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We have performed soft x-ray magnetic circular dichroism (XMCD) experiments on the itinerant-electron
metamagnet UCoAl at the U 4d − 5f (N4,5) and Co 2p − 3d(L2,3) absorption edges in order to investigate the
magnetic properties of the U 5f and Co 3d electrons separately. From the line shape of the XMCD spectrum, it
is deduced that the orbital magnetic moment of the Co 3d electrons is unusually large. Through the systematic
temperature (T )- and magnetic field (H )-dependent XMCD measurements, we have obtained two types of the
magnetization curve as a function of H and T (M-H curve and M-T curve, respectively). The metamagnetic
transition from a paramagnetic state to a field-induced ferromagnetic state was clearly observed under 15 K at
HM. The value of the HM and its T dependence agree well between the U and Co sites, and the bulk magnetization.
Whereas, we have discovered the remarkable differences in the M-H and M-T curves between the U and Co sites.
The present findings clearly show that the role of the Co 3d electrons should be considered more carefully in
order to understand the origin of the magnetic ordering in UCoAl.

DOI: 10.1103/PhysRevB.97.184414

I. INTRODUCTION

The occurrence of ferromagnetic (FM) ordering in uranium
compounds is very attractive in condensed-matter physics
because uranium compounds, such as UGe2 [1], URhGe [2],
and UCoGe [3], display a coexistence of superconductivity and
ferromagnetism. Although magnetism in uranium compounds
has been studied from both theoretical and experimental sides,
unsolved issues about the origin of the magnetic ordering have
remained due to difficulties to grasp the nature of the U 5f

electrons, namely, the duality of itinerant and localized, and
to understand complicated interactions between the U 5f and
other electrons.

The uranium ternary compound UCoAl crystallizes in
the ZrNiAl-type hexagonal structure [4]. When the magnetic
field (H ) is applied along the c axis, the metamagnetic
transition (MMT) from a paramagnetic (PM) state to a field-
induced FM state occurs at the critical magnetic field HM

*ytakeda@spring8.or.jp

in the low-temperature (T ) region. The MMT is strongly
anisotropic between H ‖ and ⊥ c axis, indicating an Ising-like
magnetic behavior [5–7]. Since the ground state of UCoAl
is the PM state, it is considered that UCoAl is classified
as an itinerant metamagnet. As T goes up, the first-order
MMT changes to a crossover at the critical end point (CEP),
(T0, H0) = (∼10–12 K, ∼0.8–1.0 T), determined by the
magnetization [8,9], the ac susceptibility [9], the magne-
toresistance [10], the nuclear magnetic resonance (NMR)
[11,12], the thermoelectric power [13], and the Hall effect
[14]. Compared to classical itinerant metamagnets such as
YCo2 and LuCo2, the HM in UCoAl is much lower than that
in these compounds (HM ∼ 70 T) [15,16], which makes it
easier to investigate the magnetic ordering process by various
experiments.

The T dependence of the magnetic moment (M-T curve) in
UCoAl shows a peak around 20 K [8]. As T decreases and H

increases, the peak in the M-T curve seems to link continuously
with the field-induced FM state. The NMR measurements
using 59Co and 27Al nuclei [11,12] have revealed that the
peak in the M-T curve is ascribed to the longitudinal spin
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fluctuation along the c axis. It is considered here that the
spin-fluctuation behavior should be derived dominantly from
the U 5f electrons as a plausible interpretation. However,
the magnetic stability of UCoAl is very sensitive to the
elemental substitution for Co and Al atoms [17–21]. For
example, in the case of the UCo1−xRuxAl system [19,21], the
ferromagnetism already appears for very low Ru content with
x = 0.01 and persists up to x ∼ 0.75, although both of the
parent compounds, UCoAl and URuAl, are in a PM ground
state. It implies that the magnetic stability is strongly affected
by the interactions between the U 5f and Co 3d electrons.
Therefore, element-specific investigations of magnetic prop-
erties changing T and H provide us with crucial information
about the FM ordering process. In principle, x-ray magnetic
circular dichroism (XMCD) is a powerful magnetic probe with
element- and electronic-shell-specific characteristics because
the core absorption process is utilized. Using the U N4,5

(4d − 5f ) and Co L2,3(2p − 3d) absorption edges, which
coexist in the soft x-ray region, the magnetic properties of the U
5f and Co 3d electrons can be extracted separately [22]. Since,
unfortunately, the photon-energy regions at the U N4 and Co L3

edges overlap each other, it is difficult to estimate the spin and
orbital magnetic moments quantitatively using the XMCD sum
rules [23,24]. Meanwhile, the element-specific magnetization
curve (M-H curve) measurements can be done by taking the
H dependence of the XMCD intensity at the U N5 and Co
L2 edges, as reported in the previous XMCD study [25]. In
this paper, we promote the systematic T - and H -dependent
XMCD study to grasp the magnetic ordering process from
the PM to the field-induced FM states in UCoAl. The present
findings suggest that the magnetic properties of the Co 3d

electrons play an important role in the FM ordering process
in UCoAl.

II. EXPERIMENT

We used single crystals grown by the Czochralski method
in a tetra-arc furnace. The detailed procedure of the sample
growth is presented in Ref. [8]. The residual resistivity ratio
is approximately 27, indicating that the quality of the sample
is very good among the samples used in other experiments
so far. The XMCD experiments at the U N4,5 and the Co
L2,3 edges were carried out at the beam line BL23SU of
SPring-8. A clean surface of the sample was prepared by
fracturing in ultrahigh vacuum. The T of the sample was
controlled between 5.6 and 50 K using a liquid-helium cryostat.
The external H up to 7 T was applied along the c axis, the
easy axis of magnetization, using a superconducting magnet.
The incident circularly polarized x ray irradiated the sample
along the direction of magnetization. X-ray absorption spectra
(XAS) were measured by the total electron yield method. In
the beam line, the photon helicity can be switched at 1 Hz
using a combination between a pair of twin-helical undulators
of in-vacuum type and five kicker magnets [26]. The XMCD
signals were collected by switching the photon helicity at each
energy point. The XMCD data displayed in this paper were
averaged by reversing the H direction in order to remove the
artificial effects such as an inevitable asymmetry of the XMCD
measurement system.

N N

FIG. 1. Experimental (a) XAS and (b) XMCD spectra at the U
N4,5 and Co L2,3 absorption edges recorded at T = 5.6 K and H =
7 T. In (b), the integral of the XMCD spectrum is plotted together.
The gray hatched bar shows an integral value for the U N4,5 edges
estimated using the XMCD spectra at the U M4,5 edge [28,29]. The
error of the estimation is expressed by the width of the gray bar. Based
on the estimation of the integral value for the U N4,5 edges, the p and q

values can be regarded as integral values for the Co L3 and L2,3 edges,
respectively. The up and down arrows show the main peaks at the U
N5 (hν = 735.9 eV) and Co L2 (hν = 794.5 eV) edges, respectively.
The inset shows an enlarged figure around the Co L2 edge.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the XAS and XMCD spectra
of UCoAl at the U N4,5 and Co L2,3 edges. The spectra
were obtained in the field-induced FM state at T = 5.6 K
and H = 7 T. Here, μ+ (μ−) refers to the x-ray absorption
coefficient for the photon helicity parallel (antiparallel) to the
magnetization direction. The intensity of the XMCD spectrum
defined as (μ+ − μ−) is normalized so that the intensity of
XAS (μ+ + μ−) from the pre-edge (hν = 720 eV) to the
peak top at the U N5 edge (hν = 736.6 eV) becomes unity.
Although the two pairs of the spin-orbit splitting exist in the
photon-energy region, namely, corresponding to the U N4,5 and
Co L2,3 edges, three peaks are observed mainly in the XAS and
the XMCD spectrum due to the overlap of the Co L3 and U N4

edges around hν = 778 eV [27].
In Fig. 1(b), the integral of the XMCD spectrum is also

plotted (green line). In principle, the information about the U
5f electrons obtained from the XMCD spectra at the U N4,5

edges should be identical to that at the U M4,5 edges. Two
XMCD experiments at the U M4,5 edges have been reported
so far [28,29]. We have deduced the integral value of the
XMCD spectrum at the U N4,5 edges so that it satisfies the
intensity ratio of the XMCD spectra at the U M4,5 edges.
By subtracting the integral value at the U N4,5 edges from
the total integral value at the U N4,5 and Co L2,3 edges, the
integral values for the Co L3 (p) and L2,3 (q) edges can be
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obtained, as indicated by double-headed arrows [30]. Note
that the contribution at the Co L2 edge to the integral value
q becomes small because the XMCD spectrum at the Co L2

edge consists of the positive and negative peaks, which partially
cancel each other, as shown in the inset of Fig. 1(b). This leads
to a large residual q value [31]. According to the sum rules
for the L2,3 edges [23,24], the ratio δ = 〈LZ〉/(2〈SZ〉 + 7〈TZ〉)
can be expressed as δ = 2q/(9p − 6q), which is independent
of the occupation number of the Co 3d electrons and the
intensity of the XAS spectrum. Here, 〈LZ〉, 〈SZ〉, and 〈TZ〉 are
the expectation values of the z component of the orbital angular
momentum, the spin angular momentum, and the magnetic
dipole operator, respectively. The orbital magnetic moment and
the spin magnetic moment are described as ML = −〈LZ〉μB

and MS = −2〈SZ〉μB, respectively. Surprisingly, the value of δ

reaches ∼0.5–0.6, which is much larger than that of Co metal
with δ = 0.095 [32]. The large value of δ suggests that the
ML is enhanced significantly and the spatial distribution of the
Co 3d electrons is strongly distorted, which might be caused
through the U(5f )-Co(3d) hybridization. Moreover, one can
notice similarity about the enhancement of the ML in the case
of URhGe. The XMCD experiment at the Rh L2,3 edges has
revealed that the value of δ is 0.67 for the Rh 4d electrons
because no XMCD signal is detected at the Rh L2 edge [33].
The enhancement of δ of the Co 3d electrons in UCoAl seems
to be somewhat smaller than that of the Rh 4d electrons in
URhGe. It could be interpreted that the hybridization between
the U 5f and the Co 3d electrons in UCoAl is weaker than
that between the U 5f and the Rh 4d electrons in URhGe, as
discussed in the polarized neutron diffraction (PND) study [4].
It implies that the enhancement of δ on the transition elements
is a significant phenomenon to understand how the interaction
between the U 5f electrons and other ones plays in U-based
compounds.

By collecting the H dependence of the XMCD intensity
at the U N5 (hν = 735.0 eV) and Co L2 (hν = 794.5 eV)
edges, indicated by arrows in Fig. 1(b), we obtained the
element-specific M-H curves at the U and Co sites, as shown
in Figs. 2(a) and 2(b), respectively. The M-H curves measured
at the selected T between 5.6 and 50 K. All the M-H curves are
normalized so that the XMCD intensity becomes unity at T =
5.6 K and H = 7 T. At low T s, the MMT is clearly observed as
a steep jump of the XMCD intensity. Then the MMT gradually
smears out as T increases [34]. The values of the HM are
determined by the second derivative of each M-H curve. Using
this method, the values of HM were able to be estimated under
15 K from the element-specific M-H curves. Figure 3 shows
the T dependence of the HM at each site, indicating that there
is no difference between the U and Co sites. In addition, the T

dependence of the element-specific HM agrees well with the
result obtained by the bulk magnetization measurement [8].
This clearly indicates that the intrinsic magnetic properties are
extracted by the present XMCD experiment.

According to the high-field magnetization measurement
[35], the magnetic moment continues to increase almost
linearly with H even in the field-induced FM state and does
not saturate even above HM up to 39 T. The XMCD intensities
at both sites are also increased as H increases [Figs. 2(a)
and 2(b)]. Figure 4 shows the slope of the M-H curve in the
high-H region (Shigh) as a function of T . In order to extract
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FIG. 2. H dependence of the XMCD intensity (M-H curve) at
several T s. (a) The M-H curve at the U N5 edge (hν = 735.0 eV)
and (b) that at the Co L2 edge (hν = 794.5 eV). These photon-energy
positions are indicated by the arrows, as shown in Fig. 1(b). The M-H
curves are normalized so that the XMCD intensity at T = 5.6 K and
H = 7 T becomes 1.

the Shigh, we have fitted each M-H curve for H > 3 T with a
straight line (see an example in the inset of Fig. 4), namely,
Shigh = �XMCD/�HH>3T . The scale of the vertical axis in
Fig. 4 is the same as that in Figs. 2(a) and 2(b). The values of
the Shigh at the U and Co sites are almost the same between 30
and 50 K, and increase similarly as T decreases. With further
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FIG. 3. T dependence of the HM determined by the second
derivative of each M-H curve. Above 17.5 K, the M-H curves are
too broad to estimate the HM.
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FIG. 4. T dependence of the slope of the element-specific M-H
curve in the high magnetic field region (Shigh), obtained by fitting
the M-H curve above H = 3 T with a straight line. The scale of the
vertical axis is the same as that in Figs. 2(a) and 2(b). The inset shows
an example of the Shigh at the Co site at 5.6 K.

cooling, a broad peak is observed between 20 and 30 K as a
common feature in the Shigh. Below 10 K (∼T0), where the
MMT clearly appears, the Shigh seems to be independent of T .
In order to compare the T dependence of the Shigh between
both sites, we have normalized the Shigh at 5.6 K (lowest T )
and 25 K (around the peak) using the value of the Shigh at 50 K
(highest T ) for each site. As for the U site, the ratios Shigh(5.6
K)/Shigh(50 K) and Shigh(25 K)/Shigh(50 K) are of the order of
0.93 and 1.48, respectively. As for the Co site, they are 0.66 and
1.36. The value of the Shigh(25 K)/Shigh(50 K) at the Co site
is comparable to that at the U site within errors. The magnetic
response at the Co site seems to be similar to that at the U site
between T = 50 K and ∼25 K. On the other hand, the Shigh(5.6
K)/Shigh(50 K) at the Co site becomes smaller than that at the U
site, meaning that the M-H curves are bent toward the H axis
more strongly at the Co site than at the U site, especially below
T0. Indeed, the PND experiments have revealed the different
H dependence of the magnetic moments between the U and
Co sites in the induced FM states at low T s [4,36].

Next, in order to investigate the T dependence of the XMCD
intensity around HM, we reconstruct element-specific M-T
curves by swapping the H and T axes in Figs. 2(a) and 2(b).
Figures 5(a) and 5(b) show the M-T curves from 0.6 to 1.1 T
at the U and Co sites, respectively. As H increases and T

decreases, the XMCD intensity at each site gradually increases.
The appearance of the MMT is clearly seen around T0 and HM,
for example, the M-T curves taken at 0.8 and 0.9 T, which
is consistent with the bulk magnetization measurement [8].
Figures 6(a) and 6(b) show the M-T curves taken at 1.1 and
0.7 T, respectively, and the M-T curves by the bulk magneti-
zation taken at the same H are plotted together. The profiles
in Figs. 6(a) and 6(b) are normalized so that the value at 5.6 K
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FIG. 5. T dependence of the XMCD intensity (M-T curve)
between T = 5.6 and 50 K. The M-T curves under H = 0.6, 0.7,
0.8, 0.9, 1.0, 1.1 T at the (a) U and (b) Co sites.

becomes unity. At 1.1 T just above HM, the XMCD intensities
at both sites increase as T decreases. The profiles of the M-T
curves above HM are very similar and agree well with that of
the bulk magnetization, as shown in Fig. 6(a). The agreement
between the element-specific and bulk profiles suggests that
the bulk magnetic property is explained well by the U 5f

and Co 3d electrons above HM. On the other hand, at 0.7 T
just below HM, the element-specific M-T curves at both sites
seem to deviate from the bulk M-T curve, unlike above HM.
The deviation in the M-T curve implies that other conduction
electrons, except for the U 5f and Co 3d electrons, contribute
considerably to the bulk magnetic property. Indeed, we have
confirmed that the magnetic polarization at the nonmagnetic Al
site obviously exists, as described in the Appendix. Meanwhile,
as shown in Fig. 6(c), the inverse plots of the M-T curves taken
at 0.7 T converge on one straight line above 25 K, indicating
that they obey the Curie-Weiss law. Accordingly, the Weiss
temperatures for the bulk, i.e., the U and Co sites are almost
the same value which is estimated as 13.1 ± 0.5 K, are very
close to the value of T0 (∼10–12 K).

Comparing the M-T curves between the U and Co sites,
as shown in Fig. 6(b), we emphasize that the peak in the
M-T curve at the Co site develops more strongly than that
at the U site between 15 and 20 K (indicated by a black
arrow). According to the NMR experiments [11,12], it is
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FIG. 6. Comparison between the element-specific and bulk M-T
curves [8]. (a) At H = 1.1 T above HM. (b) At H = 0.7 T below HM.
The profiles in (a) and (b) are normalized at T = 5.6 K. The M-T
curve of the bulk magnetization at H = 0.7 T is multiplied by 0.5.
(c) Inverse plots of the M-T curves at H = 0.7 T displayed in (b),
which is normalized at T = 50 K for easy comparison.

interpreted that the peak in the bulk M-T curve is ascribed to
the spin-fluctuation behavior along the c axis. Therefore, the
origin of the peak in the element-specific M-T curves connects
naturally to the spin-fluctuation behavior, meaning that the
magnetic properties not only at the U site but also at the Co
site play an important role in the spin-fluctuation behavior. In
addition, there is the clear difference in the T dependence of
Shigh between the U and Co sites, especially below T0, as shown
in Fig. 4. The large value of δ of the Co 3d electrons, as shown
in Fig. 1(b), suggests the Co 3d electrons possess the particular
electronic states, which could be a clue to understand how the
U 5f and the Co 3d electrons hybridize each other. Therefore,
we consider that the role of the Co 3d electrons should be
considered more carefully in order to understand the origin
of the magnetic ordering in UCoAl. We hope that the present
findings stimulate both theoretical and experimental research
for the element- and shell-dependent magnetic properties in
uranium compounds.

IV. SUMMARY

We have investigated the local magnetic properties in
UCoAl using the soft x-ray XMCD at the U N4,5 and
Co L2,3 absorption edges. Applying the sum rules to the
XMCD spectrum, it is found that the ML of the Co 3d

electrons is significantly increased. From the systematic T - and

H -dependent XMCD study, we have succeeded in extracting
the element-specific magnetic properties of the U 5f and
Co 3d electrons and have observed the FM ordering process
microscopically associated with the MMT in UCoAl. The
MMT is clearly observed at both the U and Co sites below
15 K at HM. The T dependence of HM observed by the
XMCD experiments agrees well with that obtained by the bulk
magnetization measurement. Meanwhile, we have revealed
that there are noticeable differences in the magnetic properties
between the U and Co sites. Although the Shigh shows the
similar T dependence at the U and Co sites above T ∼ 25 K,
the Shigh is decreased more remarkably at the Co site than at the
U site, especially below T = 10 K. The peak in the M-T curve
at H = 0.7 T, which could be related to the spin-fluctuation
behavior, is developed around T ∼ 20 K at the Co site more
strongly than at the U site. The present results indicate that
the magnetic properties of the Co 3d electrons cannot be
explained only by that of the U 5f electrons. Therefore,
we consider that the role of the Co 3d electrons should be
considered more carefully in order to understand the origin of
the MMT in UCoAl. We have demonstrated that the systematic
T - and H -dependent XMCD experiments provide valuable
information about the magnetic ordering process in materials
composed of plural magnetic elements.

K

FIG. 7. XAS and XMCD spectra at the Al K absorption edge.
(a) XAS spectrum taken at T = 5.7 K and H = 10 T. (b) XMCD
spectra taken at H = 0.5, 1, 5, and 10 T. The integral of the XMCD
spectrum taken at H = 10 T is plotted together (pink dashed line). The
inset shows the element-specific M-H curve at the Al site, obtained by
the amplitude between the XMCD signals recorded at hν = 1558.3
(arrow A) and 1561.3 eV (arrow B). The M-H curves taken at T = 5.7
and 25 K are displayed.
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APPENDIX: XAS AND XMCD AT THE AL K ABSORPTION
EDGE OF UCOAL

Figure 7(a) shows the XAS spectrum at the Al K edge
of UCoAl taken at T = 5.7 K and H = 10 T, which is
normalized so that the XAS intensity at hν = 1561.3 eV
becomes unity. We have confirmed that the shape of the
XAS spectrum at T = 5.7 K is not changed with H . Note
that we have detected obvious XMCD signals even at the
nonmagnetic Al site, as shown in Fig. 7(b), indicating that
the magnetic polarization of the Al 3p electrons exists. The
XMCD intensity depends on the strength of H , but the
shape of the XMCD spectra is not changed. The integral

of the XMCD spectrum at H = 10 T from hν = 1545 eV
up to 1580 eV results in a negative value (pink dashed line).
According to the sum rules [23,24] for the K edge, the negative
value leads to a conclusion that the Al 3p electrons have a finite
orbital magnetic moment and it turns to the H direction i.e.,
parallel to the direction of the total magnetic moments at the
U and Co sites.

In order to obtain the element-specific M-H curve at the Al
site, we have recorded the H dependence of the XMCD signals
at hν = 1558.3 and 1561.3 eV (denoted by arrows A and B,
respectively). The inset of Fig. 7(b) plots the H dependence
of the amplitude between the negative (A) and positive (B)
XMCD peaks (i.e., XMCDB − XMCDA) for a good signal-
to-noise ratio. The M-H curve taken at T = 25 K is displayed
together. At T = 25 K, the M-H curve shows the PM behavior.
On the other hand, the MMT is clearly observed at T = 5.7 K,
and the value of HM at the Al site is the same as the U and Co
sites (Fig. 3). The result indicates that the magnetic polarization
at the Al site contributes to the magnetism of this compound.
Indeed, the existence of the magnetic polarization at the Al site
and its orientation are consistent with the results of the PND
experiment [4]. In the PND experiment, they have reported
that the magnetic moment at the Al site is comparable to that
at the Co site. However, we cannot estimate the magnitude
of the magnetic moments quantitatively and cannot compare
the values of the magnetic moments at each site in the present
study.
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