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Electronic structure of UH 5 thin films prepared by sputter deposition
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UH; thin films have been prepared by dc sputtering of uranium in presence of hydrogen, and istsdied
by valence band and core level spectroscopy. X-ray diffraction measurements showed form@tldH gfand
magnetization experiments demonstrate that the films are ferromagnetitwittv8 K. Valence band spectra
showed that the films are metallic. Thé States are positioned at the Fermi level, proving their itinerant
character. Broadening of thé peak is attributed to correlation effects, or possibly the appearance of final-state
multiplets. U 4 core level spectra showed a main peak at slightly higher binding eriBigythan U metal,
accompanied by a broad correlation satellite at 6 eV high BE.
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[. INTRODUCTION previously to prepare uranium nitride film&N,,2 in the
presence of Ar-B) and uranium oxide filmguO,,° in the
UH3 was one of the first ferromagnetic uranium com- presence of Ar-Q). It was not clear, however, if the hydride
pounds observet? It exists in two allotropes,a- and  could be prepared by this technique, or if due to its low
B-UHs. a-UHj3 is the metastable low-temperature phase.  stability it would decompose under vacuum or in the plasma.
UHs, the high-temperature phase, is a ferromagnet with ®elow we will show that indeed stoichiometric YHilms
transition temperature around 173 K. Although the spacinthave been prepared. The photoemission study of; UH
of the uranium atomsdy ,=0.331 nm in the g phase is  showed that the Belectrons form a narrow band of extended
considerably larger than that in U metal,.;,=0.276 nm, it states at the Fermi level. This points against the localized
is still below the Hill limit (dy_,=0.340 nm and the $ elec-  nature of magnetism in UH
trons are expected to be itinerant. The magnetism was there-
fore surprising. It has been discussed either in terms of lo-
calized momentgincompatible with the itinerant nature of
the 5 electron$ or itinerant magnetism. Whereas nuclear  Thin films of UH; with less than 1% of C and 1% of
magnetic resonanc®\MR) measurements seem to suggestoxygen were prepareih situ by dc sputtering of U in an
localized 5 states for3-UH; and thus localized magnetistn, Ar-H, atmosphere. We used ultrahigh-puri§9.9999% Ar
the magnetoelastic properties and pressure dependence of #iea pressure of 0.67 Pa. The partial pressure,qi99.999%
magnetic moment point to the itinerant nature of purity) varied between 0 and 19Pa. The target was a U
magnetisnf. Band structure calculationgnonrelativistic, —metal disk(99.9% purity, 5 mm radius, 1 mm thickngsput
non-self-consisteptcame to the conclusion that there are at a negative potential 6900 V. It was kept at room tem-
both itinerant and localizefl states> The localizedf states, perature by air cooling. The plasma in the diode source was
in a 5f configuration, would be responsible for magnetism,maintained by injecting electrons of 50 to 100 eV kinetic
whereas the itinerarftstates are strongly hybridized with the energy. Shields were installed to expose only the sample to
H 1s states. the Ar-H,-U plasma and keep the contamination of the
Even though photoelectron spectroscopy is an ideal toothamber as low as possible. The deposition rates were about
to differentiate localized and itinerant states, very few datad.1 nm s!. Photoemission measurements were done on films
exist. This is primarily due to the very high reactivity of of about 20 nm thickness, deposited at room temperature on
UHs;, which is pyrophoric in powder form, and the absencea Si111) wafer. The background pressure in the plasma
of a protective overlayer preventing oxidation. Moreover,chamber was 1.38 1077 Pa.
UH5 is not stable and easily decomposes under vacuum: its Photoemission data were recordaditu using a Leybold
dissociation pressure at 375 K is 0.27 80 any surface LHS-10 hemispherical analyzer. X-ray photoemission spec-
cleaning by heating or ion bombardment can itself result inroscopy(XPS) spectra were taken using M (1253.6 eV
the decomposition of the sample. Also, breaking underadiation with an approximate resolution of 0.9 eV. Ultravio-
vacuum or scrapingmay lead to dirty surfaces, because thelet photoemission spectroscopy/PS measurements were
breaking plane often contains impurities. made using He | and He [R1.22 and 40.81 e\Mexcitation
In this work, we avoided these problems by preparing theadiation, produced by a windowless uv rare gas discharge
UHj5 films in situ at low temperatur¢room temperature and source. The total resolution in UPS was 0.1 to 0.05 eV for
below), and performing the photoemission measurementshe high-resolution scans. The background pressure in the
without breaking the vacuum. The films were prepared byanalysis chamber was 261078 Pa. The x-ray diffraction
reactive sputter deposition of uranium in presence of a partigikRD) measurements were made with a conventional Phil-
pressure of K The same deposition technique has been uselips PW3830 powder diffractometer using Guy; radiation

II. EXPERIMENT
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(A=0.1540 560 nm For XRD and superconduction quan-
tum interference devicéSQUID) measurements, the films
were deposited on a@ill) and on a quartz substrate respec-
tively, and had a thickness of about 180 nm. They were cov-
eredin situwith a protective Mg overlayer, to slow down the
oxidation during contact with the laboratory atmosphere. The
assignment of the diffraction peaks has been done using the
PCPDFWIN database. The dc magnetization measurements
were carried out on a Quantum Design SQUID magnetome-
ter (MPMS-7) in the temperature range of 2kKT<310 K,

and in applied fields up to 70 kOe.
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IIl. RESULTS

A. Formation of UH 3

FIG. 2. Temperature dependence of the magnetic susceptibility
M of a UHz film. The noticeable difference between zero-field-

) . ] . cooled (ZFC) and field-cooled FC) data at low temperature indi-
It is not possible to determine the composition of the hy-cates ferromagnetism. Tt of 178 K is in agreement with the.
dride directly by photoemission spectroscopy, because hysbtained for UH bulk.

drogen has no characteristic core-level peak. Nevertheless,

formation of UH; was proven indirectly. Spectroscopic data the laborator :
y atmosphere. The XRD analys€sg. 1)
(see below showed that presence of hydrogen changes thghowed formation of th@-UH, phase(cubic, Pm-3n). The

spectra, i.e., U metal features are modified. The oVervieWiga tion peaks are well fitted by the reference peaks of the
spectra do not show any other element than U, in spite of thBqu B phase(PDF: 74-0908 file in PCPDFwin database

changes of the valence band and Ucbre-level lines. As 14 jines of UH, films were shifted to low angle, indicating
hydrogen is the only element, which XPS does not see, Wg o) harameter of about 0.670 nm, which is 1.1% larger

conclude that the new compound must be a hydride. Th@n n the cell parameter of bulg-UH; (0.663 nm).
changes of spectra with hydrogen pressure sgon saturate, am?Formation of UH was also confirmed by the magnetic
stay constant between 2810 and 2.5<10° Pa hydro- g scentinility measured at magnetic figigH=1 T. Com-

gen. At higher pressures, oxide impurities appear, presunfsaison of field-cooled(FC) and zero-field-cooled ZFC)

abI|3|/ dui.t% th? interaction OfS hydrogen W.ith the f(]:h?mbe curves(Fig. 2) shows a typical ferromagnetic behavior. A
walls, which rejease oxygen. Saturation points to the formag, gition temperaturé:=178 K was found. This is close to

tion of a stable hydride with one well-defined stoichiometry.the transition temperature of buft-UHs (Te=173 K). The

Thus, unlike for the U-NRef. § and U-O(Ref. 9 systems, 1 a5 shown to depend on the HressureT values of up

where we did observe intermediate compounds for certaiLEl 220 K were observed at highes Hressure. Recent wotk
gas pressures, for the U-H system we obtain only one type ade onB-UH3; showed the changes in the electronic struc-

hydride spectrum with blgas pressure. This hydride has ture as a function of KHpressure. For thin films, the relation-

been assigned to Ujibecause this is the only stable ura- ship between magnetic properties, structure, and composition

nium hydride, as shown by the phase diagfam. : . : :
Formation of UH was further supported by XRD mea- (H, pressurgwill be further investigated in the near future.

surements. The thick hydride filil80 nnm) was covered

with a Mg overlayer to reduce oxidation during exposure to B. UPS valence band spectra

Figure 3 compares the He Il and He | valence band spec-

_"?‘f\' U'O (',,) T T T U film tra of UH; and U metal. A large peak at the Fermi level
- 2t s dominates the U-metal spectrum. It corresponds to itinerant
% 5f states forming the conduction band. The peak is narrow
;! o_B-UH and does not show any additional structure, pointing to the
s [° 3 absence of correlation or many body effettélH; has two
a v T v Mg features, a broad band between 8 and 3 eV, and a narrower
@ ||k N #_Si (111) peak with a flat top between 1 eV aigl. The broad band is
ﬁ composed of two peak@.4 and 6.1 eV. It is characteristic
Z J yoo 0 o of hydride compound$ and attributed to the valence band
VMJ/VL j\/\/\) 26 m formed by hybridization of the Hdlstates with metal states.
L L 1 i 1 L 1 i M A H H H H
BT B A0 45 B0 B 60 65 707589 85 gomgare(i toVIanthanldes hydridéshis band is closer t&
20 (deg) y about 1 eV.

The plateau at the Fermi level is attributed tb Sates.

FIG. 1. XRD of a UH; film deposited on a §111) substrate at This is concluded from the Comparison of He Il and He |
room temperature, and covered by a Mg overlayer. The diffractiorspectra. The characteristic energy dependence of their cross
peaks are assigned to tileUH; phase(¢® PDF: 74-0908 to the  sections indeed allows identification of the various
Si(111) (# PDF: 80-0018and to the Mg phas&] PDF: 04-0779.  sublevel$* (s,p,d,f) (Table ). In particular thef states are
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FIG. 3. He | and He Il spectra of a U filfdotted ling and a 12 10 8 6 4 2 0 -2
UH5 film (full line). Comparison of the He Il and He | spectra of BINDING ENERGY (eV)

the UH; film enables assigning the peakEt to 5f states. )
FIG. 4. Calculated DOS foB-UH3; compared to experimental

. . valence band spectra.
strongly suppressed in He I, while thestates are enhanced. P

The unchanged shape of the plateau for the two excitation = . ) 4 ) )
energies suggests that it consists mainly of one type of statg@xidation state of uraniuniu™). The U 4 line of UH; is
Because the entire plateau is strongly suppressed in HeMore similar to that of U metal than that of YGCompared
(compared to the Hs), we attributed it to U 5 states. Their 0 U metal its maximum is shifted to 0.4 eV higher binding
positioning at the Fermi level proves the itinerant characteN€rgy(BE). This implies a similar oxidation state of ura-
of the f states. nium in the hydride and in the metal. The hydride peak is
Calculations of the density of statéBOS) made in the broadened compared to that of the metal. Such broadening is
local density approximation of the density function theoryobserved for all metal hydride systems. It is explained by the
also shows two energy bands for YKFig. 4).1° The one at qrystal lattice expansion of the hqst metal aﬁgr the |n'tro.duc-
high binding energy4—8 eVj indeed has H 4 character. It t|0n_of hydr(_)geriL.9 Also the peak_ is asy_mmetncal, pointing
coincides with the measured spectrum. The Ustates are @gain to a high DOS at the Fermi level in YHn agreement
concentrated at the Fermi level, thus confirming the metalliVith the valence band speciig. 3. The U 4 asymmetry
character of UH. There is an overall good agreement be_for UH; is more pronounced than that for U metal, and this

tween the DOS and the measured spectrum. is totally consistent with the larger electronic specific heat
(Table 1l) of UH3; compared to U met&P In addition there is

a broad, unresolved satellite around 395 eV binding energy.

A very similar satellite has been observed in narrow-band
Figure 5 compares the Uf4, spectra of UH with those  yranium compounds, e.g., UPtUBe; 32! or URW,SL? It is

of an itinerantf system(U meta) and a localized, oxidizetl  generally attributed to the occurrence of final-state effects

system(UO,). Peak shapes and positions for the three sys¢poor screening when the % states approach localization.

tems are different. U metal has a narrow, asymmetri€gh 4

emission at 388 eV binding energy. The asymmetry is char- D. Previous XPS studies of bulk UH

acteristic of a high density of states Bf, which, in the )

actinides, is due to a narrow band formed by itinerafit 5 A previous XPS valence band study on Ybulk by Ward

stated!® UO, has a symmetrical peak at 391 é¥fs,) ac- €t al’ shows the U b peak at about 1.5 eV binding energy

companied by a shake-up satellite, fingerprint of stoichio-

metric UO,,"*®located at about 7 eV higher in binding en- U4r, ! ! T

ergy than the main peak. The symmetry of the main peak ;

points to a low density of states Bk, which is consistent

with the fact that UQ is a semiconductor. The shift to high

binding energy of the U #in UO, is due to the increased

C. U 4f core-level spectra

TABLE |. Theoretical cross sectiortbarng in He I, He Il, and
Mg Ka (Ref. 14.

INTENSITY (arb. units)

He | He Il Mg Ka

H 1s 1.888 0.2892 0.048 10°° IR A
U 5f 0.6423 6.047 0.2810°1 420 210 e P
U 6d 4.01 0.6794 0.9%10°3 BINDING ENERGY (eV)

O 2p 10.67 6.816 0.5610°2

FIG. 5. U 45, core-level spectra of U, Uiland UG films.
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TABLE Il. Electronic specific heat constafy) and paramag-
netic moment per U iofiu,) of the U pnictide series g8-UH; and

of a-U.

¥* (mJ/mol K?) p” (up)
UN 26 2.7-3.1
UP 32 3.1
UAs 53 3.5
uSb 4 3.7
-UH; 30 2.6
a-U 9

3Reference 28.
bReference 29.

(Fig. 6). Also a peak is observed at 6 eV, and it is attributed
to the H Is valence band. To compare this result with our
study we did a similar XPS valence band measurement of a
UHj; film (Fig. 6), and we find the U b peak with a maxi-
mum at 0.6 eV, i.e., close to the Fermi level. It is unlikely to traction of the inelastic background, and thedsound-state DOS
observe the H dpeak in XPS, because of the extremely low by the local density approximatioitb) Comparison of the He II

H 1s cross sectioriTable l). We argue that the valence band detail spectrum, after subtraction of the inelastic background, and
spectrum of Ref. 7 is rather due to YOwith the O 2 _
emission at 6 eV and the localized peak at 1-1.5 eV, The Pling scheme.
presence of appreciable amounts of J@ay be related to
the high reactivity of the hydride. Even fracturing under

vacuum, as done in Ref. 7, can result in dirty surfaces b
cause cleavage preferentially occurs in plains containin%

large amounts of impurities. The corresponding tJspec-
trum has never been published, it was only stated that the
4f5,, peak is located at 389.8 eV. It is most likely due to the
superposition of the broad hydride pe@Ks, at 388.2 eV

and an oxide pealdfs, at 390.5 eV.

IV. DISCUSSION

The magnetism of UKlis not consistent with a broafl
band, but instead points either to highly correlatedates in
a narrow band, or localizetl states. The striking difference

XPS valence band ' ' u-54
':u:? U-6
5 Py
£ |c) UH,
> this work
=
% b) UO,
& la)UH, 7]
Z
H-1s (?)
. . . 0-2(7)
25 20 15 10 5 0

BINDING ENERGY (eV)

FIG. 6. Comparison of XPS valence band spegtgppreviously
measured Ukl(Ref. 7, (b) a UG, film prepared by reactive sputter
deposition of U metal in an Ar-©gas mixture, andc) a UH;z film
prepared by reactive sputter deposition of U metal in an Aigkis

mixture.
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FIG. 7. (a) Comparison of the He Il detail spectrum, after sub-

the f3— f2 multiplet transition calculated in the intermediate cou-

between the b signal of UH; and U metal(Fig. 3) must
certainly be related to the appearance of magnetism ig, UH

Swvhich is a good indicator of thefhand narrowingcompar-

g to U meta) due to the lattice expansion and reduced
f-5f overlap. Therefore one central question is whether
hotoemission shows itinerant or localizédstates. Below

different interpretations of thefSspectrum{(a)—(c)], in terms

of localized and itinerant f5states will be given.

(a) First one may consider if thef5photoemission peak
does not simply reflect the ground-state density of states, as
for broad-band materials. Figuréa)y a compares the calcu-
lated DOS of 5 band with the He Il photoemission line. The
inelastic background of the photoemission line has been sub-
tracted. The measured Band is significantly broader than
the calculated one. This broadening cannot be ascribed to
instrumental factors, because the resolution in UPS is better
than 40 meV. Also lifetime broadening can be ruled out,
because, if photoemission does reflect the ground-state DOS
in the vicinity of Eg, then the final state is the stable ground
state and there are no decay effects. The strong broadening of
the photoemission spectrum is thus not compatible with a
direct comparison to the ground-state DOS, but correlation
effects have to be considered.

(b) Narrow-band uranium systems indeed show a broad-
enedf emission at the Fermi level, having an itinerant com-
ponent(directly atEg, as in U metal and a correlation sat-
ellite at higher binding energy, typically 0.5-1 &4n these
systems, the ground state has weakly itineranelgctrons,
often via hybridization with the conduction band, e.g., in the
heavy-fermion or Kondo system$.Photoemission of af5
electron, leaving a Bphotohole, then leads to two different
final states. In the first thefohotohole is directly filled by a
screening electron coming from the conduction band and re-
storing the ground state. This is the itinerant component, di-
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rectly atEg, as in U metal. In the second final state, tife 5 still itinerant in the ground state. In USb the multiplet shifts
photohole is screened by the filling of an empty §ate?®>  away from the Fermi-level, which may indicate a total or at
Energetically this situation is less favorable, and the correleast a partial localization of f5electrons as suggested by
sponding photoemission line lies at higher binding energyKumigashiraet al3° Multiplets, whose lowest term is very
(poorly screened compongnWith approaching localization close or even at the Fermi level, are typical for narrow-band
of the f state, when hybridization with extended states de-or intermediate valence systems, whereas in truly localized
creases, the probability of tltescreened final state increases. systems they shift to higher binding energy.
Thus growth of the correlation satellite is directly related to  The picture of a weakly itinerant system, which, after the
the approaching localization of tHestates. The broadening photoemission process, becomes localized is consistent with
of the 5 peak in UH; would thus reflect narrowing of thef5  the reduced magnetic moment of YHvhich is not compat-
band to a point where correlation effects become importanible with a localized ground-state configurati¢®f®) like
and photoemission no longer reflects the ground-state densitySbh. Also the magnetoelastic properties rather point to an
of states. The Bcorrelation satellite also appears in other U itinerant magnetic behavidrLocalization in the final state,
narrow-band systems, e.g., Ui, or UPQ,Si,.>> These sys- as a consequence of the photoemission process, was also
tems also have the 6 eV satellite in the UspectraFig. 5,  suggested in the interpretation of the valence band spectra of
and again main peak and satellite are attributed to two difCe (Refs. 31 and 3Rand PuSj (Ref. 33, where again final-
ferently screened final statés. state multiplets are developed in systems, which in the
(c) We present an alternative interpretation, where theground state have itinerant states.
broad 5 peak corresponds to the unresolved multiplet of one
localized final statdinstead of two final states in paragraph V. SUMMARY AND CONCLUSIONS
(b)]. Indeed the Eline can be fitted by ari®— f2 multiplet UH; films were produced by reactive sputter deposition of
transition [Fig. 7(b)]. After removal of the inelastic back- uranium in presence of hydrogen. The films are stable under
ground, the broad f5peak compares well to the multiplet UHV conditions and virtually oxygen-free. X-ray diffraction
transition, calculated in the intermediate coupling schéie, shows formation of3-UH; for films deposited at room tem-
where the lowest terrf?H4) lies close toEr. However, such perature and saturation hydrogen pressure. Magnetization
multiplet requires b localization and, at first sight, this measurements indicate ferromagnetic behavior, just like in
seems incompatible with the large constant of the elec- the bulk systems, but the critical temperature depends on the
tronic specific heatTable 1I), indicating a narrowf) band at  hydrogen pressure and is larger than in bulkJUEore-level
the Fermi level. The problem can be solved by assuming thaand valence band spectroscopy indicate itinerant character of
in the ground state thestates are itineraritargey), and itis ~ the 5 states. The U #lines are only slightly0.4 eV) shifted
photoemission itself, which induces Socalization in the compared to U metal, showing the U atoms to have a similar
final state. The suddenly increased core potential, after crepXidation state. The valence band spectra show signal at
ation of the photohole, pulls down tliestates, which feel the the Fermi level, which is again consistent with the itinerant
potential stronger than the more extendkdr s states. This  nature of the b states. The supplementary broadening of the
results in the decoupling of thiestates from the conduction f signal compared to U metal may be interpreted either in
band, and their localization. A similar model was proposederms of af®— 2 multiplet transition, or the presence of a
for the uranium pnictide$’ which incidentally are also mag- final-state correlation satellite.
netic. Within the pnictide seriedJN, UP, UAs, USbH, the
transition from 5 itinerancy to localization occurs gradually.
The sudden drop of the electronic specific heat as indicated We thank M.S.S. Brooks and P. Boulet for fruitful discus-
in Table Il between UAs and USb may be related to tlie 5 sions. R.E. acknowledges the European Commission for sup-
localization in USb ground state. However, the multipletport in the frame of the program “Training and Mobility of
structure appears already in UAS,e. for a system, which is Researchers.”
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