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Lutetium hydrides LuH, thin films with x from O up to 3.2 were deposited on Si(001) substrates by laser ablating a 4N
lutetium metal target in a vacuum or hydrogen environment. With x increasing, the hydride films undergo a phase transition
at x ~ 0.77 from hexagonal close-packed (hcp) to face-centered cubic (fcc) structures. The anomaly was found to emerge in
temperature-dependent resistivity at ~ 173 K in hcp-phase films but not in fcc-phase films. The sudden dramatic decrease
in the amplitude of the anomaly once hydride enters the two-phase region from the hcp-phase side supports the idea that the
formation of the hydrogen network in the a—b plane of the hcp-phase is the sole reason for the emergence of the anomaly.
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1. Introduction

Stirred by an assertion claiming room-temperature super-
conductivity under “near-ambient” pressure in nitrogen-doped
lutetium hydrides, hydrides of lutetium LuH, suddenly at-
tracted booming attention, much of it focused on bulk ma-
terials synthesized and investigated under high pressure.[!~0]
Thorough examinations of the original assertion led to a re-
traction; however, the follow-up works did initiate a new wave
of research on the hydrides of lutetium, most of which are un-
der high pressure. Prior to this wave of studies, precedent stud-
ies under ambient pressure had revealed a hydrogen-dependent
anomaly at around 170 K in resistivity,’"") which was fur-
ther linked to the formation of low-dimensional ordering of

8.10-12] Similar

hydrogen/deuterium atoms inside the crystals. !
resistivity anomalies under ambient pressure are universal in
ferromagnetic heavy rare earth metals (Gd, Tb, Dy, Ho, Er,
and Tm);!"3-22] however, the resistivity anomaly in lutetium
hydride crystals was not magnetically related.[*>>>! We no-
ticed that some experimental findings under ambient pressure
were not observed in the recent experiments on high or “near-
ambient” pressure, e.g., the hydrogen-dependent anomaly at
around 170 K in the resistivity of lutetium hydride crystals.
Therefore, in order to systematically understand lutetium hy-
dride in a wider range, it is intriguing to study another physical
form, if possible: thin films of lutetium hydride in this paper,
as knowledge of them is rare up to now. Such a study may shed
some light on a comprehensive understanding of lutetium hy-
dride.

In this paper, we present deposition and systematic char-
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acterizations of lutetium hydride LuH, thin films. The hydro-
gen concentration x can be boosted as high as 3.2 in the nomi-
nal formula, i.e., LuHj3 5, at which its crystal structure still per-
sists in face-centered cubic (fcc). With x increasing, the films
undergo a structural phase transition at x ~ 0.77 from hexag-
onal close-packed (hcp) to fec structures. The temperature-
dependent anomalies of resistivity at ~ 173 K were observed
at ambient pressure, which is observed in the lutetium hydride
thin films for the first time experimentally.

2. Experimental details

Over 420 lutetium hydride films were synthesized by
pulsed laser deposition (PLD) with a vacuum chamber base
pressure of 6.0 x 1077 Pa. A KrF excimer laser of 248-
nm wavelength and 5-Hz repetition rate was irradiated on a
99.99% lutetium ingot (Grirem Advanced Materials) that was
15 mm in diameter and 8 mm in height, under either vac-
uum pumping or a flowing hydrogen environment maintained
at certain pressures. An Si(001) substrate was placed 20 mm
away from the 65-mJ/mm? laser beam impinging on the ingot
surface and was heated to 420 °C for film deposition.

PLD chamber is part of an in-situ thin film deposition and
characterization complete equipment, which consists of indi-
vidual equipment for the PLD, x-ray diffraction (XRD), sput-
tering metallization, ultrasonic welding, and low-temperature
Each individual

equipment is settled inside a glove box which is a confined

transport measurement down to 2 K, etc.

space filled with ambient-pressure nitrogen or inert gas ar-
gon in order to significantly reduce the possible contamination
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from oxygen and moisture in the air. The levels of impurity
from oxygen and water molecules are limited and maintained
below ~ 0.1 ppm. All the individual equipment is connected
to each other through a transfer mechanism which is also con-
fined and filled with ambient-pressure nitrogen or argon.
Some film samples were characterized ex-situ by
ULVAC-PHI nano TOF II for time-of-flight — secondary ion
mass spectrometry (TOF-SIMS). Film thickness was mea-
sured on a Dektak stylus profilometer. The samples were
stored in vacuum-desiccators temporarily and thus transferred

between laboratories.

3. Results and discussion

The XRD spectra of a set of films deposited from a
vacuum up to a hydrogen pressure of 2 Pa are displayed in
Figs. 1(a)-1(m). The film thicknesses measured via step edges
are ~ 500 nm. Obviously, the films are thick enough to be
strain-relaxed and therefore polycrystalline, which, in compar-
ison with the thinner, epitaxial, single-oriented films, makes it
easier to study the crystalline structure of a not well-known
film material using XRD.

A crystallographic phase transition can be seen clearly:
(i) pure hcp-phase when hydrogen pressure [Hy] < 1.6 x
10~* Pa, (ii) hcp- and fcc-phases coexistence when 1.6 x
1074 Pa < [Hy] < 1.0 x 1073 Pa, (iii) pure fcc-phase when
[Ho] > 1.0 x 1073 Pa. Note that the phase boundary be-
tween the hcp one-phase region and the hep/fce two-phase re-
gion is somewhere in the range of 1.6 X 10~* Pa < [Hy] <
2.0 x 1074 Pa. Deduced from Fig. 1, the lattice constants of
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the hep-phase or fcc-phase as a function of hydrogen pressure
are plotted in Fig. 2(a).

In order to understand the hydriding process meticu-
lously, a TOF-SIMS experiment was performed on another set
of film samples, the deposition parameters of which are the
same as those shown in Fig. 1, except that the deposition time
is one-third of the latter. Ar" ion beam was used to sputter
exfoliating the film into dimple of certain depth, while Bi3t*
cluster beam was used to bombard secondary ions/clusters out
for mass-charge ratio analysis. The concentration depth pro-
file of a hydride film deposited at 1.0 x 10~* Pa is plotted in
Fig. 2(b). It is worthy to note that the dominant detected sub-
stances are univalent ions or clusters, while no evident high
valence ions or clusters were found in the SIMS experiment
although lutetium is a trivalent metal.

Further effort has to be made since the SIMS experimen-
tal result gives only the relative content ratios among the ele-
ments measured. Therefore, we fine-tuned the deposition pres-
sure and captured a phase point that is at the boundary between
the hcp/fce two-phase region and the fcc single-phase region.
The hydrogen content x of the film right at the phase boundary
is thus calibrated as 1.8.126] Note: (i) the solution concentra-
tions of hydrogen in the fcc-phases at different phase points in
the hcp/fcc two-phase region are all the same, while those in
the fcc single-phase region are not; (ii) the lattice constants of
fcc-phases right at the phase boundary and in the hep/fcc two-
phase region are equal to each other, while those at the phase

boundary and in the fcc single-phase region are not.
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Fig. 1. XRD spectra of films deposited at hydrogen pressures of O Pa, 4.0 x 107°Pa, 1.0x 107> Pa, 5.0 x 1075 Pa, 1.0x 1074 Pa, 1.2 x 10™# Pa, 1.6 x 10~ Pa,
2.0x 1074 Pa, 1.0x 1073 Pa, 5.0 x 1073 Pa, 1.0 x 102 Pa, 1.0 x 10! Pa, and 2.0 x 10° Pa, respectively. Perpendicular red, blue, and green lines are guides
to the eye for the diffraction peaks of hcp lutetium hydride, fcc lutetium hydride, and Si(004), respectively.
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Fig. 2. (a) Lattice constants of hcp- and fcc-phases as a function of hydrogen pressure during deposition; (b) SIMS depth profiles of Si* ions, Lu™ ions,
and HLu™ clusters, respectively; the counts of HLu™ clusters were magnified by a factor of 5; (c) hydrogen content of the film as a function of hydrogen
pressure during deposition; (d) Lu—LuH, (x = 3.2) phase diagram; (e) lattice constants of hcp- and fcc-phases as a function of hydrogen content; (f) hydrogen
content-dependent relative volume ratio of grains of each type of preferred orientation.

Corresponding to the XRD result shown in Fig. 2(a) and
the analysis performed above, the phase boundary between
the hcp one-phase region and the hep/fce two-phase region is
somewhere between 1.6 x 1074 Pa < [Hy] < 2.0 x 10~ Pa,
which means 0.74 < x < 0.79 in terms of hydrogen content in
the film, roughly at x ~ 0.77.

Moreover, the calibrated relationship between hydrogen
content and deposition pressure is given in Fig. 2(c). It can
be seen that the hydrogen concentration x follows different
semi-logarithmic functions along with hydrogen pressure dur-
ing deposition: (i) lower than 2.0 x 10~* Pa, the data fit a line
with a slope of 0.34/1g(Pa); (ii) higher than 1.0 x 1073 Pa, the
data fit another line with a slope of 0.41/1g(Pa). This should
be the case if one takes the phase transition and therefore the
formation of two different kinds of solid-state phases into ac-
count. Note that the formation of different solid-state phases
means different chemical reaction processes, including ther-
modynamics, solution and solubility in solid-state compounds,
diffusion processes, and reaction dynamics, etc.

The phase relationship thus determined is summarized in
Fig. 2(d) as a phase diagram. It is interesting to note that in our
films, (i) the fcc single-phase region persists with x from 1.8
up to 3.2; (ii) LuH3 possesses an fcc structure, rather than a

trigonal structure with space group P3c1,2’3!1 which is com-
mon for bulk materials synthesized under pressure; (iii) the
hep single-phase region persists with x from 0 up to 0.77; (iv)
the hcp-phase and fcc-phase coexist in the two-phase region
with x from 0.77 to 1.8.

From the above experiments and analyses, it is clear that
the hydriding process can be controlled in a precise way by
manipulating the technical parameter of hydrogen pressure.
Figure 2(a) is replotted in Fig. 2(e), in which the lattice con-
stants as a function of hydrogen content, instead of pressure,
are shown. Moreover, the percentage ratios of the volume of
grains of each individual crystalline orientation can be calcu-
lated based on the integrated intensities of diffractions in the
films and from the literature,3>33] with the final results given
in Fig. 2(f). It can be seen that the preferred orientations are
(100) and (220) for hep- and fcc-phases, respectively.

Epitaxy relationships between the substrate and films are
attempted to be exhaustively searched, given as shown in
Figs. 3 and 4 for hcp- and fcc-phases, respectively, for all pos-
sible geometrical matching possibilities of the lattices of the
film and substrate at the interface. Accordingly, the parame-

ters are summarized in Tables 1 and 2.
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Table 1. Calculated lattice mismatches and percentages of unoccupied lattice points for possible epitaxial mechanisms illustrated in Fig. 3 by the ball-and-stick

models for hep-phase LuHy film epitaxy.

Lattice mismatch ~ Unoccupied Unoccupied

Lattice mismatch Unoccupied Unoccupied

LuH,(hkl) TIllustration . R LuH,(hkl) Illustration . L
x1 (0°)  y1(90°) point Lu point Si X2 (45°) y2(135°) point Lu point Si

(100) Fig. 3(a) 8.4% -9.0% 66.7% 75.0% (100) Fig. 3(b) —2.7% 2.9% 66.7% 75.0%
(002) Fig. 3(c) 8.4% —5.7% 75.0% 66.7% (002) Fig.3(d) -12.2% 2.9% 83.3% 75.0%
(201) Fig. 3(e) 8.4% —0.4% 50.0% 83.3% (201) Fig. 3(f) 2.9% -6.5% 66.7% 87.5%
(110) Fig.3(g) -5.8% 3.1% 87.5% 88.9% (110) Fig.3(h) -12.2% —2.7% 50.0% 50.0%

Table 2. Calculated lattice mismatches and percentages of unoccupied lattice points for possible epitaxial mechanisms illustrated in Fig. 4 by the ball-and-stick

models for fcc-phase LuH, film epitaxy.

Lattice mismatch ~ Unoccupied  Unoccupied

Lattice mismatch Unoccupied Unoccupied

LuH,(hkl) Tllustration ) R LuH,(hkl) Tllustration ) o
x1(0°)  ¥1(90°) point Lu point Si x(45°)  y(135°) point Lu point Si

(220) Fig. 4(a) 7.3% 1.7% 66.7% 75.0% (220) Fig. 4(b) 7.3% 1.7% 66.7% 75.0%
(111) Fig. 4(c) 7.3% —7.0% 75.0% 66.7% (111) Fig. 4(d) —13.5% 1.7% 83.3% 75.0%
(311) Fig. 4(e) 7.3% -2.4% 50.0% 66.7% (311) Fig. 4(f) 1.7% —8.7% 66.7% 75.0%
(200) Fig. 4(g) 1.7% 1.7% 88.9% 93.75% (200) Fig. 4(h) 7.3% 7.3% 0.0% 50.0%
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Fig. 3. Schematic ball-and-stick models for hcp-phase LuH, (x < 0.79) epi-
taxy on Si(001). The black balls are Si ions of the Si(001) plane at the in-
terface, while the red balls and sticks represent Lu ions and LuH, lattices,
respectively. The shaded greyish block marks the unit cells of the substrate
and film matched to each other. The lattice points at the corners of the cells
are illustrated as reddish-black dots. Note that hcp- and fcc-phases coexist in
LuHg 79.

For the hcp-phase, the (100)-oriented film indeed shows
the smallest lattice mismatch as illustrated in Fig. 3(b). For
the fcc-phase, the situation becomes a bit complicated. The
final winner, the (220)-orientation as illustrated in Figs. 4(a)
and 4(b), seems to be a compromise between lattice mismatch

and lattice point unoccupancy, the latter of which is a mani-

festation of how many or how few dangling bonds there are at
the interface.

Fig. 4. Schematic ball-and-stick models for fcc-phase LuH, (x > 0.79) epi-
taxy on Si(001). The black balls are Si ions of the Si(001) plane at the in-
terface, while the red balls and sticks represent Lu ions and LuH, lattices,
respectively. The shaded greyish block marks the unit cells of the substrate
and film matched to each other. The lattice points at the corners of the cells
are illustrated as reddish-black dots. Note that fcc- and hep-phases coexist in
LuHg 79.

The resistivities of a set of films of ~ 500-nm thick LuH,
(0 < x < 3.2) were measured in-situ as a function of tempera-
ture, as shown in Fig. 5(a). First-order and second-order differ-
entials of the curves shown in Fig. 5(a) are given in Figs. 5(b)
and 5(c), respectively. A kink can be seen clearly at ~ 173 K
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for films with x < 0.79, i.e., x = 0.09, 0.13, 0.18, 0.46, 0.63,
and 0.79. As shown in Figs. 5(b) and 5(c), the transition is
quite broad, from ~ 190 K down to ~ 155 K.

150 F T E ¥ 1
(a) i —e— H=0.09
/+1| 0.13
—e— H=0.18
EIOO' : /—O—Hrilu
Q
% 1%:,6_/’
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Fig. 5. Transport properties of lutetium hydride films: (a) temperature
dependences of resistivities of 10 films with hydrogen content variation;
(b) first order differential of plots given in panel (a); (c) second order
differential of plots given in panel (a).

Note, (i) the resistivity kink at x = 0.79 is very weak, con-
sistent with the coexistence of both hcp- and fcc-phases; (ii)
the kink could not be observed in films with x = 1.8, 2.4, 2.7,
and 3.2. The absence of the kink in the fcc-phase reinforces
the fact that the anomaly is only associated with the hcp-phase,
not with the fcc-phase LuH,.

The phenomenon is the same as what had been found
decades ago in bulk materials at ambient pressure.!’~'?! This
is the first time the transport property anomaly has been ob-
served in the thin films of lutetium hydride. Since the transi-
tion is quite broad, it might be a second-order phase transition
or even higher, rather than a first-order one.

Regarding the dramatic weakness of the resistivity
anomaly for LuH, with x = 0.79, which is in the hep/fcc two-
phase region, in comparison with the anomalies observed in
the pure single hcp-phase, the low dimensionality of the thin
film might be the reason. As the neutron scattering studies re-
vealed that the deuterium correlated with each other to form
a linear ordering within the a—b plane,®1%-12! it is believed
that the linear ordering of hydrogen is related to the resistivity
anomaly.

Our experimental findings, the dramatic weakness of the
resistivity anomaly in the thin film in the two-phase region,

may further suggest that these ordered hydrogen networks in
the a—b plane are the sole reason for the resistivity anomaly.
The reasons are: (i) for the hcp-phase LuH, with x < 0.77,
c.f., Figs. 1(a)-1(g), the ordered hydrogen networks in the a—
b plane of the films are intact, verified by the appearance of
their (002) diffraction peaks of the hcp-phase; i.e., no mat-
ter whether the diffraction intensities are higher or lower, they
can be observed, which means the volume ratios of the (001)-
oriented hcp-phase grains in the x < 0.77 films are above the
detection limit of the XRD, which might be around several
percentage points or higher; (ii) for the hcp-phase LuH, with
x=0.79, c.f., Fig. 1(h), the (002) diffraction peak of the hcp-
phase cannot be observed, which means the (001)-oriented
hcp-phase grains are not detectable by the XRD and there-
fore their volume ratio is very low; (iii) in comparison to the
thin film with the bulk crystal, the low dimensionality leads to
the transport network being more easily broken in the former
form of material than in the latter; (iv) the grains of the (100)-
oriented hcp-phase, c.f. Fig. 1(h), do not help the emergence

of the transport anomaly.

4. Conclusion

Employing a complete equipment comprising a PLD
chamber, lutetium hydrides LuH, thin films utilizing a 4N
lutetium target were deposited and characterized meticulously.
A two-phase region of hcp- and fcc-phases exists in between
0.77 < x < 1.8. With x < 0.77, the LuH, film is in the hcp-
phase single-phase region, while with x > 1.8, it is in the fcc-
phase single-phase region. The LuH, film persists in the fcc-
phase up to x = 3.2 corresponding to 2-Pa hydrogen pressure
during deposition. The films are polycrystals, with (100) and
(220) orientations being preferred for epitaxy for hcp- and fcc-
phases, respectively.

The resistivity kink at ~ 173 K, with the lower critical
point at ~ 155 K and the higher critical point at ~ 190 K,
was observed for the first time in the thin films of lutetium
hydride. The kink anomaly was found to appear only in hcp-
phase films but not in fcc-phase films. The sudden dramatic
decrease in the amplitude of the anomaly once hydride enters
the two-phase region from the hcp-phase side supports the idea
that the formation of the hydrogen network in the a—b plane
of the hcp-phase is the sole reason for the emergence of the

anomaly.
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