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Abstract

We examine a series of polycrystalline Mn-ferrite samples with a combination of x-ray absorption

spectroscopy (XAS) and x-ray magnetic circular dichroism (XMCD). The spectra are analyzed with

theoretical multiplet calculations to uniquely identify the spectral signature from Mn2+ and Fe2+,3+

cations on octahedral (Oh) and tetrahedral (Td) lattice sites. Time-resolved XMCD (TR-XMCD)

is then used to investigate the dynamic coupling between the Oh and Td sites. The TR-XMCD

scans directly confirm the strict antiferromagnetic alignment of the Oh and Td sites under GHz

excitations. The antiferromagnetic alignment is observed at both ambient and reduced temperature

(∼150 K). Direct measure of the dynamic coupling and exchange stiffness enabled by TR-XMCD

across sub-lattices will be essential for optimizing the development of future-generation microwave

devices.

PACS numbers: 75.30.-m, 75.47.Lx, 75.70.Cn, 75.30.Kz

Magnetic oxides such as ferrites have wide ranging applications and in thin film form the

unique properties of ferrites are increasingly applied to new uses such as integrated microwave

devices [1] and spin filters [2–4]; most of these new applications require superior microwave

performance (e.g. low resonance line width). Spinel ferrites, with a chemical formula of

AB2O4, are a common choice for high-frequency applications [5]. However, a challenge in

obtaining appropriate high-frequency characteristics is controlling the distribution across

and interactions between metal cations in the octahedral (Oh) and tetrahedral (Td) sub-

lattices in the spinel structure. Hence, it is important to examine the interactions of the

different sub-lattices at timescales relevant to high-frequency (GHz-level) applications.

In microwave devices, a planar geometry is desirable for compatibility with integrated

circuit (IC) design, leading to intensive recent efforts on developing ferrite films with spe-

cific magnetic and microwave properties [6]. In devices such as circulators, isolators and

phase shifters, the off-resonance microwave properties of ferrites often determine the output

characteristics such as insertion loss and non-reciprocal attenuation. For model systems,

studies of epitaxial ferrite thin films grown on lattice matched substrates reveal details on
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development of net magnetic moment, strain effects, crystalline anisotropy, and relationships

between extrinsic and intrinsic ferromagnetic resonance (FMR) losses [7]. Polycrystalline

films are more compatible with IC production systems and offer additional mechanisms for

tuning properties via control of crystallite size and magnetic coupling across crystallites

[6], although the variation of crystalline anisotropy axes in polycrystalline films can lead to

broader FMR line width. Also, polycrystalline films can be grown on amorphous substrates,

which is advantageous for soft x-ray magnetic spectroscopy of ferrite films.

X-ray absorption spectroscopy (XAS) in the soft x-ray spectral range is a technique that

is well-suited for examining issues such as cation valence and crystal field symmetry and

strength [8]. In addition, x-ray magnetic circular dichroism (XMCD) can reveal details

of magnetic alignment between different cations [9–11]. By applying XAS and XMCD we

present below an analysis of cation occupation in Mn-ferrite thin films. More importantly,

we use a combination of time-resolved XMCD (TR-XMCD) and microwave excitation to

examine the precessional motion of cations resolved to specific Td or Oh sub-lattices. By

stroboscopically sampling the precessional orbit of the cations, we present the first measure-

ments of the phase relationship of the cations on the Oh and Td sites under driven precession,

opening a direct path to future tests of lagged response models of intrinsic loss mechanisms

in mixed valence magnetic oxides [12].

In the full spinel crystal structure, A2+ cations occupy Td sites and B3+ cations reside

on Oh sites while in an inverse spinel, the B3+ cations are divided equally between the Oh

and Td sites, and all of A2+ cations occupy Oh sites. Mn ferrite is a partial inverse spinel,

where the electronic similarity of manganous (Mn2+) and ferric (Fe3+) cations leads to a

re-distribution across the Td and Oh sites; on average in bulk systems, around 20% of the

Mn2+ cations reside on the Oh sites [13]. The degree of inversion determines the net magnetic

moment in Mn-ferrites (the Td and Oh sites are antiferromagnetically coupled), and can also

can affect the uniaxial anisotropy [14].

Here, we look at Mn-ferrite films grown on amorphous silicon nitride (Si3N4). These thin

films were grown under non-equilibrium conditions by pulsed laser deposition using dual

targets and alternating target laser ablation deposition (ATLAD) [15]. The growth temper-

ature was 750 or 810 ◦C while the O2 pressure was set to 2 or 10 mTorr (see Table 1). X-ray

absorption (XAS) spectra were obtained at beam line U4B of the National Synchrotron Light

Source (NSLS) and the XMCD spectra were recorded with 70% circular polarization. Both
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Sample Tgrowth (℃) Pgrowth (mTorr) Mn2+/Mn3+ Fe2+/Fe3+

I 750 10 0.72 : 0.28 0.17 : 0.83

II 750 2 0.98 : 0.02 0.19 : 0.81

III 810 10 0.93 : 0.07 0.19 : 0.81

IV 810 2 1 : 0 0.22 : 0.78

TABLE I. Samples prepared with various processing conditions. The two rightmost columns con-

tain the relative amounts of Mn and Fe cations.

XAS and XMCD were measured in transmission mode, where the transmitted x-ray intensity

was monitored a function of photon energy. Measurements of the precessional motion were

carried out at beamline 4-ID-C of the Advance Photon Source (APS) at Argonne National

Laboratory. Alternating magnetic fields, harmonically generated and phase-locked to the

electron bunches of the synchrotron, were applied to the sample via a co-planar waveguide

to excite precession of the magnetic moments. Due to shape anisotropy of the thin film

samples the precessional orbit of the magnetization vector is strongly elliptical with an in-

plane long axis. As the XMCD signal is proportional to the projection of the magnetization

along the light propagation vector the sample was rotated 30◦ away from normal incidence

to increase the signal-to-background level. Element- and time-resolved scans were generated

by monitoring the XMCD intensity while varying the time delay between the bunches and

the microwave excitation. More details on the XMCD + FMR apparatus are reported in

[16]. The measurements were carried out at room temperature (RT) and at 150 K.

Static transmission XAS and XMCD spectra were obtained for Fe and Mn, respectively,

by scanning the incident photon energy over the corresponding L-edges. XAS (XMCD) spec-

tra are presented as the average (difference) of individual spectra collected with the sample

magnetization and photon helicity in aligned and anti-aligned configurations. Representa-

tive spectra for films prepared under different processing conditions are presented in Fig. 1.

A linear background is subtracted from all experimental spectra and the L3 peak height on

both the XAS and XMCD data sets is normalized to unity to facilitate comparison.

To assess the distribution of cations with different oxidation state and site occupancy, we

model the experimental XAS and XMCD spectra with multiplet calculations based on the

method described by van der Laan and Thole [17] using CTM4XAS software [18, 19]. The

best fit to the experimental spectra were obtained with a crystal field parameter of 10Dq =
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0.6 and 1 eV for Mn2+ and Mn3+ respectively, close to those found for related systems [20] for

Mn cations located in Td symmetry. The Fe spectra were modeled assuming a combination

of Fe3+ (10Dq = 1.4 eV) and Fe2+ (10Dq = 1.2 eV), both occupying Oh sites. The crystal

field values are close to those found in Fe3O4 [21] and manganese ferrites [22]. Hybridization

between the d-orbitals of the metal ions and p-orbitals of oxygen in the lattice was taken

into account indirectly by reducing Slater parameters to 80% of their atomic value [23]. The

XMCD spectra were simulated by assuming a constant exchange field of 5 meV. Good fits to

the experimental spectra were obtained (blue traces in Fig. 1), allowing us to determine the

relative concentrations of di-valent and tri-valent cations in the samples and also to assign

the main spectral features on the XMCD traces to cations residing either on Td or Oh sites.

The two rightmost columns in Table 1 summarize the relative concentrations of di-valent

and tri-valent cations; the error of the relative intensities is estimated at about 10%. As

can be seen in the Table, the majority of the metal ions are the thermodynamically stable

manganous (Mn2+) and ferric (Fe3+) cations. The fits to the Fe spectra indicate that the Fe

oxidation state in these samples is relatively insensitive to processing conditions. The fits to

the Mn spectra reveal a similar trend, with the exception of the sample prepared at 750 ◦C

and 10 mtorr O2; this sample has a significant contribution from Mn3+, which is consistent

with the observation that the Mn valence is more sensitive to sample processing conditions

[24].

The XMCD spectra in Fig. 1 confirm that the Mn and Fe cations are antiferromagnetically

aligned, consistent with the assumption of predominant Td occupation for the Mn cations

and Oh occupation for the Fe cations. The modeling of the XMCD spectra indicates that

the main peaks in the L3 edge XMCD spectra for Fe (707 eV and 709.5 eV) can be assigned

primarily to Fe2+ and Fe3+, respectively. Interestingly, the XMCD spectra for Mn are

reproduced in the models assuming that only the Mn2+ cations contribute to the XMCD

signal, suggesting that the Mn3+ cations do not have a net ferromagnetic alignment, possibly

due to the localization of these ions in the near-surface layer, similar to the case of CrO2

thin films [25].

Turning now to the TR-XMCD measurements, we first examine a Mn-ferrite sample

prepared under similar growth conditions using static XAS and XMCD; results are presented

in Fig. 2 a,b. Fits to the XAS scans indicate that, within the estimated error of the fits,

the cation distribution is identical to sample I. As with the other samples, modeling of the

5



XMCD spectra confirm the assignments of the XMCD peaks at 639.2 eV to Mn2+ cations

on the Td sites and the peaks at 707 eV and 709.5 eV to Fe2+ and Fe3+, respectively on the

Oh coordinated sites.

Although the time-resolved technique described here allows for measurements at higher

frequencies we choose to work at a relatively low excitation rf in order to maintain a large

precession angle and hence a substantial XMCD signal [26]. Microwave excitations at a

frequency of 2.1 GHz, phase locked with the x-ray bunch clock as described in [16], are

applied to the sample via a co-planar waveguide while an orthogonal, in-plane 95 Oe bias

field is applied. The rf excitation produces precession of the Mn and Fe moments in the

ferrite sample, and the orbit of the precession is mapped out by introducing a variable delay

between the rf source and the x-ray bunch clock. Results are presented in Fig. 2c (room

temperature) and Fig. 2d (150 K). As expected, the oscillatory nature of the precession

produces a sinusoidal time trace, reflecting the time-varying projection of the precessing

cation moments on the x-ray propagation direction.

By fitting the delay traces, we extract the relative phase between the precession of the

different cations. Taking the Mn2+ cations on Td sites as our reference, the relative phase

lag is 186.6 ◦± 2.2 ◦ for Fe2+ (Oh) and 182.0 ◦± 2.2 ◦ for Fe3+ (Oh). Within the error of the

measurements (corresponding to a timing difference of ±3 ps, well below the ∼70 ps bunch

width of the x-rays used to sample the motion), the Td and Oh cations are seen to precess

anti-phase, again indicating the antiferromagnetic coupling between the two sub-lattices in

the spinel structure. Also, within the experimental resolution, we do not resolve a significant

difference in phase between the Fe2+ and Fe3+ cations.

In many insulating oxides, the line width for microwave resonance varies considerably with

temperature, reflecting a competition between the excitation frequency and temperature-

dependent relaxation processes, which can involve electron hopping between cations and

symmetry sites [12]. Hence, we also undertook timing delay scans under rf excitation at

reduced temperature to explore the phase relationship between the Mn and Fe cations. At

a temperature of 150 K (Fig. 2d), nearly anti-phase precession between the Mn on Td sites

and Fe on Oh sites is again observed; the observed phase lags are 181.2 ◦± 3.8 ◦ for Fe2+

(Oh) and 183.3 ◦± 3.7 ◦ for Fe3+ (Oh), relative to the Mn precession.

The observation of precession under microwave excitation resolved to cations on specific

lattice symmetries and distinct oxidation states establishes TR-XMCD as a technique that
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can address long-standing issues on relaxation processes in mixed-valence oxides. In the

present measurements, the Mn (Td) and Fe (Oh) moments are seen to precess anti-phase

with respect to each other, indicating that the cations on the Td and Oh sites maintain

their strict antiferromagnetic alignment even during rf excitation under the experimental

conditions sampled thus far. A clear extension of the current measurements would be to

explore lower temperatures, and in particular examine mixed-valence ferrite materials that

exhibit a distinct peak in the line width vs. temperature relationship. In such systems,

measurement of both the amplitude of the precession cone angle as well as the precession

phase, which can be readily measured with TR-XMCD under rf excitation [27, 28], for

dissimilar cations may reveal a variation in the exchange stiffness between the Td and Oh

sites with temperature. Such knowledge of high frequency spin coupling in the spinel and

other ferrite systems is essential to the design and realization of future generation microwave

devices such as frequency selective limiters, phase shifters, filters, isolators, and circulators.

Lastly, by directly examining cations or neutral species with different occupation of the

d-state manifold, and hence different orbital moments, as a function of both temperature

and frequency, phase-resolved XMCD may provide insights into the the role of the orbital

moment in loss processes necessary in magnetization dynamics [29, 30].
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FIG. 1. XAS and XMCD spectra for Mn (a, b) and Fe (c, d ). Experimental (blue) and fitted data

(red) are presented for sample I and IV together with calculated di-valent (orange) and tri-valent

(green) cation spectra. Details on the fits are presented in the text.
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FIG. 2. XAS and XMCD for Mn (a) and Fe (b) for Mn-ferrite sample grown on an amorphous

Si3N4 substrate. Dashed lines indicate the energies where the time delay scans are taken. Time

delay scans showing the XMCD intensity as a function of time at room temperature (c) and 150

K (d) under continuous rf excitation of 2.1 GHz. The timing scans directly reveal the anti-phase

precession between the Mn2+ (Td) cations and Fe2+,3+ (Oh) cations.
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