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Abstract. Magnetic Compton scattering experiments on a USe single crystal have been
performed at several temperatures around the Curie temperature of the specimen. The spin
and the orbital moments of USe are deduced by combining the magnetic Compton scattering
experiment with the magnetization measurement. Furthermore, the spin moment of USe is
decomposed into a 5f electron component and a diffused component. We have obtained the
spin moment of the 5f electrops(5f) = —1.09 wp, the orbital moment of the 5f electron
nr(5f) = 3.19 up and the diffused moments(diff) = —0.31 up. From comparison with the
previous results of UTe, it is concluded that the increase of the total magnetization from USe to
UTe can mainly be ascribed to the decrease in magnitude of spin moment of the 5f electron with
a slight increase of the orbital moment of the 5f electron. The results are also discussed from
the points of view on the hybridization between U 5f and U 6d electrons and/or U 5f electrons
and valence electrons of chalcogenide.

1. Introduction

Recently, much attention has been paid to the magnetic and electronic properties of actinide
compounds from both theoretical and experimental sides. From these investigations, the
behaviour of 5f valence electrons which characterize the magnetic and electronic properties
of actinide compounds has been understood to be intermediate between 3d valence electrons
of the transition metal systems and 4f valence electrons of rare-earth systems. In the case
of transition metal systems, their magnetic properties are mainly dominated by ‘itinerant’
3d valence electrons, which are well described by the energy band calculations. Since the
crystal-field interaction is stronger than the spin—orbit interaction, the orbital momegnt,

is quenched and their magnetic moments are dominated by the spin momentn the

other hand, in the case of rare-earth systems, their magnetic properties are mainly dominated
by ‘localized’ 4f valence electrons, which are well described by the Heisenberg exchange
model. Since the spin—orbit interaction is much stronger than the crystal-field interaction, the
total angular momentum numbef, is a good quantum number and the orbital momentum
and the spin momentum are expressegias= (2—g)J andus = (2g — 2)J, respectively,
whereg is the Lané g factor [1, 2].
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5f valence electrons of actinide compounds, however, are neither completely described
in terms of the ‘itinerant’ model nor the ‘localized” model. One of the reasons may be
that the magnitude of spin—orbit interaction is comparable to that of crystal-field interaction.
From this point of view, uranium monochalcogenides UX#£XS, Se and Te) have been
extensively studied [2,3]. The crystal structure of UX has the NaCl type and the lattice
constant increases with increasing the atomic number of chalcogenide element. The UX
undergoes a phase transition to a ferromagnetic state at 180, 160 and 104 K=f& %e
and Te, respectively. The values of saturated magnetization of UX alori@fedirection
as the easy-magnetization axis are 1.55, 1.82 &#®itid;, for X = S, Se and Te, respectively
[3]. The decrease of Curie temperature and the increase of saturated moment correspond
well to the increase of lattice constant, suggesting that the larger U-U spacing gives more
localized 5f electrons of the U atom. The tendency of localization of 5f electrons against the
atomic number of chalcogenide element has been supported by low temperature specific heat
measurements [4]. However, the polar Kerr rotation angle shows the maximum in USe (2.6,
3.3, 31° for US, USe and UTe, respectively) [5,6]. The decrease of the magneto-optical
effect in UTe may point to a partial quenching of the orbital moment due to a substantial
decrease of the spin—orbit interaction which can be attributed to strong f—d hybridization
[7,8]. Such a strong f—d hybridization has been also reported by several photoemission
experiments [9-11].

Therefore, it would be essential to separate magnetic moment into the spin and orbital
component in order to study the 5f magnetism in the uranium monochalcogenide compounds.

The magnetic Compton scattering experiment is inelastic scattering of x-rays [12].
The normal Compton profile/ (p,), is generally defined as the projection of the electron
moment densityr (p), along the scattering vectd which is conventionally defined as the
z-direction,

J(pz) = ff n(p) dpx dpy~ (1)
The electron momenturp, is given by the following equation
E> — E1 + (E1Eo/mc?) (1 — cost)
C

(2)
3 + E3 — 2E1E; cost

p;=m

where E; and E; are the incident and the scattered x-ray energies, respectivétythe
scattering anglem is the electron mass, andis the velocity of light. When polarized
photons are used, the scattering cross section can be written as [13]

o, m (E Ey

dQ dE2 - rO ZEK <E_1) |:flj(pz) + me_CZ PcS(a)Jmag(pz):| (3)
where

fi=1+co 4+ 22 _ZEZ (1— cosd) + P,sirto (4)

mc

f2=—(1-cos9) (5)
and

S()=s <c05a cost + % cogf — a)> (6)

1

whererg is the classical electron radiug, and P, are the degree of circular and linear
polarization of the beam, respectively, and the quantity +1 depending on the direction
of the magnetic fieldo is defined as the angle between the direction of the incident x-ray



Magnetic Compton study of a USe single crystal 6335

and the scattering vector [14},,4,(p.) in the second term of (3) is called as the magnetic
Compton profile (MCP) and defined as a projection of the momentum distribution of the
unpaired spin electrons, i.e.,

Tnag (o) = f (n () — n' ()} dp. dp, %

wheren' (p) andn*(p) are the minority and majority subbands, respectively [1R]),.(p.)
is normalized so as to give the spin momentas follows,

/’LS:/Jmag(pz) dpz- (8)

From the study ofr-dependence in (3), it has been confirmed that the MCP can reflect
only spin moment [14]. This is one of the most prominent features of the magnetic Compton
scattering technique [15, 16]. This feature gives us the possibility to obtain separately spin
and orbital contribution to the magnetic moment by combining the MCP with another
magnetic measurement, for example, the total magnetization [14]. There exists another
important feature of the magnetic Compton scattering technique: that the momentum
distributions of different groups of electrons (3d, 4f, 5f, conduction electrons, etc) have
characteristically different shapes of the MCP; thus one can obtain site- or shell-selective
magnetic information in some cases such as HdEd], DyFe, and ErFe [17], Gd [18]
and UFe [19].

In a previous paper, we have already carried out the magnetic Compton scattering
measurement of UTe and decomposed the magnetic moment into the spin and the orbital
moment [20]. In this paper, we report the MCP of USe and separate the magnetic
moment into the orbital and spin contribution. Furthermore, the decomposition of the spin
contribution of USe into the uranium 5f component and diffused component is discussed.
A comparison of the MCP between USe and UTe is discussed from the viewpoints of the
degree of 5f localization and also the hybridization effect between U 5f and U 6d electrons,
and/or between U 5f and chalcogenide valence electrons.

2. Experiment

2.1. Sample preparation

Single crystals of USe with high purity were grown by the Bridgman method using a
prereacted powder technique [21], starting from uranium metal of 99.95% purity and
selenium of 99.999% at the Oarai Branch, Institute for Materials Research, Tohoku
University. The obtained lattice constant of USe single crystal was 5A7%thich agreed

with the previous values [22,23]. The temperature dependence of electrical resigtivity
(12 cm) is shown together with its derivative ¢gdT in figure 1. The residual resistivity

was 100.4uQ cm and the resistivity at room temperature was 36&A.cm. The residual
resistivity rate was 3.62, which is larger than the previous one [24]. The Curie temperature,
T., was deduced from the peak position gf/dT to be 173+ 1 K, consistent with the
temperature dependence of magnetization. Figure 2 shows the magnetization curve of the
present USe at the field of 0.5 T along t#©0), (110 and(111) directions. The saturated
moment along theé111) direction per uranium atomy/, was 1.79u . The discrepancy of

the physical properties of USe between the present and the previous data may be due to the
specimen purity.
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Figure 1. Temperature dependence of electrical resistiyity’) and the derivative d/dT" of
USe single crystal.
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Figure 2. Temperature dependence of magnetization aldf§), (110 and(111) directions of
USe single crystal by SQUID under the magnetic fieldibt= 0.5 T.

2.2. Magnetic Compton scattering experiment

The single crystal of USe was cloven along €0 plane of the crystal and shaped into
a rectangle,  mmx 3 mm, with 1.5 mm thickness. The specimen was fixed on a Cu
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disc sample holder with radius of 12 mm and was sealed by a Kapton foil with 9.5
thickness under 1 atmosphere of He gas to avoid the leakage of the nuclear fuel substance
into the environment. The sample holder was then mounted on the top of the cold finger
of the cryogenic refrigerator. The magnetic Compton scattering experiments were carried
out at the NE-1 beam line of the accumulation ring in the National Laboratory for High
Energy Physics (KEK). The experimental setup of this experiment is shown in figure 3.
The circularly polarized incident x-rays emitted from the elliptical multipole wiggler were
monochromatized by a doubly bent Si(111) monochromator [25], and then impinged onto
the sample. The scattered x-rays were detected with 13-segmented solid state detectors
(SSDs) of Ge located about 90 cm away from the sample. The average scattering angle of
6 was 160+ 2°. In this experimenty in equations (3) and (6) was set to be® #2°. The
resolution of each detector was 0.75 au (FWHM) in the momentum space. The counting
rate for each detector was modulated so as to be below 20000 (codhtatshe initial

ring current of 25-35 mA to avoid pile-up in the detector. The magnetic field of 0.5 T
generated by an electromagnet was applied parallel or antiparallel to the direction of the
scattering vector. It is to be noticed that tt#00 direction of the sample makes an angle

of ¢ = 15° from the scattering vectoK as shown in figure 3(b). The magnetic field

was reversed in the sequence(ef, —, —, +) with 15 second dwelling time where (—)
indicates the parallel (antiparallel) direction of the magnetization relative to the scattering

Cryogenie Fefrigenerator

Sample TR " s E

Varuma Bath g et emy
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Figure 3. Experimental setup of magnetic Compton scattering experiment: (a) whole view with
the scattering vectakK in the x—y-plane; (b) side view of sample holder.
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vector. The energy of the elliptically polarized incident beam (with the degree of circular
polarization P, = 0.6) was chosen to be 59.38 keV which is below the K edge of the
uranium atom. The experiments were carried out at temperatures of 120, 150, 170, 190 and
210 K.

3. Experimental results

A spectrum of magnetic Compton scattered x-raks— I, of USe at 150 K is shown

in figure 4 as an example together with a reference spectrum of Fe at room temperature.
I, (1) is the intensity of Compton scattered x-rays when the magnetic field was applied
parallel (antiparallel) to the scattering vector direction. Figure 4 clearly shows that the sign
of I, — I_ of USe is opposite to that of Fe. This is a clear indication that the spin moment
of USe is antiparallel to the magnetic field in contrast to the fact that the spin moment of
Fe, i.e. 3d electrons, is parallel to the magnetic field. The feature has been already observed
in the MCP measurements of UTe [20] and JF#£9].
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Figure 4. Spectra of magnetic Compton scattered x-rays— I, of USe at 150 K together
with Fe at room temperature for reference. Hdreand/_ are intensities of Compton scattered
x-rays for spin up(+) and spin down(—), respectively.
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Firstly, we try to evaluate the spin moment value of USe. The flipping fii® defined
as follows,

Sy —S-
= 9
S+ S- ©
where S, (S-) is the integrated intensity af, (/_). The spin moment of USeqys(USe),
is given by the following equation [20],

Ause Ryse
15(US® = jus(Fo) ( - )( e ) (10)

Here, A is the number of electrons which take part in the Compton scattering
event. Using the experimental values pf(Fe) = 2.219 uz, Rre = 1.08 x 1072,
Ruse = —8.28 x 1074, Are = 26 andAyse = 126 — 2 where the factor2 comes from
the fact that 1s electrons of U cannot take part in the present Compton scattering condition,
the value ofug(USe = —0.81 up was obtained as the spin moment of USe at 150 K
(figure 2).

Two corrections are needed in order to estimate the saturated vajug(ldEe) along
the direction of(111). One is a factor which comes from the fact that the direction of
applied magnetic field makes an anglefrom the easy magnetization direction (if11).
This factor was cog, where 8 was 45 from a simple calculation in the present set-up
(figure 3). The other is a factor which comes from the reduction of saturated moment due
to the temperature dependence as shown in figure 2. This factor was 0.81 at 150 K. After
making these two corrections, we finally obtaingd(USe = —1.40+ 0.03 up as the
saturated spin moment of USe along tid.1) direction.

Combining this saturated spin moment with the magnetization valiéJSe =
1.79 up from the magnetization measurement in this study, we obtain the orbital moment,
wr(USe, as follows,

ur(USe = M(USe — us(USe = 3.19+ 0.03 pup. (11)

The temperature dependence 0§ and w; thus obtained at various temperatures is
shown in figure 5. It is seen that both the spin momegtand the orbital moment,
behave similarly as a function of temperature. This fact suggests a reflection of £&8ng
coupling in this system.

4. Discussion

4.1. The analysis of the structure of magnetic moment in USe

After making the energy dependent corrections for absorption and Compton cross-section
in momentum space [26], the final magnetic Compton profiig, (p;), of USe is shown

in figure 6, where the integrated value £f,, (p.) is normalized to give the spin moment

of —1.40 up. J,Eag(p ) in figure 6 denotes a Dirac—Hartree—Fock Compton profile of the
uranium 5f electron [27] fitted to the expenmental MCP by the Ieast squares method in the
high momentum region. The d|ffereno¢,§ (P2) = Jmag () — mag(p ) denoted by the
crosses %) is ascribed to spin polarized Conductlve electrons, which we call the diffused
component. It is interesting to note that the diffused component can be well fitted with a
Compton profile of the uranium 6d wavefunctiorﬁ‘a’g(pz). This implies that the diffused
component is mainly dominated by the uranium 6d electron. From the above analysis,
the total spin moment of USe;s(USe = —1.40+ 0.03 g, is decomposed into 5f spin
moment,u s (5f) = —1.094+0.02 3, and diffused spin moment,s (diff) = —0.31+0.01 up
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Figure 5. Temperature dependence of spin moment orbital momenty; and total
magnetization in USe.
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Figure 6. The magnetic Compton profile of USd,,.,(p.). Theoretical calculations of the
magnetic Compton profile of 5f componedﬁfg(pz), and 6d componentl,,‘f,‘;g(pz). are shown
for comparison.

from the integration of/,4, (p,) and Jud (p.) in figure 6. The negative signs gfs(5f)
and ug(diff) mean that the spin moments of 5f electrons and the diffused moments are
ferromagnetically coupled but align in the opposite direction to the magnetic field. This
fact is consistent with the spin polarization measurement of the photoelectrons [11].
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It would be reasonable to assume that the orbital moment of USe comes from mainly 5f
electrons of uranium, that is to say,; (USe = u; (5f). Then, the total magnetic moment
of 5f electrons of USey;.:.;(5f), can be deduced as follows,

Wiorar (SF) = pp (5F+) + us(5f) = 210+ 0.04 wp. (12)

Table 1. Magnetic moments of USe and UTe obtained from MCP study in Bohr units
(ug)- The values of magnetic moment from neutron scattering measurement and magnetization
measurement are shown in parathesis [27] for comparison.

X MX) us(X) 15 (59 s (diff) (59 toral (5F)  pr (59)/ s (5)
USe 1.79 —-140£003 -1.09£002 —031+0.01 319+0.03 210+0.04 —292
(1.82) (-0.18) (2.10+0.10)
UTe 1.87 —-1.34 -1.01 -0.33 322 220 -3.17
(1.91+0.05 (-0.3% (2.25+0.05)

a The magnetic moments of UTe have been reanalysed in the same way as that of USe described in the present
text, therefore the numerical values have been corrected from the literature values [20].

The values of each component of the magnetization of USe are summarized in table 1
together with those of UTe. The corresponding values of magnetic neutron scattering
experiment [28] are also referred in parenthesis for comparison. Table 1 shows that the
total magnetic moment of 5f electrong,,..; (5f), and the diffused spin moment, (diff),
almost agree with those from neutron scattering experiments except fag (ddf) in USe.

The reason why there is some discrepancy iidiff) of USe between MCP and magnetic
neutron experiment is unknown at the moment.

4.2. Comparison between USe and UTe in MCP

Now, we would like to compare the difference of MCP results between USe and UTe,
focusing on the effects of the atomic number of the chalcogenide element. According
to table 1, the total magnetic moment of 5f electrops,;. (5f), increases from USe

to UTe in accordance with the saturated magnetization. This result shows qualitatively
that the degree of localization of 5f electrons increases with increasing atomic number of
chalcogenide element. However, table 1 shows that the spin contributigsf), and the
orbital contribution,u; (5f), behave differently in the direction of change against the atomic
number of chalcogenide element; the absolute value of 5f spin moiperisf)|, decreases

from 1.09 to 1.01up while the orbital moment of 5f electrong,; (5f), slightly increases

from 319 to 322 up when one goes down from USe to UTe on the periodic table. The
absolute value of diffused spin momeny,s (diff)|, also increases from 0.315 (USe) to

0.33 up (UTe). Magnetic neutron experiments have also shown the same tendency as the
present MCP experiment; the increase of conduction electron polarization with increasing
atomic number of chalcogenide element [28]. The increade efdiff)| from USe to UTe

may come from the decrease of spin—orbit interaction due to stronger f—d hybridization [24]
in UTe.

In order to understand more clearly the chalcogenide effects, the difference of MCP
between USe and UTe is shown in figure 7 after normalizing each profile to the same
area. The dashed curve in figure 7 is a theoretical curve which has been fitted with U 5f
and U 6d Compton profiles as shown in figure 6. It is seen that the agreement between the
experiment and the theory is rather poor. One of this discrepancy can come from the neglect
of contribution from chalcogenide elements. This possibility of chalcogenide effect on MCP
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Figure 7. Difference of normalized magnetic Compton profile between USe and UTe,
Admag(pz) = JYS¢(p,) — JUTe(p,). Dashed curve is calculation fitted by two parameters

mag mag

(U 5f, 6d) and solid curve by six parameters (U 5f, 6d and Se 4s, 4p and Te 5s, 5p).

has been also suggested by the successful observation of x-ray magnetic circular dichroism
at the L edges of Te in UTe [29]. The solid curve in figure 7 denotes another theoretical
curve which takes into consideration of Compton profiles of Se(4s, 4p) and Te(5s, 5p) atomic
wavefunctions in addition to those of U 5f and U 6d wavefunctions. The latter curve
clearly gives better agreement with the experiment. This fact suggests that the hybridization
between U 5f electrons and valence electrons of chalcogenides should be also taken into
account in the analysis of the momentum distribution of uranium chalcogenides.

4.3. Hund’s coupling model and intermediate coupling model

Hund’s coupling model works as a good starting model of localized picture of 5f electrons
to understand the physical picture of these materials. The orbital moment and spin moment
have been deduced based on this model [20]. Table 2 shows calculated valyearaf . s

for various 5f electron configurations of uranium based on a Hund’'s model in both USe and
UTe using Land g factor and the total angular momentum numberin table 2, 5f total
momentu,,,,; (5f) has been rescaled to the value obtained from MCP study. This rescaling
would be allowed under the assumption that a weak crystal field only affects the magnetic
moment by a constant factor without changing the relative ratio of the component in the
magnetic moment [30]. The comparison @f(5f), ;. (5f) and the ratiou; /us between

table 1 and table 2 suggests that the 5f configuration of USe is bet&ét f and £(U3T)

but that the 5f configuration of UTe is betweérdU®") and £(U*).

However, there are the strong 5f spin—orbit interaction and the 5f-5f Coulomb
interactions in USe and UTe. These interactions may mix ofh&y levels into the
Hund'’s rule ground state. Therefore, the intermediate coupling scheme would be more
realistic for the estimation of each moment [30,31]. The values estimated for USe and
UTe from a intermediate coupling model of Collies al [30] are shown in table 3. The
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Table 2. The orbital momenty;, spin momentus and the ratiow;/us for various 5f
configurations based on Hund’'s model. Each moment is rescaled so as to reproduce the 5f
total moment value obtained from the MCP study.

Uranium USe UTe
L s J g pr(5)  us®dH  wiorar(5H)  purBH  us(GH  wrora (5N pr/ms
ffusty 3 3 5 8 279  -069 210 293 073 220 -4.03
2ty 5 1 4 ¢ 3.15 —-105 2.10 3.30 —-1.10 2.20 —3.00
Bty 6 2 ¢ & 367 157 210 3.84 -164 220 -2.34
By 6 2 4 32 4.89 -279 210 513  —293 220 -175

Table 3. The orbital momentu,, spin momentus and the ratiou;/ug for various 5f
configurations based on the intermediate coupling model taken from Celliak[30]. Each
moment is rescaled so as to reproduce the 5f total moment value obtained from the MCP study.

USe UTe

ur (5 psGH o (BH LGN  ws(GH o (5D pr/us

flust)  3.20 -1.08 2.10 3.35 —-112 2.20 —2.97
f2(Ut) 298 -0.88 2.20 311  —-092 220 —3.38
f3U3t)  3.46 -136 2.10 3.62 —142 2.20 —255
fA4(UZH)  4.56 —246  2.10 4.77 —257 2.20 -1.85

comparison ofug(5f), . (5f) and the ratiou; /us between table 1 and table 3 suggests
that 5f configurations of both USe and UTe are betwegh) and £(U3*). This fact
gualitatively agrees with the 5f configuration from photo-emission experiment [10] and the
number of f electrons, 2.68 in UTe, from the band structure calculation [32].

As a consequence, the intermediate coupling model seems to be more realistic than the
rescaled Hund’'s model for describing uranium 5f configurations of USe and UTe under this
investigation. Therefore, these results suggest that the ground states of USe and UTe are
expected to be mainly a mixture of(tJ4") and £(U") configurations.

5. Conclusion

The MCP measurements have been performed on a high quality single crystal of USe at
temperatures of 120, 150, 170, 190 and 210 K. Obtained results are summarized as follows.

(1) Combining the MCP measurements with the magnetization measurements, the spin
and the orbital contribution of USe have been separated. The spin maqrgefarbital
momentu ;) is found to be aligned antiparallel (parallel) to the magnetic field. Also, the
separated spin and the orbital contributions give similar temperature dependence to the total
magnetization within experimental errors.

(2) The MCP of USe has been decomposed into two components; one is the 5f spin
component,us(5f), which is rather localized, and the other is the diffused component,
ws(diff), which is rather itinerant. The total 5f momemt,,;.; (5f) = us(5f) + u (5), has
been obtained in good agreement with the neutron experiment.

(3) A comparison of L/S separation between USe and UTe in the MCP study has
resulted into the decrease jpfs(5f)|, and the increase of botls(diff)| and ., (5f). The
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increase of the magnetization M from USe to UTe is confirmed by the increase of total 5f
momentu, ..., (5f), and it is mainly due to the decrease |pfs(5f)| since the quantity of
change in bothus(diff)| and ;. (5f) between USe and UTe is small. This behaviour can
be ascribed to the decrease of the spin—orbit interaction associated with the hybridization
between U 5f electrons and U 6d electrons and/or between U 5f electrons and valence
electrons of chalcogenide elements. The stronger hybridization in UTe compared to USe is
reflected by the observation of the MCP difference between USe and UTe.

(4) Concerning the uranium 5f configurations, the intermediate coupling model gives
a more realistic picture than the rescaled Hund’s model, which suggests that the 5f
configurations for both USe and UTe lie betweeh &fd 5F.

In order to understand more quantitatively the uranium 5f state, theoretical calculation
is highly required which takes into account the effect of interactions between uranium and
chalcogenide elements.
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