(2-4) X 1073

38 and 39
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FIG. 1. (Color online) Dependences of the built-in (a) magnetic
and (b) electric fields, (c) surface-induced magnetization and (d)
polarization on system size in the lattice constant units (film thick-
ness h/a, wire, or spherical particle diameter 2R/a). Our continu-
ous media model can be quantitatively valid in the region right to
the vertical dotted lines.

c)omparison with the bulk tensor ;; (see the last row in Table
D).

Thus symmetry breaking inevitably present in the vicinity
of the any surface gives rise to new PM, PE, and ME effects
in nanosystems while these effects can be absent in a bulk
material. The linear ME effect can exist in nanosystems
made of materials belonging to the all 90 bulk magnetic
classes. So the number of ME classes in nanomaterials is
much larger than in the bulk (58). The proposed method for
the evaluation of the nonzero components of PM, PE, and
ME tensors for nanomaterials of different geometry was ap-
plied to all 90 bulk magnetic groups and the obtained results
will be published elsewhere.

Below we demonstrate that the surface piezomagnetic and
piezoelectric effects coupled with the surface stress for nano-
particles and mismatch strains for thin films on substrates
lead to the appearance of built-in magnetic and electric
fields. These fields lead to appearance of magnetization or
polarization and so to the change in phase diagrams.

III. SIZE EFFECTS OF THE PE, PM, AND ME TENSORS
INHERENT TO NANOSYSTEMS

To consider the size effects of a confined system let us
represent the free energy as G=[sggd*r+[ygyd’r. The sur-
face energy contribution increases with the decrease in the
system’s size, i.e., it increases with increasing (S/V) ratio
(here S is the system surface and V is its volume). In the
adopted model the part of the free energy we are interested
in, namely, the one dependent on piezocoupling and ME cou-
pling of electric (E;) and magnetic (H,) fields, can be written
as

AGR = - (dE]e]ZU]kEl + dl(;?]i()o']kHl + SOSE?EI‘ + ,U,()/.LH?HI
+ YyH.E)V. (2)
The energy includes the

built-in  magnetic Hf-’

PHYSICAL REVIEW B 82, 085408 (2010)
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FIG. 2. (Color online) Dependences of the linear ME coefficient
on the nanosystem characteristic size (film thickness h/a, wire, or
spherical particle diameter 2R/a). The linear ME coupling is re-
garded absent in the bulk material.
=d§f,;”)oij/ MoV, electric EY =d§]5,f)a'ij/sosV fields (g, and
Mo are universal dielectric and magnetic constants, respec-
tively, o;; is the stress tensor) and magnetoelectric energy
density ySHiE ; with renormalized ME coefficient yg-’zv Yij
+7,,S/V, where v}, is listed in Table I.

The application of the continuum approach to the descrip-
tion of nanosystems properties needs some justification. The
continuum approach was accepted for the analysis of the
elastic properties of metallic, semiconductor, dielectric, or
polymeric nanowires and nanotubes®*” and the piezoelec-
tric response.?® For nanosized ferroics the applicability of the
continuous theory is corroborated by the fact that the critical
sizes (~2-10 lattice constants) of the appearance of long-
range order calculated from atomistic?® and phenomenologi-
cal theories'? are in a good agreement with each other’%3! as
well as with experimental results.®!1?

It is seen from Table II, that the built-in fields H and E”
and the linear ME coupling 75 (produced by the surface
dmm, 4m'm’, 4’'mm’, and 4'm'm symmetry groups) sponta-
neously arise for the typical cases of ultrathin films, nano-

~ 3.F —~ 1.
£ e P
< =

& %9 0.5
2 0. S

El ; B

2 rezat M

s 0 20 40 M

Polarization P’ (uC/cm?)

Magnetization J° (Tesla)

0 20 40

Tube thickness # (l.c.) Tube thickness # (Lc.)

FIG. 3. (Color online) Dependences of the built-in (a) magnetic
and (b) electric fields, (c) surface-induced magnetization and (d)
polarization on the on the tube thickness Z=R-r (in lattice con-
stants) at the fixed inner radius r=2, 6, 20, 60 l.c. (solid, dashed,
dotted, and dashed-dotted curves).
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wires, nanotubes, and nanospheres. So, a large number of
new linear magnetoelectrics should appear among nanosys-
tems, which are nonmagnetoelectric in the bulk. It is neces-
sary to underline that the values of the built-in fields and ME
coupling increase with the decrease in film thickness A or
nanoparticles radii R. The obtained analytical dependencies
for thin films or nanoparticles, respectively, have shown that
Hl7 and Eh~ 1/h or 1/R* while the ME coupling f is in-
Versely proportlonal to the sizes in both cases. This shows
the strong influence of sizes on the properties of nanomate-
rials.

Expressions for the stress tensor o;; were obtained from
the mechanical problem solutions with appropriate boundary
conditions, which are summarized in Table IV of Appendix
(see also Ref. 33). Note, that the fields and ME coupling
coefficient breakdown related to the divergences such as
1/size or 1/size? is not achieved, since the continuous model
can be quantitatively valid until the system’s actual size is
substantially larger than the lattice constant a (e.g., for film
thicknesses 4> 10a and particle diameters 2R > 10a larger
than several lattice constant).

Let us underline that we considered an ideal surfaces, free
of the relaxations, rumplings, and reconstructions. Such
“atomically sharp” surfaces and interfaces become reality for
the current state of art in nanotechnology (see, e.g., Refs. 34
and 35). On the other hand sometimes the surface reconstruc-
tion gives rise to the surface tension, necessary for the ob-
servation of built-in fields predicted by us in the nanopar-
ticles. Actually, Zang et al.*®37 have found that the surface
reconstruction is responsible for the appearance of surface
stresses and leads to the self-bending of Si nanofilms. This
effect depends on the adsorption characteristics.’” Since the
surface tension appears even for the case of nonreconstructed
geometrical surface due to the surface break,3? the surface
transformation could, in principle, affect the surface tension
value.

Below we compare our analytical results with the typical
experimental values of magnetic anisotropy field, coercive
fields, spontaneous magnetization, and polarization found in
the literature, and obtained that they are relatively high.

De endences of the  built-in  magnetic Hb
= ,k 04S/ ppoV and electric Eb ,ﬁ? oSl eeyV ﬁelds
surface 1nduced magnetization JZ S oxS/V, and polar-
ization Pb d(se) oS!V on the system size were calculated
using analytlcal expressions from Table I and are shown in
Fig. 1. The size dependence of the surface-induced ME co-
efficient is shown in Fig. 2.

Dependences of the built-in magnetic and electric fields,
surface-induced magnetization, and polarization on the thick-
ness h of the free-standing tube are shown in Fig. 3. It is seen
that the built-in magnetic and electric fields, magnetization,
and polarization monotonically increase as 1/h with the tube
thickness decrease. The decrease in the tube inner radius
increases the values of built-in fields, polarization, and mag-
netization (compare different curves plotted for different r).

It is seen from the Figs. 1-3 that the built-in magnetic and
electric fields, induced magnetization, polarization, and ME
coefficient values monotonically increase as 1/size with the
size decrease. Also they are maximal for spheres, intermedi-
ate for tubes or wires, and minimal for films at the same A

PHYSICAL REVIEW B 82, 085408 (2010)

value. The result is expected from the difference of geometri-
cal ratio S/V that is equal to 3/4 for spheres, 2/h for tubes or
wires, and 1/h for thin films. It is seen from the Figs. 1-3
that predicted PM, PE, and ME effects can be significantly
enhanced (in orders of magnitude) in nanosized particles and
thin films by choosing appropriate sizes.

Typical values of magnetic anisotropy field (H,) and
spontaneous magnetization Jg listed in literature are within
the range H,~0.1-1 MA/m and J4=0.5-2 T. Typical val-
ues of coercive electric field E. and spontaneous polarization
Py listed in literature vary in the range E.=0.1-1 MV/cm
and Pg~0.5-100 uC/cm?. Figures 1 and 3 show that rela-
tively high values H,~0.5-2 MA/m, J,~02-2 T, E,
~0.1-1 MV/cm, and moderate polarization Py
~0.5-2 uC/cm? are achievable for nanosystems with sizes
below 20-10 l.c. (i.e., about 10-5 nm). The calculated fields
values are rather underestimated than overestimated since for
the estimations of the surface PE (d ‘) and PM (d ™) tensor
components we used typical bulk values of the bulk PE and
PM tensor components multiplied on the lattice constant a
(Table III).

Note, that ME coefficient values listed in literature is
about 30 pm/s.!> Figure 2 shows that such values as 5-20
pm/s are achievable for ultrathin films and nanoparticles due
to the strong size effects at sizes below 20-10 l.c., which is
about 10-5 nm. The calculated values are rather underesti-
mated than overestimated since we used typical bulk ampli-
tude ~107'" s/m multiplied on the lattice constant a
~0.5 nm for the estimations of the surface ME tensor yg
(Table III). Keeping in mind that electro-optical effect and
nonlinear susceptibilities are defined by third-rank tensors,
the results presented in the second and third columns of
Table I can be applied for these effects also.

Since all our predictions are based on the symmetry
theory only, but not on the first principles atomistic calcula-
tions, we should underline that although the surface-induced
symmetry lowering (usually connected with the reduction in
coordination number) proclaims the possibility of the mag-
netic moments appearance at the surface, the microscopic
physical mechanisms, which lead to the magnetism origin
and determine its peculiarities should be manifold and thus a
separate first-principles based study is required in every con-
crete case. For instance, nonmagnetic vanadium can be mag-
netic in ultrathin film configuration; but the magnetic mo-
ments originate due to reduced coordination in vanadium
monolayers, rather than symmetry lowering.** The effect of
reduced coordination leads to the antiferromagnetic proper-
ties of the monolayer iron placed on the W(001) substrate.*!

IV. SUMMARY

Piezomagnetic, piezoelectric effects, and size-dependent
linear magnetoelectric coupling are predicted in nanosys-
tems, which are nonpiezomagnetic and nonpiezoelectric in
the bulk, but correspond to one of the 90 magnetic classes.
Coupled with a surface stress in nanoparticles and strains in
thin films, the piezoeffects lead to the appearance of size-
dependent magnetic and electric built-in fields, which in turn
can induce self-polarization and self-magnetization of nano-
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sized oxides such as MnO, FeO, CoO, NiO, MnS, EuO, PrO,
and Er,O;. The symmetry breaking inevitably present the
vicinity of the nanosystem surface could lead to novel linear
electro-optical and magneto-optical coupling as well as new
terms in the nonlinear susceptibilities. New terms in galvanic
and thermomagnetic effects such as Hall, Righi-Leduc,

APPENDIX

PHYSICAL REVIEW B 82, 085408 (2010)

TABLE IV. (Color online) Stress components and built-in fields in nanosystems of different geometry.

Nernst-Ettingshausen, and magnetoresistance should appear
for thin films and small enough nanoparticles; corresponding
tensors could be calculated by in same way we proposed here
for the surface piezomagnetic and magnetoelectric tensors.
These theoretical forecasts should stimulate experimental in-
vestigation.

Nanosystem

Boundary conditions

Stress components and built-in fields

Thin film of thickness & on a
rigid substrate,
surface normal T 7x3

Wire of the radius
R, wire axes 11z,
local normal e,,

Nanosphere of
radius R,
local normal is e,

Zer

R

Clamped

nanowire of

radius R,

wire axes 11z, local normal e,

Free-standing nanotube with outer

radius R, inner radius r

03i:20=0
”11=“22|z:h='4m,
i=1,2,3,
u,, is misfit strain

| _p=—=
Opplp=R="g>
2= O pelp=k=0s
=0, |21 =0

g,

0,p=02

27

Urr'r:Rz_ R’
0-r<p‘r=R=0-rt9|r=R=0

| —__ 7T
Opplp=R="g>
Op = Up¢|p:R =0,
Uzp=Uz¢|z:ih/2=0’

u; z=th/2=0

o
Tpplp=r= R
‘Tpp|p=R=_E’

Tp:=Opglp=r.g=0,

Op=070=0 |z:ih/2=0'

The radial boundary
conditions correspond
to the surface bond
elongation and

contraction, respectively

Stresses in Cartesian coordinates:
E(s11d(§7=s1,d59)=H (s,,d37"=s1,d 55"

Uy,

o= Sutsiz

U Es, ldgzl’)_slldfff))_Hi(sl ldgén)_slzdf'ls"l"))

On= Si+siz

H3=

Stresses in cylindrical coordinates {p, ¢,z}:

O,,=04,,=

pp = Yoo

p _ 2l )

Hoph(sy+syp) 37

h(sti=st,)

]1(5%1—5%2)
031=03=033=0
Built-in fields:

g

_r
R> Ype= Y

b 2u(d50+dss)
eoeh(s)+512)

bl

bl

=0,,=0,=0,=0,

7 is the intrinsic surface stress tensor coefficient

(Sm) . 4(Sm) (Se)  g(Se)
Hb _ 27(dp¢”<2>+dp£) Eb __ 27(dﬂ<p<p+dppp)
P R2 [ R?
Mo €08

Built-in fields:

Stresses in spherical coordinates

27
{r, 0, QD}: 0r=094=0po="p s 0r6= O-mp:O

Built-in fields:

H=— 6r(diy +di +dign))
' HouR? 5
EP=_ Or(di+diso+di)
T £0eR?

Stresses and strains in cylindrical coordinates {p, ¢,z}:

Op

p= Tpo="g>

T _ 27
0= s R

g,

po=0p=036=0,

7 is the intrinsic surface stress tensor coefficient

Built-in fields:

Hb o _ 2t (d(Sm)_'_d(Sm)_zd(Sm)s_I?)’

4 //,U//,RZ
L( 49 4 50 _ o gserse

b _
Eb=-

£,

pee (774 pzz s

pee ™ “ppp Pz sy

&0R?

,
Oppt Opp =011+ 00="F¢

g

p

b
H,

b

o= Op; = 0= (Tw=0
Built-in fields:
A gSm) A Sm)
o Ty ATy
wpo(R=r?) — paoh(R+r)
(Se) Se)
_ ~47d%) _ ~47d'5)
4 esU(szrz) eggh(R+r) *

Tube thickness is h=R-r. '}/i;z%'j"'

The expressions are derived for the case d

)

iy

pee

s _ gtsm)

ppp
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