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Electronic structure of KD2xH2(1−x)PO4 studied by soft x-ray absorption and emission
spectroscopies
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The surface and bulk electronic structure of tetragonal (at 300 K) and orthorhombic (at 77 K)
KD2xH2(1−x)PO4 single crystals (so-called KDP and DKDP), with a deuteration degree x of 0.0,
0.3, and 0.6, is studied by soft x-ray absorption near-edge structure (XANES) and non-resonant
soft x-ray emission (XES) spectroscopies. High-resolution O K-edge, P L2,3-edge, and K L2,3-edge
XANES and XES spectra reveal that the element-specific partial density of states in the conduction
and valence bands is essentially independent of deuteration x. We give assignment of XANES and
XES peaks based on previous molecular orbital and band-structure calculations. Projected densities
of states in the conduction band also appear to be essentially identical for tetragonal (at 300 K) and
orthorhombic (at 77 K) phases, consistent with previous band structure calculations. However, a
decrease in sample temperature from 300 to 77 K results in an ∼ 0.5 eV shift in the valence band edge
(probed by XES), with negligible changes to the conduction band edge (probed by XANES). Results
also show that high-intensity x-ray irradiation results in decomposition of these hydrogen-bonded
materials into water and KPO3 cyclo- and polyphosphates.

PACS numbers: 77.84.Fa, 78.70.Dm, 78.70.En, 71.20.Ps

I. INTRODUCTION

Potassium dihydrogen phosphate, KDP (KH2PO4),
and its deuterated form, DKDP (KD2xH2(1−x)PO4), are
important optical materials widely used for frequency
conversion and optoelectrical switching in laser systems.1
What makes these materials unique is that single-crystal
KDP and DKDP can be conveniently grown with linear
dimensions in the range of 50 − 100 cm, as required for
large-aperture high-power lasers.1,2 In addition to being
optical materials, KDP and DKDP are the most com-
mon hydrogen-bonded ferroelectrics.3 At room temper-
ature and atmospheric pressure, both KDP and DKDP
are paraelectric and have the tetragonal crystal struc-
ture. Below the ferroelectric phase transition tempera-
ture (122 and 228 K for KDP and DKDP, respectively),4
their crystal structure is orthorhombic.

The structure of KDP and DKDP consists of highly
covalently bonded tetrahedral PO4 units linked together
by O–H–O hydrogen bonds and by ionic bonding between
the (8-coordinated) K+ and (H2PO4)− groups. Hydro-
gen bonds are essential for the stability of this crystal
structure. Neutron diffraction experiments5 have shown
that protons have two fixed positions along the O−H−O
bonds. In the paraelectric phase, these two positions are
occupied with equal probability, whereas only one posi-
tion is occupied in the ferroelectric phase. At room tem-
perature, the lattice constants of DKDP increase (from
a = 0.74529 and c = 0.69751 nm up to a = 0.74697 and
c = 0.69766 nm) with an increase in deuteration x from
0 to 1.6

Despite excellent optical characteristics and rather ma-
ture crystal growth methods1,2 (which are currently not
attainable with other materials), KDP and DKDP are
notoriously known for their complex fundamental ma-

terials properties, resulting in a range of challenging
problems. In particular, these crystals (i) are water
soluble, with different solubilities in H2O and D2O;1
(ii) are mechanically highly anisotropic and rather soft
and brittle, with a nanoindentation hardness of ∼ 2
GPa;7 (iii) do not have preferential cleavage planes;1
(iv) have rather low melting points (T melt

KDP ≈ 260 ◦C
and T melt

DKDP ≈ 250 ◦C);8 (v) decompose when heated in
air above ∼ 175 ◦C (into water and KPO3 salt,9 typ-
ically a mixture of poly- and cyclophosphates, which
are also sometimes called metaphosphates10); (vi) of-
ten crack when rapidly cooled/heated during processing
such as cutting, polishing, and even jet drying; (vii) have
a relatively low resistance to ionizing-radiation-induced
damage;11,12 and (viii) exhibit a significant decrease in
deuteration in the near-surface layer due to D/H proton
exchange while stored at ambient conditions, typically
developing a network of surface cracks as a result of the
buildup of tensile stress in the near-surface layer.13 These
material properties, closely related to the structure and
atomic bonding, are often undesirable, and there are still
a number of serious challenges to overcome with growth
and processing KDP and DKDP crystals.1,2

One of the most challenging scientific and technical
issues for large-aperture lasers, where KDP and DKDP
are the current materials of choice, is a relatively low
threshold for the formation of laser-induced damage in
these crystals at light intensities well below the intrinsic
laser-induced breakdown threshold.2 Since laser-induced
damage results from the coupling of the laser beam with
the electronic subsystem of the solid, the understanding
of the electronic structure of KDP and DKDP is crucial
for revealing the physical mechanism responsible for the
initiation of damage sites and their growth with subse-
quent laser pulses.
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To date, very few experimental studies of the electronic
structure of KDP and DKDP have been reported.14–20
Most of these previous reports have been focused on
UV absorption and reflection studies.14–17 However, it
is well known that the correlation between optical reflec-
tion spectra and the electronic structure is not a trivial
task, particularly in the case of complex materials such
as KDP and DKDP.14,15,17 In addition, the optical ab-
sorption spectra of KDP reported in the literature14,16

lack sharp excitonic features,21 and the absorption edges
do not obey the Urbach rule.14,17 Hence, even the val-
ues of the band gap of KDP and DKDP are still un-
known. Recently, Ogorodnikov et al.,20 based on their
photoluminescence excitation results (revealing a peak
centered on ∼ 8.8 eV at 7 K) and the extrapolation (to
7 K) of optical absorption data of Baldini et al.14 (at 80,
195, and 300 K), suggested that the band gap of KDP
should be in the range of 8.0 − 8.8 eV at 7 K. However,
we are not aware of any reports where the value of the
room-temperature band gap of KDP has been measured
or estimated.22 We are also not aware of any studies of
the influence of deuteration on the band gap of DKDP.
Moreover, the elemental composition of the band edges
and the element-specific densities of states in the valence
and conduction bands in either KDP or DKDP have not
been studied experimentally.

Recently, Engelhard et al.18 have reported x-ray photo-
electron spectroscopy (XPS) data of water polished and
ion-beam processed surfaces of rapidly-grown KDP crys-
tals. In addition, Nelson et al.19 have shown that x-ray
absorption near-edge structure (XANES) spectra of KDP
surfaces are strongly affected by surface preparation con-
ditions and, apparently, by crystal orientation. In partic-
ular, it has been shown that there is a significant change
in the structure of the P L2,3-edge XANES spectra dur-
ing thermal annealing of KDP optics at 160 ◦C.19

The electronic structure of KDP has been studied the-
oretically by molecular orbital (MO) theory15,23,24 and
several band structure calculation methods.25–29 How-
ever, there is a disagreement between results of differ-
ent calculations, and there are essentially no experimen-
tal data in the literature to evaluate these theoretical
predictions. For example, pseudopotential calculations
of Zhang et al.27 have shown that the valence band of
KDP is mostly formed by O 2p states with a small con-
tribution from P 3p orbitals, while the conduction band
is primarily derived from P 3s, P 3p, and H 1s orbitals
with a smaller contribution from O 2p states. In contrast
to predictions of Zhang et al.,27 pseudopotential calcula-
tions by Lin et al.28 (using the same computer code as
the one used in Ref. 27) suggest that the K orbitals also
have a significant contribution to the valence band, while
the conduction band mainly consists of the O 2p and P
3p states with a minor contribution from H 1s and K
orbitals. Such controversy in theoretical predictions, re-
flecting the complexity of the material, further warrants
experimental studies.

We are also not aware of any previous theoretical stud-

ies of the electronic structure of DKDP. Deuteration
could alter the electronic structure through the electron–
phonon coupling, which is ignored in all the models re-
viewed in the paragraph above.15,23–29 Indeed, previous
experiments have shown that deuteration affects a num-
ber of properties of DKDP crystals, related to the elec-
tronic structure, including lattice constants,4 the melt-
ing point,8 nonlinear optical constants,1,2 UV optical ab-
sorption tails,17 and UV optical reflection.17 Hence, di-
rect studies of the effect of deuteration on the electronic
structure of DKDP are needed.

In this paper, we study the surface and bulk electronic
structure of optics-grade KD2xH2(1−x)PO4 crystals with
different degrees of deuteration. We use high-resolution
XANES and non-resonant x-ray emission (XES) spec-
troscopies. XANES and XES yield information about
the partial densities of empty and filled electronic states,
respectively, and bonding configurations in an element
specific manner. Based on XANES and XES data,
we discuss which elements dominate the structure of
the band edges in KDP and DKDP and compare our
findings with results of previous electronic structure
calculations.15,23–29

II. EXPERIMENTAL

The z- and x-cut [i.e., (001)- and (100)-oriented]
tetragonal KD2xH2(1−x)PO4 single crystals (with x =
0.0, 0.3, and 0.6) used in this study were grown by a
rapid growth method at Lawrence Livermore National
Laboratory.2 The deuteration degree (x) was determined
by elastic recoil detection analysis (ERDA), as discussed
elsewhere.13 It has been shown in Ref. 13 that, due to
deuterium–hydrogen exchange, the degree of deuteration
in near-surface layers of DKDP crystals stored at ambient
conditions significantly decreases within the first several
days after sample polishing in D2O. Hence, in order to
study the effect of deuteration on the electronic structure,
as-received KDP and DKDP samples were polished with
H2O and D2O, respectively, and loaded into the vacuum
chamber within ∼ 1 min after water polishing.30 Ruther-
ford backscattering/channeling (RBS/C) spectrometry
revealed a minimum RBS/C yield (normalized to the ran-
dom level) of ∼ 4%, indicating good crystal quality of
∼ 1 µm-thick near-surface layers in the as-polished sam-
ples used in the present study.

For KDP, several surface preparation conditions were
used, including (i) water polishing on lens paper supplied
by two different manufacturers, (ii) etching in water–
ethanol solutions, and (iii) sample cleavage in air. The
XANES and XES spectra presented in this article were
reproducible and essentially independent of the surface
preparation conditions used and sample orientation (z-
versus x-cut samples).

Both XANES and XES experiments were performed
at high-resolution undulator beamline 8.0 at the Ad-
vanced Light Source (ALS), Lawrence Berkeley National
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Laboratory. Details of the beamline have been pub-
lished elsewhere.31 To minimize sample charging, KDP
and DKDP crystals of ∼ 4 × 4 × 2 mm3 in size were
wrapped in an indium metal foil and mounted on the
sample holder. XANES spectra were obtained by mea-
suring the total electron yield (TEY), by monitoring the
total sample photocurrent, and the total fluorescence
yield (TFY), measured with a negatively biased chan-
neltron. The incoming radiation flux was monitored by
the total photocurrent produced in a highly transmissive
Au mesh inserted into the beam. All XANES spectra
were normalized to the incoming photon flux. For the
O K edge, both TEY and TFY spectra were measured
at 77 and 300 K. However, sample charging prevented
the measurement of TEY spectra at 77 K for P and K
L2,3 edges, and only TFY spectra were recorded at 77
K. The monochromator was calibrated by aligning the
σ∗ exciton in the C K-edge of highly-oriented pyrolytic
graphite (HOPG) to 291.65 eV and the O K-edge of a
TiO2 rutile single crystal according to the electron energy
loss spectroscopy (EELS) values reported by Brydson et
al.32 After a linear background subtraction, all XANES
spectra were normalized to the post-edge step heights. In
XES spectra, the elastic peak was used to calibrate the
energy scale.

III. RESULTS AND DISCUSSION

A. Absorption: Study of empty states

1. Oxygen K edge

According to dipole selection rules, O K-edge XANES
spectra of KDP reflect electron transitions from the O 1s
core level to the O 2p-projected partial density of states
in the conduction band. Figure 1 shows typical TEY
and TFY O K-edge XANES spectra of KDP measured
at 77 and 300 K. These spectra show a rather broad edge
peak with a low intensity double-peak pre-edge feature
(at 531.3 and 532.1 eV). The broad nature of the main
edge peak is consistent with a broad O 2p-projected par-
tial density of states in the conduction band calculated by
Zhang et al.27 However, the origin of the weak pre-edge
double-peak structure in Fig. 1 is less clear. According
to predictions of recent ab initio calculations of simple H-
related defects in KDP,29 this pre-edge feature could be
related to the empty O 2p-projected states introduced by
positively charged H vacancies ∼ 2.5 eV below the con-
duction band of defect-free KDP. Such H-vacancy-related
empty states in the band gap are derived from O 2p or-
bitals of the two O atoms next to the H vacancy, forming
an O–O bond.29 Note that a rather large concentration
of such positively charged H vacancies would be required
to produce a measurable signal in XANES spectra, and,
given the immaturity of the current understanding of de-
fects in KDP, additional experimental studies are needed
before the pre-edge feature revealed in Fig. 1 is unam-

FIG. 1: Oxygen K-edge XANES spectra of KDP crystals
measured at 77 and 300 K in TEY (surface sensitive) and
TFY (bulk sensitive) modes, as indicated. Vertical dash lines
show a low intensity double-peak pre-edge feature.

biguously associated with H-related defects.
Figure 1 also shows that TFY spectra, reflecting the

bulk properties of the material (averaged over a depth
of several hundred nanometers), are essentially identical
for both tetragonal (at 300 K) and orthorhombic (at 77
K) phases. This indicates that the O 2p-projected partial
density of states in the conduction band is similar in these
two phases of KDP. This result is consistent with previ-
ous band structure calculations,27 suggesting very minor
differences between the electronic structure of tetragonal
and orthorhombic phases of KDP. Figure 1 also shows
that the more surface sensitive TEY spectra (reflecting
properties of the first 10 − 20 nm from the sample sur-
face) exhibit a significant narrowing of the main edge
peak, without any measurable peak shifts, upon cooling
the crystal down to 77 K. Such peak narrowing, how-
ever, could be attributed to effects of a different surface
reconstruction or possibly water condensed on the sam-
ple surface with decreasing sample temperature and will
not be further discussed here.

2. Phosphorous L2,3 edge

Phosphorous L2,3-edge XANES spectra of KDP reflect
the transitions of P 2p core electrons into the P 3s- and
3d-projected states in the conduction band. Figure 2
shows P L2,3-edge XANES spectra of KDP at 300 K. As
in the case of the O K edge discussed above, TFY P
L2,3-edge spectra obtained at 77 K (not shown) are qual-
itatively similar to those at 300 K. The three main peaks,
labeled A, B, and C in Fig. 2, are split (but not necessar-
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FIG. 2: Phosphorous L2,3-edge XANES spectra for KDP crys-
tals at 300 K. TFY spectra at 77 K are qualitatively similar.

ily resolved) into two groups due to the spin-orbit cou-
pling of the P 2p core electrons, giving rise to L3 (p3/2)
and L2 (p1/2) edges. These two edges are separated by
0.86 eV, in agreement with XPS values for the spin-orbit
splitting of the P 2p core level reported by Cavell et al.33
A weak feature seen in both TEY and TFY spectra at
∼ 142.5 eV is related to second-order residual C contam-
ination of the Au mesh used to measure the incoming
x-ray flux (i.e., an effect arising from the normalization
of spectra to the photocurrent in the Au mesh). Two
small intensity peaks at ∼ 144.1 and 144.6 eV, observed
in TFY spectra only, are due to second-order peaks as-
sociated with C impurities incorporated into the bulk of
KDP and DKDP crystals during growth and will not be
discussed here.34

Previous L2,3-edge XANES studies by Sutherland et
al.35 have revealed a marked qualitative similarity in
the main spectral features of tetrahedral oxides of sev-
eral third-row elements, including Si, P, and Cl. Such
qualititative similarity of the electronic structure of iso-
electronic tetrahedral oxide ions ClO1−

4 , SiO2−
4 , and

PO3−
4 has also been predicted in MO calculations of

Johansen.36 Based on such similarity,35,36 below, we as-
sign the spectral features A, B, and C in the P L2,3-
edge spectra shown in Fig. 2 based on the current un-
derstanding of XANES spectra of a much better stud-
ied system, SiO2 (which is made of corner-sharing SiO4

tetrahedra).37 In the following discussion, we will ignore
(wherever possible) the contribution of the H 1s-derived
states, not directly probed in our experiments, and use
the terminology of the MO in the tetrahedral symmetry.
This approach seems to be justified since, based on pre-
vious MO calculations,15,23,24 the main effect of adding
H atoms to the PO4 group is the formation of additional

energy levels (primarily H 1s-derived) at the bottom of
the conduction band, with relatively minor changes to
the other (O- and P-derived) orbitals.

In the language of MO theory,15,23,24 peaks A3 and A2

can be attributed to electron transitions from the P 2p3/2

and 2p1/2 core levels into the a1 antibonding orbital de-
rived from P 3s and O 2p σ-like states. Similarly, peaks
B and C are due to electron transitions into the t2 or-
bital (formed by P 3p and O 2p π-like states) and the
e orbital (formed by the P 3d and O 2p states), respec-
tively. It should be noted that, in PO4 units, the tran-
sition to the t2 orbital is “dipole-allowed” due to strong
sp3 hybridization. In this case, the transition actually
occurs from the 2p core level to the s-like part of the
p-dominated sp3 hybrid.37 The above peak assignment
is also consistent with results of band structure calcula-
tions from Ref. 27, predicting a considerable contribution
from the P 3s states to the conduction band. However,
the assignment of peaks C (which are ∼ 11 eV above
the absorption edge in Fig. 2) to transitions into the P
3d-derived e orbital is made solely based on the current
understanding of XANES spectra of SiO2.37 Indeed, the
P 3d orbitals have not been considered in previous elec-
tronic structure calculations of DKDP.15,23–29

3. Potassium L2,3 edge

Potassium L2,3-edge XANES spectra of KDP reflect
the transitions of K 2p core electrons into the empty
K 4s and 3d states. The 3d channel is, however, by
far stronger than the 4s channel.38 Since K 3d states
are not expected to participate in bonding in KDP or
DKDP,15,23–29 K L2,3-edge XANES spectra, which map
the K 3d empty states, do not provide information on the
density of states in the conduction band. These spec-
tra could, however, provide unique information about
the symmetry and strength of the crystal field around
K atoms.38–40

Figure 3 shows K L2,3-edge (above the C K edge lying
around 285 eV) spectra of KDP at 300 K. In this fig-
ure, peaks are split into two groups, separated by ∼ 2.7
eV, due to the spin-orbit coupling of the K 2p core elec-
trons, giving rise to the L2 and L3 edges. For both edges
shown in Fig. 3, the high-intensity peaks F are accom-
panied by low-intensity peaks D and E at lower energies.
Note that peaks D and E are much better resolved in
(surface-sensitive) TEY spectra than in (bulk-sensitive)
TFY spectra. This suggests that peaks D and E are re-
lated to the lowering of the symmetry around K atoms
at the surface as compared to the bulk. Similar effects
of the lowering of the crystal field symmetry at the sur-
face have previously been observed in XANES studies
of different Ca compounds.38 Although it is possible to
extract from Fig. 3 quantitative information about the
crystal field symmetry around K atoms in the bulk and
at the surface, accurate theoretical modeling of these ef-
fects is beyond the scope of the present article.
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FIG. 3: Potassium L2,3-edge XANES spectra for KDP crys-
tals at 300 K.

4. Effects of radiation damage

Figure 4 illustrates the effects of x-ray-induced dam-
age on O K-edge [Fig. 4(a)] and P L2,3-edge [Fig. 4(b)]
XANES spectra of KDP. Irradiation was done with pho-
ton energies of 550 and 145 eV in the case of the O K
and P L2,3 edges, respectively, with widely open slits,
resulting in a several-fold increase in x-ray beam flux as
compared to that used to acquire XANES spectra. Fig-
ure 4 clearly shows that irradiation with a high-intensity
x-ray beam significantly changes both O K- and P L2,3-
edge spectra.

For the O K-edge spectra, three additional peaks, la-
belled AO, BO, and CO, appear in Fig. 4(a) as a result of
high-intensity soft x-ray irradiation. Peaks BO and CO

(at 534.3 and 536.0 eV, respectively) are attributed to
signatures of KPO3 formed as a result of x-ray-induced
material decomposition. Indeed, it is known that ther-
mal processing of KDP at temperatures above ∼ 175 ◦C
results in material decomposition into water and KPO3

salt.9,10 To support that intense x-ray irradiation results
in a similar decomposition/dehydration process, Fig. 4
also shows spectra taken from KPO3 salt prepared by an-
nealing of KDP (or DKDP) crystals at 350 ◦C for 3 hours
in air. The KPO3 salt prepared in this way is composed
of a mixture of (water soluble) cyclophosphates and (wa-
ter insoluble) long-chain polyphosphates, as has been dis-
cussed in detail elsewhere.10 It is seen from Fig 4(a) that
peaks BO and CO are present in spectra from both KPO3

and x-ray damaged KDP, supporting the above peak as-
signment.

It should be noted that peaks BO and CO might also
be attributed to fingerprints of liquid water trapped in
KPO3 and formed as a result of x-ray- or thermally-

FIG. 4: (a) Oxygen K-edge and (b) P L2,3-edge TEY
XANES spectra for KDP crystals after irradiation with a
high-intensity soft x-ray beam at 300 K. Shown are spectra
from the following samples: undamaged (curves 1), irradiated
for ∼ 5 min (curves 2), and irradiated for ∼ 10 min (curves
3). Spectra from KPO3 are also shown for comparison.

induced decomposition of KDP. Such liquid inclusions,
in fact, have previously been observed in KDP crystals
by x-ray topography.41 The possible assignment of peaks
BO and CO to fingerprints of liquid water also seems to be
consistent with previous XANES studies of ice and liquid
water (see, for example, Refs. 42 and 43). However, our
ERDA analysis13 of KPO3 films produced by thermally-
induced dehydration of DKDP crystals has not revealed
any detectable levels of deuterium in the first ∼ 500 nm
from the sample surface, giving compelling evidence that
peaks BO and CO are indeed the fingerprints of KPO3

and not of possible inclusions of liquid water.
Figure 4(a) also shows that intense x-ray irradiation
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introduces another strong pre-edge peak AO, which is
∼ 3.4 eV below peak BO, in O K-edge XANES spec-
tra. Note that, peak AO, centered on 530.9 eV, is at
a lower energy as compared to the low-intensity double-
peak pre-edge feature (at 531.3 and 532.1 eV) observed
in as-grown KDP and discussed in Sec. III A 1. Inter-
estingly, we have found that peak AO also appears in
spectra from KPO3 after high-intensity x-ray beam ir-
radiation. The exact origin of this peak is unclear at
the moment. It is related to some x-ray-induced defects.
Pre-edge features in O K-edge XANES spectra such as
peak AO in Fig. 4(a) are often an indication of the pres-
ence of the oxygen double-bond (π∗ resonance).44 Hence,
Fig. 4(a) suggests the formation of oxygen double bonds
as a result of intense x-ray irradiation. Such double bonds
are indeed not uncommon in the phosphate chemistry.45
However, additional studies are currently needed to fur-
ther support the assignment of peak AO to the oxygen
double bond.

Figure 4(b) shows that the relative intensity of peaks
A in P L2,3-edge XANES spectra increases with increas-
ing x-ray irradiation dose. This behavior is consistent
with previous detailed P L2,3-edge XANES studies of
polyphosphates,46,47 indicating x-ray-induced decompo-
sition of KDP with the reduction of the relative compo-
sition of oxygen in the product salt.

B. Emission: Study of filled states

1. Oxygen Kα emission

According to dipole selection rules, O Kα XES spec-
tra of KDP, shown in Fig. 5, reflect electronic transitions
from O 2p-derived states in the valence band into the
O 1s core hole created by the x-ray absorption process.
Spectra in Fig. 5 exhibit an intense broad peak at ∼ 526
eV with a low-energy tail. These spectra are, in fact,
consistent with results of all previous electronic structure
calculations,15,23–29 suggesting that the valence band of
KDP is derived mostly from the O 2p states. It is also
seen from Fig. 5 that the main emission peak shifts by
∼ 0.5 eV when the sample is cooled from 300 K down
to 77 K. This shift is in agreement with results of previ-
ous UV absorption studies of Baldini et al.,14 revealing a
comparable (∼ 0.4 eV) shift in the UV absorption tails
upon decreasing sample temperature from 300 K to 80 K.
Therefore, Fig. 5 as well as XANES data discussed above
indicates that, with decreasing sample temperature, the
major shift occurs in the valence band edge (relative to
the core level), rather than in the O 2p- and P 3s-derived
states of the conduction band edge, probed by XANES.

2. Phosphorous L2,3 emission

Figure 6 shows P L2,3 XES spectra measured at 77 and
300 K. These spectra reflect electron transitions from P

FIG. 5: Non-resonant O Kα XES spectra for KDP crystals
at 77 and 300 K. Excitation energy is 545 eV.

3s-derived states of the valence band into the P 2p core
holes. Based on previous MO calculations,15,23,24 the
two broad peaks centered on ∼ 123.5 and 127.3 eV in
the room temperature spectrum in Fig. 6 could be at-
tributed to transitions from t2 (formed by P 3p and O
2p π-like states) and the a1 (formed primarily by the P
3s states) bonding orbitals. Figure 6 also reveals a shift
of the maximum of the broad main peak from ∼ 127.3
eV to 125.8 eV with decreasing sample temperature from
300 to 77 K. Such an ∼ 1.5 eV shift is significantly larger
that the shift in the valence band edge observed in O
Kα XES spectra in Fig. 5 and discussed in the previ-
ous section. This effect indicates changes in the P 3s-
projected density of states in the valence band upon the
tetragonal–orthorhombic phase transition. Experiments
with a better resolution are currently needed to further
study this effect. It should also be noted that such a rela-
tively large shift of ∼ 1.5 eV does not contradict a smaller
shift of ∼ 0.4 eV observed in previous optical absorp-
tion studies14 and discussed above. Indeed, P 3s states,
probed in P L2,3 XES measurements, have essentially no
contribution to the valence band maximum15,23–29 which
determines the optical gap.

C. Effects of deuteration

Our results reveal a negligible effect of sample deuter-
ation on XANES and XES spectra studied in this work.
Indeed, we have found that O K-, P L2,3-, and K L2,3-
edge XANES spectra as well as O Kα and P L2,3 XES
spectra for KD0.6H1.4PO4 and KD1.2H0.8PO4 crystals
are essentially identical to those for KH2PO4 illustrated
in Figs. 1–6. This indicates that deuteration has a neg-
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FIG. 6: Non-resonant P L2,3 XES spectra for KDP crystals
at 77 and 300 K. Excitation energy is 142 eV.

ligible effect on the O, P, and K related electronic states
probed in our experiments.

It should be noted that the degree of deuteration could,
in principle, affect the H 1s-related electronic states, not
probed in our experiments, and could account for the
dependence of a range of material properties on deuter-
ation experimentally observed, as discussed in Sec. I.
However, most manifestations of the effect of deutera-
tion on the properties of DKDP observed experimentally
to date (such as slight changes in the melting point, UV
absorption and reflection) may simply be related to vari-
ations in the type and concentration of lattice defects
and impurities in samples with different deuteration. In-
deed, different growth conditions are typically used to
grow crystals with different deuteration.1,2 The effects of
deuteration reported in the literature could also be re-
lated to large tensile lattice stress associated with D/H
exchange in samples stored at ambient conditions after
surface polishing, as discussed in detail previously.7,13

Finally, the apparently contradicting fact that the den-
sities of states in the conduction and valence bands,
probed by XANES and XES, exhibit a negligible change
with a relatively large increase in the lattice constants

upon deuteration (see Sec. I) can be explained as fol-
lows. The substitution of H for D changes the length of
the O–H bond, affecting the lattice constants and the
distance between the PO4 groups, whereas the defor-
mation of the PO4 tetrahedron is relatively small upon
deuteration.6,48 Hence, the fact that it is the properties
of the PO4 tetrahedron which determine the electronic
states probed in our experiments can explain the negli-
gible effect of deuteration observed in this study.

IV. SUMMARY

In conclusion, we have studied empty and filled elec-
tronic states in tetragonal (at 300 K) and orthorhombic
(at 77 K) KD2xH2(1−x)PO4 single crystals by a combi-
nation of XANES and XES spectroscopies. The main
conclusions of this work can be summarized as follows.

(i) Based on results of previous electronic structure
calculations, assignment has been given to the XANES
and XES peaks experimentally observed.

(ii) Deuteration has a negligible effect on the O, P, and
K related electronic states of DKDP.

(iii) A decrease in temperature from 300 K to 77 K,
accompanied by a transition from the tetragonal to or-
thorhombic phase, has a negligible effect on the density
of O- and P-related states in the conduction band. How-
ever, such a decrease in temperature results in an ∼ 0.5
eV shift in the valence band edge (opening the band gap)
and changes to the P 3s-projected density of states in the
valence band.

with a negligible shift of the conduction band edge.
(iv) High-intensity x-ray irradiation results in sample

decomposition into water and cyclo- and polyphosphates.
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