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Structural Inequivalence of the Ion-Damage-Produced Amorphous
State and the Glass State in Lead Pyrophosphate
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(Received 14 November 1988)

The detailed structural changes that occur during ion-beam-induced amorphization of a solid have
been experimentally determined for the first time using single-crystal surfaces of lead pyrophosphate
that were implanted with varying doses of Pb + ions. For all Pb-implant doses, the structure of the
amorphous layer produced by ion bombardment was found to be significantly diff'erent than the structure
of lead pyrophosphate glass prepared via thermal quenching.

PACS numbers: 61.40.+b, 61.16.—d, 61.80.Jh

The present work addresses one of the most funda-
mental questions concerning the structural makeup of
amorphous materials: What is the relationship between
the microscopic structure of the material and the method
used to produce the amorphous state? Detailed structur-
al information for either the amorphous, the partially
disordered, or the glass state of some phosphate solids
can be obtained by means of the modern technique of
high-performance liquid chromatography (HPLC). '

Accordingly, this method is ideally suited for addressing
the above question in the case of phosphate materials. In
fact, the HPLC method was recently used to study the
detailed structural changes that occur during the
thermally induced transition from a lead pyrophosphate
glass to the homogeneous crystalline solid. At this time,
although the method is limited to phosphates, it appears
that no other technique is capable of providing such de-
tailed structural information regarding the type and dis-
tribution of anions present in an amorphous or glassy
solid. Additionally, the HPLC technique is sufficiently
sensitive to permit the study of the structure of very thin
(-200 nm) amorphous layers produced by ion implan-
tation of single-crystal surfaces.

The phosphate solids of interest here are composed of
PO4 tetrahedra that are corner connected to form chains
of varying length. These chains can be thought of as
phosphate anions that bond to metal cations to form ei-
ther the charge-neutral amorphous solid or a glass. In a
given crystalline phosphate solid usually only one type of
phosphate anion is present, but, in an amorphous materi-
al or glass with the same composition, both longer and
shorter phosphate chains are present. In the present
case of the PbqP207 composition, HPLC can be used to
determine quantitatively the relative concentration of
each type of phosphate chain (anion) present in the
disordered or crystalline solid. Although the technique
of HPLC is widely applicable to a large class of metal
phosphates, the present work will focus only on lead py-
rophosphate Pb2P207. Lead pyrophosphate was chosen
for the present study for several reasons. Large single-
crystal plates of Pb2P2O7 (—2&&2X0.2 cm ) can be easi-

ly grown by slowly cooling (—1'C/h) a melt of the ap-
propriate amounts of PbO and Pq05 from 900 to 700 C.
Large single-crystal surfaces increase the HPLC signals
for the extremely thin amorphous surface layers pro-
duced by ion bombardment. Additionally, if a melt with
the Pb2P207 composition is thermally quenched between
two cold copper plates, a homogeneous lead pyrophos-
phate glass is formed, and the structural properties of
this glass can then be directly compared with the struc-
ture of the amorphous layer produced by ion bombard-
ment.

Lead pyrophosphate crystallizes in the triclinic space
group Pl and consists of pyrophosphate anions (i.e., two
corner-linked PO4 tetrahedra) bonded in the solid via
surrounding lead cations. The pyrophosphate groups are
arranged in the form of sheets that are stacked to form a
highly micaceous and easily cleaved crystal. Laue back-
reAection x-ray measurements confirmed that the large
crystal faces in these as-grown crystals were perpendicu-
lar to the c axis and parallel to the pyrophosphate sheets.

The entire surface of freshly cleaved or "as-grown"
lead pyrophosphate crystals was implanted —10 off' of
the c axis with Pb+ ions at 540 kev/ion with doses
ranging from 10'' to 5X10' ions/cm . For the highest
implant dose, this represents an average change in the
lead concentration in the implant profile of only 4%. The
implantation process results in a Gaussian-shaped distri-
bution of implanted lead ions centered approximately 50
to 100 nm below the surface. The actual damaged sur-
face layer, however, typically extends about 100-200 nm
into the crystal because of "knock on" processes. The
Pb2P207 crystals were implanted at liquid-nitrogen tem-
peratures to prevent thermal recrystallization due to
ion-beam heating, and no buildup of charge on the crys-
tals was noted during implantation. For similar phos-
phate materials, it has been found that an implantation
dose of between 10' and 10' ions/cm is sufficient to
render the near-surface region amorphous as determined
by ion channeling and x-ray diff'raction. '

Only the large faces (c axis) of the lead pyrophosphate
crystals were implanted with lead. All other remaining
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of a series of peaks whose position corresponds to the
type of phosphate anion (P~, P2, . . . , etc. ) and whose
area is directly proportional to the amount of phosphorus
contained in chains of that length. The HPLC system
can be calibrated by analyzing various crystalline phos-
phate compounds with known structures. Both the
residence time of individual phosphate anions on the
column and the linearity of the detection signal with
phosphorus concentration are calibrated using the crys-
talline standards.

A comparison of the chromatogram of a lead pyro-
phosphate glass produced by thermal quenching and that
of a 100-nm-thick amorphous layer formed by ion im-
plantation (10' Pb+ ions/cm ) is shown in Fig. l.
Gross structural differences are obvious for the two ma-
terials. Relative to the glass, the percentage of P2 is
much lower for the ion-damaged layer which indicates
that this layer is actually "more amorphous" or more
disordered than the thermally quenched glass of the
same composition. In addition, the glass has a much
larger percentage of P3 anions whereas the amorphous-
implanted layer has significantly higher concentrations
of PI, P4, and P5 anions.

The chromatograms obtained from a 100-nm layer of
the implanted lead pyrophosphate crystal surface are
shown in Fig. 2 for various Pb+ implant doses. The
chromatogram at the top left of Fig. 2 is obtained from a
freshly cleaved, unimplanted crystal surface. With the
exception of a very small amount of P~, the chromato-
gram consists of a single P2 peak, corresponding to the
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FIG. 2. Liquid chromatograms from 100-nm-thick layers on

the surface of lead pyrophosphate single crystals that have
been ion-implanted with various doses of Pb ranging from 10"
to 10' ions/cm . The crystals were implanted with Pb+ ions
at 540 keV/ion with the doses indicated in the figure. The top
left chromatogram was obtained from an unimplanted crystal
and is shown for comparison.
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FIG. 1. Liquid chromatograms from a lead pyrophosphate

glass produced by quenching the melt (top) and from a 100-
nm-thick ion-damage-produced amorphous layer (bottom) on
the surface of a lead pyrophosphate single-crystal implanted
with 10' Pb+ ions/cm at 540 keV/ion.
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faces of the crystals were masked using silver paint so
that these surfaces were not affected when the crystals
were analyzed by the HPLC technique. Although the
surface area of these faces was quite small, these smaller
faces (i.e., a-c or b-c surfaces) contributed to the
chromatogram about an order of magnitude more, per
unit surface area, than the larger faces (i.e. , the a bsur--
faces that are parallel to the cleavage direction).

The implanted, masked crystals were placed in a 1-
cm solution of 0.22M NaCl and 5x10 M Na4EDTA
(EDTA denotes ethylenediamine tetra-acetic acid) until
the amount of phosphorus in solution corresponded to
the loss of a surface layer from the crystal approximately
100-nm thick. This process typically took between 15 to
30 min, but the exact time was determined for each im-
planted crystal since the dissolution rate of a heavily im-
planted layer was over 10 times faster than that of the
as-grown, unimplanted crystal surface. Amorphous sur-
face layers of approximately the same thickness were an-
alyzed since, for a given implant dose, a variation of the
local damage (and hence structure) with depth below the
crystal surface could be resolved by the HPLC method.
The structural analysis was carried out by injecting a
small portion of the solution containing the phosphate
anions from the implanted layer into the HPLC sys-
tem. The various anions were separated by an ion-
exchange column that could resolve phosphate chains up
to thirteen PO4 tetrahedra in length (P&, P2, P3, . . . , Pt3)
as well as cyclic phosphate anions that are present in
some phosphates. The resulting chromatograms consist
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Structure Of lan-Damaged Layers
On Pb2P2O7 Crystals
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FIG. 3. The evolution with implant dose of the relative con-

centration of the five major phosphate anions in the ion-
damaged layer. The corresponding concentrations of these
same phosphate anions observed in a thermally quenched lead
pyrophosphate glass are indicated by the dotted lines in the
figure.

presence of pyrophosphate anions in the solid crystal.
This result, of course, is in agreement with the x-ray
structural refinement for this material. For a relatively
low lead dose of 10'' ions/cm, structural changes are al-
ready evident in the chromatogram; i.e., the concentra-
tion of P~ is measurably larger and there is also a small
but measurable amount of P3. As the lead implant dose
is further increased, the fractions of P ~ and P3 in the sur-
face layer increase significantly and still longer chains of
phosphate anions are found. At a lead dose of about
10 ' ions/cm, the chromatograms indicate that the
damaged surface layer approaches a limiting amorphous
structure and further increases in the implantation dose
do not produce additional structural alterations.

The details of the structural evolution of the ion-
damaged surface layer are illustrated in Fig. 3. Here the
vertical axis corresponds to the percentage of total phos-
phorus present in each phosphate anion as the surface is
exposed to increasing implant doses. These data provide
a detailed map of the structural path followed by lead
pyrophosphate as it is made amorphous with increasing
doses of Pb +.

An important observation regarding the structural

evolution of the ion-damaged-amorphous layer is that,
regardless of the implant dose, the structure of this layer
does not correspond to that of lead pyrophosphate glass
prepared by thermal quenching of the melt. This point is
illustrated by the data shown by the dotted lines in Fig.
3. Since it is not possible to reproduce the glass struc-
ture for any implantation dose, the ion-beam-amor-
phization process of lead pyrophosphate should not be
viewed as equivalent to a thermal quench (-10 K/sec)
of the molten Pb2P207 liquid.

This finding differs from the results recently obtained
by Lee et al. " on a diA'erent class of amorphous solids,
i.e., amorphous metal alloys. Lee et al. used x-ray
diffraction to show that the local atomic order was the
same in amorphous Cu-Zr alloys regardless of whether
the alloy was made amorphous by melt spinning,
mechanical alloying, or irradiation by 2-MeV protons.
Although the HPLC technique is more sensitive to
intermediate-range order than is x-ray diffraction, the
results of Lee et al. and those reported here clearly illus-
trate the danger of generalizing the properties found for
a particular amorphous material to all classes of amor-
phous solids.

The mechanism by which longer phosphate anions are
produced by ion implantation is not understood at this
time. A relevant observation, however, is that for all ex-
cept the highest implant doses, the average chain length
of the phosphate anions in the damaged layers (as deter-
mined from the data in Fig. 2) remains near 1.95. If a
very simple ionic model is assumed for an amorphous
phosphate solid in which the charge on the phosphate
chains is balanced by the charge on the metal cations, it
is clear that for Pb2P207 to remain a charge-neutral ma-
terial, the average chain length must remain very near 2.
In the ionic model, each phosphate chain of length n has
a charge of n+2. It is easy to visualize why substantial
amounts of Pt are created in the implantation process
since the 540-keV lead ion can easily sever any chemical
bond including the bond between the two tetrahedra in a
pyrophosphate anion. If, however, large amounts of P~
are created without the formation of longer chains, then
a substantial buildup of charge in the solid would occur.
It may be this charge buildup that supplies the necessary
energy for the formation of the observed longer chains.
For those layers with very high Pb implant doses, the
same basic argument holds —but the increase in the lead
concentration (up to 4%) in the implant layer lowers the
average chain length expected for the charge-neutral
solid to about 1.8 rather than 2 (as is experimentally ob-
served). For lead pyrophosphate glass, the average chain
length is very near 2 (2+'0.02), and so for this material,
formal charge neutrality is also preserved.

In summarizing, these results show that in the case
of lead pyrophosphate, the amorphous ion-damage-
produced state and glass state are structurally inequi-
valent —regardless of the implant dose. This finding in-
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dicates that for this material the ion-damage process
should not be viewed as a mechanism that is equivalent
to melting the material followed by a thermal quench of
the molten liquid at rates in the range of —10 K/sec.
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