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PARTICLE SCATTERING STUDIES ON FOREIGN IONS IN SUPERIONIC CONDUCTORS

W.L.Roth, R.E, Benenson, C. Ji, and L., Wielunski
Physics Department, State University of New York, Albany, NY 12222

and B. Dunn, University of California, Los Angeles, CA 90024

ABSTRACT

The effects of foreign ions on the structures and properties of
superionic conductors are being investigated. This paper reports
Rutherford backscattering, nuclear reaction analysis, and channeling
studies on Naf-alumina crystals doped with Mn by ion implantation and
with Li and Mg from melts. Implantation disorders the Naf-alumina
surface. On heating, the surface crystallizes, and ¥n diffuses into Al
sites. The melt-doped compositions are accounted for by Mg
substitution in the spinel layer and by Li in the conduction plane.
Particle scattering has been uvsed to profile sodium and impurities in

Naf-alumina ceramics and F disorder in 3-PbF2.
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n io

The structure, conductivity, and stability of superiomic
conductors can be changed by incorporating additives and impurities in
solid solution. In many cases, the added element is an essential
component of the atomic arrangenent, and it must be present to obtain
the phase with the desired properties. Examples of essential foreign
ions are Ca and Y in calcia-stabilized zirconia and Li and Mg in
NaB‘-aluminn. In the former, as a result of substituting divalent and
trivalent cations for tetravalent zirconium, vacancies are introduced
into the anion sublattice, and iomic currents can then be carried by
oxygen hopping between occupied and vacant sites. In the latter,
NapY-alumina is metastable in binary compositions and ’stabilized’
by the substitution of Li and Mg for Al in the spinel layer.
Undesirable impurities may be introduced in the raw materials or from
the environment. Examples of undesirable ions in Naf-alumina are
calciom, which inhibits ionic conductivity, and iron, which is a
source of electrons for electronic conductivity.

A variety of experimental techniques can be used to dope
superionic conductors. Foreign ions may be built into the lattice at
the time of crystal growth by incorporating them in the raw materials.
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After the crystals are grown, dopants may be introduced by diffusion
at high temperature, ion exchange in molten salts, and implantation
with high energy ions from an accelerator. The various methods insert
the foreign ion in different crystallographic sites and result in
materials with different properties.

An unique feature of ion implantation is its potential for
introducing a wide variety of ions with different electronic
structures into crystallographic sites that are not accessible by
thermal methods. The implanted ions have 2 range of a fraction of a
micron to a few microns and are studied by near—surface techniques,
such as Rutherford backscattering (RBS) and nuclear reaction analysis
(NRA). A consequence of implantation is lattice and structure
disorder in the surface layers, which can be investigated using alpha
particle and proton channeling.

This paper reports surface studies on Nap—alumina that was doped
during crystal growth and by ion implantation. We also describe the
use of these techniques to measure depth concentration profiles of
impurities in the near-surface layers of Nap,f”-alumina ceramics and

to study structure disorder in B-PbF, crystals.

2

Experimental

Ion implantation and particle scattering experiments were
performed st the Accelerator Laboratory of SUNY-Albany. RBS spectra
were collected using 2 and 3 MeV a particles. Atomic composition
ratios in the surface were obtained from the ratios of step-edge
heights and the Rutherford scattering cross sections. Concentration
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changes in ,5 -alumina were followed to depths of s few thousand

angstroms below the surface using 2 MeV alpha particles and to depths
of several microns using 1.9 MeV protons. Methods for interpreting
particle scattering measurements are given in Ref (1).

The compositions of monocrystals and ceramics of NaB-alumina and
Nap’-alumina were determined by means of the nuclear reactions

23 A X 7. .
Na(p,p'y) "Na, Ll(p,p'7)7Li,

zsug(p.p'y)zsng. 27A1(p.1)2881, and
1SN(p.u.)n(! reactions. Mg could only be very weakly
detected. Pb and F in PbF2 was determined by simultaneous
measurement of elastic backscattering and the
19F(p,¢7)160 nuclear reaction.

Axzial channeling widths and backscattering yields were measured
using a two-—axis goniometer. The Nafi-alumina crystals tended to
charge in the ion beam. To prevent surface damage, the positive charge
was neutralized with a beam of electrons directed from a heated
filament near the crystal. The goniometer was equipped with a furnace
that could be heated to make jin gity measurements to temperatures
sbove 400°C without exposing the specimen to the atmosphere.
Manganese was implanted in Nafi—alumina slabs cut from a Carbon and
Carbide Co. crystal boule. The implantations were made in a direction
approximately parallel to <0001) with 110 keV ions of ssﬂn. The
implanted dose ranged from 0.1 to 1.1:1017ln+/cn2.
The crystals for implantation were cut with a string saw into 4x8mm
slabs, asbout 0.5 mm thick. Portions of the crystal were shielded from

the ion beam so that RBS and channeling measurements could be made on
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implanted and unimplanted areas.

Lithium and magnesium doped Nap- and Nap”~-alumina crystals were
grown by isothermal evaporation of leo from melts at
1695°C. The melts were doped with Li, Mg, and Li+Mg mixtures,
Crystal growth details and conductivity measurements have been

reported (2).

Melt-Doped Beta Aluminas
The various methods of introducing foreign ions into Naf-alumina

produce widely differing results, in large part because of its unique

layer structure. The Al-O framework comprising the spinel layer is
held together by strong ionic bonds, and reactions requiring mass
transport, such as diffusion and sintering, are slow at temperatures
below 1500°C. In contrast, the bonds to sodium in the
conduction plane are very weak, and ion exchange reactions are rapid
at temperatures as low as 300°C. The doping experiments
described in this section were carried out at 1695°C, at which
temperature diffusion is rapid; the site locations are determined by
the thermodynamic activities of the ions in the crystal and in the
melt.

Since the classic work of Kummer et al. (3), it has been known
that L1+ and l;+ can be incorporated in the B and
f'alumina crystal structures. This section briefly reviews the
compositions of mixed (Li-Mg)-p and f” aluminas as an example of the
use of NRA to determine the comcentration of dopants in a single small

crystal.
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Table I gives the composition determined by NRA near the surface
of Na-B and Nap"-alumina crystals, grown from melts doped with
different Li/Mg ratios. The stoichiometries are expressed as atoms per
spinel block and compared with that of a Carbon and Carbide

Naf-alumina crystal,

TABLE 1

COMPOSITION OF MELT-DOPED BETA ALUMINAS

Atom Ratio Phase Beta Beta” Bets”
Mg/Li Melt 0.5 1.0
Solid 3.0 40.0
Mg/Al Melt 0.015 0.031 0.13
Solid 0.051 0.077 0.083
Li/Al Melt 0.030 0.030 0
Solid 0.017 0.002 0

Table I shows that both Naf-— and f“-alumina can accommodate a
substantial number of Mg atoms in their structure. The Mg content
increases with the Mg concentration in the melt, The number of Mg
appears to be approaching an asymptotic limit of one Mg per spinel
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block, regardless of whether the crystal has the § or f*alumina
crystal structure. By contrast, Nap-alumina accepts only moderate
quantities of Li, and Nap*~alumina accepts practically none at all.
The partition of Li and Mg between the two different crystal
structures is determined by the ratio of their activities in the solid
and the melt. Assuming that doping depends primarily on the stability
of the ion in the solid, which is by no means certain, the partition
of the additives sunggests that Mg is more stable in the spinel layer
and Li is more stable in the conduction plane., It is known from
neutron diffraction that Mg (4) and Li (5) replace Al to reduce local

stress in the center of the spinel layer, and the same substitution is

expected to occur in Nap-alumina. The failure to grow crystals of
Li-stabilized f“alumina can be explained by imstadbility of the

ternary compound in equilibrium with the melt.

- = i

The results of using ion implantation to introduce foreign ions
in a superionic conductor will now be given. NaB-alumina was chosen
for an exploratory study of the potential for doping superionic
conductors by ion implantation because a great deal is already known
about substitutional and interstitial defects in its structure (4).
Mn was selected as the foreign ion to be implanted because it is a
transition element with well known electronic and optical properties,
snd its high atomic number is an advantage for profiling and an
intended subsequent structure analysis with SEXAFS.

Fig 1 displays RBS spectra of a Nafi-alumina crystal directly
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after Mn implantation, after annealing at 1100°C for 1/2 hr, and

then after annealing at 1100°C for 25 hrs. The Mn dose was

7 In+/cn2. implanted at 110 keV normal to

1.11101
the cleavage face.

The projected range of the Mn, estimated from the energy shift of
the Mn edge upon tilting the target away from normal incidence, was
about 700A. The implanted atoms introduced substantial disorder into
the Nap-alumina surface, which can be seen from enhanced
backscattering of Al in RBS spectra measured with the ion be P ]
direction aligned with the <0001)> axis of the crystal, Fig 2 "ig 3
compare the spectra measured on : Naf-alumina crystal, before and
after implantation, The broad Al peak on the aligned spectrum of the
implanted crystal is caused by a disordered layer that is not in
atomic register with the underlying substrate. The depth of the
disordered layer, estimated from the width of the peak, is about
1500A, twice the projected range of the Mn ionms,.

When an incident particle beam lies nearly along the axis of a
good crystal, the particles are steered away from close encounters and
the number of nuclear collisions is reduced. The result is that the
scattering by Coulomb collisions at angles almost 180° with
respect to the incident beam is much reduced, yielding a minimum RBS
yield in a narrow angular interval. This channeling was used to
investigate the structural damage in the surface by determining the
angular dependence of the alpha particles backscattered from Al and Mn
atoms when the incident beam was nearly aligned with the <0001) axis.
The minimum yield, ternedjk,-in. ranges from a very few percent
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of the yield for a random incident ion direction for a perfect crystal
to values approaching 100% for s nearly amorphous layer., An
indication of the amount of damage introduced into a crystal is
provided by the yield at the minimum in the backscattering spectrum of
the unimplanted and implanted crystal, as shown in Fig 4. The
backscattering yield for Al atoms in the unimplanted crystal is given
by the angular channel width ¥ =1,0° and the backscattering

minimum yield'x nin=5$. The corresponding channeling yields

measured on the implanted crystal are \V=1.0o and

Xnin=45$. The dechanneling is evidence for a substantial number

of interstitial atoms in the surface. The angular dependence of the Mn
yield across the channel gave no indication of chanmeling, from which
we conclude that Mn is more or less randomly distributed in the
surface.

Theoretical channeling widths and minimum yields have been
estimated for a simplified model of the Naf—alumina lattice. Taking
an average spacing for the A1-0 rows parallel to the c-axis, an
average isotropic Debye parameter for Al and O from diffraction data,
and neglecting the contributions of sodium and oxygen in the
conduction plane, the predicted channeling width and backscattering
minimum yield are ¥ =0.8° and X . =5.7%. The
experimental yield and channeling width in unimplanted NaB-alurina is
in reasonable agreement with the theory, considering the
approximations that were introduced in order to make the theoretical
calculation,

We now discuss the processes that take place in the implanted
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surface during annealing. The channeling spectrum in Fig 5 shows that

annealing causes the Mn to spread out and diffuse toward the surface,
as shown by the broadening of the peak and the shift of the Mn edge to
higher energy. At the same time, the disappearance of the disorder
peak in the aligned RBS spectrum, and an increase of X min(Al)

to 55%, means that the damaged layer has recrystallized into small,

slightly misoriented, crystalline regions. Turning now to Fig 4, we
estimate ftom'x_min(Mn)=85$ that about 33% of the Mn atoms have
substituted in Al sites. After a 25 hr anneal, the Mn substitution
increased to about 100%. After heating at 1500°C, ¥n could no

longer be detected in the surface and there was a substantial
improvement in the perfection of the surface structure, as shown by
)gin(Al)= 25%. At this time it is not known whether the Mn

vaporized or, as a result of diffusion, was present in the surface at
a8 concentration too small to detect.

Table II summarizes the channeling yields determined for
implanted and annealed crystals, The first column gives the heat
treatment and the second and third columns the backscattering minimum
yields for Al and Mn. The fourth column is an estimate of the

fraction of Mn atoms that have substituted for Al,
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IABLE 11
CHANNELING YIELDS

Nap-alumina implanted with Mn and annealed. The Mn dose was

1.1x1017ln+/cn2. ss measured by RBS.

Heat Treatment X ai Al X min™® Remarks

Cleaved crystal 5 Unimplanted
Implanted crystal 45 100 Mn random

1100C 1/2 hr 55 85 33% substitution
1100C 25 br 59 59 100% substitution
1500C 1 hr 25 ? Mn not detected

Applicstions to Cersmics

Particle scattering has been used to investigate several
different phenomena in superionic conductors, and we mention here
studies on Naf-alumina ceramics (6) and B-PYF,.

For technological applications, solid electrolytes are used in
the form of thin-walled cersmic plates or tubes. On a
sub-microscopic scale, ceramics are not homogeneous, and to understand
the relationship of additives and impurities to properties it is
necessary to consider foreign ions that are in the crystal grains, in
the grain boundaries, and in the surface. Surface studies on
Naf-alumina ceramics show the foreign species fall into three
categories: 1) heavy metal impurities, 2) by-products of atmospheric
corrosion, 3) excess or deficient 'non—stoichiometric’ sodium.
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The first category is typified by heavy metals, such as W and Fe,

which may deposit during forming and firing and extend several pm
below the surface. The second category is hydrogen, present in the
surface as chemisorbed H20 or OH . Hydrogen in the

near—surface layers of Nap-alumina ceramics can be bound by strong
chemical bonds and we have found it to be retained at 400°C and

10_6 torr, Measurements of Na concentration depth profiles using

NRA are useful for studying the distribution in ceramics of
non-stoichiometric sodium , a term used here to refer to Na
concentrations greater than or less than single crystal compositions.
The atom fraction of Na in the 1ecar-surface layers may differ
substantially from that in single crystals of Na-f and B” alumina.
Examples of Na depth profiling on ceramic tubes that were known from
x-ray diffraction to be mixtures of Na-f and B* alumina are given in
Fig 6. Below a um, the Na concentrations are uniform and intermediate
to those of crystals of the pure phases. However, in the near—surface
layers, the Na concentration in one of the ceramics is equal to that
in pure Nap-alumina and the concentration in the other ceramic is

extremely high, showing it is contaminated with a Na-rich phase,

probably sodium meta-aluminate or sodium hydroxide.

B-PYF ,
B—PbF2 is being studied by channeling at high temperature
for insights into positional and thermal disorder of the conduction
ions. B-Pbl'-‘2 is among the best anion conductors known to date. :

12 4
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Although it has boeen the subject of several x-ray and neutron
diffraction investigations, there is still confusion in the
literature about the location of the F ions (7)(8). Channeling is

interpreted by a physical model that does not involve phase

relationships between the scattering centers, and it therefore offers
an alternative technigue for examining structure disorder in a
lattice. The widths of the angular scans and the minimum yields are
related to the positions and vibrations of the atoms in the atomic
rows, To investigate the mechanism of the superionic conducting !
transition in PbFz. simultaneous measurements of Pb and F

channeling are being made as a function of temperature with a proton
beam incident on the <100), <110), and <(111) directions. An example of
<110) channeling by Pb and F at 590K is given in Fig 7. The
channeling measurements support the fluorine disorder models that bave

been proposed to explain diffraction data.

Discussjop
There are numerous ways in which ion beam analysis can be used to
study iomic conductors, including analyzing the composition of single

crystals, determining composition depth profiles of dopants and

impurities in the near—surface layers of ceramic electrolytes, and

studying structure disorder and defects by channeling. The results

obtained on Li and Mg doped crystals show it is possible to determine i
the composition of a single, small crystal. Solid electrolytes ]

typically are non-stoichiometric and they exist over extended ranges
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of chemical composition. The composition-stability relationships are
not well known in many systems and it should be possible to clarify
the phase diagrams by using particle scattering to determine the
composition of very smsll crystals.

Our experience has shown that the composition in the
near—surface layers of ceramic electrolytes can, and usually does,
differ from the interior. Depth profile analysis to determine
composition gradients as a function of distance from the surface is
useful for studying the diffusion of impurities to and from the
ceramic interior and reactions with the environmen.

There should be no difficu.ty extending ion implantation to a
wide variety of ions and so0lid electrolytes. Ion implantation
inevitably introduce damage in the target but the results on
Mn-implanted NaP-alumina indicate radiation damage may not be a
serious problem for the disorder can be removed by annesling at
moderate temperature. To understand the effects of ion implants on
the properties of superionic conductors, methods will have to be
doevised for determining the structure and properties in the

near-surface layers. We are planning to use SEXAFS and chamneling for

this.
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Fig 1.

Fig 2.

Fig 3.

Fig 4.

Fig §.

Fig 6.

Fig 7.

FIGURE CAPTIONS

RBS spectra of Naf-alumina implanted with 1.1;1017

Mo'/cm® at 110 KeV. Solid line, as-implanted.

Dash—-dot line, annealed 30 min, Dashed line, annealed 25 hr.

RBS spectra of Naf-alumina: Solid line, random spectrum. Dashed

line, aligned spectrum.

RBS spectra of Mn-implanted Naf—alumina: Solid line, random

spectrum, Dashed line, aligned spectrum,

Backscattering yields as a function of angle across <0001)
channel: X= Al yield, unimplanted crystnl.A=A1 yield,
implanted crystal, O=Mn yield, implanted crystal, The implanted

crystal was annealed 30 min at 1100°c.

RBS spectra of Mn-implanted Naf-alumina, annealed for 30 min at

1100°c.

Sodium depth profiles in near-surface layers of Nap-alumina
ceramics. The solid and dashed lines were measured on the inside

and outside surfaces of the cylindrical, closed-end tubes.

Proton channeling in p-PbFz at 590K, Backscattering

yields of Pb and F as a function of angle across <110) channel.
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