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A Ni2 Pð0001Þ single crystal surface has been studied in the framework of model catalysis with a low temperature
pﬃﬃﬃ pscanning
ﬃﬃﬃ
tunneling microscope (STM) under ultrahigh vacuum (UHV). We observed a previously unreported ( 3  3) R30
reconstruction and
recorded its atomically-resolved STM images. Two types of atomic arrangements have been
pﬃﬃﬃ successfully
pﬃﬃﬃ
found for this ( 3  3) R30 structure depending on annealing conditions during preparation. One shows a ﬁlled and the
other one an empty network of polygons. Upon annealing to 940 K, only the latter empty type of structure has been
observed. [DOI: 10.1143/JJAP.47.6088]
pﬃﬃﬃ pﬃﬃﬃ
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1.

Introduction

New environmental regulations for reducing motor vehicle emissions have led to a worldwide search for new
hydrotreating catalysts for removing sulfur from petroleum
feedstocks by hydrodesulfurization (HDS). Among alternatives to the widely used sulﬁdes next generation catalysts are
transition-metal phosphides,1–3) a group of refractory metallic compounds with excellent activity for HDS.1–9) A
review of the subject indicates that Ni2 P is the most active
of the phosphides.10)
To understand the structural and energetic origin of such
high activity, detailed atomic scale surface science studies
are desirable. So far a foundation has been laid with works
on Ni2 Pð0001Þ single crystal surfaces. Low energy electron
diﬀraction (LEED), X-ray photoelectron spectroscopy
(XPS), and scanning tunneling microscopy (STM) studies
have been carried out.11–13) Structural and adsorption properties of Ni2 Pð0001Þ have been studied by the density
functional theory (DFT) method.14,15) Most of these works
focus on a (1  1) unreconstructed surface. On the other
hand the wealth of compounds between Ni and P such as
Ni3 P, Ni8 P3 , Ni5 P2 , Ni12 P5 , Ni2 P, Ni5 P4 , NiP, NiP2 , and
NiP3 16,17) suggest that structures diﬀerent from (1  1) can
be created on the surface depending
pﬃﬃﬃ pon
ﬃﬃﬃ surface composition.
We have observed a new ( 3  3) R30 reconstructed
structure that varies between two related appearances with
raising preparation temperature. In this paper we show STM
results from these reconstructed surfaces.
2.

Experimantal Methods

All experiments have been carried out in an UHV system
(108 Pa), equipped with an Argon ion gun, a four-grid
reverse view LEED optics (SPECS ErLEED100) and a
quadrupole mass spectrometer (Pfeiﬀer Vacuum Prisma
QMS200). Further details on the custom-built STM setup,
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located at the Fritz-Haber Institute of the Max-Planck Society
in Berlin, can be found elsewhere.18,19) While LEED images
have been recorded at room temperature, all STM images
have been obtained at low temperature (4 – 5 K) in a constant
current mode. A cut Pt–Ir wire has been used as
a STM probe. The Ni2 Pð0001Þ crystal of 10 mm diameter
and 1 mm thickness has been mounted on a custom built
sapphire sample holder. The sapphire has a circular hole to
expose the sample back for annealing by electron bombardment. To prevent beam damage a thin molybdenum sheet has
been sandwiched between Ni2 P and sapphire covering the
hole. The sample has then been degassed and cleaned by
repeated cycles of 0.5 keV Argon sputtering for 20 min and
annealing at 900 K for 1 h in ultra-high vacuum (UHV). After
the initial cleaning procedure several preparations have been
performed by sputtering (0.5 keV, 5 mA, Arþ ) followed by
annealing of the sample at diﬀerent temperatures in the range
from 720 to 940 K. The pressure during annealing of the
sample has been on the order of 107 Pa. Such treatments led
to well ordered surfaces in STM and LEED imaging.
3.

Results

The crystal structure of Ni2 P and its two inequivalent
planar subunits (i.e., Ni3 P and Ni3 P2 stoichiometry), which
can be considered two possible ð0001Þ surface terminations,
are shown in Fig. 1. These two layers are stacked alternately
along the ½0001 direction to form the bulk crystal structure
of Fe2 P type (a ¼ 0:59 nm, c ¼ 0:34 nm).20,21) Although
DFT calculations found a Ni3 P2 surface termination to
be thermodynamically slightly more stable than the Ni3 P
termination,14) both structures should be considered.12,13,15)
The bright spots appearing in the STM images have been
assigned to P atoms and their pz orbitals.12,13,22) In those
early works several superstructures have already been
observed in addition to the (1  1) LEED pattern.p13)ﬃﬃﬃ pﬃﬃﬃ
In the present work we have observed a clear ( 3  3)
R30 LEED pattern after heating the Ni2 Pð0001Þ sample at
more than 790 K as shown in Fig. 2. The corresponding
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Fig. 1. (Color online) (a) Bulk crystal structure of Ni2 P (Fe2 P-type).20)
(b) Its projection along the ½0001 direction. Inequivalent environments of
two Ni and P sites are shown. (c) and (d) Top view of the two planar
subunits of Ni2 Pð0001Þ with Ni3 P and Ni3 P2 stoichiometry respectively.
Each constitutes a possible bulk termination. Diamonds (dashed lines)
enclose the projected bulk unit cell of Ni2 Pð0001Þ.
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Fig. 2. (a) A LEED pattern of the ( 3  3) R30 reconstruction
0
observed at 73 eV beam energy. Bulk (a ) and superstructure spots (b0 ) are
visible. Annealing temperature was 790 K during preparation.

STM images recorded from this superstructure are shown in
Fig. 3. Terraces were found to be separated by steps of about
0.34 nm height matching the height of the bulk unit cell in
the ½0001 direction as shown in the line proﬁle in Fig. 3(b).
Domain boundaries such as indicated by a broken line in
Fig. 3(c) are observed as well. There the superstructure is
shifted laterally by about half its lattice constant perpendicular to its symmetry axes relative to the respective other
domain as highlighted by dotted and solid lines. The STM
images reveal a network composed of polygon-shaped units
indicated by black lines in Figs. 3(c) and 3(e). Figure 3(d)
shows a high resolution STM image. The separation between
the units is 1.0 nm matching the long diagonal axis of the
diamond shaped bulk surface cell as shown in Fig. 1. The

(f)

Fig. 3. (Color online) (a) STM image of a terrace step (7  7 nm2 ,
tunneling current It ¼ 10 nA and sample bias VS ¼ þ40 mV). (b) Proﬁle
along the line indicated in (a). (c) Boundary (broken line) between two
domains A and B of the superstructure. The lateral shift of rows of holes
by about half a superstructure lattice constant perpendicular to the
symmetry axes relative to the respective other domain is highlighted by
dotted or solid lines (6  6 nm2 , It ¼ 5 nA, VS ¼ þ2 mV). (d) Atomic
resolution STM image of empty (I) and ﬁlled (II) holes of the
reconstruction. Propeller-like features and central triangles marked by
circles and line segments (7  7 nm2 , It ¼ 10 nA, VS ¼ 1 mV).
(e) Local disorder in the reconstruction. Diﬀerent added atoms in the
empty holes (1) and (2) and a defect site (3) in the polygon framework
(3  3 nm2 , It ¼ 10 nA, VS ¼ 2 mV). (f) Completely empty structure
after preparation at 940 K. Increased number of defects connects holes
to short troughs marked by ellipses (13  13 nm2 , It ¼ 100 pA, VS ¼
þ50 mV).

units are oriented along ½303 0 b1 and ½3 300 b2 directions.
Thus, arrangement and dimensions of the units
and
pﬃﬃﬃ inpSTM
ﬃﬃﬃ
LEED patterns correspond well to a ( 3  3) R30
structure. The large depressions of about 1 nm diameter
occur as empty holes [marked by ‘‘I’’ in Fig. 3(d)] over the
complete bias voltage range from below
pﬃﬃﬃ the
pﬃﬃﬃFermi level to
þ2:4 V. They are situated on the ( 3  3) R30 reconstructed lattice. In other areas one ﬁnds the holes ﬁlled with
bright spots [marked by ‘‘II’’ in Fig. 3(d)]. The framework
around the holes is common to both structures. It consists of
nine protrusions arranged in a polygon as highlighted with
balls and sticks in Fig. 3(d). The polygon is composed of
propeller-like structures and the central bright spots in ‘‘II’’
which form a triangle. The empty hole denoted as ‘‘I’’ has a
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weak protrusion at the center as clearly visible in Fig. 3(d).
The appearance of this weak protrusion changes with the tip
condition and we tentatively assign it to be an artifact
introduced by the tip probably due to an atomically sharp
micro-tip sitting on a rather blunt macroscopic tip.
Upon annealing at 940 K all holes have been found
empty as shown in Fig. 3(f). This all empty hole-type
structure occurs concurrently with increased P desorption
during the preparation at 940 K. Hence the empty type
is related to empty P sites.
pﬃﬃIn
ﬃ some
pﬃﬃﬃ cases the ﬁlled and
empty structures of the ( 3  3) R30 reconstruction
show point defects with added or missing atoms indicated
by circles in Fig. 3(e). Missing sites frequently occur at
the propeller-like features as illustrated in Fig. 3(e). The
partially ﬁlled holes constitute intermediate stages between
the limiting conﬁgurations I and II. In the nearly all empty
hole type structure, some of the edge atoms were missing
and two or three holes connected to short troughs. Additional brighter protrusions are also observed in the defected
polygons.
4.
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Fig. 4. (Color online) Proposed P positions for ( 3  3) R30 structure
based on the assumption that P is imaged in STM. Ni positions are not
revealed and only proposed P positions are drawn. The structure emerges
from the topmost Ni3 P and Ni3 P2 layers. Ni sites of the Ni3 P layer get
occupied by dislocated P.

Discussion

Atomically resolved STM images of the Ni2 Pð0001Þ
surface have been obtained. Terrace step heights have been
found to match the bulk value, but lateral structures diﬀerent
from the two possible bulk terminations have been found
on the surface. The STM
pﬃﬃﬃ data
pﬃﬃﬃ show two local structures
compatible with the ( 3  3) R30 structure: one being
a ﬁlled and the other an empty network of polygons.
Polygons are composed of propeller-like features and
contain additional three central positions in the ﬁlled case.
The sputtering of the Ni2 Pð0001Þ surface preferentially
removes P atoms while annealing replaces the loss by
supplying P from the bulk.11) The desorption of P could be
observed during heating under UHV conditions above
740 K. It increases with temperature and shows a signiﬁcant
increase around 970 K. This progressive desorption of P with
increasing temperature is accompanied by a growing number
of empty holes in the STM results. Therefore the reconstruction seems to be related to the removal of P atoms from
the surface during the preparation. Although p
it ﬃﬃﬃ is p
still
ﬃﬃﬃ
diﬃcult to derive a real space model for the ( 3  3)
R30 structure, we present some possibilities for further
discussion. In analogy to works on Ni3 Al one might assume
that P appears bright in STM images of Ni2 Pð0001Þ and
Ni2 Pð101 0Þ surfaces.12,13,22) This can be rationalized by the
large contribution of P pz orbitals near the Fermi level
similar to Ni3 Al surfaces, where the corresponding Al
orbitals have been claimed to be responsible for the
contrast,23) although there is a local density of d states
localized preferentially on Ni near the Fermi energy.15,23)
Therefore, we tentatively assign the bright spots to surface P
atoms. By comparison of the bright spots with the atomic P
positions in the Ni2 Pð0001Þ layers one ﬁnds three diﬀerent
sites. One can be assigned to the P position from the Ni3 P2
structure and the other one to that from the Ni3 P structure.
The third one has no corresponding P position in those two
layers, but is thought to be a phosphorus atom that relaxed
into the Ni site in the Ni3 P layer as shown in Fig. 4. The last
two appear in the zone running along the b2 -direction,
corresponding to the one unit vector direction of the

pﬃﬃﬃ pﬃﬃﬃ
( 3  3) R30 structure. In this zone two P atoms of
Ni3 P2 are missing. The P deﬁciency may induce the surface
reconstruction including the reconstruction of Ni atoms. We
are now carrying out further characterization like intensityvoltage (IV) LEED analysis to further evaluate the model
structure.
5.

Conclusions

In this paper we report STM results on a new reconstruction on the Ni2 Pð0001Þ surface. Data on dimensions,
orientation and domain boundaries of
obtained
pﬃﬃthe
ﬃ structure
pﬃﬃﬃ
with STM and LEED point to a ( 3  3) R30 superstructure. The structure is composed of a framework of
polygons formed by propeller-like arrangements of bright
features as observed by STM. Polygons do or do not contain
a triangle of positions in their center. With increasing
annealing temperature during preparation the center triangle
progressively vanishes. This corresponds to increasing P
desorption with rising temperature during preparation.
Finally the sole framework is left when preparation is
performed at 970 K. The bright protrusions are tentatively
interpreted as phosphorous on the basis of our experiences
with the (1  1) surfaces of Ni2 Pð0001Þ and Ni2 Pð101 0Þ and
also in analogy to other intermetallic surfaces. Further
accurate data in particular on surface stoichiometry, local
environment of the individual species and electronic
structure are necessary to develop a ﬁnal model from these
basic results.
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