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Abstract Yb-Y inter-diffusion along a single grain

boundary of a synthetic yttrium aluminium garnet (YAG)

bicrystal has been studied using analytical transmission

electron microscopy (ATEM). To investigate the diffu-

sion, a thin-film containing Yb as the diffusant was

deposited perpendicular to the bicrystal grain boundary by

pulsed laser deposition (PLD). Structural properties and

their change with time in both the diffusant source and

the grain boundary are reported. The diffusion profiles are

incorporated in a numerical diffusion model, which is

applied to determine the grain boundary diffusion coef-

ficient, Dgb, at 1.723 K it is equal to 3 9 10-15 m2/s. We

find that grain boundary diffusion is 4.85 orders of

magnitude faster than volume diffusion, which was

determined from the same diffusion experiment. This

result is discussed in the context of special versus general

grain boundaries. Finally, we successfully tested the

capability of synchrotron-based nano-X-ray fluorescence

analysis to map micro-chemical patterns in two dimen-

sions with sub-micrometre resolution.

Keywords Grain boundary diffusion � TEM � Numerical

model � Diffusion coefficient � YAG � Diffusion experiment

Introduction

Grain boundary diffusion governs numerous phenomena in

solid materials, such as Coble creep, sintering properties,

diffusion-induced grain boundary migration, different dis-

continuous reactions, recrystallization, grain growth and

diffusive crack healing (Evans and Charles 1977; Gupta

1975; Hailong and Jun 2002; Wanamaker and Evans 1985).

Grain boundary diffusion is the dominating atomic trans-

port mechanism at low temperatures where volume diffu-

sion is sluggish. Even if the rates of grain boundary and

volume diffusion approach with increasing temperature, it

is commonly assumed that grain boundary diffusion pre-

vails over volume diffusion during most small-scale

transport processes of elements in large portions of the

solid Earth (e.g. grain boundary migration, recrystallization

or cobble creep, Kaur et al. 1995; Mishin and Herzig 1999).

Grain boundary diffusion is influenced by the structure of

the grain boundary itself.

The most general classification of grain boundaries is

based on their structure, and it is differentiated between

special and general grain boundaries (Brandon 1966; Smith

1948). Special grain boundaries are those that display

special properties, for example good atomic fit across the

interface resulting low interface energy and slower element

diffusion rates compared to general grain boundaries

(Gleiter and Chalmers 1972; Kingery 1974). Special grain

boundaries can be described using the R nomenclature

based on the grain boundary geometry and relates the

number of lattice points in the unit cells of the lattices of

the two adjacent grains and is defined as R = 1/n, where n
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is the fraction of the lattice points of the two super-imposed

lattices that coincide (Chadwick and Smith 1976).

Most solutions to the grain boundary diffusion problem

relate to the product of Dgb and the effective (or chemical)

grain boundary width, d (e.g. Fisher 1951). To obtain Dgb,

d is assumed. The effective grain boundary width is defined

as the zone of enhanced diffusion around a grain boundary

(White 1973) and results from strain induced by misfit of

the adjacent crystal lattices. In ionic crystals, it is accom-

panied by a space-charge layer (Kingery 1974; Kliewer and

Koehler 1965; Lehovec 1953). The structural (or physical)

grain boundary width, in contrast, is defined as the distance

between two adjacent crystal lattices and is probably

smaller than the effective grain boundary width.

In the geomaterial context, previous experimental

attempts to exactly quantify grain boundary diffusion are

hampered by a number of difficulties such as: (i) Grain

boundary diffusion studies are mostly performed on poly-

crystals with randomly shaped grain boundaries where

orientation is not well constrained. Thus, the diffusion

geometry is very complex and often impossible to charac-

terize adequately. (ii) The methods commonly used, for

example secondary ion mass spectrometry (SIMS), give

little or no information about the local defect structure.

They also have rather poor lateral resolution. Therefore,

grain boundary and volume diffusion are often measured

simultaneously, and the extraction of the respective diffu-

sion coefficients is based on numerous assumptions.

Moreover, it is known from studies on metals and alloys that

the diffusivity can vary by orders of magnitude with varying

grain boundary orientation (Guan 2003; Herbeuval et al.

1973; Klugkist et al. 2001), which is a consequence of

changing grain boundary energies. This cannot unequivo-

cally be determined, and often an averaged diffusivity is

obtained, as several grain boundaries with potentially dif-

ferent transport properties are analysed at the same time.

(iii) Analytical or numerical solutions to the grain boundary

diffusion problem are often oversimplified or they are not

well adapted to the experimental set-up, sometimes simply

because the samples cannot be characterized well enough.

It may be surprising that diffusion along a single grain

boundary has not yet been studied on the nanometre scale,

even though it has been proposed as early as 1986 (Clarke

and Wolf 1986), and nanometre-resolved analyses of low-

temperature volume diffusion were performed in 1983

(Nicholls and Jones 1983). However, site-specific sample

preparation such as lamellae for transmission electron

microscopy (TEM) using the focused ion beam (FIB) tech-

nique became available only in the last decade (Lee et al.

2003; Phaneuf 1999; Wirth 2004). Furthermore, the fabri-

cation of grain boundaries with exactly defined orientations

by wafer direct bonding was developed in the geosciences

only lately (Heinemann et al. 2001; Heinemann et al. 2005).

Here, we report an alternative approach to quantify grain

boundary diffusion by taking advantage of the above

methods recently developed in different scientific disci-

plines. The main improvements in the present study over

previous experimental and analytical procedures are the

following:

1. Simple geometry: We use bicrystal synthesis by direct

wafer bonding to produce a perfectly straight and

exactly oriented grain boundary. As the diffusant

source, a thin-film is deposited perpendicular to the

grain boundary using pulsed laser deposition. The

resulting experimental geometry is simple and extre-

mely well defined (Fig. 1).

2. High-resolution analyses: We combine site-specific

sample preparation by focused ion beam (FIB) with

measurements by TEM. The latter has two main

advantages: first, it has a very high spatial resolution,

and second, it provides information on the local defect

structure, without being destructive. The simple diffu-

sion geometry allows for appropriate TEM analyses

because it is possible to orient the grain boundary

parallel to the axis of the incident electron beam and

the energy-dispersive X-ray (EDX) detector, whereby

artefacts from planar defects are excluded (e.g. Wil-

liams and Carter 1996). Furthermore, volume and

grain boundary diffusion are distinguished and mea-

sured on the same sample from one experiment using

exactly the same experimental and analytical settings.

Fig. 1 Schematic sketch of the sample geometry. The grain boundary

of the bicrystal is perpendicular to the thin-film (dark grey). The

thickness of the thin-film is about 200 nm. The blow-up shows a

sketch of the TEM lamella prepared with the focused ion beam (FIB)

technique. The dimensions of the foils are usually 15 9 10 lm2 with

a thickness of about 100 nm, whereas the bicrystal’s size is in the

millimetre range
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3. Numerical modelling: We perform numerical simula-

tions to account for all our experimental observations.

We will show that a quantitative evaluation of the

diffusion coefficients in our system cannot be performed

by applying conventional analytical solutions because

none would meet the present experimental configuration

and our observations on the nanometre scale.

We use synthetic yttrium aluminium garnet (YAG)

bicrystals as model samples. YAG has several advantages

over naturally occurring garnet, particularly the availability

of large stoichiometric and highly pure single-crystal

wafers and its resistance to electron beam damage. More-

over, grain boundary diffusion of rare earth elements in

YAG has previously been studied using SIMS (Jiménez-

Melendo et al. 2001), which allows for the comparison of

different approaches.

Materials and methods

Bicrystal synthesis by direct bonding

Starting material for our experiments was high-purity

Y3Al5O12 single crystals (Dobrzycki et al. 2004; Lupei

et al. 2001; Weber and Abadie 2001; Yin et al. 1998) for

the bicrystal synthesis (Hartmann et al. 2010) and

Yb-doped YAG as precursor for the thin-film, i.e. the dif-

fusant source. YAG bicrystal samples were synthesized by

the wafer direct bonding method (Gösele et al. 1999;

Heinemann et al. 2005; Pößl and Kräuter 1999; Reiche

2006; Tong and Gösele 1999; Tong et al. 1995). The highly

polished and ultra clean crystal surfaces are saturated with

pure adsorbed water and are brought into contact without

force. When contact is established, hydrogen bonds of

the opposing crystal surfaces are expected to form. The

adsorbed water evaporates at elevated annealing tempera-

tures leaving a grain boundary behind.

A detailed description of the bonding procedure, as well

as the specific orientation relationship for the samples used,

is given by Hartmann et al. (2010). The contact geometry is

close (6.5� misorientation) to a tilt boundary of 36.9� about

the bicrystals’ common [100] direction, this equals a twist

boundary of 180� parallel to the (210) plane. The additional

misorientation results in a twist component and relatively

poor atomic fit across the interface and can thus be con-

sidered as a model for a general grain boundary. The

bicrystals’ grain boundary can also be considered as a near

R5 (210)/[100] grain boundary.

Diffusion experiments

Diffusion experiments are designed in thin-film geometry,

where the grain boundary is covered with the thin-film

perpendicular to the surface (Fig. 1). Pulsed laser deposi-

tion (PLD, Dohmen et al. 2002; Marquardt et al. 2010) was

used to deposit Yb-doped YAG thin-films on the bicrystal.

A general review of the method is given by Chrisey and

Hubler (2003). As source material (target) for the deposi-

tion, we used a Czochralski-grown Yb:YAG homogeneous

single crystal (Yb1.17Y1.83Al5O12, Marquardt et al. 2009).

Prior to thin-film deposition, the polished bicrystal samples

were heated to 893 K in order to desorb potential organic

contamination. The diffusion anneals of different time

ranges were performed in a gas mixing furnaces at 1,723 K

and ambient atmosphere (air). The annealing durations

were 5, 20, 40 min, 2, 24.1, 48 and 68 h. For the shortest

experiments, the furnace was overheated by about 25�C to

compensate for the drop in temperature related to the

insertion of the sample holder that cooled during the

positioning of the sample. After the diffusion anneal,

the sample was quenched by placing it on a bloc of copper.

Given the thermal diffusivity in YAG (Marquardt et al.

2009) and the thickness of the samples (*1 mm), the time

to reach thermal equilibrium during heating and cooling is

very small compared to the annealing times. Temperature

was monitored in situ by a type-B thermocouple. For the

determination of the grain boundary diffusion, the 24.1-h

anneal was used, because the length of both the volume

diffusion profile and the grain boundary diffusion profile

was long enough for the analyses, but did not extend over

the FIB-foil dimensions.

Transmission electron microscopy

TEM lamellae (15 9 8 9 0.1 lm3) were prepared using

the FIB technique (Lee et al. 2003; Overwijk et al. 1993;

Phaneuf 1999; Wirth 2004). Using this method, samples of

constant thickness can be prepared, which is a prerequisite

to calculate element ratios directly from energy-dispersive

X-ray spectroscopy (EDS) data.

We used analytical and energy-filtered high-resolution

transmission electron microscopy (ATEM, HRTEM) on a

Tecnai F20 X-Twin TEM operated at 200 kV with a field-

emission gun (FEG) as electron source. The TEM is

equipped with a post-column Gatan imaging filter (GIF

Tridiem). All of the TEM images presented are energy-

filtered images, where a 10 eV window was applied to the

zero loss peak. The Gatan DigitalMicrograph software was

used to analyse the transmission electron micrographs.

ATEM was performed with an EDAX X-ray analyser

equipped with an ultrathin window. The intensities were

measured during a counting time of 100 s in scanning

transmission mode (STEM). The incident electron beam

was focused to a diameter of 3.8 nm. We measured in pre-

selected windows of 20 9 40 nm2. The sample was

inclined towards the detector by an angle of 15–20�. The
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thin-film–substrate interface of the sample was oriented

approximately parallel (within 2–5�) to the detector axis

and the incident beam. We avoided crystal orientations

where strong diffraction occurs, such as two-beam (Bragg)

or in-zone-axis orientations, to circumvent the potential

bias of EDS analysis due to electron channelling.

The background was subtracted from each TEM–EDS

spectrum using a second-order polynomial, where the

parameters were adjusted to obtain the best least-squares fit

to the background before and after each relevant peak.

Furthermore, we measured zero-Yb spectra to obtain an

average value for the background noise in our EDS mea-

surements. The noise was then subtracted from each

spectrum. Integrated X-ray intensities of Yb (La,b) and Y

(La,b) were used to calculate the intensity ratio IYb/IY. The

intensity ratios were converted to concentration ratios

using the Cliff–Lorimer equation (Cliff and Lorimer 1975)

to finally calculate the mole fraction of Yb.

A more detailed description of the data processing is

given by Marquardt et al. (2010). They also provide more

details on the error propagation using the Cliff–Lorimer

equation and on the estimated excitation volume as well as

the resolution due to window measurements.

Nano-X-ray fluorescence analysis at the ESRF

Qualitative elemental maps of the diffusion zone in the

bicrystal have been obtained at the European Synchrotron

Radiation Facility (ESRF) in Grenoble, France. Experi-

ments were performed at the nanoprobe beamline ID13,

where a hard X-ray nanobeam generated with nanofocusing

X-ray lenses (NFLs, Boye 2009) is used to run fluorescence

analyses with a spatial resolution ranging from 200 to

50 nm (Hanke et al. 2008; Schroer et al. 2005; Schropp

et al. 2010). A FIB-cut lamella (10 9 8 9 0.25 lm3) was

mounted on a perforated carbon-film on a 3-mm copper

grid, which is a standard procedure to mount TEM-FIB-

lamellae. The energy of the X-rays was 24.3 keV. The

spatial resolution is basically defined by the spot size,

which was determined by gold knife-edge scans to be

165 9 171 nm2 in our experiment. The sample is oriented

45� with respect to both the energy-dispersive detector and

the incident beam to record maximum fluorescence signals.

Experimental results

Thin-film crystallisation

The grain boundary produced by direct wafer bonding is

thoroughly described elsewhere (Hartmann et al. 2010) and

is used for our grain boundary diffusion experiment. The

thin-film, which serves as diffusant source, is oriented

perpendicular to the grain boundary (Fig. 1). It was ini-

tially amorphous (Fig. 2a), but crystallized during the dif-

fusion anneal (Fig. 2b) and adapted the structure and

orientation of the bicrystal. As a result, the grain boundary

extends into the homoepitaxially grown thin-film (Fig. 2c).

The observed progress of the thin-film crystallization

was as follows: After 20 min, the films are polycrystalline

with polyhedral crystals ranging from about 100 to 200 nm

in size, their diameter exceeds the thin-film thickness

(Fig. 2b). Some amorphous material still remained between

the crystals, and at the thin-film–bicrystal interface, local

epitaxial growth is present. After 40 min, epitaxy and

crystallisation are highly advanced (Fig. 3). Thin-film and

bicrystal substrate are completely homoepitactic after 2 h

(Fig. 2c). Diffraction patterns designate only the presence

of garnet phases, and the grain boundaries are now fully

crystalline. In contrast, amorphous material at the surface

of the thin-film was still present, even after annealing for

24 h. The thickness of the remaining amorphous layer

differs with space, mostly it is in the range of 2% of the

entire thin-film thickness, but at one position, it reached

13% of the thin-film thickness (Figs. 2, 3).

Grain boundary characteristics in the bicrystal

and thin-film

We characterised the grain boundary of the original bi-

crystal after each anneal. Structural changes, such as ori-

entation relationships between the adjacent grains, rigid

body displacements, grain boundary migration, dislocation

or step formation, were only rarely observed. For example,

in one experiment, we observed that the orientation and

placement of the grain boundary of the bicrystal changed as

it became curved towards the thin-film–bicrystal interface

Fig. 2 Bright field (BF) images of the bicrystal with the thin-film

prior to and after annealing. For FIB sample preparation, a protection

layer of platinum was deposited on the carbon coating (upper part of
the images). a The thin-film is initially amorphous and has an

excellent contact with the bicrystal. b Thin-film after 20-min

annealing at 1,723 K is partially recrystallized. Some parts of the

thin-film are epitactic with the bicrystal, indicated by broken lines.

Still, some large crystals are present. The right bicrystal grain is in a

strongly diffracting orientation and the lower region of the thin-film

has the same orientation. The outermost *2% of the thin-film are

amorphous, framed with red broken lines. The slightly curved

contrast changes below the thin-film–bicrystal interface on the left

part are caused by a hole in the sample supporting perforated carbon

film. c Thin-film after 2-h annealing at 1,723 K. Diffraction contrast

causes a different shading of the opposing crystals. The thin-film grew

epitaxially on the bicrystal; thus, the grain boundary continues into

the thin-film. The thin-film of this specific sample is 380 nm thick; at

the surface of the left grain, some portions (up to 13%) are not

crystalline, indicated by red broken lines. Note that the grain

boundary produced in the former thin-film is slightly curved. Close to

the surface, it is inclined with respect to the incident beam. A groove

formed during annealing at the surface of the thin-film

c
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(Fig. 4). Samples where such phenomena occurred were

excluded from further investigation. Lattice fringe images

reveal no defects in the lattice planes imaged. Based on

high-resolution transmission electron micrographs pub-

lished elsewhere (Fig. 5 in Hartmann et al. 2010), we

estimate the structural grain boundary width to be 2 nm as

it alternates periodically between 0.5 and 3 nm. The

alternation is related to the periodic strain contrast that

arises from the additional (6.5�) misorientation with respect

to the perfect R5 grain boundary (Hartmann et al. 2010). It

is surrounded by a substantially strained lattice in both of

the adjacent grains.

Furthermore, we investigated the grain boundary formed

within the thin-film. During the initial stages of annealing

(5–40 min), the grain boundary within the thin-film

meandered between the crystals of the polycrystalline thin-

film and was often inclined with respect to the bicrystal

grain boundary (Fig. 3a, b). Figure 3b, taken after a 40-min

anneal, shows that at some parts, the grain boundary cut

already straight through the thin-film.

After longer annealings, the grain boundary of the thin-

film has the same orientation as in the bicrystal (Figs. 2c, 5).

In some experiments, however, minor changes in orienta-

tion occur. Such minor changes are, for example, the

absence of steps that are normally present at the grain

boundary in intervals of 40 nm (Hartmann et al. 2010) or

slight curvatures in the newly generated grain boundary.

The grain boundary in the thin-film of the sample annealed

for 24.1 h displays the same orientation as the grain

boundary in the bicrystal (Fig. 5 STEM image). Lattice

fringe images reveal no defects in the lattice planes imaged.

Diffusion profiles

Inter-diffusion profiles of Yb-Y in the volume and in the

grain boundary are plotted as mole fractions of Yb versus

distance from the thin-film–bicrystal interface (Fig. 6). In

the next section the procedure to extract the grain boundary

diffusion coefficient by numerical fitting is explained. An

overview map of the Yb distribution along and across the

grain boundary is shown in Fig. 5.

Numerical modelling of grain boundary diffusion

Fast diffusion along an isolated grain boundary, accom-

panied by relatively slow diffusion into the volume of the

adjacent crystals, has been considered theoretically in a

number of studies, starting with the pioneering work of

Fisher (1951). The Whipple–LeClaire analytical solution

cannot be used for the present study as it presupposes a

constant concentration in the thin-film and applies to

averaged concentration with depth, where the spatial

average is taken over a series of surfaces parallel to the

thin-film (Le Claire 1963). In contrast, the concentrations

in our experiments are integrated over small windows

across a single isolated grain boundary. The thin-film,
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which serves as the diffusant source, was, however, only

treated very approximately, either it was considered as a

constant source (e.g., Fisher 1951; Whipple 1954) or as an

instantaneous source (Suzuoka 1961; Suzuoka 1964). In

our case, the thin-film undergoes a structural change during

the diffusion anneal that must be taken into account (see

Marquardt et al. 2010). Therefore, the diffusion profiles

were modelled with the following working assumptions:

1. The final diffusant distribution inside the thin-film is

time-dependent and non-uniform; the Yb mole fraction

decreases towards the thin-film–substrate interface.

Therefore, a detailed analysis of diffusion inside the

thin-film is necessary.

2. The diffusion coefficient in the thin-film decreases by

several orders of magnitude during annealing, since it

is initially amorphous and subsequently crystallized.

3. After crystallization, diffusion is similarly slow in both

the thin-film and the bicrystal.

4. As the narrow outer thin-film layer remains amor-

phous, diffusion therein and at the surface of the thin-

film is still fast.

5. After crystallization, the grain boundary cuts through

the thin-film, thus, it is connected to the outermost

layer of the thin-film, where diffusion is fast at all

times.

A numerical model that accounts for these characteris-

tics of the diffusion assembly was developed using the

COMSOL Multiphysics software package for the imple-

mentation of the finite elements approach. The system

geometry is shown in Fig. 7. The OX-axis lies along the

grain boundary, the thin-film region corresponds to nega-

tive values of x. The OY-axis traces the initial interface

between the thin-film and the bicrystal. In our modelling,

we use a two-dimensional setting; the dependence of the

diffusant distribution on z is ignored.

The transport of Yb in the YAG bicrystal (blue region in

Fig. 7) is governed by a linear diffusion equation

oc

ot
¼ Dv

o2c

ox2
þ o2c

oy2

� �
ð1Þ

for the Yb mole fraction

c x; y; tð Þ ¼ CYb

CYb þ CY

;

Fig. 3 BF images of the grain boundary in the thin-film after annealing

at 1,723 K for a period of 40 min. Images a and b are acquired using

different defocus settings on the same sample; thus, different planes of

depth were imaged. The thin-film was about 180 nm thick. a The grain

boundary of the bicrystal substrate starts to curve towards the thin-film

and joins a grain boundary between two grains of the polycrystalline

thin-film. b At a different image plane of the same sample, the grain

boundary of the bicrystal continues straight into the thin-film. The thin-

film is close to full epitaxy. The pitted appearance of the images arises

from the relatively thick sample

Fig. 4 STEM image of an experiment where grain boundary migration

was observed and which was therefore discarded from further

investigation. Grain boundary migration is rather the exception than

the rule in these experiments. The image is partially influenced by

diffraction contrast, visible due to the chosen camera length
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where CY,Yb are the Y and Yb concentrations, respectively.

The parameter Dv denotes the volume inter-diffusion

coefficient between Yb and Y in the bicrystal. Material

transport along the grain boundary is described by a

reduced diffusion equation (see Fisher 1951)

ou

ot
¼ Dgb

o2u

ox2
þ 2Dv

d
oc

oy

� �
y¼0

ð2Þ

for the Yb mole fraction u(x, t) along the boundary

u x; tð Þ ¼ c x; y; tð Þ y¼0

�� ð3Þ

The parameter Dgb in Eq. (2) is the grain boundary

diffusion coefficient, d is the effective grain boundary

width. The last term in Eq. (2) describes particle loss due to

transversal (y-parallel) diffusion into the volume of the

bicrystal. Equation (3) ensures continuity of the mole

fraction.

Diffusive transport inside the thin-film is governed by a

time-inhomogeneous diffusion equation

oc

ot
¼ Df tð Þ o2c

ox2
þ o2c

oy2

� �
; ð4Þ

where the volume diffusion coefficient in the thin-film, Df

(t), decreases from some (large) initial value D? to Dv in

the course of the structural change of the thin-film from

amorphous to crystalline. For simplicity, we assume that

Df = D? for 0 \ t \ tcr (crystallization time) and Df = Dv

afterwards. Initially, Yb is only present in the thin-film,

such that

c x; y; tð Þ t¼0j ¼ c0

0

�
for

for

�h\x\0;
0\x\L;

where h and L denote the extension of the thin-film and of

the bicrystal along the x-axis, respectively. Both mole

Fig. 5 STEM image of the

sample investigated with nano-

XRF (1,723 K and 24.1 h). The

camera length is chosen to

probe a mixture of Z-contrast

and diffraction contrast; the

thin-film is fully epitactic. The

platinum layer is the brightest

grey in the image, the thin-film

appears in light grey and the two

parts of the bicrystal are dark

grey. The region mapped using

the YbLa peak from synchrotron

X-ray fluorescence at the ESRF

is shown in the enlargement

Fig. 6 Comparison of the experimental measurements (points) and

numerical solutions (solid lines) for the volume (blue, data from

Marquardt et al. 2010) and grain-boundary (red) diffusion. Experi-

mental points were measured by EDX-based ATEM on the same

lamella. The interface between thin-film and substrate is at zero. The

blue line was obtained by adjusting the analytical solution for the

volume diffusion profile. The red line results from the direct modeling

of the grain boundary as described in the text. The calculated grain

boundary diffusion coefficient is 4.85 orders of magnitude higher than

the volume diffusion coefficient
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fraction and diffusive flux are continuous at the thin-film–

bicrystal interface, such that

cjx¼0�0 ¼ cjx¼0þ0 and

Df ðtÞ
oc

ox

� �
x¼0�0

¼ Dv
oc

ox

� �
x¼0þ0

:

The numerical solution was calculated in two steps.

First, Eqs. (1–4) were solved for 0 \ t \ tcr for the system

shown in Fig. 7a. A no-flux boundary condition was

applied at the outer border of the thin-film. During the first

stage, the large parameter D? creates a practically uniform

mole fraction distribution in the thin-film, which slowly

decreases due to loss of Yb into the bicrystal.

Instantaneous crystallization is assumed to occur at

t = tcr, the corresponding value of the mole fraction for the

thin-film is denoted by ccr. For t [ tcr, the grain boundary

extends into the thin-film as shown in Fig. 7b and we replace

Df = D? with Df = Dv in Eq. (4). Fast diffusion still occurs

at the outer border of the thin-film, an assumption based on

the observations described in the section on thin-film crys-

tallization. In contrast, inside the thin-film, the mole fraction

distribution is now almost ‘‘frozen’’, changing only slowly,

because Dv « D?. Therefore, we assume that for t [ tcr, the

outer border distribution of c is uniform and time indepen-

dent, and we applied a Dirichlet boundary condition c = ccr

for x = -h accordingly. In a second stage, Eqs. (1–4) were

solved for tcr \ t \ tto, where tto is the total annealing time.

The parameter values were chosen to represent the

experimental settings. Specifically, tto = 24.1 h, tc =

40 min, h = 185 nm, d = 2 nm (which is a mean value of

the observed variations in the structural grain boundary

width), c0 = 0.403. The Yb-Y inter-diffusion coefficient in

the YAG crystal is Dv = 4.3 9 10-20 m2/s as determined

by Marquardt et al. (2010), D? = 105 9 Dv. For the

numerical solution, the bicrystal domain was restricted to

|y| \ 2,000 nm and L = 8,000 nm. Performing calculations

for 0 \ t \ tcr, we have found that ccr/c0 = 0.92. This value

was applied to the Dirichlet boundary condition at the outer

border of the thin-film for tcr \ t \ tto.

Diffusion profiles were simulated for different values of

Dgb. For each simulation, the resulting mole fraction was

evaluated along the grain boundary by averaging c over

20 9 40 nm2 boxes, in order to be comparable with the

ATEM measurement procedure (see section material and

methods). The best fit between the experimental and

numerical results (Fig. 6) yields the grain boundary diffu-

sion coefficient

Dgb ¼ 3� 10�15 m2�
s: ð5Þ

The space distribution of the mole fraction c(x, y, t)

(normalized over c0) is shown in Fig. 8 for t = 0, t = tcr,

and t = tto. As expected, the Yb distribution in the thin-

film is uniform at t = tcr but differs from that at t = 0. For

t = tto, we see a scenario of fast diffusion along the grain

boundary accompanied by comparatively slow volume

diffusion into the bicrystal from both the grain boundary

and the thin-film. Note that within the thin-film, the Yb

mole fraction is now decreasing towards the thin-film–

bicrystal interface in agreement with the experimental

observations.

Figure 6 shows the calculated compositions (integrated

over 20 9 40 nm2 windows) along the grain boundary

versus experimental data. The close agreement suggests

that the model (1–4) and the grain boundary diffusion

coefficient (5) correctly describe the experimental obser-

vations. A better fit for the first 500 nm of the diffusion

Fig. 7 System geometry for the numerical model. b Initial stage of

the system geometry used for modelling. c System geometry after

t = tcr

Fig. 8 Density plots for the mole fraction c(x, y, t) normalized over

the initial value in the thin-film c0 at different times. Left the initial

distribution, t = 0; middle the distribution at the time of crystalliza-

tion, t = tcr, right the final distribution at t = T, it corresponds to the

ATEM measurements
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profile may only be obtained by a further refinement of the

thin-film model.

Also note that the crystallization of the thin-film results

in a reduction of the diffusant supply that influences the

distribution of the diffusant itself along the grain boundary

and thus Dgb. But as the value of Dgb is the logarithmic

derivative of the concentration, it is not very sensitive.

However, the measured concentrations that are compared

to numerics in Fig. 6 are strongly affected by Df.

Discussion

Our study was performed on YAG at 1,723 K and ambient

atmosphere; the experimental conditions of other studies

used for comparison are similar. For the sake of readability,

we will not repeat the conditions continuously.

Thin-film and grain boundary properties

The observed change of the crystals’ orientation within the

thin-film is related to a grain growth process, which is

dominated by the largest grains, i.e. the bicrystal substrate

(Humphreys and Hatherly 1996; Kaur et al. 1995). It has

repeatedly been observed that grain growth in thin-films

stagnates when a grain diameter of a size approximately

equal to the thin-film thickness is reached (e.g. in gold thin-

films, Harris et al. 1998, olivine and orthopyroxene, Milke

et al. 2007). This is not observed in the present study,

probably because epitaxial growth dominates the final thin-

film structure.

The nature of the amorphous surface layer is not com-

pletely clear. We suspect that it formed during crystalli-

sation of the thin-film and that it is a non-stoichiometric

residue that accumulated at the thin-film surface, because

the thin-film crystallisation started at the interface with the

substrate. In our case, minor non-stoichiometry cannot be

detected using TEM–EDS as the composition in the out-

ermost layer of the sample is influenced by gallium

implantation during sample preparation (Lee et al. 2003;

Lee et al. 2007). Alteration of the thin-film’s surface

caused by sample preparation cannot be excluded (Lee

et al. 2007), but is improbable because the thickness of the

amorphous layer varies randomly on a single FIB-foil.

The change in grain boundary orientation and placement

as shown in Fig. 3 suggests that grain rotation, grain

boundary migration and/or chemical induced grain

boundary migration takes place at the chosen annealing

temperatures. It probably influences the kinetics of crys-

tallisation of the thin-film, even though its influence on the

original bicrystal grain boundary is only secondary. We

believe that grain rotation and grain boundary migration

inside the recrystallizing thin-film do not significantly

affect the diffusion process inside the grain boundary of the

bicrystal, at least not so as long as the grain boundary

diffusion lengths in the bicrystal are significantly higher

than that in the thin-film, i.e. at sufficiently long run

durations. We therefore excluded both mechanisms for the

evaluation of the diffusion processes.

Diffusion

The Yb distribution map (Fig. 5) obtained with nano-XRF

has a relatively poor resolution compared to TEM and

cannot be interpreted quantitatively. Nevertheless, it is

consistent with the numerical simulations (compare

Figs. 5, 8). The resolution of about 165 nm is revolutionary

for synchrotron XRF measurements and is very promising

for diffusion studies with profile lengths in the range of a

few micrometres where it could provide an outstanding

spatial data coverage.

Our measured diffusion profile yield a grain boundary

diffusion coefficient of 3 9 10-15 m2/s at 1,723 K and

significantly differs from the grain boundary diffusion

coefficient of about 1.6 9 10-13 m2/s as reported by

Jiménez-Melendo et al. (2001) using SIMS. A similar

discrepancy is found for the determined volume diffusion

coefficients as determined by Jiménez-Melendo et al.

(2001) and Marquardt et al. (2010), possible reasons

including different experimental set-ups and analyses were

discussed therein. For the detailed comparison, it is dis-

advantageous that the characteristics of the thin-film dif-

fusant source are not known in the study of Jiménez-

Melendo et al. (2001). This lead to the use of a diffusion

model not precisely adapted to the experimental condi-

tions. In addition, diffusion profiles measured by SIMS on

polycrystals yield average profiles that contain information

on volume diffusion and on grain boundary diffusion in

many differently oriented grain boundaries. Both studies

extracted the grain boundary diffusion coefficients from the

product of Dgb and d. For d, both use a directly measured

structural grain boundary width, because there is no

information about the effective grain boundary width.

Jiménez-Melendo et al. (2001) used a value of 1 nm,

whereas we used a value of 2 nm as determined on the

specific grain boundary investigated. However, structural

and effective grain boundary widths are not necessarily the

same (Farver and Yund 1991).

We have shown that our clearly defined experimental

geometry has several advantages for the study of grain

boundary diffusion. First, it allows for the measurements of

grain boundary diffusion on a single grain boundary and

the investigation of its orientation at the same time. Sec-

ond, a thorough monitoring of the thin-film’s evolution and

associated changes of the local defect structure is feasible

using TEM. These investigative improvements are the
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basis for the development of our 2D numerical model,

which is well adapted to the experimental observations.

In our study, we find the grain boundary diffusion

coefficient to be 4.85 orders of magnitude higher than the

determined volume diffusion coefficient. Jiménez-Melendo

et al. (2001) report a respective difference of about 5.38

orders of magnitude. Assuming that the two studies are

internally consistent, this indicates that the near R5 grain

boundary studied in this work exhibits a lower grain

boundary diffusion coefficient than an average over many

different grain boundaries. This finding is consistent with

the common assumption that small angle and R grain

boundaries have the lowest grain boundary diffusivities

(Crank 1975; Joesten 1991; Kaur et al. 1995; Mishin and

Herzig 1999; Schwarz et al. 2002; Smoluchowski 1952;

Turnbull and Hoffman 1954). As the investigated grain

boundary has properties of general grain boundaries due to

its additional 6.5� misorientation with respect to the perfect

R5 grain boundary, our finding likely represents a diffusion

coefficient closer to the lower bound; in between the lowest

grain boundary diffusivities occurring in special grain

boundaries and the highest diffusivities occurring in most-

disturbed general grain boundaries. We suggest that the

presented combination of methods is applied to systemat-

ically study the effect of grain boundary orientation on the

diffusion coefficient.

Conclusion and outlook

We performed diffusion experiments on a single, well-

characterized grain boundary. In addition, we carefully

characterized the time-dependent properties of the diffu-

sant source in our experiments. Based on the observed

structural changes of the thin-film and the associated

changes of its transport properties, we developed a

numerical model to extract the grain boundary diffusion

coefficient from the measured diffusion profile. We find

that grain boundary diffusion in our system is 4.85 orders

of magnitude faster than volume diffusion and conclude

that this value is at the lower end of differences between

grain boundary and volume diffusion.

We show that used combination of miniaturized diffu-

sion experiments, high-resolution analytical techniques and

numerical simulations is exceptionally suited to study

volume and grain boundary diffusion simultaneously.

Finally, we note that synchrotron-based nano-XRF to

map diffusion in two dimensions, which we explored in

this study, has high potential for systematic diffusion

studies, where grain boundary diffusion extends over few

micrometre lengths. Furthermore, direct measurements of

the effective grain boundary width are necessary for a better

understanding of its influence on Dgb.
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