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Element- and orbital-selective magnetic coherent rotation at the first-order phase transition of a
hard uniaxial ferrimagnet
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3d-4f intermetalic compounds with heavy rare-earth elements show first-order phase transitions in high
magnetic fields due to the competition between the exchange interaction and the magnetocrystalline anisotropy.
However, the microscopic picture of the field-induced noncollinear magnetic structures remains elusive. Here we
report the direct experimental observation of the coherent stepwise rotation of the 3d and 4 f magnetic moments
of the uniaxial hard ferrimagnet TmFesAl; by using soft x-ray magnetic circular dichroism in pulsed magnetic
fields up to 25 T. The element- and shell-selective moments show a transition from the collinear ferrimagnet
toward the forced ferromagnetic state via a canted phase, which is explained by a two-sublattice model.
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I. INTRODUCTION

Intermetallic compounds based on rare-earth (R) and
transition-metal (7') elements have facilitated a wide range
of technological developments for the past 50 years due to
their good hard magnetic properties. The interplay between
the itinerant 3d and the localized 4f electrons provides
high magnetic-ordering temperature and high magnetocrys-
talline anisotropy, which are indispensable for permanent
magnets [1]. In R-T systems with heavy rare-earth elements,
the two-sublattice magnetizations couple ferrimagnetically in
the ground state and show field-induced magnetic transi-
tions by destabilizing the collinear antiparallel coupling under
magnetic fields of tens of teslas [2]. The phase transitions
originate from the local electronic correlations, such as in-
tra and interatomic exchange and magneto-electric coupling,
which involves crystal-field and spin-orbit interactions [3].
The element- and shell-selective magnetic and electronic in-
formation is of fundamental and technological interest. This
information is needed for understanding the mechanism be-
hind macroscopically observed field-induced phenomena.

Conventionally, high-field bulk magnetization has been
used to extract phenomenological parameters of the inter-
sublattice 3d-4f exchange coupling and the magnetocrys-
talline anisotropy [2,4-8]. Basically, the field-induced phase
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transition is expected to reflect simultaneous stepwise rota-
tions of the R 4f and T 3d magnetic moments toward the
forced ferromagnetic state where both sublattice moments
point to the applied-field direction [9]. However, the direct
observation of this conjectured processes was missing in R-T'
intermetallic compounds. This makes it challenging to extract
the fundamental magnetic parameters of materials showing
large field-induced noncollinearity of the R and 7" magnetic
moments [10]. This limitation resulted from the lack of the
proper probing technique in high magnetic fields beyond the
static-field regime. Only recently, the field-induced modifica-
tion of the magnetic structures has been indirectly reported for
a strongly anisotropic ferrimagnet, HoFesAl;, from hard x-ray
magnetic circular dichroism (XMCD) experiments at the Fe-
K edge in pulsed magnetic fields [11]. However, the K-edge
XMCD is composed of complicated contributions from multi-
ple electronic orbitals both in the R and T sublattices. First, the
Fe-K edge involves the dipole transition from 1s to 4p states
and the XMCD signals mainly result from the spin-orbit split-
ting of the final p state due to the spherical symmetry of the
initial s state [12—14]. Second, the intraatomic p-d interaction
gives a finite contribution of the 3d electrons to the K-edge
XMCD [13,14]. Third, there are also rare-earth influences,
mainly from R 4f and 5d orbitals on the K-edge XMCD sig-
nals [15-17]. Therefore, in the hard x-ray regime, one needs
to rely on a systematic comparison between R-T systems with
magnetic and nonmagnetic R element [18,19], theory-based
calculations [20-22], or mathematical procedures such as sin-
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gular value decomposition [11,23] for estimating the element-
and shell-selective information. On the other hand, XMCD in
the soft x-ray regime can access directly the electronic 3d and
4 f orbitals that govern the magnetic properties.

The aim of this work is to reveal directly the microscopic
picture of the electronic properties and spin/orbital magnetic
moments of the 7 3d and the R 4f electrons during the
field-induced magnetic phase transition for a hard uniaxial
ferrimagnet. As a test example we chose TmFesAl;. The
microscopic picture of the field-induced phase transition in the
easy-axis system is expected to be essentially different from
that of RFesAl; easy-plane systems, which show magnetic-
moment rotations from one easy axis to another easy axis in
the basal plane [11]. To achieve this goal, we performed soft
x-ray absorption spectroscopy (XAS) and XMCD at the Tm
M4,5 (3d3/2y5/2 — 4f) and the Fe L2'3 (2]71/2'3/2 g 3d) edges
in pulsed magnetic fields up to 25 T. We observed pronounced
variations of the XMCD spectra in the critical-field region.
Complex magnetic states were revealed, from the collinear
ferrimagnetic toward the forced-ferromagnetic state through
a noncollinear canted-moment phase. Additionally, the field
dependence of the element- and shell-selective spin and or-
bital moments were determined from the magneto-optical sum
rules. Moreover, our microscopic data made it possible to
simulate the magnetization process and extract the anisotropy
constants of TmFesAl;.

TmFesAly crystallizes in a tetragonal ThMn,-type struc-
ture (see the Supplemental Material [24]) with Curie tem-
perature of 7o = 193 K. Below 64 K, the uniaxial magne-
tocrystalline anisotropy of the Tm sublattice dominates the
easy-plane anisotropy of the Fe sublattice leading to an easy-
axis anisotropy. Thus, TmFesAl; represents the only case that
shows easy-axis anisotropy in the RFesAl; family with heavy
rare-earth elements. A field-induced first-order transition was
observed at 10 to 15 T below 20 K by bulk magnetization and
ultrasound measurements [25].

II. EXPERIMENTAL DETAILS

XAS and XMCD experiments in pulsed magnetic fields
were performed at the twin-helical undulator beamline
BL25SU in SPring-8 [26]. A pulsed magnet was used to
generate magnetic fields along the [001] direction of the
TmFesAl; single crystal. For 25 T pulses a charging voltage
of 1.7 kV with a capacitance of 42.4 mF was used. The pulse
width, which is defined by the time during which the magnetic
field is larger than 10% of the maximum field, was 28 ms. Ab-
sorption signals were recorded in total-electron-yield (TEY)
mode. Field-dependent TEY signals at each energy point were
measured for both plus and minus helicities @, and p_ using
a time-resolved acquisition technique with a sampling rate of
1 MHz [27]. The XAS and XMCD spectra were obtained
from (u4+ + pn-)/2 and py — p—, respectively. The sample
was cleaved under ultrahigh vacuum, at pressure below 2 x
10~7 Pa, to measure the absorption of the clean surface. All
measurements in the current study were performed at 12 K.

III. RESULTS AND DISCUSSION

Figure 1 shows XAS data in zero field at the Tm M, 5 and
Fe L, 3 edges. The spectral line shape has three components at
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FIG. 1. X-ray absorption spectra (XAS) for a TmFesAl; single
crystal at the (a) Tm M, s and (b) the Fe L, 3 edges in zero field
at 12 K. The spectra were normalized to the absorption intensity at
(a) 1462.3 and (b) 707.5 eV, respectively.

the M5 edge and a single component at the M, edge [Fig. 1(a)].
These are typical trivalent absorption features for Tm [28].
Figure 1(b) shows two main peaks at 707.5 eV for the Fe L;
edge and at 720.8 eV for the Fe L, edge. In addition, shoulder-
like structures were observed at energies higher than the main
peaks by ~ 2.5 eV. Such shoulder structures remind us of Fe>*
that could have been created by oxidation during the beam-
time [29]. Although surface oxidation after sample cleavage
cannot be completely excluded, we confirmed that there was
no detectable change of the spectral line shape recorded at the
beginning and the end of the beamtime with respect to the
position and intensity ratio between the main and the satellite
peaks. The Fe atoms occupy two nonequivalent sites, 8 f and
8j, in the crystallographic unit cell. The Al atoms occupy the
8i site entirely and share the 8 site with Fe. Our first-principle
calculations imply hybridization of the 8 j-site Fe d and Al p
states (see the Supplemental Material [24]), which possibly
lead to these shoulder structures [30]. Further experiments
of 3d-4f systems with the same crystal structure without Al
atom will provide further insights into this scenario.

Figures 2(a) and 2(b) show selected XMCD spectra
recorded during the down sweep of a 25-T field pulse at the
Tm M, s and Fe L, 3 edges, respectively. The spectral line
shapes, both at the Tm M and the Fe L edges, do not change in
the current field range and are in good agreement with earlier
studies for Tm>* [32] and metallic iron [33]. On the other
hand, the XMCD amplitude shows a distinct evolution as
function of magnetic field. The positive (negative) amplitudes
at the Tm M5 (Fe L3) edge, which are observed in the spectra
at low fields, are related to the magnetic moment of the
Tm 4f (Fe 3d) electrons that is antiparallel (parallel) to the
field direction. This corresponds to the collinear ferrimagnetic
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FIG. 2. X-ray magnetic circular dichroism (XMCD) spectra dur-
ing the down sweep at the (a) Tm M, 5 and (b) Fe L, 3 edges in pulsed
magnetic fields up to 24 T. The inset of (a) shows an enlarged view
at the M, edge. All spectra are normalized to the (a) M5 and (b) L
XAS peak intensity at each field.

order. In Fig. 2(a), with increasing field, the Tm M-edge
MCD amplitude first reduces and changes its sign near 10 T.
Subsequently, this negative peak grows along with the field.
Figure 2(b) shows that the amplitudes of the Fe L; and L,
edge decrease, reach a minimum near 10 T, and thereafter rise
again. These variations of the MCD spectra evidence that the
Tm 4 f moments change their direction near 10 T and that the
Fe 3d moments, initially, deviate from the field orientation,
and then again align back to the original direction. Figure 3(a)
shows the field dependence of the bulk magnetization and its
field derivative along the [001] direction. This was recorded
after applying a negative magnetic-field pulse, so that the
initial state was single magnetic domain with negative sponta-
neous magnetization. This effect was considered by offseting
the pulsed-field data as shown in Fig. 3(a). A hysteretic
magnetization jump is observed in the critical-field region
ranging from 9 to 12 T, which signals the known first-order
field-induced transition [25]. The transition likely reflects a
step-wise rotation of the Tm and Fe magnetic moments rather
than a continuous paramagnetic remagnetization of the Tm
moments as was found for Tm,Co; [34]. In contrast to
Tm;Co,7, for TmFesAl;, the Tm moment does not rise to its
full value at the phase transition and the transition shape does
not show a strong temperature dependence [25]. The critical-
field range agrees well with the fields where clear variations of
the MCD spectra were observed in Figs. 2(a) and 2(b), which
means that the surface region of a few nanometer thickness,
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FIG. 3. (a) Bulk magnetization for field aligned along the [001]
direction (left scale) and the field derivative (right scale) at 12 K. The
solid (dashed) line corresponds to the up-sweep (down-sweep) result.
Spin (circle) and orbital (triangle) magnetic moments projected along
the [001] direction for the (b) Tm 4f and (c) Fe 3d electrons as
a function of magnetic field. Filled (open) symbols were extracted
from the spectra obtained during the up (down) sweep.

which is probed by the TEY mode in the XMCD experiments,
has the same magnetic properties as the bulk single crystal.
To determine the spin and orbital magnetic moments of
the Tm 4f and Fe 3d electrons, the magneto-optical sum
rules [35,36] were applied to the XAS and XMCD spec-
tra. They relate the spin and the orbital moments to the
intensity integrals over respective XAS and XMCD spectra.
Figures 3(b) and 3(c) show the orbital y; and spin ps mag-
netic moments carried by the Tm 4 f and Fe 3d electrons as
a function of the magnetic field. The Tm 4f spin moment
Mgm 4/ was derived by taking into account the ratio between
the ground-state expectation value of the magnetic dipole
and the spin magnetic moment, (7;)/(S,), which is 0.41,
calculated for a free Tm>* ion [37]. We also considered the
correction coefficient for the jj mixing between the multiplet
structure, 3ds,, and 3d3/,, due to the 3d-4 f interaction [37].
The Fe 3d spin moment effectively includes the contribu-
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FIG. 4. Field dependence of the (a) Tm (solid line) and Fe
(dashed line) sublattice magnetization and (b) the canting angle of
the Tm (solid line) and Fe (dashed line) sublattice magnetization
away from the [001] axis as shown in the inset simulated by the
two-sublattice model. Field dependence of the (c) Tm (Fe) magnetic
moment for the 4 f (3d) electrons and (d) the canting angles extracted
from (c). (¢) A schematic diagram of the field-induced coherent
rotation of the Tm 4f and the Fe 3d moments estimated from the
data in (c) during the down sweep. The arrow lengths are scaled to
the magnitude of the magnetic moment at 0 T.

tion from the magnetic dipole moment 1 (ugee’?_fd = uge'sd-

7u¥e’3d). The hole numbers of the 4 f and the 3d orbitals were
assumed to be 2 [37], which is the value for a free Tm3*
ion, and 3.3 derived from the first-principle calculations (see
the Supplemental Material [24]), respectively. The estimation
of the experimental errors is described in the Supplemental
Material [24]. The total moment for Tm 4f [(6.7 £ 0.1)
up/atom] and Fe 3d [(1.5 & 0.1) up/atom] obtained at 0.5 T
is slightly smaller than the local moment derived from our cal-
culation (7 up/atom for Tm and 1.65 pp/atom for Fe). This
underestimation of the magnetic moment of the order of 5 to
10% is typical for 3d and 4 f metallic systems and presumably
due to the intermixing of the multiplet structures [37,38]. It
is worth noting that the Fe 3d moment estimated from the
current experiment corresponds to the average moment of the
Fe atoms at the 8f and 8; sites. Figure 3(b) shows that both
the spin and orbital moments reverse their direction in the
critical-field region. On the other hand, Fig. 3(c) reflects that
for Fe 3d moment only the spin moment varies with respect
to the field and the orbital part stays almost constant at a level
of (0.1 £ 0.05) up/atom, which is kept partially quenched
by the crystal electric field within the current experimental
resolution. These results mean that the localized 4 f character

of the rare-earth metal determines the anisotropic magnetic
behavior in this system. The XMCD amplitude also follows
the same trend as the total moment with respect to magnetic
field, which is shown in the Supplemental Material [24].
Figure 4(c) shows the field dependence of the total moment,
which is given by the sum of the orbital and spin moment
Mot = ML + us. From Figs. 3(b), 3(c), and 4(c), the fol-
lowing microscopic picture can explain the macroscopically
observed first-order magnetic phase transition. First, below
the critical-field range, the gradual increase in the bulk magne-
tization is dominated by the spin and the orbital moment of the
Tm 4 f electrons. Second, the magnetization jump in Fig. 3(a)
mainly results from the spin-flop-like process of the Tm 4f
moment. The coherent rotations of the Tm 4 f and the Fe 3d
moments expected during the field-induced phase transition
are directly captured in the variation of each moment. The
Fe moment starts to decrease along with the rotation of the
Tm moment due to the antiferromagnetic coupling between
the Tm and Fe sublattices. The peak in the field derivative
of the magnetization [Fig. 3(a)] corresponds to the start (end)
of the simultaneous coherent rotation of the Tm 4f and Fe
3d moments during the up (down) sweep. Third, above the
critical-field range, the Tm spin and orbital moments are
almost constant, therefore, the increase in this field range
observed in the bulk magnetization is largely carried by the
Fe 3d spin magnetic moment.

By use of a mean-field model, we simulate the field evolu-
tion of the total magnetization of TmFesAl; as well as of the
individual Tm and Fe magnetic moments at 12 K. We consider
a Hamiltonian based on the Tm-Fe intersublattice exchange
interaction, magnetic anisotropy, and Zeeman energy. For
each field value, we minimize the Hamiltonian with respect
to the angles between the Tm and Fe magnetic moments
and the applied field. Additional information can be found in
the Supplemental Material [24]. For the anisotropy energy,
we consider the uniaxial contribution of the Tm sublattice
with anisotropy constants up to the sixth order, Kle, KZTm,
and K™, following a standard approach [39], and a smaller
planar contribution of the Fe sublattice with a second-order
anisotropy constant, K IF e

E, = K[™sin’¢ + K ™sin*¢ + K3 "sin®¢ + K{°sin’e, (1)

where « and ¢ are defined by the angles between the Fe and
Tm moments, respectively, and the [001] axis, as shown in the
inset of Fig. 4(b). K[® ~ —1.2 MJ/m? was taken from the
magnetization data for LuFesAl; with nonmagnetic Lu [40].
Figure 4 shows the best fit to the macro and microscopic
experimental data. The canting angle in Fig. 4(d) is extracted
from the simple formula cosf = o (H)/| 0t (0)] (0 = & or
¢). The schematic diagram of the coherent rotation is depicted
in Fig. 4(e). The anisotropy constants K[™ = 2.46 + 0.2
MJ/m?, KJ™ = —1.60 £0.2 MJ/m?, and KJ™ =~0. K™
were found by adjusting the height of the magnetization jump
at the transition as well as the saturation field, ~ 30 T [25].
For KJ™ > 0, we did not observe any changes in the
magnetization process, whereas negative K;™ improved the
Mpe jump. For larger KJ™, a second field-induced transition
appears, which is at variance with the experiment. Any value
of KJ™ other than zero reduced the quality of the fit either
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through an increase of the M jump or the emergence of
an additional transition. The experimental data in Fig. 4(c)
show the finite susceptibility before the field-induced phase
transition (below 10 T) especially for ,ug)‘f‘, which reflects the
relatively weak exchange interaction between the Tm and the
Fe sublattice [11].

IV. CONCLUSION

In summary, we investigated the element- and orbital-
selective magnetic coherent rotation during the field-induced
magnetic phase transition of the uniaxial hard ferrimagnet
TmFesAl; by using soft-x-ray magnetic circular dichroism
in pulsed-magnetic fields up to 25 T. Noncollinear magnetic
states in high magnetic fields, composed of the Tm 4 f and Fe
3d spin and orbital magnetic moments, were unambiguously
determined, which gives a direct microscopic picture of the
field-induced magnetic phase transition. From a methodolog-
ical point of view, pulsed-field soft x-ray MCD spectroscopy,
which gives absolute spin and orbital moments along the field
direction, complements pulsed-field neutron scattering for
studying field-induced noncollinear magnetic structures that

are central topics in frustrated, multiferroic, and spintronic
systems as well as potential materials for permanent magnets.
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