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Abstract. A study of the surface structure and electronic properties of (010) KGd0.95Nd0.05(WO4)2
(Nd:KGW) using RHEED analysis and XPS is presented. It is shown that Nd doping has a negligible
effect on the core levels of the basic elements. A bombardment of the Nd:KGW crystal with 3-keV Ar ions
results in surface amorphization accompanied by the generation of tungsten ions in lower valence states.

PACS. 33.60.Fy X-ray photoelectron spectra – 61.66.Fn Inorganic compounds – 82.80.Pv Electron
spectroscopy (X-ray photoelectron (XPS), Auger electron spectroscopy (AES), etc.)

1 Introduction

Monoclinic α-KGd(WO4)2 (KGW) is one of the best host
materials for laser active lanthanide RE3+(RE = Pr, Nd,
Dy, Ho, Er, Tm, Yb) ions. The isomorphous substitution
of RE3+ ions for Gd in the KGW lattice is possible for
comparatively high doping levels without loss of optical
quality of the crystal [1]. Comparative analysis of Nd-
doped optical crystals classifies Nd:KGW among most ef-
fective mediums for laser generation in the near IR range,
because of its very high generation performance at low
pump energies [2–5]. It is well known that the KGW crys-
tal has a large cubic optical nonlinearity χ(3) and can
be used as an effective medium in lasers with ultralow
threshold stimulated Raman scattering [2,6,7]. Recently,
a method was reported for the formation of Nd:KGW opti-
cal waveguide layers using a pulsed laser deposition tech-
nique that provides the scope for creation of integrated
Nd:KGW thin film lasers [8–10]. There is the potential
for using light ion implantation technique in fabrication
of Nd:KGW optical waveguides [11].

Practical applications of doped KGW crystals in laser
systems and integrated optics call for preparation of high
quality optical surfaces with as low scattering losses as
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possible and good chemical stability. At the same time,
it is well known that severe modifications of the top sur-
face of oxide crystals happen occasionally due to inter-
action with complex polishing mixtures. Strong changes
in chemical composition and structure are probable dur-
ing thin film formation by different techniques. Most of
the previous works on KGW discussed the structure and
spectroscopic properties of bulk RE-doped crystals, while
information on other properties of pure and doped KGW
is very scarce or absent. The present study aims at observ-
ing the electronic and structural properties of Nd:KGW
crystal surfaces prepared by polishing. Besides this, the
effects of an Ar ion beam on the characteristics of the
Nd:KGW top surface will be traced to estimate the po-
tential of ion sputtering for the preparation of fine optical
surfaces of the crystal.

2 Experimental

A plate with (010) big plane and dimensions 7×8×1 mm3

was prepared by mechanical polishing in water-based sus-
pension at room temperature. The crystal has intensive
lilac color and the Nd doping level was estimated by
the supplier as 4 at.%. The crystallographic properties
of the Nd:KGW optical surface were evaluated by Re-
flection high energy electron diffraction (RHEED) at an
electron accelerating voltage of 50 kV. For charging effect
elimination a charge-neutralization flood gun was used.
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Fig. 1. RHEED patterns of the Nd:KGW surface: (a) electron
beam is along [100] and (b) electron beam is along [001].

Surface microrelief has been controlled by Atomic force
microscopy (AFM) in semi-contact mode.

The electronic parameters and surface element compo-
sition were studied with X-ray photoelectron spectroscopy
(XPS). X-ray photoemission spectra were recorded with a
MAC-2 (Riber) analyzer using nonmonochromatic Mg Kα
radiation (1253.6 eV). The energy resolution of the instru-
ment was ∆E = 0.5 eV. Just before an observation of
Nd:KGW surface the binding energy scale was calibrated
in reference to the Cu 2p (932.7 eV) and Cu 3p (75.1 eV)
lines, yielding an accuracy of ±0.1 eV in any peak position
determination. Using these two reference lines for calibra-
tion, one with low and another with high binding energy,
is of particular importance for Nd:KGW in which the rep-
resentative Nd 3d and Gd 3d core levels appear at very
high binding energies. Surface charging effects were taken
into account in reference to the C 1s level (284.6 eV) of
adventitious carbon. To remove surface contaminations,
bombardment by Ar+ ions has been performed with an
energy of 3 keV at sample current 100 nA. The ion beam
was rastered over an area of 7×20 mm2 and the sputtering
rate was estimated as 0.25 Å/min. Sputtering for 105 min

Fig. 2. Survey XPS spectra for (1) initial and (2) clean
Nd:KGW surface sputtered for 165 min.

results in complete suppression of the C 1s signal. To re-
late the energy scales for initial and bombarded surfaces,
the persistence of binding energies of W 4f7/2 core level
in these spectra is assumed.

3 Electronic structure

In Figure 1 the RHEED patterns are shown for polished
and chemically cleaned Nd:KGW surface. The angle be-
tween azimuths of the patterns (a) and (b) was 95◦, in
close relation with an angle 94.4◦ between [100] and [001]
axes in pure KGW, C2/c [4]. The patterns show the
combination of monocrystal streaks superimposed with
wide Kikuchi lines. The crystallographic parameters of
the crystal surface were very close to those inherent to
(010) KGW. Thus, the only crystal phase detected on the
plate surface was identified as Nd:KGW.

In Figure 2 the survey XPS spectra recorded for the
initial and sputtered plate surface are shown. The spec-
trum (1) related to the initial surface displays the pres-
ence of the most intensive lines of KGW constituent ele-
ments and a strong C 1s core level related seemingly to
hydrocarbon contaminations applied in RHEED chamber.
The signal of the C 1s line was completely suppressed af-
ter 105 min of surface bombardment by Ar+ ions. The
spectrum (2) recorded after prolonged sputtering shows a
very complex photoelectron spectrum of KGW with nu-
merous peak superposition and fine structure due to the
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Fig. 3. Binding energy range of K 2p–C 1s–W 4d core levels
for (1) initial Nd:KGW surface and (2) surface sputtered for
165 min.

large number of Gd and W core levels. All spectral fea-
tures measured for initial and bombarded surfaces were
attributed to basic elements K, Nd, Gd, W and O. The
only exception is a weak line at 1013.7 eV, detected for
the initial surface.

In Figure 3 the binding energy range of
K 2p–C 1s–W 4d core levels is presented. The spec-
trum of the initial surface displays an intensive C 1s
core level with a satellite at ∼276.2 eV excited by Kα3,4

components of X-ray radiation. Contrary to that, the
surface cleaned by Ar+ bombardment is free of carbon
contaminations. Besides this, as a result of interaction of
Ar+ ions with crystal surface new features appear in K 2p
and W 4d doublets. So, clearly the K 2p doublet found
for the initial surface transforms into a continuous band
because of the appearance of new K 2p1/2 and K 2p3/2

spectral components, seemingly due to the generation of
new K+ ion states with different chemical environments.
Earlier, a similar effect has been detected for another
potassium containing crystal, KTiOPO4 (KTP) [12]. It
should be noted that the binding energy of the maximum
of the K 2p band for the bombarded surface and the
binding energy of the more intense K 2p3/2 line for the
initial surface are the same. Thus, the dominant part of
K+ ions in the bombarded layer has the same chemical
environment as in the initial Nd:KGW crystal lattice. As
for the W 4d doublet, broadening of both W 4d5/2 and W
4d3/2 lines is evident for the bombarded surface owing to
the formation of new intensive components on the lower

Fig. 4. Detailed spectra of Gd 4d core level for (1) initial and
(2) bombarded surfaces.

energy side of the lines. In parallel, the broadening has
been also detected for other tungsten core levels W 4f
and W 4p. The transformation of the W 4f doublet has
been discussed in the literature for several tungstates
subjected to Ar+ bombardment and was attributed to
partial transition of tungsten ions from W6+ state to
lower valence states due to oxygen loss from the top
surface layers [13–16].

The Gd 4d core level is presented in Figure 4. Only a
slight shift in the binding energy position of the Gd 4d5/2

peak has been induced by surface bombardment. The
binding energy of the maximum of the Gd 4d5/2 peak
is in good agreement with the values measured earlier for
several gadolinium containing oxides, Gd2O3 (142.50 eV,
C 1s line at 284.6 eV)) [17] and Gd(OH)3 (142.3 eV, C
1s line at 285.0 eV) [18]. However, a comparatively low
binding energy of the Gd 4d5/2 core level was found in
GdNbO4 (141.7, C 1s line at 285.0 eV) [19]. So, the chem-
ical shift of the Gd 4d level seems to be strong even among
the oxides. Removal of the carbon contaminated layer re-
sults in a great increase of the photoemission yield from
the constituent element core levels, and new spectral fea-
tures arise in the spectrum recorded for the clean surface.
The wide line at ∼170 eV is also related to Gd 4d mul-
tiplet and is supposed to be an energy loss peak [19–21].
With surface cleaning the intensity of this line grows pro-
portionally to the intensity of Gd 4d component at ∼142
eV. The weak band at ∼122 eV shown in the inset seems
to be generated by the Nd 4d core level [18,19].
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Fig. 5. Valence band spectra for (1) initial and (2) bombarded
surfaces.

In Figure 5 the spectra of valence band and adjacent
W 5p and W 5s core levels are shown. The structure of
the Nd:KGW valence band is very different for initial
and bombarded surfaces. The most intense spectral fea-
ture with a maximum at 8.3 eV is present in both spectra
and is essentially a combined effect of photoemission from
O 2p and Gd 4f core levels [14,17–21]. For the bombarded
surface a weak but pronounced peak appears at ∼2 eV.
In tungsten containing oxides the presence of this feature
was earlier detected for WO3 after argon ion bombard-
ment [14], WOx oxides with 2 ≤ x < 3 [15,16], WO3 films
reduced by annealing [22] and was attributed to photoe-
mission from W 5d core level. This core level is empty for
the W6+ state but partly filled for tungsten ions in lower
valence states. So, the appearance of this peak in the spec-
trum of bombarded Nd:KGW surface confirms oxygen loss
accompanied with the formation of lower valence states
for the tungsten ion in the modified layer. Further, in the
valence band spectrum for the initial surface, a well de-
fined peak at 17 eV is found. After the bombardment this
peak spreads into a shoulder at the same binding energy
position. This spectral feature was previously detected in
valence band spectra of pure KGW crystal surfaces [23]
but was not found in valence band spectra of Gd- and W-
containing oxides known to us. The line with appropriate
binding energy 19.1 eV was reported for Nd-containing ox-
ides Nd(OH)3 [18] and NdNbO4 [19,20]. The Nd content
in our crystal is, however, not above few atomic percent
and so low doping level excludes the attribution of 17 eV
peak to the photoemission from Nd 5p core level. Thus, the
nature of spectral feature at 17 eV in KGW remains uncer-

Fig. 6. Detailed spectra of O 1s core level for (1) initial and
(2) bombarded surfaces.

tain. At higher binding energies, in the range 20–30 eV, a
very complex superposition is observed of Gd 5p multiplet
with O 2s core level [14–16,18–22]. As a result of bombard-
ment, the spectral components of the band were strongly
redistributed. A sharp W 4f doublet with superimposed
Nd 5s line is positioned in the energy range 35–40 eV. Low
intensity Gd 5s line is attached to the higher binding en-
ergy side of the W 4f5/2 component. The bombardment
of the surface induces some spreading of both W 4f5/2

and W 4f7/2 components and formation of a shoulder on
the lower binding energy wing of the doublet. This shoul-
der indicates the generation of tungsten ions in oxidation
states lower than 6+ [14–16,22,24].

The detailed spectra of O 1s core level are shown in
Figure 6. The peak recorded for the initial surface was
essentially asymmetric with a strong shoulder from the
higher binding energy side. Fitting of the O 1s band re-
veals the presence of two components with maxima at
530.3 eV and 532.4 eV and intensity ratio (3.1:1.1). The
intense component at 530.3 eV is attributed to Nd:KGW
and weak component at 532.4 eV seems to be generated
by C–O species present in the contaminated top surface
layer [13]. After surface cleaning by bombardment the
higher binding energy component disappears and only the
narrow and symmetric O 1s line has been observed.

Relative Nd content in the crystal was low and only
the most intense Nd 3d core level was suitable for photoe-
mission peak observation. The hydrocarbons present at
the initial surface generate a strong C KLL Auger band
that makes the Nd 3d5/2 line undetectable. The detailed
spectrum of the Nd 3d5/2 line recorded for the bombarded
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Fig. 7. Detailed spectrum of Nd 3d5/2 core level for bombarded
surface. This core level is recorded with ∆E = 1 eV.

Table 1. Relative element contents at the Nd:KGW surface.

Surface Element
O K W Gd Nd

Initial 0.62 0.07 0.18 0.11 –
Sputtered 0.56 0.05 0.17 0.133 0.007

surface is presented in Figure 7. To accumulate the pho-
toelectrons emitted from Nd 3d5/2 level for real time, the
energy resolution was changed to ∆E = 1.0 eV. The bind-
ing energy of the Nd 3d5/2 line in Nd:KGW compares well
with those determined earlier for several Nd containing ox-
ides [18–20]. It is interesting that the feature at ∼979 eV
distinct in spectrum in Figure 7 was reported previously
for NdNbO4 [19,20] but absent for Nd(OH)3 [18].

The relative element contents, excluding carbon, at the
initial surface and the surface bombarded for 165 min were
calculated on the basis of K 2p, Gd 4d, W 4f , O 1s and
Nd 3d5/2 peak areas with using relative element sensitiv-
ities tabulated in reference [25]. The results presented in
Table 1 show reasonable correlation between basic element
ratios at the initial surface and nominal KGW composi-
tion. The noticeable difference in Gd content seems to be
due to the strong variation of relative sensitivity possible
for this element in different compounds. Surface sputter-
ing results in some loss of oxygen and potassium. For the
bombarded surface, the element content ratio Nd/Gd was
estimated as ∼0.05.

The RHEED observation produced just after extrac-
tion of the sample from the XPS chamber shows the pres-

Fig. 8. AFM image of sputtered Nd:KGW surface.

ence of only amorphous material on the surface. The mor-
phology of the surface is presented in Figure 8. The rms
of the surface is ∼2 Å, typical for mechanically polished
surfaces. Some linear structures visible in the image are
residues of the scratches induced by abrasive grains. So,
Nd doping of KGW has not induced pronounced inho-
mogeneities in the crystal and ion sputtering of the sur-
face proceeds very uniformly. Seemingly, the Ar ion bom-
bardment applied previously for surface cleaning of silica
and CsLiB6O10 in references [26,27] can also be used for
Nd:KGW surface etching without loss of optical quality.

4 Discussion

The complete sets of binding energies of spectral features
revealed in the XPS spectra of the initial and bombarded
Nd:KGW surfaces are presented in Table 2. For compari-
son, the binding energies available for representative core
levels in tungstates and Gd or Nd containing oxides are
shown in Tables 3–5. Regrettably, an analysis of absolute
values of the binding energies is complicated by possible
differences in the energy scale calibration method [42]. In
many publications, moreover, the calibration method was
not even reported. In this situation, using energy differ-
ence between metal and O 1s core levels is reasonable as an
additive criterion independent of the energy reference line.
Improved robustness of the method was demonstrated ear-
lier for many complex dielectric oxides [12,23,43–46]. So,
Tables 2–4 are completed with the parameters, when avail-
able, necessary for calculation of binding energy differ-
ences.

The collection of XPS results for tungstates is suffi-
ciently representative to test the scattering ranges of the
binding energies of characteristic element lines. Let us con-
sider only the reports in which both O 1s and W 4f7/2

core levels are found in one study and in the same energy
scale calibration. Further, it is reasonable to exclude the
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Table 2. Binding energies of element core levels of the Nd:KGd(WO4)2 surface.

Binding energy, eV Core level
Initial surface Bombarded surface

35.2 35.2 W 4f7/2*, Gd 5s
51.3 50.6 W 5p1/2

79.8 79.8 W 5s
142.4 142.2 Gd 4d5/2

147.6 147.5 Gd 4d3/2

170.0 170.0 Gd 4d satelite
247.2 246.4 W 4d5/2

259.8 259.1 W 4d3/2

– 271.4 Gd 4p3/2

284.6 – C1s**
292.4 292.3 K 2p3/2

295.2 – K 2p1/2

360–400 360–400 Gd MNN, Gd 4s
427.0 425.3 W 4p3/2

530.3 530.2 O 1s
742.1 741.6 O KLL
763.2 761.7 O KLL
993.6 – C KLL

– 983.6 Nd 3d5/2

– 1003.6 K LMM
1013.7 – ?

– 1085.0–1144.5 W, Gd Auger
– 1187.6 Gd 3d

* Used for binding energy scale calibration for bombarded surface; ** used for binding energy scale calibration for initial surface.

Table 3. Binding energies of representative core levels in tungstates.

Compound Binding energy, eV Reference
O 1s W 4f7/2 O 1s–W4f7/2

WO2 33.05 32
m-WO3 530.5 35.67 494.83 15
h-WO3 530.86 36.02 494.84 16
WO3 530.4 35.6 494.8 13
WO3 530.5 35.5 495.0 28
WO3 35.8 22
WO3 36.1 24
WO3 36.0 42

Li2WO4 530.7 35.6 495.1 13
Na2WO4 530.6 35.3 495.3 13
Na2WO4 530.2 30

KGd(WO4)2 530.1 35.2 494.9 23
Ag2WO4 530.3 35.2 495.1 13

(NH4)2WO4 530.4 35.5 494.9 13
CaWO4 530.1 35.1 495.0 29

Al2(WO4)3 531.8 35.4 496.4 31
NiWO4 531.5 35.2 496.3 31

Table 4. Binding energies of representative core levels in Gd containing oxides.

Compound Binding energy, eV Reference
O 1s Gd 4d5/2 Gd 3d5/2 O 1s–Gd 4d5/2 Gd 3d5/2–O 1s

Gd2O3 531.2 142.5 1187.6 388.7 656.4 17
Gd2O3 530.8 142.8 388.0 33

Gd(OH)3 141.17 1187.46 18
Gd(OH)3 1186.8 34
GdNbO4 141.7 1186.7 19,20

KGd(WO4)2 530.1 142.3 1187.6 387.8 657,5 23
Gd2Ti2O7 ∼529.5 1187.2 657.7 35
Gd2Zr2O7 ∼529.4 1186.7 657.3 35
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Table 5. Binding energies of representative core levels in Nd containing oxides.

Compound Binding energy, eV Reference
O 1s Nd 4d Nd 3d5/2 Nd 3d5/2–O 1s

Nd2O3 981.4 37
Nd2O3 981.7 38

Nd(OH)3 121.30 980.77 18
Nd(OH)3 981.7 34
Nd2CuO4 528.4 981.4 453.0 37
NdGaO3 529.8 981.4 451.6 39
NdGaO3 528.14 980.48 452.34 40
NdNbO4 121.5 982.6 19, 20

Li0.30Nd0.57TiO3 529.8 982.6 452.8 41
CaNdAlO4 529.08 981.19 452.11 40

Nd1.85Ce0.15CuO4 528.6 981.4 452.8 37
Nd1.85Ce0.15CuO4 529.5 982 452.5 36

results of reference [28], in which the binding energy of O
1s level was evidently overestimated. After this the scatter
in binding energy values of the O 1s core level is 0.8 eV and
the scatter for the W 4f7/2 core level is 0.9 eV. Compar-
atively, the dispersion of the (O 1s–W 4f7/2) difference
is only 0.5 eV. For Nd:KGW, the values of the binding
energies of O 1s and W 4f7/2 core levels evaluated for
the initial surface are in the ranges typical for dielectric
tungstates with W6+ ions. The relevant energy difference
(O 1s–W 4f7/2) also lies in the range characteristic for
oxides with W in the 6+ oxidation state. The shoulder
appearing from the lower energy side of W 4f7/2 line after
bombardment is in good agreement with the energy posi-
tions reported for W4+ ions in WO2 and W2+ [32]. The
oxides with tungsten in these oxidation states are con-
ductive, and therefore bombarded KGW surfaces should
also possess higher conductivity and, respectively, greatly
lower optical damage threshold than that of the initial
dielectric surface.

Although the collection of XPS results for Gd core
levels in different oxides is very limited, the energy po-
sitions of O 1s and Gd lines defined for the initial sur-
face are evidently within the values measured earlier for
different Gd3+ containing oxides. The energy difference
(O 1s–Gd 4d5/2) is practically the same for initial and
clean Nd:KGW surfaces that confirms keeping of oxy-
gen chemical environment around Gd3+ ions on bombard-
ment. Among the photoemission lines of the neodymium
ion, only the most intensive Nd 3d5/2 peak is sufficiently
strong to define the binding energy of the core level for
the cleaned Nd:KGW surface. The binding energy of the
maximum and the energy difference (Nd 3d5/2–O 1s) re-
late well with the values reported earlier for several Nd
containing oxides.

5 Conclusions

The electronic and surface structural properties of
Nd:KGW are very similar to those of pure KGW [23]. As is
already known, neodymium ions substitute isomorphously
for gadolinium in the KGd(WO4)2 crystal lattice [1,47].
The radii of Nd3+ and Gd3+ ions are very close and at

low doping level there is no strong impact on the inter-
atomic distances between metal and oxygen ions in the
KGW crystal lattice. For this reason the Nd incorpora-
tion induces only negligible chemical shifts in the binding
energies of K, Gd and W core levels, and the electronic
spectra of the crystal remain nearly the same besides fea-
tures related to Nd core levels.

The bombardment of the Nd:KGW surface with mid-
dle energy Ar ions generates drastic variations in K and
W core levels with the formation of lower valence states of
tungsten. However, there are no variations in the Gd core
levels, indicating enhanced stability of the oxygen environ-
ment around this cation. In any case, the bombardment
of Nd:KGW crystal surface with Ar ions, 3 keV, 2.75 h,
results in complete amorphization of the surface. It seems
likely that annealing at an appropriate temperature in an
oxygen atmosphere would be a reasonable way to restore
the crystalline state of the surface. Thus, ion bombard-
ment may be used for top surface cleaning of polished
Nd:KGW surface, but further observation of sputtering
effects and determination of a temperature interval opti-
mal for surface restructurization would be useful.
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