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X-ray magnetic circular dichroism (XMCD) experiments were performed at the Np M, s and the Ga K
absorption edges of NpNiGas to investigate the temperature-dependent changes of magnetic properties of
Np 5f and Ga 4p electron states. By the sum-rule analysis of the Np M, 5 XMCD data, the orbital magnetic
moment g, and the spin magnetic moment g were estimated for the Np 5f° and 5f* electronic configurations
and their comparison to the previous magnetization and neutron-scattering experiments suggests that the 5f*
configuration is more likely than the 5f° configuration in NpNiGas. It was found that |u;/ ug| tends to increase
from the high-temperature low-moment ordered state to the low-temperature high-moment ordered state. The
result of the Ga K XMCD indicates that the Ga 4p electrons are magnetically polarized and the temperature
and magnetic-field dependences of the Ga 4p orbital moment are proportional to those of the magnetization

measurements.
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I. INTRODUCTION

Actinide-based 115-type compounds AnTGas (An
=actinides; T=transition metals), crystallizing in the tetrag-
onal HoCoGas structure, have been actively investigated
since the discovery of superconductivity in PuCoGas and
PuRhGajs with relatively high critical transition temperatures
of T,=18.5 K and 8 K, respectively."> NpTGas compounds
show complicated magnetic orderings such as metamag-
netism and multiple magnetic phase transitions,*!© while
UT7Gas compounds exhibit Pauli paramagnetism or
antiferromagnetism.''~'¢ Because superconductivity has not
been found in UTGas and Np7Gas, it is an interesting issue
why only Pu 115 compounds exhibit superconductivity. The
superconductivity would be closely related to the delocalized
nature of 5f electrons. Magnetometry and electrical transport
experiments for An-substituted and 7-substituted PuCoGas
suggested that the variation of critical temperature or critical
field in superconductivity is related to the total electron
number.!” Because NpNiGas has the same total electron
number as in PuCoGas, the mechanism of the magnetic be-
havior of NpNiGas; would be an important clue to understand
the relationship between magnetism and superconductivity in
PuCoGas.

NpNiGas is a heavy Fermion compound as implied by the
large electronic specific coefficient y~ 100 mJ/mol K267
that is the highest among the Np7Gas compounds and com-
parable to those of PuCoGas and PuRhGas.'®!® NpNiGas
exhibits successive magnetic ordering. As the temperature is
lowered, the magnetization along the easy axis, namely, the ¢
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axis, markedly increases at the two temperatures, 30 and 18
K.%7 Previous neutron-scattering experiments suggested that
the low-moment (LM) state in the temperature range 18 K
<T<30 K (T¢) is attributed to the ferromagnetic (FM)
state, where the magnetic moments are aligned along the ¢
axis, as shown in Fig. 1(a), and that the high-moment (HM)
state in the temperature range T<<18 K (Ty) is in the canted
antiferromagnetic (AFM) state, where the magnetic moments
are tilted toward the a axis and the in-plane components have
an AFM order, as shown in Fig. 1(b).!” An interesting point
is that, in the canted AFM phase, the projected moment
along the c axis is larger than that in the FM phase, even
though the moment direction is canted away from the c axis.
It is expected that the Np 5f electronic states change at the

(b) HM (AFM) : T< T,

(a) LM (FM) : T, < T<T,.

FIG. 1. Magnetic structures of NpNiGas proposed in Ref. 10. (a)
LM-FM phase at Ty<T<T,. (b) HM-canted AFM phase at
T<Ty.
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FM — AFM phase transition, presumably accompanied by a
Fermi-surface reconstruction.'?

In order to understand what drives the FM — AFM order-
ing of NpNiGas, it is essential to clarify details of the Np 5f
electron states in the two different magnetically ordered
states and the difference between them, since the magnetic
properties of those An-based compounds are dominated by
the nature of An 5f electrons. X-ray magnetic circular di-
chroism (XMCD) is a useful tool to investigate the magnetic
properties of a certain electron orbital of a specific element in
a compound. Therefore, we have performed the XMCD
study at the Np M, s (3d— 5f) absorption edges, which pro-
vides information about the Np 5f electrons. Analysis of the
My s XMCD data utilizing the orbital and spin sum rules?-?!
enables us to estimate the orbital magnetic moment w; and
the spin magnetic moment ug of the 5f electrons separately.
Since the sizable orbital magnetic moment induced by the
strong spin-orbit interaction is one of the characteristics of
actinide compounds, separate estimations of u; and ug are
the key to interpreting their magnetic properties, which de-
pends on the degree of delocalization of the 5f electrons. In
addition, XMCD at the Ga K edge (1s—4p) can be used to
investigate the contribution of p electrons of the ligand ele-
ment to the magnetic properties. The Ga 4p electrons would
be magnetically polarized through hybridization with An 5f
electron states.’>?3 The magnetic polarization of the Ga 4p
electrons was previously reported from the resonant x-ray
scattering study for UTGas (T=Ni, Pd, and Pt) (Ref. 24) and
NpTGas (T=Rh and Co).?> We have examined the possibility
of using Ga K XMCD data as a probe of the 5f magnetic
moment in actinide compounds.

II. EXPERIMENT

The measured sample was a single crystal grown by the
procedure described in Ref. 6. The XMCD measurements at
the Np M, 5 and Ga K absorption edges were performed at
beamlines BL22XU and BL39XU, respectively, of SPring-8.
In the XMCD measurements, circularly polarized x rays,
which were produced by a diamond x-ray phase retarder,
irradiated the sample along the ¢ axis and a magnetic field of
0.1 T, which was sufficient to saturate the magnetization
along the ¢ axis,® was applied along the ¢ axis using a su-
perconducting magnet. The x-ray absorption spectra (XAS)
were obtained by the fluorescence-yield method using a sili-
con drift detector. The XMCD signals were obtained by re-
versing the helicity of x-ray photons under the fixed direction
of the magnetic field or by reversing the direction of the
magnetic field under the fixed x-ray helicity.

In the fluorescence-yield measurements, the intensity
modulation of the XAS spectra due to self-absorption is sig-
nificant and the intensity ratio of the M5 (3ds,,) signal to the
M, (3d;,,) signal may remarkably deviate from the intrinsic
value.”® In the present study, the data analysis was carried
out under the assumption that the ratio of the integrated XAS
intensity at the M5 edge to that at the M, edge satisfies the
branching ratio B=0.760 for n;=4 or 0.723 for ny;=3, ob-
tained from relativistic atomic Hartree-Fock calculations in
intermediate coupling, calculated for the N, 5 edges.?’ Here,
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FIG. 2. XAS and XMCD spectra at the Np My edges of
NpNiGas measured at (a) 22 K and (b) 5 K. y, and y_ denote XAS
spectra measured with the photon helicity parallel and antiparallel
to the magnetic field of 0.1 T applied along the ¢ axis, respectively.
The XMCD spectra are obtained as Ay=y,—vy_. Each spectrum has
been normalized to the unity at the M5 peak of the XAS spectrum.
(c) Temperature dependence of the intensity of the Np M, XMCD
signal of NpNiGas under a magnetic field applied along the ¢ axis
compared to the temperature dependence of the magnetization
along the c axis (Ref. 6).

B=As,/(As;+As,), where As;, and A, are the integrated
intensities of the M5 and the M, XAS signals, respectively,
and ny is the 5f electron occupation number.

III. RESULTS
A. Np My s XMCD

Figures 2(a) and 2(b) show the Np M, s XAS and XMCD
spectra of NpNiGas measured at 22 K (LM state) and 5 K
(HM state), respectively. The XAS spectra measured with the
photon helicity parallel and antiparallel to the direction of the
magnetization are denoted by v, and vy_, respectively. The
XMCD spectra were obtained as the difference Ay=7y,—vy_.
The XAS spectra have simple line shapes composed of two
white-line peaks without appreciable fine structures due to
multiplet splitting. The line shapes of the M, 5 XMCD spec-
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TABLE I. Values of the 5f-electron magnetic moments along the ¢ axis in units of up estimated using the
sum-rule analysis of the XMCD data at the Np M, s edges of NpNiGas at 22 K (the LM state) and 5 K (the
HM state). The wror values along the ¢ axis obtained from the previous magnetization (Ref. 6) and neutron-
scattering (Ref. 10) experiments and the g values obtained from the magnetic Compton scattering experi-

ment (Ref. 40) are also listed (Ref. 42).

22 K (LM state)

5 K (HM state)

M s Mror ML/ Ms 133 s Mror Mo/ s
57 (Np4+) 0.97 -0.38 0.59 -2.57 1.35 -0.50 0.85 -2.70
N (Np3+) 0.79 -0.45 0.34 -1.76 1.10 -0.59 0.51 —1.88
Magnetization (Ref. 6) 0.40 0.57
Neutron (Ref. 10) 0.32 0.47
Compton (Ref. 40) —-0.442 -0.41

dMeasured at 20 K.

tra of NpNiGas show the following characteristics:

(1) The XMCD signals at the M5 and M, edges have the
same sign (negative in the figure).

(2) The XMCD signal at the M, edge has a much larger
intensity than that at the M5 edge.

(3) While the XMCD signal at the M, edge has line
shapes similar to the line shapes of the M, XAS spectra
(same peak position), the XMCD signal at the M5 edge has
asymmetric line shapes clearly different from the line shapes
of M5 XAS spectra.

These observations are similar to those observed in the
M,s and N,s XMCD spectra of magnetic uranium
compounds.?®?8-35 The first and second observations indicate
an antiparallel coupling between u; and wg. From analogy
with the result of the uranium compounds,’®3’ the third ob-
servation implies that the asymmetric line shapes of the M
signal might be sensitive to the environment of the 5f elec-
trons. The intensity of the XMCD signal becomes larger in
going from the LM state to the HM state, reflecting the in-
crease of the magnetization along the ¢ axis.

Figure 2(c) shows the temperature dependence of the in-
tensity of the M, XMCD signal. As the temperature is low-
ered, the intensity rapidly rises around 30 K. After saturation
around the temperature below 25 K, the intensity obviously
increases again around 15 K. Thus, the two-step magnetic
transition in the magnetization measurements was observed
also in the intensity variation of the XMCD signal. This con-
firms that the two-step magnetic transition is not caused by
the change of the relative strength between the magnetic con-
tributions from the Np 5f electrons and other electrons in the
ligand atoms, but occurs solely in the variation of the
Np 5f-electron magnetic moment.

One can quantitatively estimate the values of u; and ug
of the Np 5f electrons by applying the orbital and spin sum
rules,20:21.26

(L) JmmAVE)AE
3nh a 3

: (1)
= E)dE
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to the integrated intensities of the M,s XMCD and XAS
spectra. Here, (L.), (S.), and (T) are the expectation values
of the z component of the orbital angular momentum, the
spin angular momentum, and the magnetic-dipole operator of
the 5f shell, respectively. n,, is the number of holes in the 5f
shell. ¥(E), which is equal to [y,(E)+y_(E)]/2, denotes the
XAS spectrum. One problem in this analysis is that the hole
number 7, and the magnetic-dipole term (7) cannot be ex-
perimentally determined. Especially in the analysis for the
d—5f transition, the magnitude of (7T.) is expected to be
comparable to that of (S.) and a different way of estimation
of (T,) results in a wide variation in the evaluated value of
ws. Since the 5f electron occupation number 7, of the me-
tallic Np compounds is expected to be between 3 and 4, we
attempted to evaluate u; and ug in the case of the 5f° (Np**)
and 5f* (Np>*) configurations. It is assumed that the magni-
tude of (T,) is proportional to (S.) and the theoretically ob-
tained values of the ratio R;y=(T,)/(S,) are used, which are
0.6162 and 0.2779 for the free ions of the 5f° and the 5f*
configurations, respectively, calculated with the intermediate
coupling scheme.®® Then, using Egs. (1) and (2), u,=
—(Lmp, ms=—2(S_)mp, and the total magnetic moment
ror= M+ s can be estimated for the 5f3 and 5f* configu-
rations.

Table I summarizes the values of w;, ws, tror, and the
ratio u;/ pg estimated from the M, s XAS and XMCD spec-
tra of NpNiGas at 22 K (the LM state) and 5 K (the HM
state). Estimated values for both the 5f° and 5f* configura-
tions indicate that u; and ug are antiparallel with each other
and uror is parallel to u;. By comparing the estimated wror
values to those from the previous magnetization® and neutron
scattering!? experiments in Table I, one can see that the val-
ues estimated for the 5f* configuration are more consistent
with the magnetization and neutron-scattering values than
those estimated for the 5f° configuration both in the LM and

. (2
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HM states. Thus, the M, s XMCD results suggest that the 5 Yad
configuration is more likely for NpNiGas than the 5f° con-
figuration both in the LM and HM states. This is consistent
with the estimation from the isomer shift in the *’Np Moss-
bauer spectroscopy.’

If the 5f* configuration is adopted, the ratio u;/ug is
estimated to be —1.88 and —1.76 for the HM and LM states,
respectively. Lander et al. proposed a universal tendency for
the actinide series, where |4,/ ug| decreases with ny from 5/
to 5f7, taking values ~2.5 for the 5f° configuration and ~1.8
for the 5f* configuration, and examined it for the results of
neutron-scattering experiments.* In the present M, s XMCD
result, the |, / ug| value agrees well with the universal value
estimated for the 5f* configuration. In the previous Nys
XMCD experiment on uranium monochalcogenides, we have
estimated u;/ug=~-2.3 for the 53 configuration.>> There-
fore, the XMCD experiments also support the universal de-
creasing tendency of |,/ ug| with n, and yield |,/ pg| val-
ues which are in agreement with the above universal values.
In addition, the increase of |u;/ug| from the LM to HM
states implies a slight decrease of n; from the LM to HM
states.

It is interesting to note that the wg value estimated from
the magnetic Compton scattering becomes smaller in the HM
state than in the LM state;**! an opposite tendency to the
present XMCD result. This implies a possible contribution of
conduction-electron polarization to the spin magnetic
moment*! and also a possible difference in the values of
Ry=(T.)/(S.) between the LM and HM states.

B. Ga K XMCD

Figures 3(a) and 3(b) show the Ga K XAS and XMCD
spectra, respectively, of NpNiGas at 5 K (the HM state). In
Fig. 3(b), the XMCD spectrum at 25 K (the LM state) is
superimposed on the XMCD spectrum at 5 K after having
normalized the spectra to the peak top. It should be noted
that there are two different crystallographic sites for the Ga
atoms and therefore the XMCD spectra observed here are
averages over the contributions from both sites. The line
shapes of the XAS spectra with parallel (vy,) and antiparallel
(y_) helicities are almost identical, indicating that the XMCD
effect is very weak compared to that in the Np M, 5 edges.
Nevertheless, by taking the difference between vy, and 7y_,
one can obtain a clear XMCD signal, in which the line
shapes are composed of the major negative peak on the lower
energy side and the slightly positive part on the higher en-
ergy side, as shown in Fig. 3(b). The observed line shapes
are similar to those of the Ge K XMCD spectra of UGe,
(Ref. 43) and the Ga K XMCD spectra of Mn;GaC.*+*
When the temperature is lowered from 25 K (the LM state)
to 5 K (the HM state), the intensity of the XMCD signal
increases by a factor of 1.56, while the line shapes remain
almost unchanged.

The following orbital sum rule has been proposed for the
XMCD at the K edge:**%’

N feAyw)do
n Joey(w)dw ’

where (L”) is the expectation value of the z component of the
orbital angular momentum in the p-symmetry state and n} is

3)
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FIG. 3. XAS and XMCD spectra at the Ga K edge of NpNiGas
under a magnetic field applied along the ¢ axis. (a) XAS spectra
measured at 5 K with the photon helicity parallel (y,) and antipar-
allel (y_) to the applied magnetic field, respectively. (b) XMCD
(Ay=1vy,—v_) spectra at 5 and 25 K. (c) Temperature dependence of
the intensity of the Ga K XMCD signal of NpNiGas compared to
the temperature dependence of the magnetization along the ¢ axis
(Ref. 6).

the hole number of the p states. w. is a cutoff frequency.
Equation (3) means that the integrated intensity of the Ga K
XMCD signal is proportional to the magnitude of the orbital
magnetic moment u; of the Ga 4p electrons. Therefore, the
present Ga K XMCD result indicates that the Ga 4p elec-
trons have a finite orbital polarization. Similarly, the Ga 4p
orbital polarization was claimed by the previous resonant
x-ray scattering experiments on NpCoGas and NpRhGas.>
The negative value of the integrated Ga K XMCD intensity
as shown in Fig. 3(b) indicates that the w, of the Ga 4p
electrons is directed parallel to the applied magnetic field,
accordingly parallel to the u; of the Np 5f electrons. If the
numerator and denominator of the right-hand side of Eq. (3)
are considered to be equal to the integrated intensities of the
Ga K XAS and XMCD spectra, respectively, one can quan-
titatively estimate the value of w;. We adopt the integral-type
background for the XAS spectrum to estimate the integrated
intensity of the XAS spectrum, as shown in Fig. 3(a). This
background-intensity estimation may cause an error in the
XAS-intensity estimation because the background intensity
is comparable to the XAS intensity. If the n} value is as-
sumed to be 5, the Ga 4p orbital moment is estimated to be
==L up=0.004p. It should be noted that the quantita-
tive applicability of the sum rule on the XMCD at K edge
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FIG. 4. Magnetic-field dependence of the intensity of the Ga K
XMCD signal of NpNiGas under a magnetic field applied along the
¢ axis at 40 K (paramagnetic state), 25 K (LM state), and 5 K (HM
state) compared to the magnetization along the ¢ axis at 5 and 25 K
(Ref. 6).

has not been established yet and should be a subject of fur-
ther studies.

The temperature dependence of the Ga K XMCD inten-
sity is plotted in Fig. 3(c). The Ga K XMCD signal also
exhibits the two-step magnetic transition accompanied by in-
tensity jumps at ~30 and ~12 K. The result indicates that
the magnitude of the induced magnetic moment of the Ga 4p
electrons varies nearly in proportion to the total magnetiza-
tion of the system. Figure 4 displays the magnetic-field de-
pendence of the Ga K XMCD intensity along the ¢ axis at 40
K (paramagnetic state), 25 K (LM state), and 5 K (HM state).
At 40 K, where the system is paramagnetic, it shows a linear
increase. In the LM state (22 K) and the HM state (5 K), both
of the plots show the ferromagnetic behavior; the intensity
rapidly increases at the magnetic fields below 0.1 T and al-
most saturates above 0.1 T. The slope in the ordered region is
larger in the LM state than in the HM state, consistent with
the magnetization experiments.® Thus, Figs. 3(c) and 4 dem-
onstrate that the Ga K XMCD signals serve as a precise
probe of the total magnetization of the system.

IV. DISCUSSION

Table I demonstrates that the magnitude of |u;/ug| de-
duced from the Np M4 5 XMCD spectra is larger in the HM
state than in the LM state. This difference might be related to
the degree of delocalization of the Np 5f electrons. In the
previous theoretical simulation by Yaouanc et al. applied to
the M, 5 XMCD study of the magnetic uranium compounds,
it was shown that as the effective crystal-field parameter A
becomes larger, |u;/us| for the 5% and 5/ configurations
becomes smaller.*® In this simplified model, the uranium ions
are supposed to be in an octahedral crystal field and the
effective crystal-field parameter A was defined as the energy
separation between the T,, and A,, levels, while the other
parameters are kept to zero, resulting in a fixed energy for
the T, level equals to 2A/3 above the T,, level.*® At the
same time, a significant A dependence occurs in the line
shapes of the M5 XMCD signals for the 5f% and 5f° configu-
rations: while the M5 XMCD spectrum shows a dominant
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FIG. 5. (a) Magnified view of the line shapes of the Np M
XMCD spectra of NpNiGas at 22 and 5 K. The high-energy part of
the dominant negative peak is enclosed by broken lines. (b) Calcu-
lated M4 5 XMCD spectra for the 5 f* configuration as a function of
the effective crystal-field parameter A, obtained from the simulation
same as in Ref. 48.

negative peak in the absence of A, the high-energy side of
the dominant negative peak grows in the relatively positive
intensity as A becomes larger.*® The observation of two
lobes, which are composed of the dominant negative peak
and the positive peak at the high-energy side of the dominant
negative peak, is an indication of a large A value.*® Yaouanc
et al. interpreted the physical meaning of A as the energy
scale of the interaction of the 5f electrons with their envi-
ronment, providing a measure for the crystal field and the
strength of hybridization between the 5f and conduction-
electron states (c-f hybridization).*®

Figure 5(a) indicates a comparison between the LM (22
K) and HM (5 K) states in the line shapes of the Np M
XMCD spectra of NpNiGas. One can see that the high-
energy side, enclosed by broken lines in Fig. 5, of the domi-
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TABLE II. Tendencies between the LM and HM states observed
in the magnetization along the ¢ axis, the |u;/ ug| values estimated
from the M, s XMCD result, and the relative position of the high-
energy part of the M5 XMCD spectra, and a tendency expected for
the effective crystal-field parameter A in the simulation same as in
Ref. 48.

LM HM
Magnetization along ¢ axis small large
|ar/ sl small large

High energy part

of M5 XMCD more positive

more negative

A large small

nant negative peak is located at a slightly more negative
intensity in the HM state (5 K) than in the LM state (22 K).
In order to interpret this, we have calculated a A dependence
of the M5 XMCD spectra for the 5f* configuration, as
shown in Fig. 5(b), by the simulation in the same manner of
Yaouanc et al.,*® since Yaouanc et al. did not present the
result for the 5f* configuration. The gray zone in Fig. 5(b)
demonstrates that the high-energy side of the dominant nega-
tive peak of the M5 XMCD spectra is growing toward the
positive intensity as the A becomes larger, same as in the
case of the f2 and f° configurations. Therefore, the observed
tendency, that, in going from the LM to HM states, the in-
tensity of the high-energy part in the Np M5 XMCD spec-
trum become more negative and at the same time |/ gl
becomes larger, agrees with the result expected when A is
decreased, as summarized in Table II. If it is supposed that
the variation in the effective crystal-field parameter A is
brought about by the variation in the c¢-f hybridization
strength, the present result implies that the c-f hybridization
strength is smaller in the HM state than in the LM state,
presumably related to the enlargement of the magnetization
along the ¢ axis.
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V. SUMMARY

We have measured XMCD at the Np M, 5 and the Ga K
edges of NpNiGas in order to investigate the change of mag-
netic properties of the Np 5f and Ga 4p electrons depending
on temperature. The temperature dependence of the Np M,
XMCD intensity exhibits the two-step magnetic transition,
confirming that the two-step magnetic transition occurs
solely in the behavior of the Np 5f magnetic moments. From
the analysis of the Np M4 5 XMCD data, the following char-
acteristics were clarified for the high-temperature LM state
and the low-temperature HM state of NpNiGas:

(1) Comparing the magnetic moments in the sum-rule
analysis of the XMCD data with the previous magnetization
and the neutron-scattering results, it is concluded that the 5f*
(Np**) configuration is more likely than the 5f° (Np**) con-
figuration both for the LM and HM states.

(2) The ratio of the orbital to the spin magnetic moments
is estimated to be |u;/ug|=~1.7-1.9 for the 5f* configura-
tion, which agrees well with the value in the general ten-
dency of |u;/ug| depending on the 5f electron counts.*”

(3) |/ us| tends to become larger in going from the LM
state to the HM state.

(4) The decrease of the c-f hybridization strength from
the LM to the HM states may be inferred, related to the
observed increase of |u;/us| and the enlargement of the
Np 5f magnetic moment along the ¢ axis.

The magnetic polarization behavior of the p electrons in
the ligand atom is observed by Ga K XMCD measurement.
The Ga K XMCD intensity shows temperature and magnetic-
field dependences nearly proportional to the total magnetiza-
tion of the system.
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