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We have investigated the magnetism of Holmium-Iron-Garnet
(Ho;Fe;O,,) at the Ho M, ;- the Fe L, ;- and the O K - edges. As
expected switching of the sub-lattice magnetization is observed at
the compensation temperature. We will give detailed analysis of the
Ho and Fe XMCD signals, using sum rules. Fe dichroism is
analyzed in terms of 3d ground state moments and compared to
Gadolinium-Iron-Garnet (Gd;Fe,;0,,). Contributions of octahedral
and tetrahedral Fe sites could be separated and analyzed
quantitatively. At the oxygen K edge two different structures are
observable. Those structures show different temperature
dependencies. Therefore we address these features separately to Fe
and Rare Earth contributions.
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1. Introduction

Rare earth iron garnets (RelG or Re,Fe;O,, ; Re = Ce, Pr, Nd,
Pm...), are the most common textbook standard example for
complex ferrimagnetism (Hellwege 1988; Kittel 1976). The
structure is complicated and 8 formula units are in a single cubic
cell (160 ions) (Geller 1963;Geller 1965). XMCD studies on RelG
have been performed previously in the hard (Fischer 1992;
Kawamura 1997; Knulle 1995; Maruyama 1995) and in the soft
X-ray range (Rudolf1991; Rudolf 1992; Sette 1990). Also, the first
angular dependent XMCD result was performed at the M edge of
TbIG (Van Der Laan 1986). Using X-ray Magnetic Circular
Dichroism (XMCD) the ferrimagnetic sub-lattice magnetization
could be studied quantitatively using sum rules (Altarelli 1993;
Carra 1993; Dartyge 1998; Thole 1992; van der Laan 1998a).

Three different sub-lattices are magnetically interacting and coupled
with superexchange by oxygen. In a formula unit 5 Fe’* ions are
present, two Fe’* are positioned at octahedral sites (A) and three
Fe’'at tetrahedral sites(D), while the Re** ions are located atpseudo
dodecahedral places (C) (Pauthenet 1958). The Fe’™ sub-lattices are
strongly interacting and they order antiferromagnetic at high
temperatures (T, = 564 K for GdIG, 567 K for HolG). The Curie
temperature is approximately independent from the Re element.
Therefore YIG can be used as a Fe'* reference, because Y is non
magnetic. Each Fe** ion has a 3d° electron configuration with a
Hund’s rule ground state of °S;, resulting in a magnetic spin
moment of 4.4y, (Geller 1965). Therefore the resulting total Fe
ground state magnetization per formula unitis 4.4y, or 0.88p, for
a single Fe'* ion. The Re* ions are weakly antiferromagnetic
coupled to the total Fe magnetization and the Re magnetization
increases slowly below T.. At room temperature the Fe’* ions are
dominating the total magnetization. In an external magnetic field B,
the average Fe’" moment is parallel aligned and the Re’
antiparallel. With decreasing temperature, the Re sub-lattice
magnetization is increasing and, due to the antiferromagnetic
coupling to the Fe, the total magnetization is decreasing. Atthe so
called compensation temperature T,,, the total magnetization has
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vanished. Below T, (T,, =290 K for Gd; 136 K for Ho) the Re
ions dominate the magnetization and are parallel to an external
magnetic field while the resulting Fe moment is now antiparallel
(Neel 1964; Pauthenet 1958). This flipping of the sub-lattice
magnetizationscould be directly observed in XMCD measurements.
In the past, this has been done qualitatively for GAIG (Rudolf1991;
Rudolf 1992; Sette 1990). In our work we have investigated HolG
with XMCD quantitatively. We will discussthe magnetic properties
of Fe’" and Re*" in terms of so called Sum Rules(Carra 1993; Thole
1992; Thole 1993). Oxygen K edge XMCD spectra are influenced
by the hybridization to the magnetic neighboring ions and Fe’* and
Ho’" contributions could be separated by different temperature
dependencies.

2. Experimental

Presented X-ray Absorption Spectra (XAS) were recorded at the
bending magnet beamline SX 700 III at BESSY I. The
monochromator energy resolution was set to E/AE = 1200 and the
degree of circular polarization 0.69+0.05. All spectra were
measured by the total drain current. Two Keithley 6517a were used
for measuring simultaneously the sample drain current and the I,
current from an Au coated Cu grid for normalization. The I, grid
was positioned in a p - metal cylinder, to prevent influences ofthe
magnetic field. A split coil superconducting magnet system was
used, with a center bore of 5 cm and a maximal field of 30kOe. The
used magnetic field was =+ 5 kOe.
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Figure 1: a) Fe L, ; edge normalized absorption spectra
at room temperature for antiparallel (line) and parallel
(dashed) magnetic fields. b) Corresponding XMCD
signal at room temperature (dotted) and 80K (line).

To prevent small XMCD offsets signals, we measured at 80K with
an asymmetric magnetic field variation, which does not influence
the sample magnetization(Goering 2000). We used an asymmetry
field of about 0.2 kOe. All data were recorded by flipping the
magnetic field at each data point, to get a derivative free XMCD
signal. Samples were measured at 80K and at room temperature
(RT). At low temperatures charging of the insulating garnet sample
could be prevented by the use of a very thin layer of HolG powder
deposited on colloidal graphite (Aqua Dac), which was used for
electrical contact. Charging could further be reduced by dimmed
synchrotron light intensities. We had absolute values of sample
currents of 3-18 pA for Fe L, ,,- 4-11 pA for O K- and 0.7-3 pA for
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Ho M, ;- edges. All shown HolG XAS and XMCD spectra were
background subtracted and edge normalized. For parallel and
antiparallel field alignment we use exactly the same background
and the same normalization factor, therefore the shape of the
dichroism spectrumis not affected.
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Figure 2: a) Ho M, ; edge normalized absorption
spectra at room temperature for antiparallel (line) and
parallel (dotted) magnetic fields. b) Corresponding
XMCD signal at room temperature (line) and 80K
(dotted).

Fig. 1a shows Fe L, ; edge XAS at RT and Fig. 1b XMCD spectra
for RT and 80K. The flip of the magnetization above and below
T., and changes in F&" sub-lattice magnetization are directly
observable. The shape of the XMCD signal is quite different
compared to bulk Fe metal (Chen 1995).

In Fig. 2a we show Ho M, 5 edge XAS at RTand XMCD spectra for
RT and 80K (Fig. 2b). As seen for Fe'", the flip of the
magnetization is also present, but the changes in Ho>* sub-lattice
magnetization are much stronger compared to F&*. If Ho M;
XMCD is positive, the Fe L, is negative and vice versa, which
directly reflects the antiparallel coupling of Fe to Ho.

Fig. 3 shows O K edge XAS (Fig. 3 a) and XMCD (Fig. 3 b) spectra
at RT and 80K. No single spectra for 11 and 11 magnetic field
alignment are shown, because the XMCD signal is in the range of
the line thickness. Spectral changes are observable in XAS and
XMCD spectra. In the XMCD spectrum, the lowest energy feature
at 530 eV changes sign and intensity comparable to the Fe L, , edge
structures in Fig. 1b. Between 535 eV and 540 eV a new magnetic
feature is appearing with opposite sign, compared to the first feature
at 530 eV.

3. Discussion

As mentioned before, in Fig. 1 - 3 the fernmagnetic behavior of
HolG is clearly observable (Rudolf 1992). Now we want to discuss
all features quantitatively. A sum rule analysis (Carra 1993; Thole
1993) of Fe’* L, , edge spectra yields to projected orbital and spin
moments of Fe 3d electrons. For the nonresonant background we
used two step functions(Chen 1995) at the resonance maxima inthe
XAS signal, with a 2/3 step located at 708.2 eV and 1/3 step at
720.8 eV. We used n, = 5 for the number of holes in the 3d - shell
and extract spin moments of S, =+0.23 p; (-0.34 p;) and orbital
moments L, =+0.03 p; (+0.07 p;) for RT (80 K) respectively. The
ratio between 80 K and RT - S, values is -0.34/0.23 = -1.48.
Magnetization data of YIG provides the Fe'* sub-lattice

magnetization and yields to a Fe moment ratio for HolG of about
4.71,/3.56p,= 1.34 (Neel 1964), which is in good agreement to
XMCD. The L, values are very small and - in these measurements -
comparable to the noise and error levels.

To extract ground state values for Fe* we correct for the
temperature dependance of the magnetization and for the degree of
circular polarization. We use the room temperature values, because
these spectra have less noise level compared to 80 K. Therefore we
have 0.23p,4.7p,/3.56p, /0.69 = 0.44p, = S,(0K) and
(0.23+0.03) 4. 715/3.56 1, /0.69 = 0.50p, for the total magnetic
moment. Fe’* (3d’ configuration) is presumed to be a spin only
magnet with about 5 p,/Fe Ion and hence an effective 1.0 p,/Fe is
presentin the ferrimagnetic ground statearrangement (Geller 1965).
The observed XMCD valueis smaller bya factor of 2. To check our
result we digitized reference data from Rudolfet al. (Rudolf 1992)
for GdIG. Correcting for temperature dependence and circular
polarization we get S,(GdIG)=0.59 pyand L (GdIG)=0.22y; . The
L, value is much greater, compared with our data and inconsistent
with the observed spin only ground state magnetization of 4.97,
for YIG (Neel 1964)p, for LulG (Geller 1965). For pure metals sum
rules seem to be applicable (Chen 1995). We believe that this
reduction in projected moments is due to Fe’" hybridization with
neighboring O* ions.
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Figure 3: O K edge normalized spectra for room
temperature (line) and 80 K (dotted) . a) XAS b) XMCD

We performed the same analysis for the Ho M, ; edges. The XMCD
measured 4f magnetic moment ratio gives S,/L, =1. Taking into
account the antiparallel alignment of the Ho 4f spin to the Fe
magnetization, we get S/L,=4 nuy/4.5p; =0.89 (Hellwege 1988) for
aHund’s rule ground stateof a 4f'° configuration, which is in quite
good agreement to the XMCD value of 1. From magnetization we
expect a temperature ratio |u"°(80K)/|n"°(RT)= 3.3 (Neel 1964).
From M, ;- XMCD we get theratio of 1.02p,/0.28 p, = 3.64.

Calculating the ground state moment for Ho** with
M"(0K)/M*°(80K)=17.3u,/7.0n, (Neel 1964) we obtain
1.02p5017.31,/7.015/0.69 = 3.7p, for Ho 4f. The magnetization
gives 17.31,/3=5.8u,(Neel 1964). This is afactor of 1.56 compared
to our XMCD data. For digitized GdIG data, we get 4fground state
moments of S,=5.6p, and L,=1.1p,. This large L, value for a
Hund’s rule spin only system is quite unexpected. The Gd sub
lattice magnetizationat OK is 20.0p, and 20.0p,/3=6.67, per Gd**
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ion (Neel 1964). This is in very good agreement to the XMCD
value.

We focus now on the observed temperature dependence of ourO K
edge spectra (Fig. 3b). The behavior is unusual, because of the
arising new feature at 536 eV for low temperatures. We identify
near edge spectral features to Fe'" related magnetic interactions,
which are consistent to the temperature behavior and to the sign of
the XMCD signal compared to Mn induced magnetism in OK edge
spectra of La,,Ca,;MnO; (Pellegrin 2000). The new feature at
536 eV has a negative sign at low temperatures and increases
dramatically to 80K. We believe that this is related to the Ho®
lattice magnetization. The 4f states arestrongly localized and do not
overlap significantly with oxygenp electrons. Ho 5d band electrons
will hybridize withthe O p band and are magnetically polarized by
the exchange coupled magnetic 4f electrons. Due to the large
number of 160 atoms per unit cell only non-conventional recursive
band structure calculations are available for YIG (Dunaevskii
1989)(Dunaevskii 1989) Those 5d states are located above and well
separated from the unoccupied Fe 3d state configuration, which is
located near the Fermi level. The 5d sub-band position in this
reference is at 5 eV above the Fermi energy, which agrees with the
observed O K- edge XMCD. This is the first time, where O Kedge
spectral XMCD features could be identified to antiferromagnetic
coupling for different sub-lattices.
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Figure 4: a) Fe L, ; XMCD at room temperature and
corresponding fit result using momentum analysis. b) Three
contributions (A, B and C) to the XMCD fit shown in a)

Comparing the shape of the Fe L, ; XMCD spectra in Fig. 1bwith
bulk Fe XMCD spectra (Chen 1995), an additional strong positive
(negative for 80K) feature at 709 eV is observable. Two Fe'™ sub-
lattices with different crystal symmetry and nearest neighbor
coordination are present. Corresponding spectral features could be
slightly separated in energy (Kawamura 1997). For a quantitative
analysis we evaluated the Fe RT XMCD spectrum in terms of
ground state moments (Thole 1993; van der Laan 1997; van der
Laan 1998b). We used W%n), w'"(<L)) and w’'(=S,)
contributions. Details about this procedure has been published
elsewhere (Goering 1999). The result of this fit and the
corresponding XMCD spectrum from Fig. 1b are shown in Fig. 4a.
The fit reproduces the spectrum nearly perfect. The major part of
our spectrum could be represented by two prominent contributions
which are indicated by A and B in Fig. 4b. A very small third

feature - which we will not further discuss here - is also present
(Fig. 4b: C). The relevant parameters are: Fe L,-L, Spin Orbit
coupling energy of 13.0eV, effective Fe 2p - 3d exchange constant
of 0.8eV and a Lorenzian broadening of 0.95e¢V. The L, centers of
energy are 707.8eV(A), 708.8eV(B) and 713.0eV(C). The values
for the w***moments are 0.18(A) and -0.18(B). The w** moments
reflect the number of 3d holes. Values for the w"''(S,) moments are
3.16(A) and -1.32(B). The ratio is 2.39. According to the previous
discussion this should be 3/2 = 1.5 (Geller 1963; Neel 1964),
denoting a slightly higher magnetic moment for the Fe’* at
tetrahedral sites (D) compared to octahedral sites (A) (Dunaevskii
1989). From the analysis of the w'*(L,) moment we have 0.82(A)
and -0.66(B). This indicates quite comparable orbital magnetic
moments for the Fe** octahedral sites (D) and tetrahedral sites (A).

4. Conclusions

We have investigated the magnetism of HolG quantitatively.
Temperaturedependant relati ve values are in quite good agreement
with other data. Ho 4f magnetism is nicely represented by a 4{'°
configuration, while the Fe magnetization is underestimated by a
factor of two. We address this behavior to hybridization with
oxygen ions. O K edge spectra show two different spectral features
which could be identified to Fe 3d and Ho 5d contributions.
Momentum analysis of Fe XMCD gives a separation between the
two Fe sub-lattices and clearly reflects the ferrimagnetism present
in the system..
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