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Abstract
We have performed two-dimensional photoelectron spectroscopy measurement on
Ni(111) surface. A two-dimensional photoelectron intensity angular distribution
(2D-PIAD) from the Ni(111) surface was obtained using a display-type analyzer and
the linearly polarized synchrotron radiation. 2D-PIAD showed the symmetry-lowered
pattern due to the polarization vector of SR light. This suggests that the Fermi surface
of Ni(111) is constituted by a mixture of dyy, dy;, d;x atomic orbital components; T,

orbital.



1. Introduction

The transition metal Ni has attracted much attention because of its interesting
electronic, magnetic, and chemisorption properties. The electronic structures have
been extensively studied so far. For example, photoelectron spectroscopy (PES)
measurements have shown the narrower Ni 3d band width than that of the theoretical
calculation and the satellite structure located around 6 eV below the Ni 3d bands,
which have been explained by the strong electron correlation effect [1]. Furthermore,
angle-resolved photoelectron spectroscopy (ARPES) measurements have directly
revealed the band structure and its renormalization due to the strong electron
correlation effect [2, 3]. Moreover, temperature dependent ARPES measurements have
revealed that the exchange splitting vanishes above T¢ [4], i.e., a Stoner-like behavior
of the exchange splitting. In addition, a surface state has been also identified on the
Ni(111) surface [5] and they have been revealed to be exchange split by spin-resolved
ARPES measurements [6]. Furthermore, on the stepped surface of Ni(755) [= 6(111) x
(100)], one-dimensional surface state was found at the step edge [7] maybe due to the
interaction with the d orbital character [8]. However, the information on the atomic
orbital has not been so much studied. Recently, an atomic orbital analysis of the Cu
Fermi surface (FS) has been performed and revealed that the FS is composed of mainly
4p orbitals with their axes pointing outward [9]. In the present study, we have
performed the atomic-orbital analysis of Ni(111) by two-dimensional photoelectron
spectroscopy (2D-PES) measurement utilizing the linearly polarized synchrotron
radiation (SR) light.

2. Experiment

The experiment was performed at the linearly polarized soft x-ray beamline BL-7 of
SR center, Ritsumeikan University [10]. The electric vector of the linearly polarized
SR light was in the horizontal plane and incident on the sample normal. The Ni(111)
single crystal sample was cleaned in situ by repeated cycles of Ar’ bombardment and
annealing to ~ 800 °C in an ultrahigh-vacuum chamber to obtain a clean surface. The
surface quality was checked by low energy electron diffraction and Auger electron
spectroscopy measurements. The 2D-PES measurements were performed at room
temperature under ultrahigh vacuum of ~ 1 X 10® Pa using a two-dimensional
display-type spherical mirror analyzer (DIANA) [11, 12] with SR Ilight. A
two-dimensional photoelectron intensity angular distribution (PIAD) and a stereo
profile of the FS are efficiently obtained by using DIANA. 2D-PIAD of this



experiment was collected by energy window of 100 meV. Typical acquisition time for
one PIAD was 30 sec. The total energy resolution was about 400 meV. The angular

resolution was about 1e.

3. Results

Figure 1 (a) shows the angle-integrated spectrum of Ni(111) taken with hv = 45 eV.
The bands near the Fermi level are mainly composed of Ni 3d states and the structure
around -6 eV is a two-hole-bound state [1]. The contamination peak around -10 eV was
very weak, also confirming the sample surface cleanness. As shown in Fig. 1, the
series of PIAD change with energy, reflecting the band dispersion of Ni 3d. However,
the symmetry of the PIAD pattern was different from the expected one with a
three-fold symmetry due to the face-centered-cubic (fcc) crystal structure of Ni. This is
due to the matrix element effect of the incident linearly polarized SR light. This effect
is discussed below. By rotating the sample around the (111) surface normal, the
angle-dependent PIADs near the Fermi level were obtained. As shown in Fig. 2, the

PIADs rotates clockwise with increasing the azimuth angle ¢. By applying mirror
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Fig. 1 2D-PES result of Ni(111) taken with hv = 45 ¢V. (a) Angle-integrated PES spectrum. The
PIADs at E = 0.5 eV (b), 0.0 eV (c), -0.2 eV (d), -0.5 eV (e), -0.7 eV (f), and -1.0 eV (g). The

electric vector of the incident light is in the horizontal direction.
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Fig. 2 Angle-dependent PIADs at the Fermi level (E = 0.0 eV) taken with hv = 45 eV. The PIADs of
o = 0° (a), 30° (b), 60° (c), 90° (d), and 120° (e).
symmetry operation horizontally to the photoelectron pattern shown in Fig. 2(b), we
obtained a pattern which is very similar to that of Fig. 2(d). Similarly, by applying
mirror symmetry operation vertically to the photoelectron pattern shown in Fig. 2(a),
we obtained a pattern resembling that of Fig. 2(c). Finally, the PIAD of ¢ = 120° [Fig.
2(e)] coincides with that of ¢ = 0° [Fig. 2(a)]. This indicates that the measured

electronic structure indeed has a three-fold symmetry due to the fcc crystal structure of
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Fig. 3 Constant energy surfaces of Ni(111) at various energies by applying the three-fold symmetry
to the PIADs taken with hv =45 eV. E = 0.5 eV (a), 0.2 eV (b), 0.0 eV (c), -0.2 eV (d), -0.5 eV (e),

-0.7eV (f), -1.0 eV (g), -1.2 eV (h), -1.5eV (1), -1.7 eV (j), -2.0 eV (k), -2.5 eV (1), -3.0 eV (m), and
-3.5eV (n).



Ni. From these results, we concluded that the Ni bulk band structure was successfully
obtained. By applying the three-fold symmetry to the observed PIADs, the band
structure of Ni(111) was obtained as shown in Fig. 3. With decreasing the energy, the
electronic structures move to the center [Fig. 3(c-h)], then move back to outer region
[Fig. 3(h-n)]. This behavior seems to be consistent with the calculated band structure
of Ni [13] (shown in Fig. A1), where the bands gather to I" point and then move to X or

K points with decreasing the energy from the Fermi level.

4. Discussion

The analysis of two-dimensional PIAD from a tight-binding approximated valence
band and a Bloch-wave final state showed that the photoelectron intensity 1(0x, ¢k) in
the direction of polar angle 6¢ and azimuth angle ¢x can be expressed as_[9, 14]:

10k, ¢) ~ D'(ky) [Z, AV,
where Dl(k//) is the one-dimensional density of states [15] and A, is the “angular
distribution from the v-th atomic orbital” [16].

First, the D'(k,) was obtained using the semiempirical band structure calculation [13].
The basis set contains five tight-binding d-wave functions and four orthogonalized
plane waves (OPWs). The calculated FSs (energy window of 100 meV) and the
corresponding k-trace are shown in Fig. 4. Here, the work function of the sample ¢ =
5.2 eV [5] and the inner potential Vo = 10.7 eV [17] have been used to obtained the
momentum perpendicular to the surface, assuming free electron final states. The
calculated FS taken with hv = 21.2 eV [Fig. 4(a)] is similar to that of the layer

Korringa-Kohn-Rostoker calculation [4], confirming the validity of the calculation to
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Fig. 4 Calculated Fermi surfaces for Ni. (a) The Ni(111) Fermi surface taken with hv = 21.2 eV.

(b) The Ni(111) Fermi surface taken with hv = 45 eV. (¢) Traces in K space with the Fermi

surface.



some extent. Therefore, we can compare the experimental FS with this calculated FS.
Compared with the experimentally obtained and symmetrized FS [Fig. 3(c)], the
calculated FS taken with hv = 45 eV [Fig. 4(b)] shows more complicated structures.
This may be due to the lack of polarization vector normal to the surface.

Next, the |A,|* from each d orbital was calculated according to Ref. [16]. As in the
experimental condition, the linearly polarized SR light is incident from [111] direction.
As shown in Fig. 5, the angular distribution from an atomic orbital is not uniform but
unique to the atomic orbital due to the relation between the polarization vector of the
incident SR and the atomic orbital. Therefore, comparing the experimental PIAD with
these angular distributions from the atomic orbitals, one can determined the atomic
orbitals constituting the FS.
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Fig. 5 Calculated angular distribution from each d atomic orbital [16]. (a) dyy. (b) dy;. (c) dyx.
(d) diy2 (e) d3,”

By multiplying the D'(k,) [Fig. 4] and the |A,|* [Fig. 5], simulated PIADs for the
Ni(111) FS taken with hv = 45 eV are obtained [Fig. 6]. The simulated PIAD for dy,
orbital [Fig. 6(a)] shows strong structures around bottom left and bottom right, that for
dy, orbital [Fig. 6(b)] shows strong structures around middle right and top center, that
for d,x orbital [Fig. 6(c)] shows strong structures around middle left and top center, that
for dxz.y2 orbital [Fig. 6(d)] shows strong structures around middle left, bottom center,
and middle right, and that for ds,*.;> orbital [Fig. 6(¢)] shows strong structures around

top left and top right. As shown in Fig. 1(c), the experimental FS shows strong

(a) dyy (b) djz (€} dzx (d) a2y (e) ds'f
3 _l_l I T T I I_l_ 3 _l_l I T 3 _l_l I T 3
<2 2 2 2
= q 1 1 1
= 0 0 0
=1 -1 -1 A
=2k 12 F 12 F . -2
350 i R i ) o i -3

m

-3-2-10123 3210123 -3-2-10 ‘1_? 3
KIT310] (A )

Fig. 6 Simulated PIADs for the Ni(111) FS taken with hv = 45 e¢V. The FS is assumed to be
composed of each d atomic orbital; (a) dyy, (b) dy;, (¢) dx, (d) d,> y , and (e) ds,2.%.



structures around bottom and middle left, bottom and middle right, and top center.
Therefore, the experimentally observed strong structures around bottom and middle
left is considered to come from dyy and d, orbitals, those around bottom and middle
right come from dyy, and dy, orbitals, and that around top center come from dy, and djx
orbitals.

The atomic orbital components constituting the Ni(111) FS are also evaluated by
considering the eigenvectors in the above mentioned semiempirical band structure
calculation. Figure 7 shows the calculated contribution from each atomic orbital for the
Ni(111) FS taken with hv = 45 eV. The bottom part of FS is mainly composed of dyy
orbital, the top right part is composed of dy, orbital, and the top left part is composed
of d, orbital. The calculated atomic orbital distribution shows good agreement with

the result of the atomic-orbital analysis from present measured PIADs.
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Fig. 7 Calculated contribution from each atomic orbital to the Ni(111) FS taken with hv =45 eV. (a)
dyy. (b) dy,. (c) dyx. (d) dxz,yz. (e) ds,>/%. (f) Four OPWs, that is, sp-like component.

5. Conclusions

We have performed two-dimensional photoelectron spectroscopy measurements on



Ni(111) surface. We have observed the Ni(111) Fermi surface which has a three-fold
symmetry due to the face-centered-cubic crystal structure of Ni. The photoelectron
intensity angular distribution (PIAD), however, showed symmetry-lowered pattern due
to the relation between the polarization vector of the incident synchrotron radiation
and the atomic orbitals constituting the Ni(111) Fermi surface. Compared with the
simulated PIADs from the atomic orbitals, it is suggested that the Ni(111) Fermi

surface is constituted by a mixture of dyy, dy;, d;x orbital components; T,, orbital.
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Appendix: Semiempirical band structure calculation for Ni
The basis set is 4 orthogonal plane waves (OPWs) and 5 tight-binding d wave
functions [13]:
p1=K+K> dr=k+Ky> d3=k+Ks> gs=|k+Kyg>,
$s=1dy>, d6=I|dy>, ¢7=[dn>, ds= |dx27y2>a $o=ds," ">,
where K; = (0,0,0), K, = 2n/a(0,-2,0), K; = 2n/a(-1,-1,-1), K4 = 2n/a(-1,-1,0), and a is
the lattice constant (a = 3.52 A for Ni). Note that the calculation is performed in the

1/48th Brillouin zone (2n/a > ky > ky > k; > 0). The 9x9 Hamiltonian is expressed as

H _ HccT Hcd ,
Hcd Had
where Hc is a 4x4 OPW block, Hgg is a 55 tight-binding d block, and H¢q is a 4x5
hybridization block. The OPW block is expressed as

B+alk(8a/2m)* V300F0-20 VinFoi VinFon
v - V300F0-20 Bt+al(k+K,)(8a/2m))? ViiFoaoF 111 ViiiFoaoF-11
VinFoia ViiiFoaoF 111 B+a(k+K;)(8a/2m)? VaooF-1-11F i1
VinFoin ViniFoa0F. 11 VaooFoi-iFoii Bta|(k+Ky)(8a/2m)|

where 3 and o are the bottom and the curvature of the free-electron bands, respectively,
Vi1 and Vjoo are pseudopotential coefficients, and Fgpo, Fo-20, F.1-1-1, F.1-10 are the
symmetrizing factors. These symmetrizing factors are assumed as follows [18]:
Fooo = 1,
Fo-20 = [sin(m/2 (K - kx)/(47/a - ky - ky))]""2,
Foi = [sin(n/2 (ke + ko)/(3m/a - k)],



F.1.10 = [sin(nt/2 (Kx - k;)/(3/a - ky))]l/z.
The tight-binding d block is expressed as [19]

Haa =
/ EOiGlZg \
-4A cos&cosn
-4A;sinésing -4A;sinnsing 0 -8/\3 AgsinEsinm
+4A,co0s(
x(cos&+cosn)
EOiGtZg
-4A cosncosg
-4A;sin&sing -4Assin&sinn -4Agsinnsing 4/N3 Agsinmsing
+4A,co0s§
x(cosn+cosf)
EOiGtzg
-4A cos&cos(
-4A;sinnsing -4A;sinEsinn 4AgsinEsing 473 Agsingsing
+4A,cosn
x(cos&+cosl)
E +Ato,,
0
+4A,cosEcosn 4/\3 (Ag+As)cost
0 -4Agsinnsing 4A¢singsing
-4Ascosg x(cosmn-cosE)
x(cos&+cosn)
E +A+c,,
0
-4/3 (A4+4As5)
4/\3 (As+As)cost
-8/3 AgsinEsinn  4/N3 Agsinnsing  4/N3 AgsinEsing xcos&cosn
x(cosmn-cos§)
+4/3 (2A4-As)

\_ XcosC(cosEfrcosn)/
where & = kya/2, n = kya/2, = k,a/2, Ey is the energy of t,, A is the crystal field, 201,
and 2o¢, are the exchange splitting for t,, and e,, respectively, and A; (i = 1,...,6) are
the Fletcher parameters. It would be worthy to mention that these Fletcher parameters
are related to the Slater-Koster parameters as follows [20]:

A; = -Exy xy(110) = -3/4 (ddo) - 1/4 (ddd),

A; = Eyyxy(011) = 1/2 (ddm) + 1/2 (dd9),

A; = Exyx(011) = 1/2 (ddm) - 1/2 (dd9),

As = E7 5L (110) = (ddn),

As = -1/4 E2* 2 (110) - 3/4 Es 3,°7(110) = -3/16 (ddo) - 1/4 (ddr) - 9/16 (dd3),
As = V3/2 Eyy 3,42 (110) = -3/8 (ddo) - 3/8 (dd3).



The hybridization block is expressed as [20]

Hea =
r -
B.j2(Bi|k|b)

) B2j2(B1[K[b)
xkyk, /K]

xkyky/|K|*
B2j2(Bi|(k+K3)[b)  Baj2(Bi|(k+Ky)|b)
x [(k+K2)x
><(k+|<2)y

<[(k+Ky)y
x(k+K3),

/1k+K3|*] Fo-20 /1k+K3|*] Fo-20

B2j2(Bi|(k+K3)[b)  Baj2(Bi|(k+Kj3)|b)

x[(k+K3)x x[(k+K3)y
x(k+K3)y x(k+K3),
/IK+K5PT Fopy /KK Foppg

B2j2(Bi|(k+K4)[b)  Baj2(Bi|(k+Ky)|b)

B2ja2(B1|k|b)
<K K/ K|

Baj2(B1|(k+K>)[b)
*[(k+K3),
x(k+Kj)x

/|k+K2*] Foozo

B2j2(B1|(k+K3)[b)
x[(k+K3),
x(k+K3),

/IK+K5*] Fyop

B2j2(B1|(k+Ky)[b)

Baj2(Bi/k|b)
x(ke*-ky)/(2[K[?)

B2j2(B1|(k+Ky)|b)
*[(k+Ky),*
-(k+K),»)

/(2|k+K3H] Fooz0

B2j2(B1|(k+K3)|b)
*[((k+K3),
-(k+K3),%)
12|k+K;5)]

xF i1

B2j2(B1|(k+Ky)[b)

) N
B.j2(Bi|k|b)

V3/6(3k, /K|
- 1)

B2j2(Bi|(k+K;)[b)
V3/6(3(k+K,),2
/|k+Ks[* - 1) Foao

B2j2(B1|(k+Ks3)[b)
V3/6(3(k+Ks3),>
/Ik+Ks)? - 1)
xF_ 111

B2j2(Bi|(k+Ky)[b)

(kK
X[(kHKa)s X[(kHKy)y X[(kHKy), K2 V3/6(3(kHKy),’
(kK. ")
(k) (kK. “(kHK), , kK - 1)
: : : (2lk+K[)]
NK+Ky|"T Foin NK+Ky|"T Foin /|K+K 7T Fop xF.11
S <F i1 )

where B, is some hybridization strength, B; corresponds to the peak position of the
radial function, b =8a/(2n), and j,(X) denotes the spherical Bessel function for angular
momentum | = 2:

j2(X) = 3/x*(sinx — X cosX) — sinX /X.
Parameters used in this calculation are given in Table 1 [13]. Thus obtained band

structure is shown in Fig. A1, which is consistent with Refs. [13, 20].

Table 1 Parameters for the Ni band structure [13]. . - Ispin-upl:l f -
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Fig. Al Semiempirical band structure of Ni
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Since the calculation is performed in the 1/48th Brillouin zone, it is convenient to
convert the 1/48th BZ to the Ist BZ, in order to show the Fermi surface map, as
following the procedures:

(1) The 1/16th zone is obtained from three 1/48th zones:
PY3(X, Yo, Z0), P17 = P25, yo, Xo), and P!/ = p1/48

forlzy()zXoEZoEO.

(2o, Xo, Yo)

(ii) The 1/8th zone is obtained from two 1/16th zones:

PY1%(xy, y1, z1) and P16 = P16y, x,. 7))
for1>y;>x;>0and 1 >z, > 0.
(ii1) The unit zone is obtained from eight 1/8th zones:
PU3(Xa, Yo, 22), P18 = PU8(xs, Vo, 22), P'Y% = PV3(xs, -ya, 22),
IS = PUS(x, v —25), P18 = PUS(xy, -ys, 22), P1S = PU3(xs, -ys, -2),
P8 = PUS(x,, Vs, -22), and P'¥® = PV3(xs, -y, <25)

for1>y,>0and 1 >x,>0and 1 >z, > 0.

Thus obtained Fermi surface maps of Ni(111) taken with various photon energies are

i
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Fig. A2 Photon energy dependent Fermi surfaces of Ni(111). (a) hv =21.2 eV. (b) hv =25 ¢V. (c) hv
=30eV. (d) hv=35¢eV. (e) hv=40¢eV. (f) hv =45 eV. (g) hv =50 eV. (h) hv =55 eV. (i) hv = 60
eV. (j) hv =65 ¢eV. (k) hv =70 eV. (1) hv = 75 eV. (m) hv = 80 eV. (n) Traces in k space with the

Fermi surface.



shown in Fig. A2. After these procedures, four new d orbitals are added to be
considered; |dy2,22>, |d22,x2>, |d3x2,r2>, and |d3y2,r2>, which are expressed by the linear
combination of the basis set of the five d wave functions as follows:
dy? 2> = -1/2 |y > - V3/2 |d3 2>, [d2 0> = =172 [dy 7> + V3/2 |ds” >,
|3y’ "> = V372 [di* > - 1/2 |da” >, [day” 2> = -V3/2 [dy” > - 1/2 |ds >
Thus, the contribution from each atomic orbital to the FS can be evaluated (Fig. 7).
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