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Strong Correlations in YH;_;5 Evidenced by Raman Spectroscopy
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Temperature dependent Raman measurements on insulating YH;_s thin films are reported. With
increasing temperature we observe a huge broadening of a line corresponding to an yttrium mode. This
particular mode is assigned to a breathing vibration of the yttrium atoms around an octahedral hydrogen
position. The line broadening is discussed in terms of a coupling between this breathing mode and the
electron excited from an octahedral H vacancy into the 4d conduction band of Y, corroborating the strong
correlation models for the electronic structure of YHj;.
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In 1996 Huiberts et al. [1] discovered that yttrium and
some other rare-earth films undergo a metal-insulator tran-
sition (MIT) when exposed to hydrogen gas. The reversible
transition of YH, from a shiny metal in the dihydride phase
(x = 2) to a transparent insulator in the trihydride phase
(x = 3) offers a great potential for practical applications as
“switchable mirror.” Although various theoretical models
have been proposed to describe the MIT, the physics of this
phenomenon is still not well understood.

Band structure calculations for an assumed HoDj struc-
ture, performed prior to 1996 [2,3], predicted a semime-
tallic character of YH;, with a large band overlap. After the
discovery of the switchable mirrors Kelly et al. [4] found
that there exists a broken symmetry structure (P6;) whose
energy is lower than that of the HoD; structure and pos-
sesses a gap. The value of the gap was estimated to 0.8 eV
and was shown to depend strongly on the position of H in
the Y lattice. However, neutron diffraction studies by
Udovic et al. [5] on powder samples and by Udovic et al.
[6] and Remhof et al. [7] on epitaxial thin films do not
corroborate this P65 broken symmetry structure. Instead,
the neutron data are compatible with the P3c1 and P65 cm
structures. Raman spectroscopy measurements by Kierey
et al. [8] exclude the centrosymmetric P3c1 structure and
promote the picture of a noncentrosymmetric structure
such as P65 cm. The 2H NMR data by Zogal et al. [9]
agree very well with the P6; cm and less with the P3cl
structure. Thus, experiments clearly favor the P6; cm
structure and do not support the idea that a kind of
Peierls instability causes the MIT in YH,. In this respect
it is interesting to note that LaH,, La-Y alloys [10], and
fcc-YHj; stabilized by MgH, [11] switch as well although
they retain the fcc structure in the insulating phase. Also
recent calculations using the so-called GW approximation
[12—-14] predict a band gap for YH; for all types of crystal
structures (P3c1, P6; cm, or P63).

Several groups succeeded to explain the insulating
ground state of YH3 and LaHj; using strong electron cor-
relations. An important ingredient for the correlation mod-
els is the formation of H™! bands. The influence of the H™!
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lattice on the band structure of YH; was described in two
different models. Both assume the formation of singlet
states, similar to the Zhang-Rice singlet in high-T,. super-
conductors [15].

Ng et al. [16] discuss the band gap in LaH; as a result of
the narrowing of the H valence band. In this description,
LaH; is viewed as a Kondo insulator with a large band gap.
The removal of hydrogen from the octahedral sites of the
insulating LaH; introduces vacancies which capture an
electron in a donor level. The calculations using the
Gutzwiller method estimate for the vacancy state an energy
E,,. = —0.38 eV below the 5d La conduction band. Since
the donor levels are quite localized the material becomes
metallic only at a very high doping level of about 20%
vacancies.

Eder et al. [17] introduce a further aspect in their model.
In contrast to the model of Ng et al., the MIT is explained
by a shift of the H band, with the retention of the band-
width. The correlation effects are a consequence of the
large change in the H 1s orbital radius upon orbital occu-
pation. This leads to the formation of localized singlet-
bound states involving one electron on the hydrogen and
one electron on the metal orbitals.

There are several experiments confirming that hydrogen
in YH; behaves like a negative ion, and some which hint to
strong electron correlations. Electromigration experiments
support the idea of negatively charged hydrogen in YH;
[18]. Infrared Fourier transform measurements by Rode
et al. [19] determine a significant charge transfer from
yttrium to hydrogen of approximately 0.5 ¢~ per hydrogen
atom. Electrical conductivity data of Hoekstra et al. [20]
and Roy er al. [21] over a wide temperature and hydrogen
concentration range both in the metallic and insulating
phases collapse onto a universal curve with unusually large
critical exponents, pointing to the important role played by
electron correlations. Angular resolved photoemission
spectroscopy data for YH; by Hayoz et al. [22] have also
been interpreted in terms of a strongly correlated electron
system. Furthermore, the Fermi-surface topology of rare-
earth dihydrides determined by Koitzsch et al. [23] can be
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described in a model involving the octahedral hydrogen
atoms and relates to the scenarios of Eder et al. and
particularly Ng et al. Yet, these experimental methods
are all indirect, calling for further and possibly more direct
evidence for the correlated models. Raman spectroscopy
has proven recently to be a powerful method to evidence
correlations in high-7, superconductors [24] raising the
intriguing question whether this method can also shed light
on the electronic structure and the MIT of switchable
mirrors.

In this Letter, we present the results of a study of the
temperature dependence of the linewidths of several
Raman phonon lines of YH;_5. The most striking effect
is the broadening by a factor of almost 6 between 5 and
300 K of a particular mode, which is assigned to a breath-
ing vibration of the yttrium atoms. This huge line broad-
ening is attributed to a coupling of the breathing mode to
electrons excited from a H vacancy into the 4d conduction
band of Y, in direct support of the strong correlation model
of Ng et al. [16].

Thin yttrium films have been grown by molecular beam
epitaxy on (111) CaF, substrates [25]. The base pressure
during the deposition was lower than 1 X 10~° mbar. The
quality of the yttrium film was monitored in situ by reflec-
tion high energy electron diffraction. To protect the yttrium
films against oxidation and to support the hydrogenation
process, the films were covered with 10 nm thick Pd layers,
deposited at room temperature. The samples were loaded
in a gas cell with H, at a pressure of 1 bar. The films are
transparent, evidencing that the hydrogen content is over
2.75 [26]. Yet, since stoichiometric YH; is only reached
above 4 GPa [27] our samples are expected to contain a
substantial number of vacancies which act as donors and
we write YH;_5.

Raman spectra have been recorded using a commercial
micro-Raman spectrometer (Jobin Yvon LabRam HR),
operated with a notch filter and a grating monochromator.
All samples were measured through the transparent CaF,
substrate, from the back side, in order to avoid losses due to
absorption of Pd. The temperature dependent measure-
ments were performed using a CryoVac cryostat type
Micro between 4 K and 320 K.

A series of temperature dependent Raman spectra of a
YH;_s sample is shown in Fig. 1(a). The CaF, substrate
gives the main feature in all the spectra at 322 cm™!. For
clarity, the spectra are displaced, adding a constant factor
to the intensity. Previous measurements performed by
Kierey et al. [8] on isotope exchanged samples revealed
for each line which atoms vibrate. With the exception of
the lines 1 and 2 below 200 cm ™!, all lines are shifted by
approximately +/2 if hydrogen is replaced by deuterium.
This indicates that the low frequency modes (1 and 2)
involve vibrations of Y only, while the other lines corre-
spond to vibrations including hydrogen or deuterium. The
same authors presented a complete polarization and angu-
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FIG. 1. (a) Temperature dependent Raman measurements for

YH;_5. (b) Enlarged view of the two lines belonging to yttrium
vibrations.

lar dependence study of the intensity for the Raman active
modes in YH;3, determining the symmetry of these modes.
Thus, the modes 2 to 7, 9, and 10 have A; symmetry, while
the modes 1, 8, and 11 have E symmetry.

There is a substantial decrease of the phonon linewidth
with decreasing temperature. As a consequence, two more
peaks around 500 cm ™! are visible in the YH;_ 5 spectrum
as the temperature is lowered [the upper spectra compared
to the lower spectra in Fig. 1(a)]. These correspond to A;
symmetry vibrations of the hydrogen atoms. The line
shapes of the YH;_ 5 peaks were fitted by Lorenzian func-
tions with full width at half maximum (FWHM) I'. The
values of I' depend on the decay mechanism of phonons.
The most common process is a decay of the optical phonon
into two longitudinal acoustic modes, a process which was
intensively studied and which can be described with per-
turbation theory [28]. Another possible decay mechanism
of phonons is electron-phonon coupling. It has been shown
in some superconducting materials [29] and Kondo insu-
lators [30] that the ratio I'/w, for a particular mode is a
direct estimate of that phonon’s contribution to the
electron-phonon coupling parameter, and is given by

I'/wy = wN(0)hwgA. (D
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Here N(0) is the electronic density of states at the Fermi
surface and A is its contribution to the electron-phonon
coupling parameter. The important conclusion drawn from
Eq. (1) is that the broadening of a phonon line due to
electron-phonon coupling is a measure of the free carrier
concentration in the sample.

A large band width renormalization ratio, caused by the
opening of a superconducting gap, was exploited by Axe
and Shirane to estimate electron-phonon coupling
strengths in Nb3;Sn [29]. Nyhus et al. [30] and Menzel
et al. [31] observed a similar effect for several Raman
active lines of FeSi, which is sometimes claimed to be a
strongly correlated material, i.e., a Kondo insulator.

In the following we will demonstrate that line 2 near
180 cm ™! displays an anomalous temperature dependence.
To do so we will first compare the temperature dependence
of the line width of line 1 and 2 corresponding to Y
vibrations and then with the other lines involving hydro-
gen. Since line 1 is barely seen in the full spectra [Fig. 1(a)]
we show in Fig. 1(b) an enlarged view of the low energy
range with a higher integration time. One recognizes
clearly that line 2 broadens considerably with temperature
while line 1 broadens only very little. Figure 2 presents the
normalized damping ratio I'/ w, as function of temperature
for the 2 modes. For line 2 we find a ratio I'/ w, of 14% at
room temperature compared to only about 1.5% for line 1
at 155 cm™!. The lines above 400 cm™! which correspond
to hydrogen vibrations are broader than line 1. However,
the effect is reduced when the width is normalized to the
frequency and, more significantly, the temperature depen-
dence is similar to that of line 1 and completely different
from line 2 (see as an example line 9 in Fig. 2). The larger
linewidth of the hydrogen vibrations is attributed to the
lower mass of hydrogen and the presence of hydrogen
vacancies.
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FIG. 2. The phonon linewidth I' divided by the phonon fre-
quency w, for the two yttrium vibration modes and for one
hydrogen line in YH;_ 5. The solid line is a fit using Eq. (2), as
explained in the text.

Thus the temperature dependence of the linewidth of the
lines 1 and 3 to 11 is normal and can be attributed to
phonon-phonon relaxation. To account for the anomalous
broadening of line 2 we need some additional mechanism
and we propose electron-phonon coupling. The question
which arises, then, is which electrons can produce such a
strong electron-phonon contribution in the wide-gap insu-
lator YH;. Before answering this question, it is also im-
portant to note that such a huge broadening is unique for
the insulating YH;_ 5 phase. Indeed, previous experiments
revealed that in metallic YH, . the two vibration modes of
the Y atoms display a normal behavior [32].

In the strong correlation model of Ng et al. [16] for the
similar compound LaH; an octahedral hydrogen vacancy
captures an electron which can be thermally excited into
the 5d conduction band of lanthanum. This vacancy state
acts as a donor and is estimated to sit at an energy E,,. =
—0.38 eV below the conduction band. We propose that the
thermally excited electrons from this donor state couple
with the phonon, inducing a broadening of the phonon line.
The concentration of thermally excited carriers in the
conduction band as a function of temperature can be
estimated using the model of a doped semiconductor [33]:

2Np
1+ \/1 + 452 exp(E,/kT)

N(T) = 2

In Eq. (2), N represents the density of hydrogen vacan-
cies and N is the density of states in the conduction band,
which depends on the temperature as 7/2. Using Eqs. (2)
and (1) and neglecting the phonon-phonon interactions, the
line broadening of the mode 2 of YH;_ 5 has been fitted. In
Fig. 2 the solid line represents the result of the fit. We find a
good agreement with the temperature dependence of the
line broadening for an activation energy £, = 0.1 eV. This
energy is reasonably close to the rather rough estimate of
0.38 eV of Ng et al. [16] for LaH;.

After the electron is excited from the octahedral vacancy
site, it will occupy the lowest Y 4d orbitals in the conduc-
tion band. In the hexagonal YH; structure the coordination
of the yttrium atoms is tetrahedral and not octahedral as is
the case of LaH; which was discussed by Ng et al
Therefore, the lowest 4d conduction band of YH3 has e,
character (and not f,,, as in LaH3). Wang and Chou [2]
have shown that there exists a strong overlap of the e,
subbands formed by Y 4d 3z2-r orbitals with H 1s orbitals.
The vibration mode of the line 2 of YH;_ is illustrated in
Fig. 3. This mode has A; symmetry and corresponds to a
breathing of the Y atoms around the octahedral hydrogen
position. During such a vibration the overlap between the
e, orbitals oscillates, allowing for a strong coupling be-
tween the breathing mode and the excited electron. In
contrast, in the vibration of line 1 two groups of opposite
yttrium atoms perform opposite scissor oscillations, caus-
ing no change in the overlap of the e, orbitals.
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FIG. 3. A, breathing mode of YH; in P6; cm space group. The
big circles are the yttrium atoms; the small circles are the
tetrahedral and octahedral coordinated hydrogen atoms. The
arrows show the displacement of the yttrium atoms around an
octahedral hydrogen position in the A; vibration mode.

In conclusion, temperature dependent Raman scattering
measurements on YH;_s films reveal for one particular
breathing mode of the yttrium atoms a huge line broad-
ening with increasing temperature. This effect is attributed
to the decay of the phonon via electron-phonon interac-
tions. A model is presented which relates the latter to the
excitation of electrons from a donor level just below the
conduction band edge. The data strongly support the cor-
related electron theory proposed by Ng et al. [16] for the
metal-insulator transition in YH,.

We wish to thank G. Zwicknagl and M. Rice for fruitful
discussions.

Note added.—After completing this work we performed
measurements above 320 K and we observed that the width
of line 2 saturates, corroborating the key assertion of our
model.
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