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Absolute Composition Depth Profile of a NiCu Alloy in a Surface Segregation Study
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Using the time-of-Qight atom-probe field-ion microscope, we have obtained an absolute
composition depth profile of a Ni-Cu(5%) alloy, with single —atomic-layer resolution. The
first-layer Cu composition is found to be (54.1+4.7)% on the (ill) plane at 550'C. The
Gu concentration of the near-surface layers is slightly lower as compared to the bulk.
The composition returns to bulk value in about 5 atomic layers, Comparison of our re-
sult with those from other macroscopic techniques and existing theoretical models is al-
so presented.

It is well known that the unique catalytic proper-
ties of highly dispersed, supported alloy parti-
cles arise partly from a segregation of minority
species to the alloy surfaces. A classical exam-
ple of the surface segregation is the enrichment
of Cu at the surface of NiCu alloys. Evidence of
Cu enrichment has been derived from the meas-
urement of catalytic activity, ' from hydrogen ad-
sorption, ' from work-function changes, ' from
Auger-electron spectroscopy (AES),"from low-
energy ion scattering (LEIS),"and from ultra-
violet photoemission spectroscopy (UPS). ' Al-
though significant information has already been
obtained with these macroscopic techniques, it is
generally recognized that a truly quantitative
composition depth profile has not yet been ob-
tained. ' This is probably the reason why the
depth profiles of NiCu alloys obtained by differ-
ent techniques seem to give contradictory results.

An AES result' indicates that the Cu enrich-
ment extends beyond the top surface layer. The
concentration of Cu for deeper layers decreases
monotonically to the bulk value. A LEIS study in-
dicates that the enrichment of Cu does not extend
beyond the top surface layer. ' On the other hand,
a UPS study' concludes that the composition depth
profile has at least one oscillation in the (011)
plane.

We have to realize here that samples prepared
by various macroscopic techniques are not well
characterized on an atomic level. The derivation
of the depth of probing and the calibration of sig-
nals to the composition of a sample is not yet re-
liable for each macroscopic technique. The spa-
tial resolution in depth is also limited. It is
therefore no surprise that results obtained from
different techniques have not been consistent.

These limitations do not exist in atom-probe
field-ion microscopy. "'" Surfaces prepared by
field evaporation are atomically Qat. Character-
ization of a surface is not a problem. Field evap-
oration proceeds atom by atom from a plane edge,

and atomic layer by atomic layer. The field-ion
emitter size, 200-600 A, also corresponds well
with the particle size in practical catalysis. We
have demonstrated in a recent study that the ab-
solute composition of surface layers can be ob-
tained with atom-probe field-ion microscopy with
single-atomic-layer resolution. "'" We present
here for the first time an absolute composition
depth profile of (111)planes in a Ni-Cu(5/o) alloy,
with single-atomic -layer resolution.

The alloy tip was always developed by field
evaporation to an atomically perfect surface. It
was then anealed to 550+ 50'C for 2 to 5 min in a
vacuum of low 10 '-Torr range in field-free con-
dition to equilibrate the distribution of alloys
species in the entire tip. The tip is then quenched
to 78 K. The quenching rate is estimated to be
larger than 104'C/sec. A thermal endform is ob-
served after each annealing, and the (111)poles
develop into large facets. The Cu-enriched top
surface layer gives a much dimmer field-ion
image than other -layers. '~ A controlled, slow
field evaporation was then started with the probe
hole of the atom probe aiming at the edge of a
top (111) layer. As the plane receded, the posi-
tion of the probe hole was adjusted accordingly.
Extreme care was taken not to mix up signals
from different atomic layers. In Fig. 1, we show
an example of the sequential arrival of Cu and Ni
signals, with veritcal lines partitioning each sur-
face layer. To obtain a statistically reliable
amount of data, the tip is annealed again to the
same temperature, and the same procedures
were then repeated. The atom-probe signals
were sorted according to the depth of the surface
layers. The absolute composition of each surface
layer was then derived using a statistical analy-
sis. ' The data points are presented in Fig. 2 as
circles with statistical errors indicated by a ver-
tical bar. " This composition depth profile is ob-
tained by combining eight sets of data from four
tips. The total number of signals detected for
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FIG. 1. Sequential plot of the number of Cu and Ni ions detected.
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FIG. 2. Absolute composition depth profile of the
(111)plane of a Ni-Cu (Hj&) alloy.

each near-surface layer ranges from 130 to 260.
The first-layer Cu concentration is found to be

(54;1+4.7po ~ The Cu concentration decreases
nonmonotonically into the bulk. In fact the sec-
ond, third, and even the fourth layers are slight-

ly depleted in Cu as compared to the bulk. We
did not find a strong enrichment of Cu in deeper
surface layers as that found by UPS for the (110)
plane. '

The reason that the annealing time was carried
out at 2 and 5 min was to check whether a near
thermodynamic equilibrium has been reached for
the samples. Our data give the top-surface-lay-
er Cu concentration of (54+ 7PO and (55 +7Po, re-
spectively, for 2- and 5-min annealing periods
at 550'C. We also found no enrichment of Cu in
top surface layers for nonannealed samples. We
estimate a root-mean-square displacement of- 32 A for Cu atoms in Ni matrix in 2 min at
550'C which corresponds to - 12 atomic layers. "
For 5 min, it is - 51 A, or -19 atomic layers.
The fact that no significant difference in the Cu
concentration is found for the two annealing peri-
ods suggests that a near thermodynamic equilibri-
um of the top surface layers has been achieved.
Our preliminary computer study shows that un-
less a near thermodynamic equilibrium has been
reached in both 2- and 5-min annealing time, the
top-surface-layer concentration will differ sig-
nificantly for the two annealing periods. " Con-
siderable blunting of tips after each annealing
was also observed. We also estimate that during
the quenching process, the root-mean-square
displacement of Cu atoms is less than 0.2 A,
about one tenth of an atomic layer. The quench-
ing thus effectively freezes the distribution of
species. "

A detailed comparison of our result with vari-
ous theoretical models will be presented later. "
In this Letter we present some tentative explana-
tions. An ideal-solution model" gives the top-
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TABLE I. Theoretical value of Cu concentration as a function of depth
in (111)atomic layers.

Bulk conc.
(%)

1st-layer
conc. (%)

2nd-layer
conc. (%)

3rd-layer
conc. (o/o)

4th-layer
conc. (oo)

5

7
8
9

10
15
20
25
30

35.0
46.0
55.7
63.3
68.9
73.0
76.1
84.5
88.1
90.0
9$.1

2.98
. 4.18
5.57
7.04
8.53

10.0
11.5
18.3
24.4
29.8
34.4

3.96
4.96
5.97
7.0
8.04
9.1

10.2
15.6
21.1
26.5
31.7

4.0
5.0
6.0
7.0
8.0
9.0

10.0
15.0
20.2
25.3
30.4

layer Cu concentration of 57.67%%uo when a bulk Cu
concentration of (4.63+ 0.77)% is used for the cal-
culation. This value is the average of all the non-
top-surface layers. Although this model agrees
reasonably mell with our experimental data, it
does not account for the slight depletion of Cu ob-
served in the near-surface layers.

A multilayer regular-solution model"'" gives
a much too high top-layer Cu concentration of
94.2%%uo when the bulk concentration of Cu is taken
to be (5.82+ 1.11)%%, the average of layers below
the fifth layer. This model also predicts a Cu en-
richment in the second and third layers as shown
in Fig. 2, in contradiction to our result.

Our experimental result seems to fit best mith
the model of William and Nason, "with an enthal-

py relaxation parameter 6 of 0.1686, that is to
assume that all the bond enthalpy of atoms in the
first layer will change by the same fraction by
the presence of the surface. This model also
predicts a slight depletion of Cu in the second
and third layers within a certain range of bulk
Cu concentration as shown in Table I. It is inter-
esting to note that the experimental result of a
recent LEIS study' fits well with the model when
6 =0.16 is used. In this case only the enthalpy of
the lateral bonds in the surface is allowed to re-
lax. We recognize here that a 6 =0.16 seems to
be unrealistically large.

The interesting findings of this study include
the following: (1) The first successful absolute
composition depth profile with single-atomic-
layer resolution. (2) No enrichment of Cu beyond
top layer (in contrast, enrichment of Cu beyond
top layer has often been found by other macro-
scopic techniques). (3) A slight depletion of Cu

in the near-surface layers, which can be account-
ed for by a dynamic effect as discussed here, or
by a kinetic effect."
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