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Abstract:

During our previous experiment on IN20 we obtained beautiful magnon data with full polarisation analysis on the Spin Seebeck Effect

(SSE)  material  Tb3Fe5O12.  The  high  energy  (3-10meV)  optical  magnons  agree  quantitatively  well  with  our  theoretical  model  of  the

origin  of  the  Spin  Seebeck  Effect.  However,  the  lower  energy  acoustic  modes  (0-3meV)  do  not  appear  to  agree  with  our  theoretical

model of the SSE. The measurement of the acoustic mode were limited by the energy resolution on IN20. Here we propose to use higher

energy  cold  neutron  inelastic  scattering  on  Thales  or  IN12,  with  polarisation  analysis  to  obtain  higher  quality  data  on  the  acoustic

magnons to better understand the differences between our theoretical calculations and magnon data and also to further refine our model

on the origin of the SSE in the compensated rare-earth iron garnet systems. The SSE reflects the bulk magnon characteristics so that the

unique energy resolution of neutron methods and bulk single crystals provide an idea tool for investigating the magnonic mechanisms

involved in the technologically important SSE, applied to nanoscale magnetic insulator - metal (MI/M) composites.



Revealing	the	Magnon	Contribution	to	the	Spin	Seebeck	Effect	in	Tb3Fe5O12			
	

Aim of Experiment 
In experiment 4-01-1609 on IN12, we proposed to use Polarised Inelastic Neutron Scattering (PINS) 
to investigate the charality of the magnon contribution giving rise to the so-called Spin Seebeck Effect 
(SSE) [1-4].   The aim of the experiment on IN12 was to build on our previous results using Polarised 
Inelastic Neutron Scattering (PINS) on IN20 (report 4-01-1671) to investigate chirality of the magnon 
modes in Tb3Fe5O12 (TbIG). The ReIG (Re=Gd,Tb,Y etc) are important to spintronics applications 
such as SEE, due to their long magnon lifetimes.  The work is motivated by theoretical analysis fist 
applied to Gd3Fe5O12 [5], in which the thermal response of the SSE is proposed to be due to the 
interplay of low energy magnon modes of opposite chirality. This can be shown in figure 1(a), where 
the first optical mode (lowest blue parabolic curve), is shifted up in energy as temperature is lowered 
and eventually shifts above the thermal energy (horizontal flat line) around 40K (bottom panel). At 
low temperatures the magnons are dominated by acoustic Goldstone modes of opposite Chirality. 
This should then be responsible for an observed change in sign in the SSE voltage generated [5] at 
low temperatures.  
 
In our previous experiments on IN20, we find clear evidence for the optical blue magnon mode as 
shown in ingure 1b. In a PINS experiment the chirality of a magnon band is evident by an asymmetry 
in the spin-flip intensities +- & -+. From the data in fig 1b we can conclude that the first optical mode 
has 100% chirality because the intensity is 100% in one of the -+ spin-flip channel.  
 
However in the experiments on IN20, we failed to observe any evidence of low energy dispersive 
Goldstone acoustic modes in TbIG. 
 
The experiment on IN12, was aimed at focussing our investigations on the lower energy magnon 
modes, using cold neutrons with better energy resolution to find any evidence of the low energy 
Goldstone acoustic magnon modes.  Some of the data obtained are shown in Figure 1c. After a careful 
analysis of the data, we failed to find any clear evidence of a low energy acoustic mode as proposed 
in the theory for GdIG [5].  
 
These results have puzzled us for a while and motivated new theory in collaboration with the ILL 
theory group and the university of Kent.  In our theory, we use a simplified model to investigate the 
effects of the strong crystal-field levels of Tb3+ to the chirality dependent magnon modes involved in 
driving the SSE in TbIG [6]. Our simplified model is general for ReIG, and we obtain a measure of 
the energy as a function of the canting angles (𝜃", 𝜃$%) of the Re and of the Fe magnetic moments 

 
a0 is a constant, Ke is the anisotropy constant for the easy-axis of the Re magnetic moment S. The 
constants Jcd, Jdd, Jad account for the exchange couplings between the magnetic moments of the rare-
earth (S, c-sites) and of the iron ions(sd, d-sites; sa, a-sites). This study has proven that the acoustic 
mode can become hybridised with the crystal field levels and is shifted to higher energies with mixed 
chirality [6]. These effects are expected to be negligible for GdIG, since Gd3+-ions have a spin-only 
ground multiplet and should exhibit a negligible single-ion anisotropy. We are currently working 
towards a more detailed theory with the aim to fully reproduce our PNIS on TbIG, and to know more 
of ReIG as a class of materials. 

New PINS experiments on a low absorption isotope of GdIG are required to test this new theory.    
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FIG. 3. Canting angles ✓R (red line) and ✓Fe (blue line) of
the rare-earth c-moments and the iron d-moments, respec-
tively, as a function of the dimensionless ratio of c-d exchange
Jcd to single-ion anisotropy Ke calculated using the spin val-
ues |sa| = |sd| = 5/2 and |S| = 6. Due to the interaction
with the rare-earth moments, the Fe-d moments also become
slightly non-collinear. The dashed lines indicate a canting
angle ✓R = 32�, which is used for the calculation of the spin-
wave dynamics in Section III.

three orthogonal axes of the net moment with respect
to the [111]-direction, ↵o = cos�1(1/

p
3), then Eq. (2)

yields the classical energy as a function of the canting
angles ✓R and ✓Fe

✏(✓R, ✓Fe) = � KeS
2 cos2(↵o � ✓R) + JcdSsd cos(✓R � ✓Fe)

+ Jdds
2
d(2 cos2 ✓Fe � sin2 ✓Fe)/2

� 2Jad sdsa cos2 ✓Fe .
(3)

Minimizing the energy ✏(✓R, ✓Fe) gives ✓R and ✓Fe as a
function of Jcdsd/ (KeS). The thus obtained canting an-
gles ✓R and ✓Fe are shown in Fig. 3 as a function of the di-
mensionless ratio of the c-d-exchange Jcd to the single-ion
anisotropy Ke. A large canting of the rare-earth moments
is expected for a large single-ion anisotropy and weak c-d
coupling. By increasing the exchange interaction Jcd the
Fe-d-moments also become slightly non-collinear. How-
ever, we note that we do not consider any crystalline
anisotropy on the Fe-sites, since this is expected to be
weak [31].

Linear Spin wave dynamics

Once we have determined the ground state of our 8-
sublattice model in a mean field approach, we now can
calculate the dynamical structure factor via linear spin
wave theory [32]. Because of the interest in the chiral-
ity, especially of the low energy spin waves, we calculate
the spin polarized cross-sections with the sign of chiral-
ity defined with respect to the spin axis along the [111]

direction, i.e. the direction of the Fe-a-moments. To
introduce the main qualitative features, we will restrict
our discussion on the results calculated using the basic
Hamiltonian introduced in Eq. (1). In Figure 4(a) we
show the dispersion of the lowest five modes of our sim-
ple one-dimensional model for a small c-d coupling with
Jcd = 0.05Jad. This implies a relatively weak coupling
between the acoustic as well as optic modes on the Fe-
ions and the essentially local modes on the rare-earth
R3+-ions. The gap �CF between the ground state dou-
blet and the first excited state of the crystal-field spec-
trum of the R3+-ions is assumed to be 4.2meV. As there
are three rare-earth ions per unit cell, the weakly disper-
sive single-ion mode at around 1 THz is 3-fold degenerate.
Figure 4(b) shows an enlargement of the region around
the avoided crossing of the original acoustic branch and
the single-ion levels, demonstrating that in fact there is
level repulsion between the upper and lower levels, while
the intermediate level is apparently not hybridized. The
property of this intermediate level is a consequence of a
reflection symmetry of the one-dimensional model. Hy-
bridization of the acoustic mode with the rare-earth ions,
which are strongly anisotropic, leads to a gap in the
acoustic mode - there is no longer a Goldstone mode as
rotational symmetry is broken. In the two figures the
dispersion is colour-coded in terms of the chirality X of
the modes, defined simply as

X (q, !) =
�+�(q, !) � ��+(q, !)

�+�(q, !) + ��+(q, !)
, (4)

where ��+ and �+� are, respectively, the spin-flip up and
spin-flip down dynamical structure factors. Therefore,
the upper, optical mode has a chirality X = �1 (full blue)
and so only the ��+ cross-section contributes. Instead,
the lower, acoustic mode, which would have a chirality
X = +1 (full red) in the decoupled limit (Jcd = 0), now
develops a more complex, q-dependent, chirality X (q, !)
due to its hybridization with the rare-earth ions.

If we now increase the coupling strength Jcd to a value
that gives an umbrella structure with a canting angle
of ✓R = 32� of the rare-earth ions (see dashed lines in
Fig. 3) and Jcd = 0.2Jad, which is a reasonable value [33],
the originally gapless Goldstone mode is actually pushed
above the single-ion levels, but retains a complex chirality
X (q, !) (see Fig. 5). This may be compared to Ref. 34
where there is no-anisotropy and a collinear structure but
level repulsion gives a gapped “acoustic” mode.

IV. COMPARISON TO REAL MATERIALS

While the one-dimensional spin lattice is obviously
simplified structurally compared to real R3Fe5O12 ma-
terials, there are further simplifications that are inherent
in the formulation. The rare-earth “spin” S should be
identified as the total angular momentum J = L + S
where the orbital L and spin S are strongly coupled
by L · S coupling. By writing a single quadratic term



 

 

Figure 2 (a) left. Theoretical model of SSE [5]. The first parabolic (blue) mode is the optical mode of opposite chirality 
to the lower energy acoustic (flat-red) magnons. At high temperature >120K SSE response is dominated by the optical 
magnons. Below T<120K the optical modes become frozen out (horizontal line is thermal energy) as the band gap opens 
and the SSE response is dominated by acoustic magnons of opposite chirality (red). The model proposes that this effect 
causes an change in V(SSE) shown in fig 1b for T<100K. (b) middle. The measured optical magnons in SF channels +-
(red) and -+ (blue) at G-point (444) on IN20, in qualitative agreement with theory (fig 2a). (c) right. The measured PINS 
in the spin-flip channels on IN12 at low energy loss. These magnon modes a not clear are not consistent with the model 
proposed for GdIG [5]: They are not purely chiral with both +- and -+ SF scattering and do not switch chirality above 
Tcomp.  
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