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Raman effect and structure of YH3 and YD3 thin epitaxial films
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~Received 19 September 2000; published 14 March 2001!

The first-order Raman spectra of YH3 and YD3 thin epitaxial films deposited on CaF2 substrates have been
studied in the temperature range from 4 to 300 K. Several rather broad Raman lines from YH3 have been
found. The linewidth becomes smaller with decreasing temperature and the lines are very distinct and sharp at
4 K. No indications for phase transitions are found. Isotopically exchanged samples give a clear indication that
YH3 is at the origin of the Raman lines. Polarization resolved measurements together with a factor group
analysis for all suggested crystal structures of YH3 reveals the number and the symmetry of the phonon modes.

The number of observedA1 modes is not compatible with aP3̄c1 structure. Calculations of the angular
dependence at different inclination angles result in predictions for characteristic intensity patterns for the

suggested crystal structures. The measured angular intensity pattern show no indications for aP3̄c1 structure.
In measurements at different inclination angles new Raman lines appear, which points towards aP63cm or
P63 structure. Also the comparison of the energies of the lines in the Raman and in IR spectra promotes the
picture of a noncentrosymmetric structure such asP63cm or P63 .

DOI: 10.1103/PhysRevB.63.134109 PACS number~s!: 78.30.Hv, 63.20.Dj
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I. INTRODUCTION

Since the discovery of their novel switchable optical pro
erties the hydrides of yttrium and other rare-earth me
have been the subject of increasing research. The compl
reversible transition from a shiny metal to a transparent
sulator, which is achieved simply by hydrogenation of an
film, offers a great potential both for practical applicatio
and for basic investigations.

Generally it is believed, that in the hydrogenation proc
of an yttrium film three different phases are involved.1 The
starting point is the hexagonal closed packed structure
metallic Y, where hydrogen exists only in solid solution~a
phase!. Above a hydrogen content ofx50.23 in YHx the a
phase coexists with a fcc-based, still metallicb phase. In the
region betweenx51.8 andx52.1 only theb phase is stable
If the hydrogen content is higher thanx52.1 a hexagonalg
phase starts to form, which is the only stable phase ab
x52.75. A metal-insulator transition occurs forx'2.75,
which is, however, not believed to be driven by the structu
phase transition.1

So far, a reliable theoretical model of this metal-insula
transition is not available. One of the prerequisites for
development of such a theoretical description would be
knowledge of the crystal structure of the YH3 films. Whereas
the structures of thea andb phase are known, this is not th
case for YH3. Several different structures for YH3 have been
proposed from different groups: From early x-ray diffracti
experiments a simple hcp structure was inferred. Neut
powder diffraction studies2,3 found, that the symmetry is
more likely P3̄c1. Later the same authors argued, tha
P63cm structure is also compatible with their experimen
data.4,5 LDA band structure calculations from another gro
claimed that the structure with the lowest energy hasP63

symmetry.6,7 For theP3̄c1 structure this group did not find
an energy gap in YH3. In neutron diffraction experiment
YH3 with P63 symmetry should exhibit additional diffrac
0163-1829/2001/63~13!/134109~11!/$20.00 63 1341
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tion peaks. Experiments with an epitaxial thin film of YH3 on
CaF2 showed none of these additional features.8

In this paper we present measurements of the Raman
fect in YH3 and YD3 films. Since the first order Raman line
allow a very precise determination of zone-center opti
phonon energies, this gives reliable information for more
alistic models and thus might help to come to better theo
ical descriptions of this material. Moreover, because of
strong dependence of the number, intensity, and polariza
of the Raman lines on the crystal structure of a material, i
possible to check whether or not a suggested crystal struc
is compatible with the observations.

II. THEORY

The Raman and infrared activity of phonon branches
pends only on their symmetries and general selection ru
Energy and momentum conservation limits the first ord
observation of phonons in Raman and infrared spectrosc
to the center of the Brillouin zone. Here all optical phono
are standing waves and the unit cells vibrate in phase. Th
fore the number of phonon branches, their symmetry and
motion pattern of the atoms in the unit cell can be estima
with an analysis of the factor group of the unit cell only.9–11

This calculation is performed in the first part of this sectio
With the information about the symmetry the polarization
the Raman lines and the angular dependence of the inte
is then derived in the second part. This enables the iden
cation of the symmetry of the phonons in the Raman spec

A. Factor group analysis

For the factor group analysis~FGA! the space group and
the site occupation of the material under investigation ha
be known. This information is collected in Table I for th
various structures proposed for YH3 and in Table II for the
other materials and phases of yttrium and hydrogen poss
present in the samples. This is necessary because all pa
©2001 The American Physical Society09-1
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TABLE I. Input data for the FGA of YH3.

Space group No. Scho¨nflies Atoms/unit cell Site occupationa Reference

P63mmc 194 D6h
4 8 Y on 2c, H on 2a14 f Simple hcp structure claimed earlie

from x-ray diffraction

P3̄c1 165 D3d
4 24 Y on 6f , H on 2a14d112g Derived from neutron diffraction ex-

periments~Refs. 2, 3!
P63cm 185 C6v

3 24 Y on 6c, H on 6c16c14b12a Also compatible with the neutron
diffraction data~Refs. 4, 5!

P63 173 C6
6 24 Y on 6c, H on 6c16c12b12b12a Theoretical lowest-energy structure

from LDA calculations~Refs. 6, 7!

aSee, for example, the tables of Wyckoff positions on the Bilbao Crystallographic Server~Ref. 12!.
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the sample~substrate, film, cap layer, metallic Y, YH2! might
contribute to the signal and show their own specific Ram
lines.

In the center of the Brillouin zone all normal coordinat
can be classified according to the irreducible representat
of the point group of the crystal. This is due to the fact, th
all normal coordinates are mapped on themselves by the
of one of the symmetry operations of the symmetry group
the crystal and therefore form a basis of a~reducible! repre-
sentation of this group.10 With standard group theoretica
methods the number and type of irreducible representat
of the factor group can be calculated.9

The results for YH3 are listed in Table III and for the
other materials in Table IV. The possible structures of Y3

can be divided into two groups: theP63mmcand theP3̄c1
structures have inversion symmetry, whereasP63cm and
P63 do not. In the first group all Raman active phon
modes are not infrared active and vice versa. In contrast
the second group theA-like and the doubly degeneratedE1
phonons are both infrared and Raman active. This offe
possible way of distinguishing experimentally between
first and the second types of structures: if one can fi
phonons of the appropriate symmetry species at the s
energy both in Raman and infrared spectra of YH3, then
there cannot exist a center of inversion symmetry and th
fore one of the structures of the second group is the cor
one. The number of phonon modes is the maximum num
of observable lines. Some of the Raman lines might be
weak to be seen in the spectra and the difference in energ
others might be too small to separate them. However find
more lines in the spectra then allowed for a given structu
shows that the structure cannot be correct.

The analysis of the other materials shows, that there
only one Raman active line from pure Y and also only o
from YH2 and CaF2. The Pd cap layer should not produc
13410
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any lines. The lines from pure Y and CaF2 are known13 and
are located at 88.5 and 322 cm21, respectively, while no
Raman data on YH2 exists to our knowledge.

B. Polarization of the Raman lines

With the knowledge of the symmetry species of t
phonons for all structures, the polarization and the angu
dependence of the intensity of the Raman lines can be
culated. The intensityI of a Raman line depends on the p
larizationsei andes of the incident and scattered light and th
Raman tensorRsr by

I;U (
r,s5x,y,z

ei
sRsres

rU2

.

The Raman tensorsRsr for all Raman active phonon
symmetry species in all point groups are tabulated9,10,14and
the relevant tensors for the different structures of YH3 and
for the other materials are collected in the Tables V and
respectively.

A given scattering geometryreduces the possible value
of ei andes . According to Fig. 1 a 180°-backscattering con
figuration was used in our case. The scattered light alw
propagates back in the opposite direction of the incid
light. The sample normal deviates from the beam direct
by an anglef, which was chosen to be 0° or 45° in ou
experiments. The sample could be rotated around its sur
normal to study different directions in the crystal. Since t
directions of the incident and the scattered beam are collin
we have two main configurations for the polarization vecto
If they are parallel to each other we denote this fact witi

and if they are perpendicular with'. Experimentally the two
cases are realized with a fixed polarizer in front of the e
TABLE II. Input data for the FGA of metallic Y, YH2, the Pd cap layer and the CaF2 substrate.

Material Space group No. Scho¨nflies Atoms/unit cell Site occupation~Ref. 12!

Y hcp P63mmc 194 D6h
4 2 Y on 2c

YH2 fcc Fm3̄m 225 Oh
5 3 Y on 4a, H on 8c

CaF2 fcc Fm3̄m 225 Oh
5 3 Ca on 4a, F on 8c

Pd fcc Fm3̄m 225 Oh
5 1 Pd on 4a
9-2
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TABLE III. Results of the FGA for YH3. Translational components are subtracted.

Space group Raman active modes IR active modes Silent modes

P63mmc A1g1E1g12E2g 2A2u12E2u 2B1g12B2u12E2u

P3̄c1 5A1g112Eg 6A2u111Eu 5A1u17A2g

P63cm 7A1111E1112E2 7A1111E1 4A218B114B2

P63 11A111E1112E2 11A111E1 12B
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trance slit of the polychromator and a Soleil-Babinet co
pensator which changes the polarization of the light emit
by the laser.

The vectorsei andes are defined in the coordinate syste
of the crystal. For the case of cubic systems the three b
vectorsx0 ,x1 ,x2 are the same as the three cubic axes,
hexagonal and trigonal casesx0 is parallel to thea axis, x1
lies between thea axis and the (a1b) axis andx2 is parallel
to thec axis, which is the surface normal in our case. The
axes are identical with the principal axes chosen by Nye15

The results for the angular dependence of the intens
for the different structures are displayed in Table V. For
four possible configurations (f50°, i; f50°, '; f545°,
i; f545°,'! the dependence on the angle of rotation of
sample about its surface normal is shown. Only within o
line of the table is the axis scale kept constant.

It is possible to distinguish between the three types
symmetry species in all suggested structures of YH3. A-like
phonons are alwaysi polarized, whereasE1 , E2 , and Eg
phonons have an intensity in both polarization directio
Therefore no angular resolved measurements are nece
to identify A-like and E-like phonons. TheEg phonon in
P3̄c1 behaves somewhat like theE2 phonon in the other
structures, but shows a threefold pattern in the 45° confi
ration. However the ratio between the biggest and the sm
est intensity might be close to one, if either the componec
or d in the Raman tensor is close to zero. This correspond
only very small differences betweenP3̄c1 and other struc-
tures. To distinguish betweenE1 andE2 phonons it is nec-
essary to change from the 0° orientation to the 45° orien
tion. If the intensity increases, it is anE1 phonon, otherwise
an E2 phonon. If the structure isP3̄c1, we should not ob-
serve an increase in intensity ofE-like phonons and no new
lines in the spectra as we go from the 0° orientation to
45° orientation.

It should be noted, that because of the wide accepta
angle for the scattered light the selection rules in the exp
ment may not be as sharp as assumed in the calcula
13410
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Therefore, especially theE1 phonons may appear in the 0
spectra, since their intensity is zero only exactly for scatte
light traveling back along the direction of the surface norm

The full dependence of the intensity on the inclinati
anglef is displayed for all phonon species and for paral
polarization in Fig. 2. At 45° the intensity of theE1-like
phonons is maximal. Additionally it can be seen, that t
three-fold pattern of the intensity of theEg phonons in the
P3̄c1 structure is the normal case for every inclination an
except 0°.

III. EXPERIMENTAL DETAILS

A. Samples

Epitaxial yttrium films with a thickness of 200 nm wer
grown on ~111! CaF2 substrates at 700 °C as described
Refs. 16 and 17. The yttrium source was ane-gun evapora-
tion system. The base pressure during the deposition
lower than 131029 mbar. The thickness of the films wa
measured with a water-cooled quartz microbalance. To p
tect the yttrium films against oxidation, they were cover
with a 20 nm Pd protective layer. This cap layer was dep
ited at room temperature to prevent any alloy formation w
the yttrium. The quality of the yttrium epitaxial film wa
measured in situ by reflection high energy electron diffra
tion ~RHEED!. The RHEED patterns showed sharp strea
Kikuchi lines and second order diffraction evidencing t
high crystallinity of the yttrium layer.

B. Hydrogen loading

The samples were loaded with H2 or D2 and measured in
a variable temperature He cryostat. The cryostat was o
ated with '20 mbar H2 or D2 as contact gas for measure
ments above 70 K and with He below that temperatu
Some room temperature measurements were performed
hydrogen pressure of 1 bar to ensure a maximum loadin
the sample. The purity of H2 and D2 was 99.999 and 99.7 %
respectively.
e

1

e

TABLE IV. Results of the FGA for metallic Y, YH2, Pd, and CaF2. Translational components ar
subtracted.

Material Raman active modes IR active modes Silent modes Remarks

Y hcp E2g B1g Only one Raman line~Ref. 13! at 88.5 cm2

YH2 fcc F2g F1u Only one Raman line, but not in literatur
CaF2 fcc F2g F1u Only one Raman line at 322 cm21

Pd fcc No Raman or IR active phonons
9-3
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TABLE V. Raman tensors and angular dependence of the intensity of the scattered light for the R
active phonon modes of YH3. The scattering geometry is 180° backscattering along thec axis ~0°! or with an
angle of about 45° to thec axis according to Fig. 1.i and' refer to the position of the analyzer parallel an
perpendicular to the laser polarization, respectively. The angular dependence is calculated for a rotatio
sample about its ownc axis.
R
ro
s

fo-
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o
all
C. Raman spectrometer

The Raman spectra were recorded with a homemade
man spectrometer, operating with a triple grating polych
mator and a liquid N2 cooled scientific CCD camera. A
excitation radiation the 514.5 nm line of an Ar1 laser was
used. The laser light was filtered using a 2 nm FWHMinter-
13410
a-
-

ference filter to remove residual plasma lines and then
cused onto the sample with a cylindrical lens. The la
power was 600 mW for all measurements, but due to los
in the interference filter only'50% reached the sample. T
obtain the maximal intensity of the weak Raman lines
samples were measured through the transparent CaF2 sub-
TABLE VI. Raman tensors and angular dependence for the Raman active phonon modes of Y, YH2, and
CaF2. The scattering geometry is 180° backscattering along thec axis for Y and along the@111# direction for
YH2 and CaF2.
9-4
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FIG. 1. Scattering configura
tions for the calculation of the an
gular dependence of the intensity
In all four configurations 180°
backscattering is realized. For th
angular dependence only th
sample is rotated about an ax
perpendicular to the surface.
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strate from the back side. This avoided losses due to abs
tion in the Pd cap layer, which would have to be pass
twice by the light—once by the laser and once by the sc
tered light. The spectrometer was calibrated with an Ar sp
tral lamp and high precision spectral line data from NIS
~Ref. 18! to achieve a very accurate calibration. In our ca
an accuracy of better than61 cm21 was achieved. The usua
natural line width of the spectrometer was about 6 cm21

FWHM. For polarization resolved measurements, the dir
tion of the laser polarization was rotated with a Sole
Babinet compensator. The direction of the analyzer in fr
of the polychromator was kept constant, since the polych
mator itself showed a strong polarization dependence o
grating efficiency.

D. Scattering geometry

For all measurements a 180°-backscattering geometry
used as indicated in Fig. 1. Since the crystallinity of t
samples is very good, one can assume that for an ang
incidence of 0° the light propagates along thec axis of the
hexagonal structure and for 45° the vector of incidence
13410
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on a cone around thec axis. However, due to the wide ac
ceptance angle~35°! for the collected scattered light the s
lection rules may not be as sharp as calculated in Sec. II,
some forbidden components may appear in the spectra
order to achieve an angle of 45° between thec axis and the
propagation direction of the light inside the sample, it
necessary to know the refractive index of YH3 at the laser
wavelength. The optical constants were measured by
et al.19 for the infrared and visible range. From these data
refractive index can be estimated to be approximately 1.2
a wavelength of 515 nm. Therefore an angle of incidence
about 60° is necessary outside the sample, to achieve
inclination of 45° to thec axis inside the sample.

E. Raman lines from H2 or D2 gas and plasma lines

To determine the origin of the observed Raman lin
their spectral positions were compared with the known po
tion of laser plasma excitation lines.20 Since some of the
measurements were performed in an H2 or D2 atmosphere
also rotational Raman lines from the molecular gases ap
in the spectra. These lines can easily be identified by th
on. The
FIG. 2. Full angular dependence of the intensity for the five different symmetry species of Tables V and VI in parallel polarizati
anglef is varied between 0° and 90° and the sample is rotated about its surface normal.
9-5
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KIEREY, RODE, JACOB, BORGSCHULTE, AND SCHOENES PHYSICAL REVIEW B63 134109
very narrow spectral width. The energies are known fr
literature.21 If H2 is replaced by D2 the energies are no
shifted by the factor 1/& as in the case of vibrational Rama
lines from phonons or molecular vibrations, but by a fac
of 1

2. This is due to the quantization of the molecular ro
tional energyEr5 j ( j 11)\2/2U, whereU52mHr H

2 andj is
even forpara-H2 and odd forortho-H2. For rotational tran-
sitions in homonuclear moleculesD j is even and the lines
are equidistant in energy with a distance ofDE52\2/U.
However, if bothortho-and para-H2 are present~as is the
case here!, lines are observed at a spacing ofDE5\2/U
because the lines of the two species are interspaced. If
drogen is replaced by deuterium the massmD52mH is
doubled and the energy is divided by 2. Small deviatio
from this rule are due to centrifugal forces, which tend
increase the interatomic distance 2r H and therefore lower the
energy.

FIG. 3. Comparison of the Raman spectra for an annealed C2

substrate, an as-grown 200 nm Y film capped with 20 nm of Pd
the film loaded with 1 bar of H2 at room temperature. Rotationa
Raman lines from the H2 atmosphere are visible in the spectra
sharp peaks and are marked with an asterisk. The numbers ind
the peaks according to Table VII.
13410
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IV. RESULTS AND DISCUSSION

Our measurements showed no Raman lines at ener
above 1400 cm21. Also from measurements of the phono
density of states with inelastic neutron scattering2,22 it is
known that all phonons have energies below 1400 cm21.
Therefore in the following presentation of the experimen
results the spectral range is limited to 0–1500 cm21.

A. Room temperature spectra

Figure 3 shows the room temperature Raman spectra
pure CaF2 substrate, an as-grown Y film and the same fi
after 1 h loading with H2 at 1 bar. For this comparison
substrate was used, which was cleaned and anneale
700 °C for 5 h in a similar manner as the substrates used
the growth of the Y film. The main feature in all three spe
tra is the CaF2 line at 322 cm21. Some additional small and
broad lines already appear in the spectrum of the subst
These lines are very weak or even not present in nor
CaF2 crystals and are likely due to defects and especia
empty fluorine sites formed during the annealing proces23

The Y film itself did not show any new peaks. When the fil
was loaded several new lines arose, which are labeled
numbers in Fig. 3. The numbering of the peaks is held c
sistent throughout all spectra. Therefore, not all numbers
pear in Fig. 3. The energies for the lines are collected
Table VII. Some very sharp peaks are rotational Raman li
from H2 gas and are marked with an asterisk. The Ram
lines from YH3 are rather broad at room temperature a
many of the lines are not clearly separated, as in the case
lines 3 and 4; 5 and 6; and 8 and 9. The energies w
estimated by fitting the spectrum with Lorentzians. Theref
the accuracy is not as good for the smaller peaks in prox
ity of the stronger peaks as for the strong peaks themsel
The accuracy is given in Table VII for all lines. In th
H-loaded films also a line at 92.6 cm21 appears as shown in
Fig. 4. The sidelobe of the laser line has been subtracte
Fig. 4 to enhance the visibility. This line is the known13

Raman line of metallic Y, which is normally found at 88
cm21. The difference in energy can be explained by strain

F
d

ate
TABLE VII. Spectral position and accuracy of the Raman lines for room temperature and 4 K and for the
IR lines at 77 K. Line 7 is visible in Raman spectra only if the angle of incidence is 45°.

No.
Phonon
mode

Peak position for H2 ~cm21! Peak position for D2 ~cm21!
IR for H2 ~cm21!

77 K300 K 4 K 300 K 4 K

1 E 15363 15362 15363 15462
2 A1 17861 18861 18465 18761
3 A1 466610 44362
4 A1 499610 48862 36762
5 A1 61063 62062 44263 45162 617
6 A1 64465 65562 467610 47765
7 E1 72662 531610 724
8 E2 75165 76062 541610 55165
9 A1 78463 78462 56363 563610 770

10 E1 899610 906610 617610 630610 911
11 E1 128363 130062 92463 938610 1290
9-6
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RAMAN EFFECT AND STRUCTURE OF YH3 AND YD3 . . . PHYSICAL REVIEW B 63 134109
this line originates from small Y clusters embedded in
oxide and therefore unable to hydride. The number of
served Raman lines shows, that the simple hcp structure
a small unit cell andP63mmc symmetry cannot be correc
In this structure only four Raman lines are allowed.

B. Isotope-exchange measurements

To ensure that the origin of the Raman lines is the hydr
and not impurities~for example of fluorines23 YFx) in the
films, and to find out the contribution of Y and H to th
vibrations we measured isotopically substituted samples.
this purpose an Y film was loaded in 1 bar of D2. The re-
sulting spectra are compared with those for hydrogen loa
samples in Fig. 5. From the theory one would expect a s
of vibrational Raman lines by a factor of 1/& because of the
double mass of deuterium compared to hydrogen. The
periment shows indeed a dramatic change in the spectra
sitions of the lines. From the ratios of the intensities the lin
can easily be related to those of a hydrogenated sample.
is also shown in Fig. 5. Only lines 3 and 4 are hidden un
the strong CaF2 line. The lines designated with 1 and 2 st
nearly at the same position. This shows that their origin
vibration of Y atoms in the YH3 phase. The shift from the
original position13 of 88.5 cm21 for the E2 phonon in hex-
agonal Y is remarkably large, but can be explained by
big change in the size of the unit cell3 of YH3 compared to
pure Y. The energies of the Raman lines of the YD3 sample
are collected together with their errors in Table VII. Som
very sharp peaks in the spectra are again rotational Ra
lines from H2 or D2. In contrast to the vibrational lines the
are shifted by the factor12 as explained in Sec. III E. Thes
lines are marked by an asterisk in Fig. 5.

C. Low-temperature spectra

Since all Raman lines from YH3 are rather broad at room
temperature, low temperature measurements at 77 K and
K and temperature resolved measurements have been

FIG. 4. The known Raman line from metallic Y in a loaded YH3

film. The sidelobe of the laser line is subtracted here to enhance
visibility.
13410
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formed. A comparison of the spectra for 300, 77, and 4
can be seen in Fig. 6. Many new lines are visible at l
temperature due to their decreased linewidth and increa
intensity. All lines marked with numbers are also present
spectra of YD3 at low temperature~not shown!. Sharp peaks
at 1120, 1160, 1021, 1002, and 990 cm21 originate from the
substrate and are visible only at low temperature. The e
gies for 4 K are again collected in Table VII together wit
the errors estimated from the fit process. The smaller wi
of the peaks allows the determination of the energies at
with better accuracy than at 300 K. The difference betwe
the spectra taken at 77 and 4 K is notvery large. Directly in
the laser focus the temperature is expected to be some
higher than 4 K. It is difficult to determine the exact tem
perature, since the usual method, the measurement of
intensity ratio of anti-Stokes and Stokes lines, cannot be u
below 70 K due to the exponential decrease of the a

he

FIG. 5. Comparison of the room temperature Raman spectra
a loading with H2 and D2. Rotational Raman lines from the H2 or
D2 gas atmosphere are visible in the spectra as sharp peaks an
marked with an asterisk.

FIG. 6. Raman spectra of an YH3 film taken at room tempera
ture, at 77 and at 4 K. The numbers indicate the peaks accordin
Table VII.
9-7
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KIEREY, RODE, JACOB, BORGSCHULTE, AND SCHOENES PHYSICAL REVIEW B63 134109
Stokes intensity. Even for the strong CaF2 line no signal
could be found for the anti-Stokes part.

Figure 7 shows the evolution with temperature of t
peaks between 550 and 850 cm21. Obviously all lines are
also present at room temperature, but they are rather b
and diffuse. With lower temperature they become shar
and sharper and more distinct. We conclude that no ph
transformation occurs and produces new lines, but the l
width decreases and the intensity increases.

D. Polarization resolved measurements

The polarization of the Raman lines has been analy
both at room temperature and at 4 K. The results are
played in Figs. 8 and 9. The lines which are visible in t
perpendicular polarized spectra must haveE-like symmetry.
This is the case for the peaks Nos. 1, 8, 10, and 11.

FIG. 7. Evolution with temperature of the Raman lines of Y3
in the region around 600 and 800 cm21 and a Raman spectrum of
pure CaF2 substrate for comparison. The line marked with an as
isk is a rotational Raman line of H2 gas.

FIG. 8. Polarization resolved Raman spectra of an YH3 film
measured at an angle of incidence of 0° and a temperature of 30
The lines present in the perpendicular measurement belon
E-like phonons.
13410
ad
er
se
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d
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e

broad peak left to peak 10 is also present in a perpendic
polarized spectrum of a pure CaF2 substrate. Because of th
proximity of this big substrate line, the exact energy of pe
10 is difficult to determine. Therefore the error for the ener
in Table VII is rather large. There is a remarkably lar
difference in the linewidth for theE-like phonons even in the
low temperature measurements. Together with the comp
son between Raman and IR spectroscopy~Sec. IV C! one can
conclude, that the narrow line No. 8 belongs to a differe
symmetry species than the otherE-like lines. The lines
which appear only in the parallel configuration must haveA1
symmetry. The number ofA1 lines in our spectra is 6 and
therefore too high for aP3̄c1 structure~see Sec. II A!. In a
P63cm or P63 structure we have 7 or 11 Raman activeA1
modes, which is compatible with the measurements.

r-

K.
to

FIG. 9. Polarization resolved Raman spectra of an YH3 film
measured at an angle of incidence of 0 ° and a temperature of
The lines present in the perpendicular measurement belon
E-like phonons. Line No. 8 belongs possibly to another symme
species than the otherE-like phonons due to its narrow linewidth.

FIG. 10. Comparison of the Raman spectra of an YH3 film mea-
sured at an angle of incidence of 0° and of 45° at 4 K. A new l
~No. 7! appears at 45°.
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FIG. 11. Measured angular de
pendence of the intensity for two
YH3 peaks and the CaF2 peak at
room temperature. Peak 9 appea
only for parallel polarization,
whereas peak 8 appears in bo
polarization directions.
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E. Different inclination angles

With polarization resolved measurements only at an in
nation anglef50 ° the question whether theE-like phonons
haveE1 , E2 , or Eg symmetry cannot be answered. Ther
fore measurements at an inclination anglef545 ° have been
performed. The result for the spectral range from 550 to 9
cm21 at 4 K is shown in Fig. 10. A new Raman line appea
when the direction of incidence is different from 0 °. This
not possible if the crystal structure of YH3 is P3̄c1. This
new line suggests a crystal structure such asP63cm or P63 ,
which hasE1 andE2 phonons. Unfortunately clear chang
of the intensities of the otherE-like lines could not be found
Therefore from this measurement the doubly degener
Raman lines can only be classified as being ‘‘E-like.’’ The
only exception is the new line number 7, which has clea
the speciesE1 . The reason for the lack of clear changes
intensity might be the wide acceptance angle~35 °! for the
collected scattered light, which flattens the intensity pro
for different inclination angles.

F. Angular dependence

For some Raman lines the angular dependence at a
clination anglef545 ° was measured. With our experime
13410
i-

-

0

ed

y

e

in-

tal setup this was only possible at room temperature. T
intensities were estimated from the spectra in a fit proc
with Lorentzians. The results are shown in Fig. 11 for t
CaF2 line, the strongestA1 line at 784 cm21 and the stronges
E-like line at 751 cm21. For the E-like Raman line both
polarization directions are shown. The measured angular
pendence agrees very well with the characteristic shapes
rived in Sec. II B for all displayed lines. The threefold sym
metry of the pattern of the CaF2 line is very distinct, only the
minima are not as deep as calculated. This is due to
analyzer in front of the polychromator. Light can pass a p
larizer even if its polarization is not parallel to the directio
of the polarizer. The intensity decreases then proportiona
cos2 q, if q is the angle between the direction of the pola
ization and the direction of the polarizer. In this way esp
cially the minima are partially filled with intensity from othe
angles. The shape for theA1 phonon is nearly perfectly a
circle, as calculated. In the case of theE-like phonon the
deviations from the circular form are very small. It seems
if there are tiny indentations at the same angles as for
CaF2 line, but they are the same both for parallel and p
pendicular polarization. This cannot stem from anEg pho-
non, because in this case they should appear on opp
sides for different polarizations. The origin of these featu
is more likely the proximity of the big CaF2 line, which
9-9
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disturbs the fit processes of the small YH3 lines with its
angular dependence. Thus we conclude, that none of the
cial features for the angular dependence of the intensity
Eg phonons could be found.

G. Comparison with IR spectroscopy

From Sec. II A it is clear, that coincidence of lines
Raman and IR spectra should exist only if the crystal str
ture of YH3 is noncentrosymmetric, i.e., it has the spa
group P63cm or P63 . However, only certain lines should
appear, namely, those withA1 or E1 symmetry. Since the
plane of atomic elongation for theE1 phonons is theab
plane and the elongation direction forA1 phonons is parallel
to the c-axis, one can expect only small contributions fro
A1 phonons in IR spectra. Therefore theE1 phonons are
more important for this comparison. IR spectra of YH3 on
GaAs substrates have been measured by Leeet al.19 and also
in our group.24 Some of the lines observed in Ref. 19 a
well known GaAs lines. Therefore IR transmission spectra
H-loaded Y films grown on Si~001! have been studied,24

since Si has no IR active phonons in first order. The films
polycrystalline as in the case of films grown on GaAs.

In Fig. 12 a 77 K IR spectrum from a film grown on S
and a 4 KRaman spectrum for a film grown on CaF2 are
shown. There is obviously coincidence in the two spec
The shift due to the different temperature is only about

FIG. 12. Comparison of a Raman spectrum taken at 4 K and a
FTIR spectrum measured at 77 K of an YH3 film.
13410
pe-
of

-

f

e

.
0

cm21 and is negligible compared to the big linewidth in th
IR spectra. For the comparison one should keep in mind,
the phonon energy is not exactly at the minimum in the
spectrum. The Raman lines 5, 7, 9, 10, and 11 agree v
well with lines measured in the IR. The energies are ag
collected in Table VII. Most of the lines haveE symmetry,
except Nos. 5 and 9 which haveA1 symmetry. It is known
that the growth of Y on GaAs and Si results in polycryst
line films. This might be a reason for the strong appeara
of the A-like lines in the IR, although they should be sma
according to their direction of the atomic displacement. W
conclude, that the structure of YH3 must be noncentrosym
metric. Since in theP63cm and P63 structure only theE1
phonon modes are IR and Raman active, the line Nos. 7,
and 11 must haveE1 symmetry. Line No. 8 is alsoE-like,
but not visible in the IR spectrum and should therefore ha
E2 symmetry.

V. SUMMARY

We have reported measurements of the Raman effec
YH3 and YD3. Several lines have been found in the Ram
spectra; they are rather broad and diffuse at room temp
ture but become very sharp and distinct at 4 K. Polarizat
resolved measurements in combination with a FGA an
calculation of the intensities in different scattering config
rations reveal the symmetry species of the phonons.
number of experimentally observedA1 phonons is not com-
patible with aP3̄c1 structure. The appearance of new R
man lines for inclination angles different from 0 ° points t
wards aP63cm or P63 structure of YH3. According to our
calculations the appearance of additional lines is not poss
in a P3̄c1 structure. Also in measurements of the angu
dependence of doubly degeneratedE-like phonon modes no
indication forP3̄c1 specific patterns was found. A compar
son between Raman and IR spectra shows coincidence
several lines. Again this is possible only for a noncentrosy
metric structure such asP63cm or P63 and not forP3̄c1.
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