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Hard x-ray photoemission spectroscopy of GdNi and HoNi
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We study the electronic structure of GdNi and HoNi, which are magnetic materials with a Curie temperature
T. =69 and T, = 36 K, respectively. These materials are useful for magnetic refrigerator applications at low
temperature as they exhibit a large magnetocaloric effect near 7,. We have used hard x-ray photoemission
spectroscopy (HAXPES) to investigate the core-level and valence-band electronic states of GdNi and HoNi.
HAXPES measurements of the Gd and Ho 3d, 4d, 4p, 5p, and 4s core-level spectra have been compared with
atomic multiplet calculations of Gd** and Ho** ionic configurations. The good match between the experimental
and calculated spectra clarify the important role of spin-orbit coupling, as well as Coulomb and exchange
interactions in the intermediate-coupling scheme. The core-level spectra also show plasmons in addition to the
atomic multiplets. The Gd and Ho 4s spectra show clear evidence of exchange splitting. The Ni 2p and 3s spectra
of GdNi and HoNi show a correlation satellite at a binding energy of 7 eV above their main peaks. The Ni 2p
and Ni 3s spectra could be reproduced using charge transfer multiplet calculations. Valence-band HAXPES of
GdNi and HoNi shows that the Gd 4f and Ho 4f features are also consistent with atomic multiplets and occur
at high binding energies away from the Fermi level. The Ni 3d density of states are spread from the Fermi level
to about 3 eV binding energy. The results indicate a partially filled Ni 34 band and show that the charge transfer

model is not valid for describing the electronic structure of GdNi and HoNi.
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I. INTRODUCTION

There is a growing interest in rare-earth and transition-
metal based intermetallic alloys for magnetic refrigeration
applications [1-4]. Since most rare-earth 4f electrons in
intermetallic alloys usually behave like localized electrons,
they often exhibit a large magnetic moment. The localized
4f magnetism is essentially characterized by the magnetic
exchange interaction, magnetic anisotropy, and crystal-field
effects, which often dominate the magnetic and transport
properties of rare-earth intermetallic alloys. This gives rise
to exotic phenomena such as giant magnetoresistance, large
magnetocaloric effect, and colossal magnetostriction in some
of these materials [3—7]. On the other hand, transition-metal
d electrons can be localized or delocalized depending on the
crystal structure and their electron configuration [8]. Thus,
the interplay of rare-earth and transition-metal magnetism and
the associated transport properties continue to be important
topics for basic and applied research [3,4].

It is well established that in intermetallics consisting of rare
earths and transition metals, most rare-earth atoms normally
exhibit trivalent ground states, except for Ce, Eu, Sm, and
Yb which can show mixed valency [5-7]. The trivalency also
usually means that the rare-earth ions show nearly full local
moments. However, when the concentration of the rare earth
in such alloys is increased relative to the transition-metal
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content, the magnetic moments of the transition-metal sites
get reduced [5]. This is based on the fact that the transition-
metal 3d band gets gradually filled on increasing rare-earth
content in the alloy. This model is called the charge transfer
model and it could successfully explain the properties of a
large number of intermetallic compounds in the series RM,
R:M\_,, RM,, etc. (R: rare earth; M: typically late transition
metals, such as Fe, Co, Ni, Cu) [5-7]. But there are some
known exceptions to this model, such as the alloy system
Gd,Fe;_, with 0.1 < x < 0.4 [9], GdNi [10,11], GdNi, [12],
etc. This leads us to some questions in relation to such in-
termetallic alloys consisting of rare-earth and transition-metal
elements: What are their effective valencies? What are their
element-specific magnetic properties? What is the relation of
the rare-earth and transition-metal states with their properties?
We address these questions from a comparative study of the
electronic structure of GdNi and HoNi using hard x-ray pho-
toemission spectroscopy (HAXPES).

The crystal structures of GdNi and HoNi are both
orthorhombic, but with small differences. GdNi has the CrB-
type structure, with space group CmCm, No. 63, while HoNi
has the FeB-type structure, with space group Pnma, No. 62
[13-15]. The basic structural motif is a trigonal prism for
both GdNi and HoNi, with the Ni atoms positioned at the
center of the prism and the rare-earth atoms occupying the cor-
ners of the prism. GdNi exhibits a ferrimagnetic transition at
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T. = 69 K [10,11,13-16], while HoNi shows a ferromagnetic
transition at 7, = 36 K with an additional spin-reorientation
transition within the magnetically ordered state [13—-15,17].
Magnetic studies have inferred that the Gd and Ho sites are
both trivalent with a 4f7 and 4 £'° configuration, respectively.
While the Gd** state in GdNi has been confirmed by x-
ray absorption spectroscopy (XAS) [10,11], there is no XAS
study of HoNi reported to date. Electrical resistivity studies
have shown that both GdNi and HoNi are metallic materials
which show a clear knee-point at their magnetic transitions
with a reduced resistivity in the magnetically ordered phases.
While the resistivity measured on single-crystal GdNi and
HoNi below T, was attributed to magnetic disorder scattering
typical of ferromagnets, the resistivity above 7, was linear
at least up to room temperature for GdNi and HoNi [16,17].
In general, a linear resistivity for T > ©®p (Debye temper-
ature) is typical of many metals and attributed to scattering
of conduction electrons by phonons. However, the estimated
®p from specific-heat measurements for GdNi and HoNi are
®p ~ 130 K [18] and ~200 K [19], respectively. Thus, a
linear resistivity just above 7. and significantly below ®p is
rather unusual and suggestive of non-Fermi-liquid behavior. It
is also noted that the specific-heat coefficient y = 45 mJ/mol
K? for GdNi [18]. For HoNi, the estimation of y was not easy
as the specific heat shows an upturn at the lowest temperature
[19]. However, the authors used LuNi as a reference nonmag-
netic system and estimated y = 2.7 mJ/mol K? for HoNi, but
this seems to be too low when compared to the value obtained
for GdNi.

Early studies of the magnetic moment of Ni in GdNi sug-
gested that Ni is nonmagnetic, assuming that the Ni 3d shell
was fully occupied by electrons donated by forming the Gd**
state [20,21]. This would have made it consistent with the
charge transfer model discussed above. However, subsequent
XAS and x-ray magnetic circular dichroism (XMCD) studies
indicated a small finite magnetic moment for Ni, antiferro-
magnetically aligned to the Gd magnetic moment [10]. The
spin magnetic moment for Ni was estimated to be m; = 0.09
up and the orbital magnetic moment was m, = 0.014 wg,
but the Gd magnetic moment was not quantified. However,
another magnetic study concluded that the Gd moment was
ferromagnetically aligned with Ni moments, effectively lead-
ing to an excess moment of 7.2 uB compared to the expected
theoretical value of a saturation moment of 7 uB for an
isolated Gd trivalent ion [22]. Based on band structure cal-
culations, it was shown by Paudyal et al. [23] that Gd can
have a 4f spin magnetic moment of 7 up in GdNi, with Gd
5d electrons also showing a finite moment of 0.3 wg, and
Ni 3d electrons showing a moment —0.1 pp. This confirmed
that the Gd moment is antiferromagnetically aligned with Ni
moments in GdNi, as shown earlier by experiments. In a
recent study using XAS and XMCD experiments combined
with a sum-rule analysis and model calculations [11], it was
shown that the Gd ions exhibit a spin magnetic moment m, =
6.42 £ 0.1 pp; that is, it is slightly reduced compared to the
7 pp expected from the S = 7/2 ground state, and a small
orbital magnetic moment for Gd ions, m, = 0.032 £ 0.01 ug,
was reported. The Ni ions showed consistent values with
the earlier study [10], with a small spin magnetic moment,

mg = 0.11 = 0.01 pp, and an orbital magnetic moment, m, =
0.012 £ 0.01 up, giving m;y, = 0.12 = 0.02 pp.

Neutron-diffraction experiments have shown that GdNi
exhibits a collinear arrangement of Gd magnetic moments
[14,24], while HoNi shows a noncollinear magnetic struc-
ture of Ho magnetic moments [25-27]. The Ho moments are
ferromagnetic along the a axis and antiferromagnetic along
the ¢ axis [25-27]. Magnetic studies have shown that the Ho
saturation moment is 9.2 pp/formula unit, and this is less than
the value expected for the full moment of a Ho>* ion, ie.,
10.4 pp/formula unit. The reduced moments might be due to
a partial quenching of the orbital angular momentum of Ho**
ions in the crystalline electric field of neighboring Ni ions,
or may be due to a strong magnetic anisotropy [28]. Paudyal
et al. also showed that the anisotropic shifts in lattice constants
are responsible for a large spontaneous linear magnetostric-
tion effect of 8000 ppm along the ¢ direction and GdNi can be
classified as a giant magnetostriction compound [23], which
would favor a strong magnetic anisotropy.

Surprisingly, there are no core-level and valence-band pho-
toemission spectroscopy studies of GdNi and HoNi reported
to date, except for a recent study in which we reported the
valence-band spectrum of GdNi along with the XAS and
XMCD results [11]. In the present study, we have carried out
a comparison of bulk sensitive HAXPES [29,30] of the core
level and valence band of HoNi with GdNi to characterize
their intrinsic electronic structure. HAXPES of Gd and Ho
3d, 4d, 4p, and Sp core-level spectra were measured and
analyzed using atomic multiplet calculations [31-33], which
confirm the Gd*" and Ho®" ionic configurations in GdNi
and HoNi, respectively. The results show that spin-orbit in-
teractions and core-valence electrostatic interactions in the
intermediate-coupling scheme are necessary to explain the
spectra. The Gd and Ho 4s spectra show clear evidence of
exchange splitting, confirming the local moments of Gd and
Ho. The Ni 2p and 3s spectra of GdNi and HoNi show
a Coulomb correlation satellite. Valence-band HAXPES of
GdNi and HoNi show that the Gd 4f and Ho 4 f features are
also consistent with atomic multiplet calculations and occur at
high binding energies away from the Fermi level. The Ni 3d
density of states (DOS) indicate a partially filled Ni 3d band in
HoNi, quite similar to that observed in GdNi, thus confirming
that the charge transfer model indeed does not hold good for
heavy rare-earth containing RNi compounds.

II. METHODS

GdNi and HoNi polycrystalline samples were synthe-
sized using the arc-melting method [34,35]. The high-purity
constituent elements were melted in an argon atmosphere,
followed by an annealing process for 12 hoursat 7 = 1173 K.
Powder x-ray diffraction measurements were employed to
confirm the phase purity of the samples. Magnetization mea-
surements using a physical property measurement system
(PPMS) were carried out to confirm the magnetic transitions
in GdNi and HoNi. The ferrimagnetic transition temperature
of GdNi was confirmed to be 7, = 69 K and the ferromag-
netic transition in HoNi was confirmed to be T, = 36 K,
respectively. The changes in magnetization associated with
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the spin-reorientation transition which occurs at 7 = 15 K
in HoNi was also observed in the data, as reported in earlier
studies [25-27,34,35]. HAXPES was used to measure the
core levels and valence band of GdNi and HoNi. The HAX-
PES measurements were carried out at the Taiwan beam line
BL12XU in SPring-8, Hyogo, Japan using linearly polarized
radiation and a photon energy hv = 6500 eV. A liquid N, flow
cryostat was used to cool the sample down to 7 = 80 K. The
Fermi edge (Er) of gold thin film was measured at 7 = 80 K
to obtain the energy resolution and to calibrate the binding-
energy (BE) scale. The estimated total-energy resolution of
HAXPES is 0.255 eV, obtained by fitting the Fermi edge of
gold. The GdNi and HoNi polycrystals were cleaved in an
ultrahigh vacuum preparation chamber at 5 x 10~° mbar, and
immediately transferred to the main chamber at 8 x 10~'° for
the measurements.

The Gd and Ho 34, 4d, 4p, Sp, and 4s core-level spectra
were simulated using atomic multiplet calculations using the
QUANTY code [31-33]. The parameters of the atomic multi-
plet calculations are listed in the Appendix, Tables V-XV.
The photoemission spectrum is calculated as the creation of
a core hole in the initial state going to a final state with
a free photoemitted electron. For example, the 3d spectrum
of Gd is calculated as the 3d'%4 7 initial state going to the
final state 3d°4f7 + one free photoemitted electron. We did
not need to include ligand screened excited-state configura-
tions, such as 3d°4f8L' (where L' corresponds to a hole in
the ligand states), for the Gd 3d photoemission calculations.
For comparison with experimental spectra, we employed an
energy-dependent Lorentzian broadening convoluted with a
Gaussian, and an integral background was added to the calcu-
lated spectra. For the Ni 3s and Ni 2p cases, the charge transfer
multiplet (CTM) program [36], which includes atomic mul-
tiplets and charge transferred states, was used to calculate
the spectra. It is noted that the charge transfer model [5-7],
discussed in Sec. I in relation to the filling of the transition-
metal d band by the electrons donated by the rare-earth atoms,
is distinct from the CTM program used to calculate the Ni
3s and Ni 2p spectra. More specifically, as will be shown in
the following, the rare-earth spectra of Gd and Ho are best
explained by Gd** and Ho>* electron configurations, i.e., 4 f7
and 4£'°, respectively. The charge transfer model was devel-
oped to discuss the role of the donated electrons by the rare
earth (Gd and Ho, in the present case) to the nearest-neighbor
transition metal (Ni, in the present case) in terms of a qualita-
tive analysis for describing the phenomenology [5-7,9-12]. If
the electrons were transferred to the Ni site, it can be expected
to fill the Ni 3d band and then the Ni would not exhibit a
magnetic moment. If the Ni sites exhibit a magnetic moment,
it indicates that the Ni 3d band is not fully occupied and
the electrons are donated to the delocalized conduction band
[10-12]. On the other hand, while we can simulate the Gd
or Ho spectra using a purely atomic model, we needed to
carry out CTM calculations for simulating the Ni 3s and 2p
spectra. The CTM calculations use a mixture of d”" and d"*+'L!
states (in the present case for Ni, we have used d 8 and dglil),
where L' represents a symmetry-adapted ligand hole state, to
describe the initial and final states. The term “charge transfer”
in the CTM calculation corresponds to the electron transferred
from the ligand (L) site to the transition-metal d site, resulting
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FIG. 1. The Gd 3d core-level HAXPES spectrum measured at
T =80 K compared with the atomic multiplet (AM) calculated
spectrum. The inverted triangles mark the plasmon features in GdNi.

in a d"+!'L! state. The initial state and final states can then be
described as a linear combination of the d” and d"t'L! states.
Thus, the meaning of charge transfer in the charge transfer
model and in the CTM calculations is very different. The
parameters of the charge transfer multiplet calculations are
listed in the Appendix, Tables XVI-XIX. For the interested
reader, further details of the calculation method are described
in Refs. [36-38]. Finally, a least-squares method was used to
fit the Gd and Ho 3d, 4s as well as the Ni 3s and 2p core-level
spectra of GdNi and HoNi in order to quantify peak-energy
positions and widths. The spectra were fitted using a Shirley-
type background with asymmetric Doniach-Sunjic (DS)-type
Voigt profiles for the main peaks, and symmetric Gaussians
for the satellites and plasmons.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the Gd 3d core-level HAXPES spectrum
of GdNi measured at 7 = 80 K. The Gd 3d core-level spec-
trum consists of two regions of rich spectral features spread
over several electron volts (eV), which can be assigned to
spin-orbit-coupling derived 3ds/, and 3d5/, states. The main
broad peak of the 3ds,, and 3d3/, states consists of several
multiplets. In order to understand the atomic multiplets of the
Gd 3d spectrum, we carried out atomic multiplet calculations
for Gd** ions using the QUANTY code [31-33], as described
in Sec. II. The obtained results, plotted together with the
experimental spectrum in Fig. 1, confirm that Gd ions are
trivalent. The calculated spectrum allows us to characterize all
the 3ds;; and 3d3;, atomic multiplet peaks. In the calculated
spectrum, the 3ds;, main broad peak consists of six subpeaks
assigned to the °D states, and a lower-intensity peak at higher
BE of 1194.97 eV, which is assigned to the "D states [39].
In addition, there are two small features at BEs of 1191.42
and 1198.53 eV for the 3ds, states. The 3d;,, main broad
peak consists of four subpeaks, which are again due to the °D
states and the lower-intensity peak at a BE of 1225.01 eV is
due to the 7D states. The spin-orbit splitting is measured to be
30.04 eV in terms of the energy separation of the ’D peak of
the 3ds/, (positioned at 1194.97 eV) and 3d3, (positioned at
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FIG. 2. The fitting results of the Gd 3d HAXPES spectrum ob-
tained by using a least-squares method for (a) the Gd 3ds, states and
(b) the Gd 3ds, states. The fitting parameters are listed in Table 1.

1225.01 eV) states, as marked in Fig. 1. Two very weak small
features at BEs of 1222.17 and 1226.97 eV are also seen in the
spectrum. While the calculated spectrum matches fairly well
with the experimental spectrum, there are discrepancies in the
form of additional weak-intensity broad features centered at
BEs of ~1200 and ~1232 eV (labeled with inverted triangles
in Fig. 1), which are not observed in the calculated spectrum.
As confirmed by measurements of other core levels, these
two broad peaks are assigned to the plasmons associated with
the multiplets of the main broad peaks. Although there are
six multiplets in the main 3ds;, and four in the 3d3,, peak
in the calculated spectrum, the plasmons of the multiplets
get merged together and show up as a single broad feature.
In order to quantitatively check the various atomic multiplet
features and the plasmon energy position, we carried out a
least-squares-method fitting of the Gd 3ds;, and 3d3, states,
as discussed in the following.

The results of the least-squares fit for the Gd 3ds,, and
3ds, states with peak energies as free parameters are shown in
Figs. 2(a) and 2(b), respectively. The fitted peak positions are
compared with peak positions obtained from atomic multiplet
calculations as shown in Table L. It is noted that if the LS
coupling scheme was correct, the °D states of Gd 3ds/, and Gd
3d3,, main peaks would have five multiplets each, with J =6,
5, 4, 3, 2. The least-squares fitting of the Gd 3d spectra thus
also allows us to distinguish LS coupling from jJ coupling. As
seen in Table I, the energies of all the fitted features are within
£0.2 eV compared to the atomic multiplet calculations, ex-
cept for peaks 6 and 7 in the Gd 3ds; fit and peak 5 in the in
Gd 3d5; fit, which differ by ~0.5 to ~0.6 eV. However, it is

TABLE I. Fitting parameters for the Gd 3d core-level spectra,
with component peaks listed from lowest binding energy to highest
binding energy.

Component Fitted peaks Atomic multiplet Difference
peaks (FWHM) calc. peaks

Gd 3ds), (eV) (eV) V)
1(J' =6) 1184.96 (1.47) 1184.8 0.16
2WJ' =5) 1185.88 (1.27) 1185.8 0.08
3(J'=4) 1186.87 (1.04) 1186.7 0.17
4 =3) 1187.66 (1.01) 1187.52 0.14
5('=2) 1188.40 (1.00) 1188.19 0.11
6(J' =1 1189.19 (1.51) 1188.69 0.5
7 1190.78 (3.06) 1191.42 —0.64
8 (D) 1194.97 (2.33) 1195.06 0.09
Plasmon 1198.79 (8.23)

Gd 3d;), (eV) V) V)
1(J'=2) 1216.08 (1.59) 1216.2 —0.12
2J'=3) 1217.17 (1.35) 1217.2 —0.03
3(J'=4) 1218.33 (1.35) 1218.4 —0.07
4 =5) 1219.54 (1.47) 1219.5 0.04
5 1221.56 (3.21) 1222.17 —0.61
6 (D) 1225.01 (3.89) 1225.1 —0.09
Plasmon 1231.38 (8.00)

clear from the fitting results that the 3ds5,, main peak consists
of six peaks, which is consistent with the jJ coupling scheme:
the 47 valence angular momentum J = 7/2 couples with the
3d core-hole angular momentum j = 5/2, resulting in the the
total angular momentum J' = 6, 5, 4, 3, 2, 1 multiplets. The
six multiplets J' = 6, 5, 4, 3, 2, 1 can be said to correspond
to what would have been the °D states of the LS coupling
scheme, with the core-hole coupling with the S parent term
of the 4f7 configuration. They show narrow broadening and
the lowest BE corresponds to the J' = 6 final state, with the
spin and orbital moments of the 3d level and the spin moment
of the 4f shell all parallel to each other [39]. On the other
hand, the single peak at a BE of 1194.97 eV is due to LS
coupling: the 3d° (D) state with a spin-up core hole couples
with the 4 f7 (8S) state, resulting in the 7 D states with a higher
BE compared to the °D state at lower BE. Since the 7D state
can also be formed by coupling with higher-energy terms °p,
°p, °F, G of 4f7, it results in a single broad peak with a
large lifetime broadening. In addition, since we obtained a
small feature at a BE of 1191.42 eV in the atomic multiplet
calculated spectrum shown in Fig. 1, we needed to include
this extra peak in the 3ds,, peak fitting to obtain the best fit
with experiment.

From the fitting results of the 3ds,, peak listed in Table I,
we can know the position of the six multiplets in the °D
state: the energy separation between each of the six multiplets
is ~1 eV and the 7D state is at BE of 1194.97 eV, which
is 10.01 eV BE higher than the multiplet peak J' = 6. The
plasmon is marked at a position of ~14 eV BE higher than
the multiplet peak J' = 6. Similarly, for the 3d3,, peak fitting
results shown in Fig. 2(b), the 3d3,, main peak consists of four
peaks, and the separations between these peaks are roughly
around 1.1 eV. These four multiplet peaks are due to jJ
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FIG. 3. The Ho 3d core-level HAXPES spectrum measured at
T = 80 K compared with atomic multiplet (AM) calculations.

coupling: the 3d core-hole angular momentum j = 3/2 cou-
ples with the 4f7 valence angular momentum J = 7/2,
resulting in total angular momentum J' = 5, 4, 3, 2 multiplets.
Here, the J' = 2 is the lowest BE state because the spin mo-
ment of the 4f shell and the spin moment of the 3d core are
parallel to each other, but they are aligned antiparallel to the
3d orbital angular momentum [39]. This corresponds to an
opposite ordering sequence compared to the ordering of the
six multiplets of 3ds, states, for which the lowest BE state is
J' = 6. And again, the broad single peak at BE of 1225.01 eV
is the 'D state due to the LS coupling. The plasmon peak
is at a BE of 1231.38 eV, which is about 15.30 eV higher
BE than the J' =2 multiplet peak. In addition, since we
obtained a small feature at a BE of 1222.17 eV in the atomic
multiplet calculated spectrum shown in Fig. 1, we needed to
include this extra peak in the 3d3,, peak fitting to obtain the
best fit with experiment. A similar analysis in terms of the
intermediate-coupling scheme invoking jJ coupling for the
multiplets within the main peak (°D states) and LS coupling
for the low-intensity feature at about 10 eV higher BE was
reported for the Gd 3ds,, and 3d3,, states of amorphous GdFe
films [39].

In Fig. 3, we plot the Ho 3d core-level HAXPES spectrum
of HoNi measured at T = 80 K. The spectrum consists of two
main broad spin-orbit split 3ds,> and 3d3,, features consisting
of multiple peaks. The highest-intensity feature of the 3ds,,
states is positioned at a BE of 1352.15 eV, while that for the
3ds, peak is at a BE of 1392.60 eV. The separation between
these spin-orbit split features is 40.45 eV. The 3ds,, states
contain many multiplet peaks, and while it is not clear for the
3ds,, peak, they also consist of several multiplet peaks. We
confirmed this by carrying out atomic multiplet calculations
of Ho®* ions for Ho 3d spectra. The good match of the
calculated spectrum with the experimental spectrum as shown
in Fig. 3 confirms Ho ions are trivalent in HoNi. Following
the same method as for Gd 3ds;, and 3d3/, peaks, in the jJ
coupling scheme, the Ho 3ds,, and 3d3,, states also consist of
six peaks and four peaks, respectively. The 3ds,, core-hole
angular momentum j = 5/2 couples with the 4f'° valence

GdNi

[ Gd 4d HAXPES
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b= |
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FIG. 4. The comparison of experimental Gd 4d core-level HAX-
PES of GdNi measured at 7 = 80 K with atomic multiplet (AM)
calculations.

angular momentum J = 8, resulting in six multiplet peaks
with total angular momentum J' = 21/2, 19/2, 17/2, 15/2,
13/2,11/2. On the other hand, for the 3d5,, core-hole angular
momentum j = 3/2 coupling with the 410 states, it results
in four multiplets with total angular momentum J' = 19/2,
17/2, 15/2, 13/2. However, for HoNi also, the experimental
spectrum has two additional weak broad features at BEs of
1365.10 and 1407.80 eV. These two additional peaks in the
experimental spectrum are assigned to the plasmons of HoNi
at a BE of roughly 15.20 eV from the main peak, based on the
fact that other core-level spectra of HoNi also show similar
features, as discussed later.

The Gd 4d core-level HAXPES spectrum of GdNi mea-
sured at 7 = 80 K is shown in Fig. 4. We can observe many
atomic multiplets in the Gd 4d HAXPES spectrum compared
to the multiplets in the Gd 3d spectrum, suggesting that the Gd
4d spectrum is more complicated. The experimental spectrum
is compared with atomic multiplet calculations to understand
the Gd 4d core-level spectral features, as shown in Fig. 4.
The calculated spectrum matches fairly well with the exper-
imental spectrum. Our experimental and calculated spectra
are consistent with earlier studies on Gd metal and Gd in-
termetallic compounds [40—44]. It was shown in these earlier
studies that an intermediate-coupling scheme between the LS
coupling and jJ coupling was appropriate for describing the
Gd 4d spectrum of Gd metal. We follow the same analysis
for explaining the Gd 4d spectrum of GdNi. First, we use the
LS coupling scheme to explain that the core-hole 4d° (D)
state couples with the valence 4f7 (35) state, resulting in the
"D and °D final states. The °D states have lower BE and will
get split into five levels given by J = 6, 5, 4, 3, 2 due to the
small spin-orbit coupling. As we can see in Fig. 4, the °D
states in the experimental and calculation spectra correspond
to an envelope of the Gd 4d states within the BE range from
138 to 145 eV, consisting of five peaks. Similarly, the small
spin-orbit coupling will split the 7D states into five levels
J =5,4,3,2, 1. However, the ' D states are not only formed
by coupling with the 85 terms of 4f7, but they can also be
formed by coupling with the higher-energy terms P, D, SF,
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G of 4f7. The Coulomb and exchange interaction between
these 7D states destroys the regular five-peak splitting pattern
of J =5, 4, 3,2, 1 of ’D. Thus, the most intense narrow
lowest-energy ' Dy states at BE of 147.21 eV and the lower-
intensity highest-energy 'Ds states at the BE of 170.21 eV
are obtained. Three more ’D states are expected at energies
between 147.21 and 170.21 eV, but they are not observed due
to very low relative intensities of less than 0.1%, as was shown
in the case of Gd metal [42]. The energy separation between
the lowest BE peak of the °D states and the most intense 7D
states, and that with the highest-energy ’D states, is 7 and
30 eV, respectively. However, there is a weak broad feature
at a BE of 154.81 eV in the experimental spectrum, which
is not obtained in the calculated spectrum. This is assigned
to the plasmon peak of GdNi based on an energy separation
of ~14.6 eV from the lowest BE multiplet. This is consistent
with the plasmons seen in the Gd 3d (Fig. 1), 4p (Fig. 4), and
4s (Fig. 8) states.

Figure 5 shows the Ho 4d core-level HAXPES spec-
trum of HoNi measured at 7 = 80 K. We can observe two
sharp and high-intensity peaks at low BEs of 159.41 and
161.51 eV. The separation between the two sharp peaks is
2.10 eV, and there are some small features at BEs of 163.61,
165.31, and 167.90 eV. On the other hand, there are two broad
peaks at high BE of 175.66 and 188.96 eV. Similar spectra
were reported for the compounds HoRhBj3 [45] and HoBy4
[46], but the spectral features were not analyzed in terms of
atomic multiplets. The Ho 4d spectrum compared with atomic
multiplet calculations is shown in Fig. 5 and the calculated
spectrum matches well with the experimental spectrum. The
calculated spectrum is also consistent with early studies of
Ho 4d atomic multiplet calculations, which were compared
with a Ho metal photoemission spectrum [41]. The atomic
multiplets in Ho 4d can be explained by the LS coupling
scheme, just like we analyzed for the Gd 4d spectrum. From
the LS coupling scheme, the 4d°(*>D) states coupling with
4f1901) states will result in 10 states: °L, °K, °1, °H, °G, *L,
4K,*I,*H,*G.1tis noted that since we have high BE multiplet
peaks in the Ho 4d spectrum, it is not easy to observe the
plasmons in Ho 4d. The plasmons are probably hidden inside
the broad peak at high BE of 175.66 eV.

The Gd 4p core-level HAXPES spectrum of GdNi mea-
sured at 7 =80 K is plotted in Fig. 6(a). The spectrum
consists of the main 4p3,, peak at a BE of 271.5 eV and
the main 4p;/, peak at 309.4 eV, both with many 4p°4f’
multiplet features at higher binding energies. The measured
Gd 4p spectrum is similar to that of Gd metal obtained using
soft x-ray PES that has been interpreted in terms of atomic
multiplets [43,47,48]; we have repeated these calculations for
the Gd 4p spectrum as shown in Fig. 6(a) along with the
experiment. The calculated spectrum shows several multiplet
features spread in two energy ranges of BEs, between 269.5
and 286.6 eV and between 306.6 and 315 eV. While the main
peak at the BE of 271.46 eV and the second-highest-intensity
feature at a BE of 310.07 eV match well with the experi-
ment, the weaker-intensity features show some discrepancy
with experiment. The main reason for the discrepancies is
the configuration-interaction (CI) effect between the 4p>4 f”
configuration and the 4434 f® configuration. This is a special
phenomenon happening specifically for the rare-earth 4p core
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FIG. 5. The Ho 4d HAXPES spectrum of HoNi measured at 7 =
80 K compared with atomic multiplet (AM) calculations.

levels and this effect is strong because the binding energy
of the 4p state is approximately twice that of the 4d state,
thereby yielding strong CI between the configurations. Calcu-
lations including this CI effect have been performed for Gd
metal by Tagliaferri et al. [49]. In the 4p HAXPES spectrum,
the main discrepancy between the atomic multiplets and the
experiment is caused by the CI effects that are stronger than
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FIG. 6. (a) The Gd 4p HAXPES spectrum of GdNi measured
at T = 80 K compared with atomic multiplet calculations. (b) The
comparison of the Ho 4p HAXPES spectrum of HoNi measured at
T = 80 K with atomic multiplet (AM) calculations.
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the plasmon features; for completeness, the expected energy
positions of the plasmon features are marked with inverted
triangles corresponding to an energy separation of 14.6 eV
from the highest-intensity main peak at BE of 271.5 eV and
the feature at BE of 309.4 eV.

In Fig. 6(b), we plot the Ho 4 p core-level spectrum of HoNi
measured at 7 = 80 K. The spectrum shows a main peak at
BE of 307.46 eV and a shoulder feature at a BE of 311.26 eV,
followed by three weaker broad features at BEs of 322.66,
350.26, and 365.46 eV. We also carried out the atomic multi-
plet calculations for the Ho 4p spectrum, and the results are
plotted in Fig. 6(b) along with the experiment. The calculated
spectrum of HoNi shows several multiplet features spread in
two energy ranges of BEs, between 305.5 and 317.1 eV and
between 349.0 and 353.4 eV, resulting in a main peak at a
BE of 307.46 eV, a shoulder feature at BE of 313.86 eV,
and a broad feature at a higher BE of 350.96 eV. Also for
the 4p spectrum of Ho, the CI effect is present because the
binding energy of the 4p state is approximately twice that of
the 4d state. Therefore, we assign the additional features in
the experiment (and not seen in the multiplet calculations) at
higher BEs of ~322.66 and ~365.46 eV mainly to this CI
effect. The expected energy positions of the plasmon features
overlap these features and are marked with inverted triangles,
corresponding to an energy separation of 15.2 eV from the
highest intensity main peak at BE of 311.26 eV and the feature
at BE of 350.26 eV.

The Gd 5p core-level HAXPES spectrum of GdNi mea-
sured at 7 =80 K is shown in Fig. 7(a). The spectrum
consists of several peaks, with four narrower peaks at lower
BEs of 20.19, 20.79, 21.59, and 22.71 eV, followed by two
broad peaks at BEs of 24.89 and 27.16 eV. The shape of
four narrow peaks at lower BE is quite similar to the shape
of the Gd 3d and 4d spectra. The measured experimental
spectrum is very consistent with the earlier studies on Gd
metal thin films [43,47,48]. Atomic multiplet calculations for
the Gd 5p spectrum are plotted in Fig. 7(a) along with the
experiment. The overall experimental spectral features of Gd
Sp are similar to the Gd 4d spectra. Thus, we use a similar
analysis to describe the multiplets of Gd 5p. From the jJ
coupling scheme, the exchange interaction of 5p core-hole
angular momentum j = 3/2 coupling with the 4f7 valence
angular momentum J = 7/2 will split into four peaks with
total angular momentum J' = 5, 4, 3, 2 at the lower BE side
between 20 and 24 eV. Similarly, for 5p core-hole angular
momentum j = 1/2 coupling with J = 7/2, it will result in
two multiplet peaks J' = 3, 4, which are positioned at higher
BEs between 24 and 29 eV. On the other hand, from the
LS coupling scheme, the Gd 5p> (®D) states coupled with
the 4f7 (85) state, resulting in the 7P and °P states. The °P
states occur at lower BE, while the 7P states occur at higher
BEs. If the spin-orbit coupling is small, the °P states and 7P
states will each split into three levels Cps,°Ps, °P3, P, 73,
"py), but the 7P states can also be formed by coupling with
higher-energy terms ®p and °F of the 4f7 states. Therefore,
the Coulomb and exchange interaction between these ” P states
will not retain their original systematic pattern of jJ coupling.
In our experimental results, the four narrow peaks at low BE
are consistent with the jJ coupling scheme, but the two broad
features at hight BE cannot be simply explained by the two
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FIG. 7. (a) The Gd 5p HAXPES spectrum of GdNi measured at
T = 80 K compared with atomic multiplet calculations. (b) The Ho
5p HAXPES spectrum of HoNi measured at 7 = 80 K compared
with atomic multiplet (AM) calculations.

multiplet features J' = 4, 3 in the jJ coupling scheme. Since
the width of the two peaks at high BE is broad, it is indicative
of several peaks hidden inside the peaks. As was discussed
for Gd metal, the mixing of higher-energy terms of the 4f7
configuration with low-spin 7 P states leads to a large lifetime
broadening [43,48].

We also measured the Ho 5p core-level HAXPES spectrum
of HoNi at T = 80 K as shown in Fig. 7(b). The spectrum has
two broad peaks, and the lower BE broad peak consists of a
small sharp feature at a BE of 22.54 eV and a high-intensity
peak at a BE of 23.59 eV. The sharp feature at 22.54 eV was
missing in earlier soft x-ray PES studies on HoRhB3 [45] and
HoB, [46], perhaps because of lower-energy resolution and
surface sensitivity of soft x-ray PES compared to HAXPES.
Another broad peak is positioned at a BE of 29.79 eV. It
is interesting to note that the shape of the Ho 5p feature at
lower BE is very similar to the shape of the Ho 3d spectrum
at low BEs. The atomic multiplet calculations for the Ho 5p
spectrum are plotted in Fig. 7(b), along with the experiment.
We use a similar analysis as the Ho 4p spectrum to understand
the atomic multiplets of the Ho 5p spectrum. From the jJ
coupling scheme, we can obtain four multiplets with total
angular momentum J' = 19/2, 17/2, 15/2, 13/2 at lower BE
between 22 and 27 eV, and two multiplet peaks J' = 17/2,
15/2, at higher BEs between 28 and 32 eV. On the other hand,
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FIG. 8. (a) The Gd 4s HAXPES spectrum of GdNi measured at
T = 80 K with fitting results obtained using a least-squares method.
(b) The Ho 4s HAXPES spectrum of HoNi measured at 7 = 80 K
compared with fitting results. The fitting parameters are listed in

Table II. The black full lines in (a) and (b) show the atomic multiplet
(AM) calculations.

from the LS coupling scheme, we obtain six final states: °K,
67, °H, *K, *I, *H, as in the Ho 4p case. Further, the °H,
“K, *I, *H states can also be formed by coupling with the
high-energy states °G, >G, *H, and *I) of Ho 4f'°(°J). Thus,
the LS terms at high BEs are mixed, and the Coulomb and
exchange interaction between these mixed states will affect
the energy position and intensities of these states. The regular
pattern of jJ coupling is not expected to be retained, just as
in Gd 4d and Gd 5p spectra, resulting in the *H states lying
together with the 6K, °J, and °H terms at the low BE side, and
the K, #I terms at the higher BE side.

In Figs. 8(a) and 8(b), we have plotted the Gd 45 and Ho 4s
HAXPES spectra of GdNi and HoNi measured at 7 = 80 K.
In general, a Ns (where N is the principal quantum number)
core-level photoemission spectrum should be a single peak for
materials without a local moment. But if the material has a
local magnetic moment, then it will split the Ns level into
two peaks due to the Ns-Vm interaction, where Vm is the
local moment in the valence shell. As seen in our experimen-
tal spectra of Gd 4s and Ho 4s, both spectra show a clear
two-peak structure with weaker satellites at higher BEs. The
spectra are similar to that of the Gd and Ho metal spectra
reported by Cohen et al. [50], and also to Gd containing
binary alloys reported by Szade and Neumann [51]. In order
to quantify the peaks, we have used a least-squares method

TABLE II. Fitting parameters for the Gd 4s and Ho 4s core-level

spectra.

Fit component Binding energy FWHM
Gd 4s (eV) (eV)
1 378.10 6.48
2 386.11 5.48
3 392.70 10.44
4 400.71 9.17
Ho 4s V) V)
1 430.80 7.36
2 436.84 7.10
3 446.00 8.00
4 452.04 8.00

to fit the 4s spectra of Gd and Ho in GdNi and HoNi. The
fitting results are shown in Figs. 8(a) and 8(b), along with
the experimental spectra, and the fitting parameters are listed
in Table II. We first discuss the Gd 4s spectrum. The Gd 4s
spectrum shows a doublet which is attributed to the 4s-4f
exchange interaction. The 4s spin s = 1/2 up-spin and down-
spin couples differently with the spin S = 7/2 in the 47 shell,
resulting in a doublet with spin §" = § £ s corresponding to
the °S and S states. The °S is at the lower BE and the
intensity ratio of °S and 7§ is expected to be proportional to
the ratio of their multiplicities, i.e., 9/7 = 1.285. In addition,
the energy separation between the doublet is proportional
to the 4s-4f exchange-interaction energy. In Fig. 8(a), the
two satellite peaks are due to plasmon peaks corresponding
to the Gd 4s doublet, as we know the plasmon energy in
the Gd 4d core-level spectrum is ~14.6 eV from the other
core-level spectra discussed above. The fitting data match well
with the experiment. From the fitting results, we know that
the energy separation of the Gd 4s doublet is 8.01 eV, the
intensity ratio of the doublet is 1.30, and the full widths at half
maximum (FWHM) are 6.48 and 5.48 eV, respectively. Our
results for the energy separation match fairly well with earlier
work [50,51]. In addition, the energy separation of 8.01 eV for
the Gd 4s splitting is in good agreement with theoretical cal-
culations of the Gd 4s exchange-interaction energy of ~8 eV
obtained using the Slater model [50]. This confirms that the
4s-4f exchange interaction is larger than the LS coupling
energy of the 4 f electrons in the final states.

In Fig. 8(b), the Ho 4s HAXPES spectrum is plotted with
the fitting results. Since we know that the plasmon energy is
15.2 eV from the Ho 3d and Ho 4p core-level spectra, we at-
tribute the satellites in the Ho 4s spectra to the plasmon peaks
positioned at 15.2 eV higher BE from the corresponding Ho
4s doublet. It is clear that the Ho 4s splitting is also due to the
4s5-4 f exchange interaction. From the fitting results, we know
that the energy separation of the Ho 4s exchange splitting
doublet is 6.04 eV. It is thus clear that the 4s-4f exchange
splitting in GdN1i (~8 eV) is larger than the exchange splitting
in HoNi. The exchange splitting for Ho is consistent with the
theoretical calculation obtained using the Slater model, which
showed a value of 5.6 eV [50]. Further, while the FWHMSs
of the Ho 4s doublets are 7.36 and 7.10 eV, the intensity
ratio of the Ho 4s doublet is 1.4. This is close to the ratio
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FIG. 9. (a) The Ni 3s HAXPES spectrum of GdNi measured at
T = 80 K with fitting results obtained using a least-squares method.
(b) The Ni 3s HAXPES spectrum of HoNi measured at 7 = 80 K
compared with the fitting results. The fitting parameters are listed

in Table III. (c) The calculated Ni 3s spectrum obtained using the
charge transfer multiplet (CTM) model described in the text.

of multiplicities, 6/4 = 1.5, of the final doublet states 67 and
1. We could reproduce the experimental 4s splitting and the
observed ratio of the split peaks for GdNi and HoNi using
atomic multiplet calculations. This is shown in Figs. 8(a) and
8(b) using black lines. While all the Hartree-Fock parameters
were scaled to 80%, the value for the exchange-interaction
parameter G2, had to be reduced to 56% and 69% for Gd and
Ho, respectively (see Table XV in the Appendix), in order to
match the the 4s splitting in the atomic calculation with the
experimental data.

The Ni 3s core-level HAXPES of GdNi and HoNi mea-
sured at 7 = 80 K are shown in Fig. 9. The Ni 3s spectrum of
GdNi and HoNi are very similar, with both of them showing
a high-intensity single peak around 111 eV and a small broad
peak at higher BEs in both spectra. In order to quantitatively
compare the Ni 3s spectra in GdNi and HoNi, we carried out a
least-squares-method fitting of the experimental spectra. The
fitting results are labeled (a) and (b) in Fig. 9, along with
the experimental spectra. The fitting parameters are listed in

TABLE III. Fitting parameters for Ni 3s core-level spectra of
GdNi and HoNi.

Fit component Binding energy FWHM
GdNi Ni 3s eV) (eV)
1 110.60 2.50
2 117.60 3.21
HoNi Ni3s eV) V)
1 110.63 2.55
2 117.63 3.20

T T T T T T T

Ni 2p HAXPES 2Pa2

o GdNi Exp.

| o HoNiExp.
— Total Fit
Fit components

— Background I

L 853.5 853.0 852.5 _
BE(eV)

Intensity (arb. units)
T
|

I ! L I
870 865 860 855 850

Binding energy (eV)

I I
880 875

FIG. 10. The Ni 2p HAXPES spectra of GdNi and HoNi ob-
tained at 7 = 80 K. The asterisk labels indicate the corresponding
satellites of the 2p3/, and 2p;,, main peaks. The inverted triangles
mark the weak plasmons. Inset: The 2p3/, main peak of HoNi is
shifted by a small value of about 50 meV to higher BE than GdNi.

Table III. We first discuss the Ni 3s spectrum of GdNi. The
main peak of Ni 3s is positioned at a BE of 110.6 eV, and
a small broad peak is positioned at a BE of 117.6 eV. The
energy separation between these two peaks is 7 eV. For the
Ni 3s spectrum in HoNi, the main peak of Ni 3s is positioned
at BE of 110.63 eV and the small-feature broad peak is at
BE of 117.63 eV, and hence for HoNi also, the energy sep-
aration between these two peaks is 7 eV. Surprisingly, this
7 eV energy separation also matches well with the energy
separation between the main peak and satellite in the Ni 2p
spectra discussed in Fig. 10. Thus, the satellite peaks are not
plasmons in the Ni 3s spectra of GANi and HoNi.

We have used the CTM program [36] to carry out model
cluster calculations including atomic multiplets and charge
transferred states. The initial and final states are a mixture
of d® and d°L', where L' represents a ligand hole state. A
fair match of the calculated spectrum (labeled (c) in Fig. 9)
with the experimental spectrum is obtained for the follow-
ing parameters: charge transfer energy A = 1.5 eV, on-site
Coulomb energy Uyys = 5.5 eV, core-hole Coulomb attraction
Upq = 6.5 eV, crystal-field splitting 10Dq = —0.5 eV, and
hybridization strengths Ve = 2.18 eV, Vjpp = 1.45 V. It is
noted that although the basic motif of the GdNi structure con-
sists of a trigonal prism consisting of a Ni atom surrounded by
six Gd ions, there are two additional Ni nearest-neighbor ions
which results in a distorted cubic cluster of eight neighbors
(six Gd ions and two Ni ions) surrounding the central Ni
atom. The eightfold distorted cubic arrangement results in a
negative 10Dq value, i.e., with an inversion of 7,, and e, states.
The Slater integrals were reduced to 0.48 compared to the
Hartree-Fock values.

We then measured the Ni 2p HAXPES spectrum of GdNi
and HoNi at 7 = 80 K, and the spectra are shown in Fig. 10.
The spectrum of Ni 2p in GdNi and HoNi shows two high-
intensity peaks, which are the 2p3, and 2p;,, spin-orbit
features. The spectra also show two small broad peaks at
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TABLE IV. Fitting parameters for Ni 2p core-level spectra of
GdNi and HoNi.

Fit component Binding energy FWHM
GdNi Ni 2p (eV) (eV)
2p3/, main 852.78 0.66
2p3, satellite 859.72 3.50
Plasmon 867.38 3.00
2p1/» main 869.95 1.48
2p1 ) satellite 875.93 2.98
HoNi Ni 2p €eV) V)
2p3/> main 852.83 0.73
2p3» satellite 859.70 3.50
Plasmon 868.03 3.20
2p1/» main 869.98 1.32
2p1 ) satellite 876.00 3.50

about 7 eV higher BEs compared to the main peaks. It is
well known that the Ni 2p core-level spectrum of Ni metal
shows a 6 eV correlation satellite feature [52,53]. The Ni 2p
spectra of GdNi and HoNi are quite similar, but there are
small differences between their spectral shapes, as shown in
the expanded range of the 2p3,, main peak in the inset in
Fig. 10. In order to know the peak positions and widths, we
did a least-squares fitting of the spectra. The fitting parameters
are listed in Table IV and the fitting results are also plotted,
together with the experiment in Fig. 10. In the beginning, we
tried to use four peaks (two for the main peaks and two for
the satellites) for the fitting. However, the fits always showed
some discrepancy at BEs just below the 2p;,, main peak. The
energy position suggested that it could be associated with a
weak plasmon contribution which is not easily visible to the
eye. Thus, we included Gaussian-type plasmon peaks in the
Ni 2p fitting and the fitting results showed a good match with
the experiment.

For the Ni 2p spectrum of GdNi, the 2p3;, main peak is
positioned at BE of 852.78 eV, the corresponding satellite
is positioned at BE of 859.72 eV, and the energy separation
between the 2p3,, main peak and satellite is 6.94 eV. On the
other hand, the 2p;/, main peak is at BE of 869.95 eV and
the satellite of 2p;,, is at BE of 875.93 eV, indicating an
energy separation of 5.98 eV. The plasmon peak is positioned
at BE of 867.38 eV, which is 14.6 eV higher BE than the
2psj> peak. For the Ni 2p HAXPES spectrum of HoNi, the
position of the Ni 2p3/» main peak is at BE of 852.83 eV,
the corresponding satellite is at BE of 859.7 eV, and the energy
separation between the main peak and satellite of 2p3/, is
6.87 V. Similarly, the 2p;,, main peak is at a BE of 869.98 eV
and the 2py, satellite is at 6.02 eV higher BE than the main
peak. The plasmon peak is at BE of 868.03 eV, which is
15.2 eV higher BE than the main peak of 2ps3,>. A careful look
at the Ni 2p3,, main peak spectra of GdNi and HoNi shows
that the main peak of HoNi is positioned about 50 meV higher
BE than that of GdNi, as shown in the inset in Fig. 10. This
indicates that there is a small difference between GdNi and
HoNi. The small difference suggests that the Ni ions receive
a little more electronic charge from Gd nearest neighbors in
GdNi, compared to the Ni ions in HoNi, perhaps due to the

Ni 2p HAXPES
- — GdNi 1

—— HoNi

— CTM Cal.

Intensity (arb. units)

880 875 870 865 860 855 850
Binding energy (eV)

FIG. 11. The Ni 2p HAXPES spectra of GdNi and HoNi are
compared with the charge transfer multiplet (CTM) calculations.

crystal structure difference between them. On the other hand,
the energy separation between the main peak and satellite of
2p3;> in GdNi and HoNi (~7 eV) is larger than the 6 eV
energy separation in Ni metal. Similarly, the energy separation
between the main peak and the satellites of 2p; , in GdNi and
HoNi (~6 eV) is also larger than the 4.6 eV energy separa-
tion in Ni metal. This indicates that the electronic parameters
for describing the Ni states in HoNi and GdNi are modified
compared to Ni metal.

We carried out model cluster calculations for the Ni 2p
spectra and the results are shown in Fig. 11 along with the
experimental spectra. The same electronic parameters as for
the Ni 3s calculated spectrum was used to calculate the Ni
2p spectrum. The small discrepancies between the experiment
and calculation are attributed to the fact that we have used just
two basis states in our calculations and additional screening
channels are required to get a better match, as shown recently
for transition-metal compounds [54]. The d-electron count is
obtained to be 8.33 and this is significantly lower than the
d-electron count of ~9-9.2 known for Ni metal [52,55].

In Fig. 12, we compare the valence band of HoNi and
GdNi measured at 7 = 80 K. The valence band of GdNi
was recently reported by us [11], but we discuss it here for
completeness to make a detailed comparison with HoNi. It
was shown that the Gd 4f states occur at a BE of 8 eV, and
the Ni 3d density of states (DOS) were observed between 0
and ~3.5 eV BE, with a high-intensity sharp peak at Er. The
Ni 3d feature at Ep indicates that the Ni 3d band is partially
occupied and invalidates the charge transfer model for GdNi
[11]. This assignment is qualitatively consistent with band
structure calculations of the Ni 3d density of states obtained
using a tight-binding linear muffin-tin orbitals (TB-LMTO)
method [56], but the high-intensity Ni 3d peak occurs at
about 1.3 eV BE in the calculations. Further, the Gd 4f
occupied states occur at about 4.8 eV BE in the calculations
with weak contribution from Gd 5d states between the Fermi
level and 5 eV BE. Hence, we cannot rule out Gd 5d con-
tributions to the features assigned to the Ni 3d states. It is
noted that soft x-ray photoemission studies on several Gd-
based intermetallics [57—62] containing Gd and Ni, such as
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FIG. 12. The valence band of HoNi and GdNi measured at T =
80 K. The Ni 3d DOS at BE is observed within 3 eV from Er for
GdNi and HoNi, while the Gd 4f states are at 8 eV BE away from
Er, and the Ho 4f states are spread from 4 to 9 eV BE. The dashed
line is Er. The GdNi spectrum is taken from Ref. [11].

GdNis_,Al,, Gd3NigAl, GdNiyB, GdNi4Si, Gd(Ni;_,Co,)s,
Gd(Ni;_,Fe,);, and Gds;Ni, have shown a broad Gd 4f
derived feature at 8 eV BE, while the Ni 3d states occur
between the Fermi level and about 3.5 eV BE.

On the other hand, the valence band of HoNi shows Ho
4f DOS consisting of several features spread between 4 and
9 eV BE, while the Ni 3d DOS still occurs between 0 and
~3.5 eV BE. The Ni 3d spectral features and BE positions
are quite similar to Ni 3d states in GdNi. This indicates that
the Ni 3d band is partially occupied even in HoNi, making
it inconsistent with the charge transfer model. However, one
important difference is that the feature at Er is broader and
shows lower relative intensity compared to GdNi, when the
main 4 f features of GANi and HoNi are normalized, as shown
in Fig. 12. This normalization is roughly consistent with the
relative f-electron occupancies of f7:f!° for GdNi and HoNi
as estimated from the 4 f features after a background subtrac-
tion, respectively. This suggests that the number of carriers
at the Fermi level is lower in HoNi compared to GdNi, but
not an order-of-magnitude smaller as implied by the specific
heat y estimated for HoNi compared to GdNi [18,19]. The
Ho 4 f features are very consistent with the valence-band PES
spectrum of Ho metal, which were analyzed in terms of an
intermediate-coupling scheme by Thole and van der Laan
[63]. The highest-intensity peak at 8.5 eV BE consists of the
‘F.*G,*M,*K,*I, while the feature at 5 eV BE is mainly due
to SH 152 states. The remaining Ho 4 f feature at 6 eV BE is
due to °F final states. Qualitatively similar Ho 4 f features are
also observed in the Ho compounds HoRhB; [45], HoB4 [46],
and HoNiyB [64].

For GdNi, the 8 eV BE broad peak of the Gd 4f states
is assigned to ’F states consisting of seven closely spaced
multiplets, which make one smooth broad feature. Since the
Ni 3d lowest BE feature cuts the Er level in HoNi and GdNi,
it indicates a partially filled Ni 3d band in HoNi, just like
in GdNi. Since GdNi is ferrimagnetic with a small finite Ni

magnetic moment, and since HoNi is considered ferromag-
netic, the present result suggests that it would be important
to investigate the Ni moment in HoNi using XMCD studies.
It may be expected to show a small finite magnetic moment,
which is likely antiferromagnetically coupled to the large
magnetic momentum of Ho (~ 9.2 ug). In a recent study, it
was discussed that the Ni 3d states would participate in charge
and thermal transport processes. However, the very small
magnetic moment of Ni in GdNi suggests it would result in a
weak contribution to the magnetocaloric effect, while the large
Gd spin moments would play a dominant role in the magne-
tocaloric properties of GANi. We expect a similar picture to be
valid for the HoNi with relatively lower Ni 3d density of states
at the Fermi level, and a larger Ho total magnetic moment,
resulting in a comparable magnetoresistance to GdNi as is
known from experiment [34,35].

Finally, it is important to note that the atomic multiplet
calculations matched fairly well with the experimental 3d,
4d, 4p, 5p, and 4s core-level spectra of GdNi and HoNi.
This is in contrast to the core-level spectra of transition-metal
compounds as well as early lanthanide (La to Sm) inter-
metallic alloys [8,38,65], which always show charge transfer
satellites in experiments. The charge transfer satellites in the
experimental spectra can be reproduced in calculations only
if ligand screened configurations are taken into account. In
fact, even for the Ni 3s and Ni 2p spectra, we see satellites
in GdNi and HoNi which can be explained only by including
ligand screened configurations, as shown in Figs. 9 and 11.
The reason that ligand screened states are not required for
the late lanthanides (Eu to Lu) is based on the fact that the
hybridization strength for the late lanthanides with nearest-
neighbor ligands is very small, as shown from 3d core-level
photoemission spectroscopy experiments of the lanthanides
[65] and consistent with the lanthanide contraction in the
series [66]. It would be interesting to carry out HAXPES core-
level experiments on an isostructural series spanning across
the full lanthanide series to see the evolution of their electronic
structure parameters.

IV. CONCLUSIONS

In conclusion, the electronic structure of GdNi and HoNi
was investigated using HAXPES combined with atomic mul-
tiplet calculations for Gd** and Ho®" configurations. The
results show that both GdNi and HoNi core-level spectra
are best explained by the intermediate-coupling scheme. The
analysis of the Gd and Ho 4s spectra show the exchange
interaction between the 4s-4f states to be stronger in GdNi
compared to HoNi. The Ni 2p and 3s spectra show correlation
satellites which indicate that the Ni 3d states in GdNi and
HoNi are more correlated than in Ni metal. Valence-band
HAXPES of GdNi and HoNi shows that the Gd 4f and Ho 4 f
features are localized and occur at high binding energies away
from the Fermi level. The Ni 3d DOS are positioned at and
near the Fermi level, indicating a partially filled Ni 3d band in
GdNi and HoNi. The results establish that the charge transfer
model, which predicts a fully filled Ni 3d band, is not valid
for describing the electronic structure of GdNi and HoNi.

165127-11



C. W. CHUANG et al.

PHYSICAL REVIEW B 102, 165127 (2020)

ACKNOWLEDGMENTS

A.C. thanks the Ministry of Science and Technology
(MOST) of Taiwan, Republic of China, for financially
supporting this research under Contract No. MOST 108-2112-
M-213-001-MY3. D.M. and A.C. thank the France-Taiwan
(CNRS-MOST) bilateral project for financially supporting
this research under Contract No. CNRS 290771 and Contract
No. MOST 108-2911-1-213-501, respectively.

APPENDIX

Tables V-XV list the electronic parameters used in the
atomic multiplet calculations and Tables XVI-XIX list the
electronic parameters used in the charge transfer multiplet
calculations.

TABLE V. Gd and Ho 3d, 4d, 4p, 5p, 4s Hartree-Fock (HF)
parameter values in the initial state.

HF value (eV) Gd Ho
F2 14.502 15.7059
Fi, 9.1012 9.8538
Fs, 6.5482 7.089
Cup 0.1973 0.2734

TABLE VI. Gd and Ho 3d Hartree-Fock reduction factor (RF)
values in the initial state.

RF Gd Ho
P, 0.85 0.80
Fi, 0.85 0.80
Fe, 0.85 0.80
Lir 0.98 0.99

TABLE VII. Gd and Ho 3d HF and RF values in the final state.

HF value (eV) Gd RF Ho RF
F, 15.1948 0.9 16.3422 0.9
F4, 9.5496 0.9 10.265 0.9
Fé, 6.8748 0.9 7.3883 0.9
F 9.7125 0.9 10.7163 0.9
Fi, 4.5316 0.9 5.0507 0.9
Gl 6.9463 0.9 7.7995 0.85
G, 4.0725 0.9 4.576 0.85
G, 2.8134 0.9 3.1622 0.85
Cas 0.2255 0.98 0.3067 0.99
Caauy 12.3581 0.98 15.5763 0.99

TABLE VIII. Gd and Ho 4d RF values in the initial state.

RF Gd Ho
P, 0.85 0.85
Fi, 0.85 0.85
Fg, 0.85 0.85
Lar 1.0 1.0

TABLE IX. Gd and Ho 4d HF and RF values in the final state.

HF value (eV) Gd RF Ho RF
F, 14.6635 0.9 15.8434 0.85
F4, 9.209 0.9 9.9455 0.85
Fs, 6.6276 0.9 7.1565 0.85
£, 16.4158 0.75 17.6626 0.98
Fi 10.4946 0.75 11.2902 0.98
G, 19.3646 0.77 20.7696 0.78
G, 12.166 0.85 13.0727 0.78
G, 8.6049 0.85 9.2521 0.78
Caf 0.2013 1.0 0.2775 1.0
Caa 2.1905 1.0 2.8146 1.0
TABLE X. Gd and Ho 4p RF values in the initial state.
RF Gd Ho
F2, 0.7 0.7
F4, 0.7 0.7
Fs, 0.7 0.7
Car 1.0 0.96

TABLE XI. Gd and Ho 4p HF and RF values in the final state.

HF value (eV) Gd RF Ho RF
F2, 14.7868 0.7 15.9532 0.7
F4, 9.292 0.7 10.0196 0.7
Fs, 6.689 0.7 7.2113 0.7
£ 17.1125 0.7 18.4124 0.7
G2, 14.8385 0.95 15.938 0.7
G, 10.2388 0.95 11.0148 0.7
Cay 0.2038 1.0 0.2802 0.96
a4y 21.2048 1.0 27.0028 0.96
TABLE XII. Gd and Ho 5p RF values in the initial state.
RF Gd Ho
F, 0.8 0.8
F4, 0.8 0.8
Fs, 0.8 0.85
Car 1.0 1.0
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TABLE XIII. Gd and Ho 5p HF and RF values in the final state.

TABLE XVI. Ni 2p and Ni 3s HF and RF values in the initial state.

HF value (eV) Gd RF Ho RF HF value (eV) 3d8 3d°L RF
F?, 14.787 0.8 15.9601 0.8 F2, 15.291 0.48
F4, 9.295 0.8 10.0271 0.8 F?, 9.498 0.48
Fs, 6.692 0.8 7.2171 0.8 Csa 0.083 0.074 1.0
£, 6.788 0.8 6.9823 0.8
G 3408 085 34394 08 TABLE XVII. Ni 2p HF and RF values in the final
G, 2666 085 26934 08 . Ni2p an values in the final state.
Sar 0.201 1.0 0.2772 1.0 S 10 5n 110
Ca 2.974 1.0 3.6492 1o HFvalue (V) 2p3d 2p"3d 7L RF
F2, 10.437 9.652 0.48
TABLE XIV. Gd and Ho 4s RF values in the initial state. G, 7.915 7.235 0.4
G, 4.505 4.115 0.4
RF Gd Ho L 0.112 0.102 1.0
Cap 11.506 11.507 0.958
£, 0.8 0.8
F4, 0.8 0.8 ) )
Fo 08 0.8 TABLE XVIII. Ni 3s HF and RF values in the final state.
! 1.0 1.0
Sy : ' HF value (eV) 35134° 3s13d1°L RF
TABLE XV. Gd and Ho 4s HF and RF values in the final state. G, 12.785 11.933 0.48
Caa 0.093 0.085 1.0

HF value (eV) Gd RF Ho RF
F2 15.721 0.8 16.847 0.8
F4 9.927 0.8 10.627 0.8
Fe, 7.16 0.8 7.662 0.8
G, 12.747 0.563 13.649 0.69
Cay 0.22 1.0 0.299 1.0
Cas 0.185 1.0 0.214 1.0

TABLE XIX. Ni 2p and 3s charge transfer multiplet calculation
parameters in eV.

Udd Upd IODq A Veg V12g

Ni 2p, Ni 3s 5.5 6.5 -0.5 1.5 2.18 1.45
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