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9Institut für Festkörper- und Materialphysik, TU Dresden, 01062 Dresden, Germany

(Dated: February 7, 2024)

We present a comprehensive study of the magnetic properties of the strongly anisotropic ferrimag-
net ErFe5Al7 in pulsed magnetic fields up to 30 T applied along the hard magnetization axis within
the basal plane of the tetragonal lattice around the compensation temperature (Tcomp). Macroscopic
measurements showed two anomalies at about 8 T and 25 T in a small temperature range around
Tcomp. High-field x-ray magnetic circular dichroism (XMCD) data at the Er M5- and the Fe L3-edge
resonances provide insight into the element-selective magnetization processes, revealing a coherent
rotation of Er 4f and Fe 3d moments, with stepwise jumps including an unexpected one from an
easy to a hard magnetization axis. XMCD at the Er L3-edge resonance elucidates the role of Er 5d
electrons in coupling the Er 4f and the Fe 3d moments. Finally, an in-plane anisotropy constant was
evaluated from a simulation of the magnetization process at temperatures well below Tcomp using a
two-sublattice model.

Introduction — Rare-earth (R) transition-metal (T )
intermetallic compounds are a prominent class of ma-
terials with applications as permanent magnet as well
as in magneto-optical and magnetostrictive devices,
originating from an interplay between large magnetic
anisotropies of the R sublattice and strong exchange in-
teractions of the T sublattice [1]. These magnetic prop-
erties are established by three exchange interactions be-
tween T–T , R–T , and R–R atoms. The strongest (T–T )
exchange leads to high ordering temperatures (TC) and
large spontaneous magnetizations. The next-largest (R–
T ) exchange is responsible for transferring large magnetic
anisotropy of the R sublattice to the T counterpart. The
R–T exchange interaction also transfers the exchange in-
teractions of the T sublattice to R that keep the R mo-
ments ordered up to TC, a much higher temperature than
if there was no T sublattice. The weakest (R–R) inter-
action is usually disregarded [2]. In R-T intermetallic
compounds with heavy R elements, the R–T intersublat-
tice exchange interaction is antiferromagnetic, which is
mediated by the intra- and inter-atomic exchange R(4f)–
R(5d)–T (3d) interactions [3].

The antiparallel spin alignments in R–T ferrimagnets
are destabilized by large applied magnetic fields of tens
of teslas [4–9]. The magnetization in such anisotropic R–
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T ferrimagnets exhibits a sequence of phase transitions,
which are not seen for isotropic ferrimagnets [10]. The
complex and diverse magnetization processes are con-
nected with large field-induced noncollinearity. A de-
tailed determination of the microscopic magnetization
processes at some high magnetic fields is crucial for mod-
eling the fundamental magnetic properties. However,
conventional bulk magnetization experiments only de-
tect total magnetic moments [11], and it is challenging
to study experimentally the microscopic nature of the
field-induced magnetic transitions of R-T intermetallic
systems with two magnetic species in such high magnetic
fields.

RFe5Al7 with tetragonal crystal structure (space group
I4/mmm) exhibits strongly anisotropic ferrimagnetic
properties with easy-plane (R = Tb, Dy, Ho, and Er)
or easy-axis (R = Tm) anisotropy at low temperatures.
The R, some Fe, and some Al atoms occupy the 2a, 8f ,
and 8i sites, respectively. The rest of the Fe and Al
atoms share the 8j site [12]. The balance between ex-
change and anisotropy interactions is modified at high
magnetic fields, which results in field-induced magnetic
transitions with a noticeable spin-lattice coupling under
magnetic fields applied along the easy magnetization axis
[12].

Indeed, our high-field x-ray magnetic circular dichro-
ism (XMCD) experiments of RFe5Al7 (R = Tb, Ho, and
Tm) have recently evidenced that the field-induced tran-
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sitions correspond to a simultaneous step-wise rotation
of the R and Fe moments [13–15]. At the magnetic
transition, in RFe5Al7 with easy-plane anisotropy (R =
Tb and Ho), the magnetic moments rotate within the
basal plane of the tetragonal lattice from one easy mag-
netization axis to another one by 90 degrees, while in
TmFe5Al7 with easy-axis anisotropy, the magnetic mo-
ments almost flip from a collinear ferrimagnetic order to
a magnetic state close to the forced ferromagnetic state.
Our element-specific magnetization processes were suc-
cessfully described by a two-sublattice model with a R-
T intersublattice exchange coupling, magnetocrystalline
anisotropy, and Zeeman interactions [13–15].

ErFe5Al7 is exceptional in this RFe5Al7 family of com-
pounds with heavy R elements, since it shows field-
induced transitions under magnetic fields applied along
the hard magnetization axis [110] as well as along the
easy axis [100] within the basal plane of the tetragonal
lattice. ErFe5Al7 orders with a collinear ferrimagnetic
structure [16] at the Curie temperature TC = 201 K, and
has a compensation point of Tcomp = 33 K [17], where
the magnitudes of the Er and Fe magnetic moments are
equal.

Preceding studies theoretically predict that in R-T
intermetallic compounds, when a magnetic field is ap-
plied along a hard magnetization axis in the basal plane,
the magnetic moments jump between easy magnetization
axes like those under magnetic fields applied along an
easy-axis direction [18]. However, the moment-rotation
scheme in magnetic fields applied along the hard mag-
netization axis is not well understood experimentally in
anisotropic R-T intermetallic compounds at this time.
ErFe5Al7 is a good model system to investigate how each
sublattice moment responds to the magnetic field ap-
plied along the hard magnetization axis within the basal
plane of the tetragonal lattice. In some R-T systems, a
so-called first-order magnetization process (FOMP) oc-
curs when magnetic fields are applied along a hard axis
[19, 20]. The FOMP originates from the presence of
two inequivalent minima in the magnetic-anisotropy en-
ergy and reflects the rotation of magnetization between
two corresponding inequivalent directions. Such FOMPs
should be distinguished from the field-induced transitions
observed for field applied along the hard [110] axis of
ErFe5Al7 with easy-plane anisotropy.

In this study, we present magnetization, magnetostric-
tion, and x-ray magnetic dichroism data of an ErFe5Al7
single crystal under pulsed magnetic fields applied along
the basal-plane hard axis [110], focusing on the micro-
scopic nature of the two field-induced magnetic transi-
tions observed around Tcomp. In contrast to previous
assumptions, we found that one of the field-induced tran-
sitions accompanied by strong magnetoelastic couplings
originates in a magnetic-moment rotation from the easy
to hard magnetization axis. The other field-induced tran-
sition corresponds to a jump from the easy magnetiza-
tion direction to the forced ferromagnetic state. A two-
sublattice model successfully simulates the magnetization

FIG. 1. (a) Magnetization as function of magnetic field
applied along the [100], [110], and [001] axis. Data are
from down field sweep. (b) Field dependence of relative
length change ∆L/L in magnetic fields applied along the hard
axis [110] within the basal plane of the tetragonal lattice of
ErFe5Al7. Red and blue lines are data from up and down field
sweeps. (c) Color-coded plot of d(∆L/L)/dH of the up-sweep
data with the compensation temperature Tcomp. Symbols ex-
hibit anomalies in the field-dependent magnetization data.

process at 10 K, which enables us to extract the in-plane
anisotropy constant.

Experimental — Bulk magnetization and magne-
tostriction measurements were measured in magnetic
fields applied along the [110] axis using a coaxial pickup-
coil system [18] and an optical fiber Bragg-grating (FBG)
technique [21], respectively. The Er M4,5- and Fe L2,3-
edge x-ray absorption spectroscopy (XAS) and XMCD
measurements were conducted in the total-electron yield
(TEY) mode at the UE46-PGM1 undulator beamline of
BESSY II. The Er L3-edge XAS and XMCD experiments
were carried out in the transmission mode at the energy
dispersive x-ray absorption spectroscopy beamline ID24
at ESRF [22, 23]. Both XMCD measurements at BESSY
II and ESRF were conducted using pulsed magnetic fields
up to 30 T applied along the [110] axis. Details of the
synchrotron experimental methods are described in Ap-
pendix A.

Magnetic phase diagram from macroscopic data — Fig-
ure 1(a) shows magnetization data (M) under magnetic
fields applied along the principal crystallographic axes.
There is a spontaneous magnetization for magnetic fields
applied along the [100] and [110] axis, while M starts at
zero for field applied along the [001] direction. Therefore,
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FIG. 2. XAS and XMCD spectra measured using circularly
polarized light, µ+ and µ−, at the (a) ErM and (b) Fe L edges
at 10 K under zero magnetic field. (c) Er M5- (blue) and Fe
L3-edge (red) XMCD integrals as function of temperature un-
der zero magnetic field. The signs of the integrals are reversed
with respect to (a) and (b). The ferrimagnetic configuration
in the red- and blue-colored area is shown schematically in
the insets (see text for details). All the XMCD spectra were
measured after applying a 30-T magnetic-field pulse along the

[110] axis.
−→
Hpre indicates the direction of the magnetic field

pulse.

the magnetic moments lie in the basal plane. Consider-
able anisotropy is also observed within the basal plane
between the [100] and [110] axes. The [110] axis is the
hard direction within the basal plane of the tetragonal
lattice. The ratio of the spontaneous magnetizations for

the [110] and [100] directions, M
[110]
s /M

[100]
s , is equal

to cos(45◦), which signals that in a remanent state, the
moment lies along the easy [100] axis. The basal-plane
anisotropy weakens with increasing temperature and dis-
appears around 140 K [17].

Figure 1(b) shows the longitudinal relative length
change ∆L/L measured by the optical FBG technique
[21] in magnetic fields applied along the [110] axis at the
selected temperatures. At 26 K < T < 41 K, around
Tcomp, hysteretic step-wise anomalies exhibiting lattice
expansions and contractions of ∼ 1 – 2 × 10−4 are ob-
served below 30 T. Typically, ∆L/L steps with such mag-
nitude are observed at field-induced magnetic transitions
connected with magnetic-moment rotations in R - T in-
termetallic systems [15, 24]. At lower temperatures, be-
tween 41 and 26 K, the hysteresis becomes more evident
at the field-induced transitions, which implies that the
nature of the transitions is first order.

The phase diagram derived from the field derivative of
∆L/L is shown in Fig. 1(c). The anomalies observed in
∆L/L agree with those seen in bulk magnetization data

[symbols in Fig. 1(c) and Figs. 3(a)-(d)]. The tempera-
ture dependence of the lower critical field [d(∆L/L)/dH
> 0], Hc1, has a minimum at the compensation point,
while the higher critical field [d(∆L/L)/dH < 0], Hc2,
shows a monotonous decrease with decreasing tempera-
ture. Hc1(T ) follows the temperature dependence of the
total magnetization [17].

Zero-field remanent properties from Er M- and Fe L-
edge XMCD results — Since field-induced transitions, ob-
served for magnetic fields applied along the hard [110]
direction of ErFe5Al7, should reflect the variations of
the individual magnetic moments, we use an element-
and shell-selective experimental technique to reveal the
microscopic nature of these transitions. Figures 2(a)
and 2(b) show the Er M4,5- and the Fe L2,3-edge XAS
and XMCD spectra in remanence after applying a 30-T

pulsed magnetic field (
−→
Hpre) along the [110] axis at 10 K,

respectively. The absorption spectrum for the right (µ+)
and left (µ−) circular polarization in Figs. 2(a) and 2(b)
was obtained by subtraction of a constant background of
about 14 % with respect to the XAS maximum for the
µ− polarization at the Er M5 edge, and about 17 % with
respect to that for the µ+ polarization at the Fe L3 edge.
These constant values were defined by the average of the
pre-edge region of the Er M5- and Fe L3-edge resonance.

The Er spectral lineshapes are in good agreement with
those observed for Er3+ [25]. The Fe L2,3 line shape is es-
sentially characteristic of metallic iron [26], with a small
shoulder structure at the high-energy side. This shoul-
der is often observed in RFe5Al7, and may originate from
some hybridization of the 8j-site Fe d and Al p states
[14]. Likewise, this feature can be due to a small fraction
of oxidized sample. Notably, the lineshape of the corre-
sponding L-edge XMCD [Fig. 2(b)] does not include this
feature, rendering the data of Fig. 2(c) as characteristic
of the metallic sample fraction only. The XMCD ampli-
tudes at the Er M5- and the Fe L3-edge have the opposite
sign, which evidences the antiferromagnetic coupling of
the magnetic moments projected onto the [110] axis be-
tween the two sublattices. At 10 K, the projected Er 4f

moments onto the [110] axis are parallel to
−→
Hpre [110]

and the projected Fe 3d counterparts are antiparallel to
the [110] axis.

Figure 2(c) shows the temperature dependence of the
XMCD integral at the Er M5- and Fe L3 edges normal-
ized by those at 10 K. The sign of the normalized inte-
grated intensity was reversed in Fig. 2(c) with respect to
Figs. 2(a) and 2(b). Positive values of the reversed Er
M5- and Fe L3-edge XMCD integrals correspond to the
moment direction parallel to the field direction and neg-

ative ones to the moment direction antiparallel to
−→
Hpre.

The antiparallel coupling of the magnetic moment pro-
jected on the [110] axis is clearly seen in the entire tem-
perature range. Sign changes in the XMCD integrals at
the two edges occur at 31.5 K. This reflects the nature of
ferrimagnetic order in ErFe5Al7, i.e., the magnetic mo-
ment of the Fe 3d electrons is larger than that of the Er
4f electrons above 31.5 K and vice versa below 31.5 K.
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FIG. 3. (a)-(d) Bulk magnetization and (e)-(h) Er M5-edge (3d5/2→ 4f), and (i)-(l) Fe L3-edge (2p3/2→ 3d) XMCD amplitudes
as functions of magnetic fields applied along the hard axis [110] within the basal plane of the tetragonal lattice at 10 K [(a),
(e), and (i)], 26 K [(b), (f), and (j)], 34 K [(c), (g), and (k)], and 50 K [(d), (h), and (l)]. Red and blue lines are data from up
and down field sweeps. The red and blue arrows in (b) and (c) denote anomalies observed during the up and down sweep of the
field pulse, respectively. The sign of the Er M5- and Fe L3-edge XMCD amplitudes are reversed with respect to those in Figs.
2(a) and 2(b). The experimental errors in panels (e)-(l) are of the order of the thickness of the solid lines. (m) Configuration
of the Er 4f moments (MEr) and the Fe 3d moments (MFe) in the (001) plane deduced from the high-field soft XMCD results
in panels (e)-(l) at 26 K and 34 K at the first (Hc1) and the second (Hc2) field-induced transitions. The hard and easy axes
are shown by solid (black) and dashed (gray) lines, respectively.

XMCD measurements using TEY detection are quite sur-
face sensitive, with a probing depth of a few nanometers.
This can explain the small difference of the compensation
temperature observed by the macroscopic (33 K) and the
soft XMCD measurements (31.5 K). In the following, the
compensation temperature of 31.5 K observed in the soft
XMCD is referred to as Tcomp.

The collinear magnetic structures below and above
31.5 K are shown at the schematic diagrams in Fig. 2(c).

After applying
−→
Hpre along the [110] axis, the sublattice

moments lie in the axis along the easy axis [100]. The
Fe L3- and Er M5-edge XMCD magnitudes decrease as
the temperature approaches Tcomp, and they reach zero
at Tcomp. There are three possibilities for this observa-
tion: 1) there are no ordered Er 4f and Fe 3d moments at
Tcomp, 2) Er 4f and Fe 3d ordered moments lie in the axis
perpendicular to the [110] axis, and 3) there are equally
populated domains (one domain is involved with the mo-
ments parallel to the [100] axis and the other one with
those antiparallel to the [100] axis) within each magnetic
sublattice.

This system orders ferrimagnetically below TC, and
there are no signatures in macroscopic measurements
showing magnetic ordering around Tcomp, which excludes
the possibility 1). The perpendicular orientation to the

[110] axis is another hard axis within the basal plane. In
addition, no spin-reorientation transition around Tcomp

is signaled by ultrasound and magnetization results [27].
These facts further exclude possibility 2).

A ferrimagnet is considered to be an antiferromagnet
at a compensation temperature, where respective sublat-
tices have exactly the same magnitude of their magnetic
moments. In the remanent state after releasing the mag-
netic field, each sublattice moment does not know the

direction of
−→
Hpre at Tcomp. In this case, half of the mo-

ments are parallel to the [100] axis, and the other half
are antiparallel to the [100] axis. This gives two equally
populated domains within each Er and Fe sublattice, and
no net moments along the [110] axis. The ratio of the two
domains gradually changes around Tcomp, which leads to
the observation of the gradual decrease of the XMCD
magnitude around Tcomp. Therefore, we conclude that
scenario 3) is the reason for the behavior of the XMCD
signals around Tcomp in the remanent state. This sce-
nario is further corroborated by the analysis of the field-
dependent XMCD amplitudes near Tcomp, assuming the
existence of two domains (see Appendix B).

Rotation scheme of the magnetic moments — Next, we
move to the soft XMCD results under magnetic fields,
comparing them with the bulk magnetization. Figure 3
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shows bulk magnetization as well as Er M5- and Fe L3-
edge XMCD amplitudes as a function of magnetic fields
up to 30 T applied along the [110] axis of ErFe5Al7 at
the selected temperatures. The field-dependent XMCD
amplitudes were measured at 1405 eV (Er M5 edge) and
707.7 eV (Fe L3 edge), corresponding to the respective
XMCD maximum. The sign of the XMCD amplitudes is
reversed with respect to those in Figs. 2(a) and 2(b).

At 10 K, well below Tcomp, the bulk magnetization in-
creases gradually without any anomalies except for the
hysteresis related to domain-wall motion below ∼ 2.5
T [Fig. 3(a)]. At 26 and 34 K, near Tcomp, there are
two magnetization jumps at Hc1 and Hc2 [Figs. 3(b)
and 3(c)]. With further increasing temperature, at 50
K, far above Tcomp, the bulk magnetization increases
monotonously [Fig. 3(d)]. The forced-ferromagnetic
state along the [110] axis is reached only above 60 T
[27]. The field dependence of the Er M5- and Fe L3-edge
XMCD amplitudes also display anomalies correspond-
ing to those observed in the bulk magnetization at 26
K and 34 K [Figs. 3(f), 3(g), 3(j), and 3(k)]. Simi-
lar to the magnetostriction results, the bulk magnetiza-
tion and soft XMCD data also show more pronounced
hysteretic behavior at the field-induced transitions at
26 K as compared to 34 K. At 26 and 34 K, larger
hystereses are observed at the field-induced transitions
in the surface-sensitive soft XMCD results than in the
bulk magnetization results. The field dependences of the
XMCD amplitude exhibit a very close correspondence
to the bulk-sensitive of magnetostriction [Fig. 1(b)] and
magnetization [Figs. 3(a) - 3(d)] measurements, which is
strong evidence that the field-dependent XMCD results
represent the bulk properties of the material. Contrary,
XMCD measurements on an uncleaved surface reveal sat-
uration below 4 T and no field-induced hystereses (data
not shown).

In the following, we discuss the magnetization pro-
cesses of the Er 4f and Fe 3d electrons in magnetic fields,
considering that the XMCD amplitudes reflect the pro-
jected component along the beam propagation direction
parallel to the [110] axis. The variations of the XMCD
amplitudes come from the coherent moment rotation ei-
ther continuously or in a step-wise manner, rather than
solely longitudinal variations of the magnetic moments,
which will be discussed later. When a magnetic field is
applied to the hard [110] axis, domains with collinear
ferrimagnetic structure along the [100] and [010] axes
coexist in equal populations. The Er and Fe magnetic
moments point along the easy [100] and [100] axis, re-
spectively, below Tcomp and vice versa above Tcomp. The
changes in the magnetic structures in magnetic fields
from the collinear magnetic structure along the [010] axis
can be equivalently discussed by reversing the orientation
of the Er 4f and Fe 3d magnetic moments by 180 degrees
around the [110] axis.

We start the discussion of our results at temperatures
far away from Tcomp (10 and 50 K). At 10 K, the pro-
jected Er 4f moments along the [110] axis stay almost

constant up to 30 T [Fig. 3(e)]. On the other hand, the
projected Fe 3d moments along the [110] axis continu-
ously increase with a sign change at ∼ 18 T [Fig. 3(i)].
The Er 4f moment does not change the initial orientation
[100], while the Fe 3d moment rotates from [100] toward
the other easy axis [010] up to 30 T with passing the
hard axis [110] at ∼ 18 T. The absence of an appreciable
reduction of the Er 4f moments projected onto the [110]
axis indicates that there is no detectable Er 4f moment
rotation from [100] toward [110], which is likely due to
a reduced Er-Fe intersublattice AFM coupling than that
at higher temperatures close to Tcomp. At 50 K, the rel-
ative orientation of the sublattice moments [Figs. 3(h)
and 3(l)] is opposite with respect to that observed at 10
K. The Fe 3d moments slightly increase while the Er 4f
moments rotate continuously up to 30 T.

Next, we turn to the results reflecting field-induced
transitions around Tcomp (26 K and 34 K). At 26 K, just
below Tcomp, the Fe L3-edge XMCD amplitudes crosses
zero and reaches the same XMCD magnitude at Hc1 as
that at 0 T [Fig. 3(j)], while the Er M5-edge XMCD
amplitudes strongly decrease [Fig. 3(f)]. This implies
that the Fe 3d moments moves to the other easy axis
[010], whereas the Er 4f moments rotate from the easy
[100] axis toward the hard [110] direction [Fig. 3(m)].
With increasing magnetic fields from Hc1 to Hc2, the Fe
3d moments rotate continuously toward the [110] axis,
while the Er 4f moments rotate toward the [100] axis.
At Hc2, the Er 4f moments pass the [100] axis, while the
Fe 3d moments rotate slightly back to the [010] direction.
Above Hc2, both the Er 4f and Fe 3d moments rotate
toward the field direction along [110].

At 34 K, slightly above Tcomp, the Er M5-edge XMCD
magnitude becomes zero at Hc1 [Fig. 3(g)], while the Fe
L3-edge XMCD magnitude shows a weak reduction [Fig.
3(k)]. This means that at Hc1, the Er 4f moment jumps
from the easy [100] to the hard axis [110] and the Fe 3d
moment correspondingly shows slight rotation near [100]
axis toward [110] [Fig. 3(m)]. With further increasing
magnetic field, a second steeper increase of the Er 4f -
XMCD amplitudes appears at Hc2 ∼ 27 T with again
a weak reduction of the Fe L3-edge XMCD counterpart.
The Er XMCD magnitude just below Hc2 is the same
as that at zero field with opposite sign. This indicates
that the Er 4f moment reaches the hard axis [110] at
Hc1, gradually rotates at magnetic fields between Hc1

and Hc2, and the second transition occurs when the Er
4f moments reach the other easy axis [010]. The second
jump in the Er M5-edge XMCD amplitudes is smaller
than the first one, which means that above Hc2 the Er
4f moment still does not reach the [110] axis. Therefore,
at 30 T, the system is still in a noncollinear magnetic
state, which is consistent with the bulk magnetization
results that shows no saturation at 30 T [Fig. 3(c)].

It is worth noting that in R-T intermetallic systems
with collinear ferrimagnetic structure, when a magnetic
field is applied along the easy magnetization axis, the
magnetic moments rotate from one easy to another easy
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axis at field-induced magnetic transitions [13, 15, 18].
However, we observed that the Er 4f magnetic moments
rotate from the easy to the hard axis at Hc1 in ErFe5Al7
even at an intermediate magnetic field below saturation
when a magnetic field is applied along the in-plane hard
axis. This unusual behavior at the first magnetic tran-
sition was also seen in the field-dependent Er M5-edge
XMCD amplitudes at 40 K (not shown).

Our element-specific XMCD results clarify the
moment-rotation scheme within the basal plane up to
30 T and 50 K. Comparing the results at 10 and 50 K,
far away from Tcomp, the response of the sublattice mag-
netization to the magnetic field reflects some symmetry
between the Er and Fe moments. At 10 K, the Er 4f
moments stay along the easy [100] axis, while the Fe 3d
moments continuously rotate from the easy axis [100] to
[010]. At 50 K, on the other hand, the Fe 3d moments
stay along the [100] axis, while the Er 4f moments co-
herently rotate from [100] to [010].

This indicates that the Er-Fe antiferromagnetic ex-
change interaction is not dominant at temperatures away
from Tcomp. If this intersublattice interaction plays a
role, the magnetic moment with the larger magnitude
should move away from the easy [100] axis to keep the
initial antiparallel configuration for as long as possible.
On the other hand, only around Tcomp, two field-induced
transitions are observed [Fig. 1(c)], which makes this
compound exceptional in the RFe5Al7 family with heavy
rare-earth metal.

At 26 and 34 K, the Er 4f and Fe 3d moments respond
simultaneously to the magnetic field. At 26 K and Hc1,
the Fe 3d moments align along the easy axis, causing the
Er 4f moments to move toward [110] to enlarge the angle
between the two moments, while at 34 K and Hc1, the
Er 4f moments align along the hard axis, causing the
Fe 3d moments to move toward [110] enlarging the angle
between the two moments. At Hc2, the Er 4f and Fe 3d
moments order at both temperatures with the transverse
components almost compensated [see lower panels in Fig.
3(m)]. These observations indicate a significant contribu-
tion of the Er-Fe antiferromagnetic exchange interaction
only around Tcomp, where the sublattice moments have
nearly the same magnitude with opposite sign.

Finally, we note a possible correlation between the
hysteresis observed in the macroscopic results at the
field-induced transitions below Tcomp and the microscopic
magnetic properties clarified by our soft XMCD results.
In the magnetostriction results, above Tcomp, there is
negligible hysteresis, while below Tcomp, the hysteresis
becomes larger with decreasing temperature at the tran-
sitions [Fig. 1(b)]. Our XMCD results show that at
Hc1 below Tcomp the Fe-moment rotate between the easy
axes, while above Tcomp the Er moments rotate between
the easy and hard axis [Fig. 3(m)]. Therefore, the ener-
getically unfavorable state with the moments along the
hard axis lead to transitions with negligible hysteresis.

Rotation of the Er 4f magnetic moments — In some
R-T ferrimagnetic intermetallic systems, a field-induced

FIG. 4. (a) Er M5-edge XAS spectra at 34 K at selected
magnetic fields applied along the [110] axis. The spectra were
obtained by the averaged sum of right- and left-circular po-
larized light. (b) XAS spectra at 0 T subtracted from the
XAS spectra at 12 T at 34 K. (c) Magnetic-field dependence
of the Er M5-edge XAS difference signals obtained by inte-
grating the range delimited by the two dashed lines in panel
(b). (d) Direction of the Er 4f moment at selected magnetic
fields with respect to the incoming beam with the propaga-
tion vector k and the principal crystallographic axes within
the basal plane of ErFe5Al7. The electric field (E) of the x-ray
beam is in the (110) plane.

transition from an initial collinear ferrimagnetic state
directly to a forced-ferromagnetic state is suggested to
be caused by longitudinal moment variations, namely
by continuous demagnetization and remagnetization pro-
cesses [8]. Here, noncollinear magnetic structures, caused
by coherent magnetization rotations are not considered.
These two mechanisms (coherent rotation vs. continu-
ous de/remagnetization) at field-induced transitions are
difficult to be distinguished by bulk magnetization mea-
surements which only probe longitudinal magnetization
components.

In order to clarify whether the variations of the XMCD
amplitudes in magnetic fields come from coherent mo-
ment rotations, which we assumed in the discussion
above, we studied the field-dependent spectral lineshapes
of the averaged XAS spectra [= (µ++µ−)/2]. Because
light is inherently a transverse wave, the polarization-
averaged XAS spectra are sensitive to linear dichroism
(LD) resulting from variations in the magnetic-moment
components perpendicular to the polarization plane. In
other words, if coherent moment rotations occur and the
ratio of the longitudinal to the transverse magnetic mo-
ment changes, there should be field-dependent changes
in the spectral lineshapes of the averaged XAS [15].

Here, the longitudinal and transversal axes are paral-
lel to the [110] and [110]) axis, respectively. The [001]
direction is also a transversal axis. However, the rota-
tion of the Er moments from the basal plane toward the
[001] axis is ignored because the [001] axis is the hardest
axis. Since the LD is, in general, larger at the rare-earth
M5 edge than at the 3d transition-metal L edge, due
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to the larger spin-orbit coupling of the 4f orbitals, we
investigated the field-dependent averaged XAS spectral
lineshapes of the Er M5-edge.

Figure 4(a) shows the averaged XAS spectra at selected
magnetic fields at 34 K. There are three peak components
at ∼ 1403, 1405, and 1408 eV at the Er M5 edge, which
is a typical feature of Er3+ [28]. The spectral shape at 0
T is similar to that at 28 T, with a larger intensity at ∼
1405 eV and a smaller at ∼ 1403 eV. At the intermediate
magnetic field at 12 T, the spectral lineshape is clearly
different. Here, the two peaks at 1403 and 1405 eV have
almost the same amplitude. The high-energy peak at
1408 eV has a larger intensity at 0 and 28 T than at 12
T.

Figure 4(b) shows the XAS difference spectrum be-
tween the averaged XAS at 12 and 0 T. The spectral
lineshape is similar to an x-ray linear dichroism spectrum
typically obtained from polarization-dependent XAS us-
ing linear polarization [29]. Since the Er M5-edge XMCD
amplitude is almost zero at 12 T [Fig. 3(g)] right above
the field-induced transition, the spectral contrast seen in
comparison to the XAS at 0 T signals the change of the
transversal component of the Er 4f moments in mag-
netic field. The integrated intensity of the positive peak
between 1400 and 1404 eV in the Er M5-edge XAS dif-
ference spectra is shown as a function of magnetic field
in Fig. 4(c). The integrated intensity starts to increase
at ∼ 7 T with increasing magnetic field, reaches a max-
imum at intermediate magnetic field, and decreases at
high magnetic fields toward 30 T, which corresponds to
the rotation of the Er 4f moment schematically drawn in
Fig. 4(d). At Hc1, the Er 4f moment is close to parallel
to [110], which is perpendicular to the beam-propagation
direction. These XAS data evidence the coherent mo-
ment rotation of the sublattice moments in ErFe5Al7.

Role of the Er 5d moments in the magnetization pro-
cess — In R-T intermetallic compounds, R 5d electrons
play an important role in the magnetic coupling between
the R 4f and T 3d moments [3]. The microscopic be-
havior of the R 5d moments can be accessed via the
electric-dipole transition (2p → 5d) in R L-edge XMCD
experiments. Figure 5 shows a comparison of the XMCD
results at the Er L3 and M5 edges at 34 K that allows
us to study the shell-selective magnetic properties at the
Er site across the field-induced transitions. The L3-edge
XMCD signal in the electric-dipole regime contains infor-
mation on the 5d magnetic moments, while the M5-edge
XMCD directly probes the 4f moments.

Figure 5(a) shows a representative averaged XAS [=
(µ++µ−)/2] spectrum, normalized by the edge jump, at
30.3 T applied along the [110] axis at 34 K. There is
no detectable field dependence in the XAS spectra. Fig-
ures 5(b) and 5(e) show the Er L3- and M5-edge XMCD
spectra at selected magnetic fields obtained during down
sweeps, respectively. Both at the L3 and M5 edges,
the XMCD amplitudes change with increasing magnetic
fields. An analysis by singular value decomposition [30]
of the L3-edge XMCD shows that the present dataset is

FIG. 5. (a) Er L3-edge XAS spectra at 30.3 T. (b) Er L3-edge
XMCD spectra at selected magnetic fields. (c) Magnetic-field
dependence of the XMCD signals obtained by integrating the
range delimited by the two dashed lines in panel (b), where
the electric-dipole transition (2p3/2 → 5d) is predominantly
involved. The lines are guides to the eye. (d) Schematic of
the electronic structure involved in the electric-dipole (ED)
and electric-quadrupole (EQ) transitions at the Er L3 and
M5 edges. (e) Er M5-edge XMCD spectra at selected mag-
netic fields. (f) Er M5-edge XMCD integrals as a function of
magnetic field. The sign of the integrated XMCD signal is
reversed as in Figs. 3(e)-3(l). The spectra in panels (b) and
(e) were obtained during the down sweeps, respectively. Red
and blue symbols in panels (c) and (f) are data from up and
down sweep of magnetic fields. All results were measured at
34 K and for magnetic fields applied along the [110] axis.

dominated by a single spectral component. This means
that a possible contribution from the Fe sublattice trans-
ferred through the 3d-5d interaction is either absent or
does not vary across this dataset (see Appendix C). In the
following, we assume that the Er L3-edge XMCD signal
arises solely from the Er sublattice magnetization.

The Er L3-edge XMCD spectra are composed of a pre-
edge peak at 8353 eV and a main peak at ∼ 8362 eV.
The pre-edge peak of the Er L3-edge XMCD spectra pri-
marily originates from an electric-quadrupole (EQ) tran-
sition from 2p3/2 to empty 4f orbitals, while the main
peak mainly comes from the electric-dipole (ED) tran-
sition from 2p3/2 to empty 5d orbitals [31] [Fig. 5(d)].
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Earlier resonant (in)elastic x-ray scattering experiments
[31, 32] and theoretical calculations [33, 34] show that the
latter half of the main peak in R L-edge XMCD spectra
predominantly comes from the ED transition that has an
angular dependence of cosθ (θ is the angle between the
x-ray propagation vector and the 5d moments) [35–37].

In the current study of the Er L3-edge XMCD spectra,
this energy range is between 8362 eV and 8369 eV [see
the two dashed lines in Fig. 5(b)]. Figure 5(c) shows
the Er L3-edge XMCD intensities integrated in the lat-
ter half of the main peak as a function of magnetic fields.
This provides the relative variation of the 5d magnetic
moments in magnetic fields. The 5d contribution to the
bulk magnetization is, in general, smaller by, at least,
one order of magnitude than the 4f electrons [38, 39].
However, the overall feature of the variation of the Er
5d moments [Fig. 5(c)] follows that of the Er 4f mo-
ments [Fig. 5(f)]. This similarity elucidates the 4f -5d
intra-atomic exchange coupling across the field-induced
magnetic transitions.

The hysteresis below 5 T seen in the Er L3-edge data
is due to the different experimental procedure from that
of the Er M5-edge data. The Er L3-edge XMCD spectra
were obtained from data collected during two magnetic-
field pulses with opposite field direction, while the Er
M5-edge XMCD spectra were extracted from two oppo-
site circular polarizations using a fixed magnetic-field di-
rection. (see Appendix A).

The two-sublattice model — The high-field magnetiza-
tion process has been analyzed by a two-sublattice model
[4, 40]. This simple model works for the RFe5Al7 systems
with easy-plane (R = Tb [15] and Ho [13]) and easy-axis
(R = Tm [14]) anisotropy when the magnetic fields are
applied along an easy axis. Here, we apply this model for
our high-field data under magnetic fields applied along
the basal-plane hard axis. The model uses the following
thermodynamic potential:

E(α, β,H) = nErFeMErMFecos(α+ β) +Kcos(4β)

− µ0H[MFecos(α) +MErcos(β)],
(1)

where the first, second, and third term are the intersub-
lattice Er-Fe exchange interaction, magnetocrystalline
anisotropy, and Zeeman energy. nErFe = 3.3 T/µB [27]
and K are the intersublattice exchange constant and the
anisotropy constant in the basal plane, respectively. MEr

and MFe are the Er and Fe magnetic moments, respec-
tively. α is the angle between MFe and the applied mag-
netic field and β is the angle between MEr and the mag-
netic field [see inset of Fig. 6(b)]. K > 0 corresponds to
the orientation of the magnetic field along the hard [110]
axis.
K < 0 is the case for magnetic fields applied along

the easy [100] axis within the tetragonal basal plane. We
minimized the potential with respect to the angles α and
β for a given magnetic field. We approximated MFe using
the simple ferromagnetic compound LuFe6Al6 [41, 42].

FIG. 6. (a) Field dependence of the Er (MEr), Fe (MFe), and
total magnetization (Mtot) at 10 K simulated by the two-
sublattice model. (b) Field-dependent angles α and β defined
with respect to the magnetic field (see inset). Mtot as a func-
tion of magnetic fields simulated for the selected anisotropy
constants at (c) 26 K and (d) 34 K. The simulated results for
different K are vertically shifted for clarity.

LuFe5Al7 does not suit this role as it displays an anti-
ferromagnetic order at low temperatures that changes to
ferromagnetic order at higher temperatures. First, we
normalized M at 2 K of LuFe6Al6 to MFe [= Ms-MEr

where Ms and MEr are the spontaneous magnetization
and Er3+ ground state value (9 µB), respectively] at 2 K
of ErFe5Al7 and TC = 327 K of LuFe6Al6 to TC = 201
K of ErFe5Al7. Second, we subtracted the spontaneous
magnetic moment from MFe to obtain MEr.

In Figs. 6(a) and 6(b), the field dependences of the
Er 4f and Fe 3d moments as well as the angles α and
β, respectively, are simulated using this model for the
bulk magnetization and XMCD data [Figs. 3(a), 3(e),
and 3(i)] at 10 K. The experimental data are well repro-
duced by this model with the anisotropy constant K ∼
0.8 MJ/m3 at 10 K. The sign change of the Fe L3-edge
XMCD amplitude at ∼ 18 T is well resolved in the sim-
ulation results. We note that using the same magnitude
of K with opposite sign, K ∼ -0.8 MJ/m3, this model as
well reproduces the magnetization process with two field-
induced transitions experimentally observed [27] under
magnetic fields applied along the [100] axis (not shown),
which gives the reliability of the estimated K value at 10
K.

Figure 6(c) shows the change of the magnetization with
respect to variations of K at 26 K. For K = 0.0002
MJ/m3, there is a kink at ∼ 1.5 T above which the mag-
netization increases monotonously up to 50 T, where the



9

magnetization saturates. With increasing K, the low-
field kink smears out and the magnetization grows with-
out any features up to saturation. Figure 6(d) shows the
evolution of the magnetization at 34 K at the same K
as those in Fig. 6(c). Up to K = 0.002 MJ/m3, the
magnetization gradually increases until it saturates. For
K = 0.02 – 2.0 MJ/m3, magnetization jumps appear in
the field range between 3.5 T and 11 T. At both tempera-
tures, 26 K and 34 K, for K larger than 2.0 MJ/m3, there
are no qualitative changes of the magnetization curves.
The experimental results with two field-induced transi-
tions under magnetic fields along the basal-plane hard
axis [Figs. 3(b) and 3(c)] are not reproduced within this
model. This agrees with earlier theoretical studies [43]
that two phase transitions cannot be predicted by the
two-sublattice model for magnetic fields applied along
the basal-plane hard axis.

A refined model is required for a more detailed de-
scription of the high-field magnetization processes around
Tcomp where the two field-induced transitions appear. It
is interesting how the Er 4f moments rotate from the
easy to the hard axis at Hc1 by overcoming the magne-
tocrystalline anisotropy. Contributions from magnetoe-
lastic interactions are not considered in our model. Our
magnetostriction results give the relative lattice change
along the [110] axis. However, the volume variations in
magnetic fields are still not known. Local crystal dis-
tortions or symmetry changes in magnetic fields might
influence the magnetic properties around Tcomp. In addi-
tion, non-collinear magnetic structures below some tem-
perature close to Tcomp cannot be excluded, which calls
for detailed elastic neutron-scattering studies. Such a
magnetic symmetry reduction around Tcomp has been re-
ported in rare-earth iron garnets [44, 45]. A crystal-field
level scheme, as well, could help modeling the magnetic
properties under magnetic field. In our model, we con-
sider the magnetocrystalline anisotropy using the macro-
scopic basal-plane anisotropy constant K. In this re-
spect, inelastic neutron scattering measurements would
be needed to determine the crystal-field energy levels.
Microscopic modeling can explain the high-field magnetic
properties around Tcomp by taking into account exchange
interactions between individual atoms, such as the Fe
atoms in the 8f and 8j positions and the Er atoms, and
possible slight changes in the band structure in magnetic
fields, in addition to the magnetostriction, crystal-field
effects, and possible non-collinear magnetic structures.

Conclusion — We presented advanced high-field x-ray
spectroscopy results of the highly anisotropic ferrimagnet
ErFe5Al7, focusing on the microscopic analysis of the re-
orientation of the element-specific magnetic moments at
the two field-induced magnetic transitions around Tcomp

for fields applied along the hard magnetization axis [110].
In particular, we found that at 34 K, close to the com-
pensation temperature, the low-field magnetic transition
at Hc1 originates from the rotation of the Er 4f mag-
netic moments from the easy to the hard axis. In ad-
dition, the Er 5d moments follow the rotation of the Er
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FIG. 7. Time dependence of the pulsed magnetic field used
for soft (red) and hard (blue) x-ray dichroic measurements at
UE46-PGM1 BESSY II and ID24 ESRF, respectively.

4f moments due to the intra-atomic 4f -5d exchange cou-
pling across the field-induced transitions. We evaluated
a magnetocrystalline anisotropy constant by simulating
the magnetization process at 10 K using a two-sublattice
model. Further refinement of the model is required to
describe the complex element-specific magnetization pro-
cesses with field-induced magnetic transitions.
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Appendix A: Pulsed-field x-ray magnetic dichroic
experiments

Figure 7 shows the time dependence of the magnetic-
field pulses used in the Er M - and Fe L-edge experiments
at the UE46-PGM1 at BESSY II and Er L3-edge exper-
iments at ID24 of ESRF. A charging voltage of 1.5 kV
with a capacitance of 6.4 mF was used for the 30-T field
pulses at BESSY II. A charging voltage of 8 kV with
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FIG. 8. Field-dependent XMCD amplitude at 30.3 K at the
(a) Er M5 edge and (b) at the Fe L3 edge. Numerical sum of
the field-dependent XMCD amplitudes (c) at the Er M5 edge
at 28 and 34 K and (d) at the Fe L3 edge at 26 and 34 K.
Red and blue lines are data from up and down field sweeps.

a capacitance of 4 mF [46] was used for the 30-T field
pulses at ESRF.

At BESSY II, the field-dependent TEY signals were
measured with a sampling rate of 31.25 MHz and with a
bandwidth of a current amplifier of 20 kHz for the ampli-
fication rate of 1010 V/A and of 30 kHz for 109 V/A for
the sample TEY current. To obtain a clean surface, the
sample was cleaved in situ parallel to the (110) plane,
which is normal to the beam-propagation direction, at
pressures below 1 × 10−9 mbar at BESSY II. The Er
M5-edge XAS and XMCD spectra were obtained by mea-
suring the TEY signals at each energy point for both
plus (µ+) and minus (µ−) light helicities. Magnetic-field
pulses with a maximum of 30 T were used for all soft
x-ray dichroic measurements.

At the energy-dispersive x-ray absorption beamline
ID24 [23] at the ESRF, the Er L3-edge XMCD data
were recorded using a multi-frame acquisition scheme
[47]. The sample was oriented along the [110] axis, cut,
and mechanically polished to a thin platelet. The thick-
ness was ∼ 16 µm. This sample piece was sandwiched
between two diamond windows, which was mounted in a
He-flow cryostat, where the sample was cooled by forced
convection. The Er L3-edge spectra were obtained in a
way that all the energy points were recorded simultane-
ously during a single magnetic-field pulse. To improve
the statistics, results for 92 magnetic-field pulses were
averaged for the Er L3-edge spectra [Figs. 5(a)–5(c)].
Positive (+30 T) and negative (-30 T) field pulses were
alternately generated under a fixed circular polarity and
the transmission intensity was measured. This pulse se-
quence results in the hysteresis at low magnetic fields

FIG. 9. SVD analysis for the Er L3-edge XMCD spectral
data. (a) Contribution of components to the variance of
dataset [Fig. 5(b)]. (b) First four components.

shown in Fig. 5(c).

Appendix B: Magnetic domains around Tcomp

Figures 8(a) and 8(b) show the Er M5-edge and Fe
L3-edge XMCD amplitudes as a function of magnetic
fields at 30.3 K, respectively. Figure 8(c) displays the nu-
merical sum of the field-dependent Er M5-edge XMCD
amplitudes at 28 K (data not shown) and 34 K [Fig.
3(g)]. Figure 8(d) displays the numerical sum of the field-
dependent Fe L3-edge XMCD amplitudes at 26 K [Fig.
3(j)] and 34 K [Fig. 3(k)]. The numerical sums show sim-
ilar field dependences to those observed at 30.3 K. This
means that at 30.3 K, some areas have magnetic domains
with the Er 4f moments pointing along [100] and with
the Fe 3d moments along [100], and others have domains
with opposite direction of the Er 4f and Fe 3d moments.
The former domain is characterized by a decrease of the
Er XMCD amplitudes [Fig. 3(f)] and an increase of the
Fe XMCD amplitudes [Fig. 3(j)] at Hc1. The latter do-
main is characterized by an increase of the Er XMCD
amplitudes [Fig. 3(g)] and a decrease of the Fe XMCD
amplitudes [Fig. 3(k)] at Hc1. Here, we assume that at
26 and 28 K, almost 100 % of the probed volume con-
taines the former domain, and at 34 K it containes the
latter domain. This analysis points to the existence of
magnetic domains around Tcomp.

Appendix C: Singular-value-decomposition analysis
for the Er L3-edge XMCD spectra

In R-T systems, sizable R (T ) contributions can ap-
pear in T K-edge (R L-edge) XMCD spectra as shown for
garnet oxides and intermetallic compounds [48, 49]. Re-
cently, such mixed contributions were mathematically de-
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composed by a singular-value-decomposition (SVD) anal-
ysis [30]. We performed such an analysis for our Er L3-
edge XMCD spectral data [Fig. 5(b)]. Figure 9(a) shows
the specific gravity of the first 10 components. The first
four components corresponds to the spectral lineshapes
shown in Fig. 9(b). The SVD analysis indicates that

the dataset is dominated by a single component. The
first component accounts for 82.7 % of the variance of
the dataset. The second and higher components con-
tain negligible spectral information within the available
statistics. A contribution form the Fe-sites is, thus, either
strictly correlated with the Er signal or absent.
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[37] J. Chaboy, F. Bartolomé, L. M. Garćıa, and G. Cibin, Ev-
idence of quadrupolar transitions in the circular dichro-
ism at the neodymium L2 and L3 edges, Phys. Rev. B
57, R5598 (1998).

[38] W. C. Koehler, Magnetic properties of rare-earth metals
and alloys, J. Appl. Phys. 36, 1078 (1965).

[39] E. Burzo, L. Chioncel, R. Tetean, and O. Isnard, On the
R 5d band polarization in rare-earth–transition metal
compounds, J. Phys.: Condens. Matter 23, 026001
(2010).

[40] M. D. Kuz’min, High-field low-temperature magnetisa-
tion curves of anisotropic ferrimagnets, J. Magn. Magn.
Mater. 323, 1068 (2011).

[41] D. I. Gorbunov, A. V. Andreev, S. Danǐs, and J. Posṕı̌sil,
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