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Enhanced spin Seebeck effect in the paramagnetic phase of the three-dimensional
Heisenberg antiferromagnet RbMnF3
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RbMnF3 is an insulating antiferromagnet with a perovskite crystal structure and Néel temperature TN = 83 K.
Having magnetic ions with a S electronic ground state in a cubic arrangement, its magnetic anisotropy vanishes
so that it is a nearly perfect three-dimensional Heisenberg antiferromagnet. Here, we report measurements of the
spin Seebeck effect (SSE) in bulk samples of RbMnF3 with the shape of a slab onto which a thin Pt film strip is
deposited. By applying a thermal gradient perpendicular to the slab plane, we detect an electric voltage along the
Pt strip due to the charge current resulting from the conversion of the thermally generated spin current by means
of the inverse spin Hall effect. By varying the magnetic field applied on the plane of the slab, we observe the
antisymmetric step variation typical of the SSE both in the spin-flop and paramagnetic phases. Surprisingly the
SSE increases with temperature in the paramagnetic phase and becomes comparable to the one in the ordered
phase. This enhancement is attributed to a combination of the free spin fluctuations of paramagnetic insulators
with the thermal conduction of long-lived paramagnons made possible by the short-range order that persists
above TN .
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The discovery of the spin Seebeck effect (SSE) in 2008
by Uchida et al. [1] gave birth to a new area of spintronics,
called spin caloritronics. Since then, the new area has attracted
considerable attention for its scientific interest and potential
applications in thermomagnetic devices [2–9]. The spin See-
beck effect, a magnetic analog of the ancient thermoelectric
Seebeck effect, consists of the generation of a spin current
by a thermal gradient in a magnetic material. The initial ex-
periments on the SSE were performed with a thermal gradient
applied along a magnetic film both with the metallic ferromag-
net permalloy [1] and the ferrimagnetic insulator yttrium iron
garnet (YIG) [10] in the so-called transverse configuration.
The effect was detected by electric voltage signals measured
along thin Pt strips deposited on the magnetic film due to the
conversion of the spin current into charge current by means of
the inverse spin Hall effect (ISHE) [11–15].

Soon after the first experiments, Uchida et al. reported
the observation of the SSE with the thermal gradient applied
perpendicularly to the plane of a YIG film in contact with
a thin Pt layer [16]. This generates a spin current in the
same direction of the thermal gradient, and, for this reason,
the phenomenon was called longitudinal spin Seebeck effect
(LSSE). In this case, the spin current flows into the Pt layer
where it is converted into a charge current by the ISHE and
detected by the associated voltage [2,16]. The LSSE proved
to be much more robust than the effect in the transverse mode
so that the longitudinal configuration has become the standard
method for studying the spin Seebeck effect [2–9].

After the initial studies of the SSE in ferro- and ferri-
magnetic materials, the investigation of this effect turned to
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antiferromagnetic (AF) insulators and several new interesting
phenomena were revealed [17–23]. This class of magnetic
materials has been gaining renewed attention due to the emer-
gence of the subfield of AF spintronics [24–33]. Commonly
employed passively to pin the magnetization of an adja-
cent ferromagnetic layer in spin-valve devices through the
interfacial exchange bias [34–36], AF materials have very
unique dynamic features that might have applications in novel
devices.

In this Letter, we report experimental measurements of the
SSE in the three-dimensional (3D) antiferromagnet RbMnF3.
As in the well-studied uniaxial antiferromagnet MnF2, the
ground state of the magnetic Mn2+ ions in RbMnF3 has
configuration 3d5(6S5/2) with no single-ion angular momen-
tum. In MnF2, the tetragonal arrangement of the magnetic
ions results in a sizeable anisotropy due to the dipolar in-
teraction, HA ≈ 10 kOe [37,38]. However, RbMnF3 has a
perovskite crystal structure as shown in Fig. 1(a) with no
measurable distortion from cubic symmetry [39] so that the
dipolar anisotropy vanishes. As a result, RbMnF3 has very
small magnetic anisotropy, HA ≈ 4.5 Oe, and is considered
a prototype 3D Heisenberg antiferromagnet [39–47]. We have
measured the SSE in two samples of RbMnF3 with the ap-
plied field varying in the range −80 < H < 80 kOe and at
temperatures from 5 to 300 K. At temperatures below the
Néel temperature TN = 83 K, the magnetic system is in an
AF-ordered state, and at higher temperatures, it is the para-
magnetic phase. Due to the very small anisotropy, the field
for the transition from the antiferromagnetic to the spin-flop
configuration is only HSF = 2.4 kOe [40,41]. Thus, in the field
range of our experiments, we basically measure the SSE in the
spin-flop and in the paramagnetic phases.
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FIG. 1. (a) Crystal structure of RbMnF3. (b) X-ray diffraction
pattern of the RbMnF3 bulk sample used to fabricate the devices
for measuring the SSE. (c) Temperature variation of the magneti-
zation of RbMnF3 measured in a static field H = 1.0 kOe applied
in the [100] direction. (d) Magnetization vs field measured at the
temperatures indicated. (e) Sketch of the sample mount showing the
heater and thermometer arrangements. (f) Temperature variation of
the resistance of the Pt strip measured in device B.

The experiments were carried out with two samples of
RbMnF3 in the shape of slabs with thickness about 1 mm
obtained by cleaving a bulk rectangular prism of dimensions
3 × 4 × 7 mm3 with all faces on 〈100〉 planes, cut from a
single crystal boule grown by the Czochralski method. Two
devices were made by sputter depositing Pt strips of thickness
10 nm and width 1.2 mm on the cleaved surface along the
larger dimension of the slab. Sample B (of blue) had length 7.1
mm, width 3.0 mm, and thickness 1.0 mm, whereas sample
R (of red) had length 4.5 mm, width 3.0 mm, and thickness
1.0 mm both with edges along 〈100〉 crystal directions. Two
characterization measurements were performed in the bulk
sample before slicing the slabs, x-ray diffraction and mag-
netization. Figure 1(b) shows the x-ray diffraction pattern
of the sample measured with a Rigaku x-ray diffractometer,
model Smartlab, with the Cu Kα radiation (λ = 1.5418 Å),
exhibiting the strong peak corresponding to the (200) plane
of RbMnF3 and the smaller peaks of the (100), (111), and
(300) planes. Figure 1(c) shows the temperature variation of
the magnetization M measured in the bulk sample before slic-
ing, whereas Fig. 1(d) shows magnetization vs field measured
at various temperatures. The measurements were performed
with the AC/DC Magnetometry System modulus of a Quan-
tum Design Physical Property Measurement System (PPMS)

with a field H = 1 kOe applied along the [001] axis. The Néel
temperature TN = 83 K corresponds to the peak in dM/dT
shown in Fig. 1(c). In Fig. 1(d), the rapid variation near the
origin is due to the spin-flop transition.

Figure 1(e) shows a sketch of the sample mount used to
apply the temperature gradient and to measure the voltages
in the Pt strip. A strain gauge (R = 348.6 �) soldered on a
silver plate was used to heat the side of the metallic layer,
whereas the bottom side of the RbMnF3 slab was glued to a
gold coated copper block by means of a thin layer of diluted
GE varnish. Two Cernox thermometers (model CX-1050-SD-
HT) were used to measure the temperatures on the two sides of
the sample, one attached close to the heater and one attached
to the gold-coated copper block.

Copper leads attached to the puck with silver paint and
an external DC power supply were used to heat the silver
plate for setting the temperature difference �Tset between the
silver plate and the copper block, which is measured by the
two thermometers. The PPMS was operated in the user bridge
mode with the temperature stabilized to within ±0.01 K and
varied from 5 to 300 K.

The magnetic-field H, applied along the [001] crystal di-
rection, transversely to the long dimension of the Pt strip, was
swept from −80 to +80 kOe with varying steps: 2.5 kOe
for 80 kOe > |H0| > 5 kOe and 0.25 kOe for |H0| < 5 kOe,
keeping the temperature fixed. The temperature difference
across the sample structure was determined by measuring
the temperature Ts at the silver plate (heater side) and Tcb

at the copper block. As will be shown later, the temperature
difference �T across the RbMnF3 sample is smaller than the
temperature difference measured by the two thermometers,
�Tset = Ts − Tcb because the two layers of GE varnish used
to glue the sample to the silver plate and to the copper block
have thermal resistances that cannot be neglected, especially
at low temperatures. Two thin copper wires attached to the
ends of the Pt strip with silver paste were connected to the
PPMS for measuring the voltage produced by the SSE-ISHE
effects. Figure 1(f) shows the temperature variation of the Pt
strip resistance RPt used to calculate the SSE current. From
the measured voltage vs H data we subtracted a function
symmetric in field about H = 0 in order to obtain the antisym-
metric contribution VSSE(H ) = −VSSE(−H ) produced by the
spin Seebeck effect. The symmetric component is attributed
to the planar Nernst effect [21,22,48] in the Pt film under the
magnetic proximity effect due to the residual in-plane thermal
gradient.

Figure 2 shows the magnetic-field dependence of the SSE
current ISSE = VSSE/RPt measured in the Pt strip of the two
RbMnF3/Pt samples at several temperatures under a set tem-
perature difference �Tset as indicated in each plot. All data
exhibit the steplike behavior characteristic of the SSE. This
charge current is produced by the ISHE conversion of the
spin current generated by the temperature gradient across the
AF sample. The application of a temperature gradient ∇T
across an AF insulator generates a spin current density given
by �JS = −Cs∇T , where Cs is a coefficient that depends on
the mechanism and the material parameters, temperature, and
applied field intensity. The spin current �JS flows into the Pt
layer and is converted into a charge current by the ISHE with
a current density given by �JC = θSH �JS × σ̂ , where θSH is the
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FIG. 2. Variation with magnetic-field H of the SSE current measured in the Pt strip of the two RbMnF3/Pt samples at several values of
the copper block temperature T = Tcb as indicated. Plots (a)–(d) measured in sample B with set temperature difference �Tset = 5 K and plots
(e)–(h) measured in sample R with �Tset = 6.8 K.

spin Hall angle, and σ̂ is the spin polarization. As the field
is scanned and reverses direction at H = 0, the sign of σ̂ in
the Pt layer changes, and so does the sign of the voltage. The
data in Fig. 2 show clearly that the measurements in the two
samples are consistent with each other. A remarkable result is
the fact that the SSE current at T > TN in the paramagnetic
phase is comparable to the one in the ordered phase with the
spin-flop configuration at T < TN .

Figure 3(a) shows another typical signature of the SSE, the
linear variation of the SSE voltage with the temperature dif-
ference �Tset applied to the RbMnF3/Pt sample B structure.
Interestingly, the data were obtained with the copper block
maintained at room temperature T = 300 K at which the AF
material is in the paramagnetic phase. This is a clear demon-
stration that the origin of the voltage at room temperature lies
in the spin Seebeck effect. Similar data were obtained at low
temperatures for both samples where the AF material is in
the spin-folp phase. As discussed earlier, this voltage is due
to the charge current in the Pt layer produced by the ISHE
conversion of the spin current generated by the temperature
gradient across the RbMnF3 slab. In uniaxial AFs, such as
MnF2 and FeF2, the thermal spin current in the ordered phase
is carried by the two magnon modes. Thus, since the thermal
magnon populations vanish at T = 0, the SSE also vanishes at
this temperature. As predicted theoretically [49–51] and con-
firmed experimentally [18,21] as the temperature increases the
SSE increases rapidly with increasing T, reaches a maximum
at some T that depends on the material parameters, and then
gradually decreases to a minimum at TN .

Various quantities are used in the literature to quantify the
SSE so as to compare the size of the effect in various devices.
One of them is the SSE thermopower, defined by [52]

T PSSE = VSSE

l (�T/t )
, (1)

where l is the distance between the contacts used to measure
the voltage and t is thickness of the device. As pointed out in

Ref. [52], the temperature difference �T across the RbMnF3

slab is smaller than the temperature difference �Tset measured
by the two thermometers because of the temperature drop in
the two varnish layers. Figure 3(b) shows the ratio �T/�Tset

FIG. 3. (a) Variation with applied temperature difference �Tset of
the spin Seebeck voltage VSSE measured in sample B of RbMnF3/Pt
for H = 60 kOe in the paramagnetic phase at T = 300 K. (b) Vari-
ation with temperature of the ratio �T/�Tset calculated using the
data for the thermal conductivities of RbMnF3 and GE varnish. (c)
and (d) Temperature dependencies of the spin Seebeck thermopower
T PSSE measured in samples B and R with H = 60 kOe. (e) and (f)
Temperature dependencies of spin Seebeck coefficient SSSE measured
in the two samples with H = 60 kOe.
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calculated using the temperature dependence of the thermal
conductivity of RbMnF3 reported in Ref. [53] and the data
for GE varnish provided by the manufacturer. Surprisingly,
even though the thickness of each varnish layer is only 4 µm,
compared to 1 mm of the sample slab, the fact that the thermal
conductivity of RbMnF3 increases sharply at low tempera-
tures results in the large drop in the ratio �T/�Tset shown
in Fig. 3(b). Figures 3(c) and 3(d) show the temperature de-
pendencies of T PSSE for the two RbMnF3 samples measured
in a field H = 60 kOe obtained with the measured voltages
and the temperature difference �T as in Fig. 3(b). An alter-
native quantity used to quantify the SSE is the spin Seebeck
coefficient as defined in Ref. [51],

SSSE = ISSE/|∇T | = T PSSEl/RPt, (2)

where RPt is the Pt strip resistance between the contacts. This
has the advantage over the previous quantity because it does
not depend on the resistance of the Pt layer that varies with
its thickness, width, length, and temperature. Figures 3(e) and
3(f) show the temperature dependencies of SSSE for the two
RbMnF3 samples obtained with the measured voltages, the
temperature difference �T given in Fig. 3(b) and the temper-
ature variation of the resistance of the two Pt strips.

Clearly, in the spin-flop phase, the SSE behaves similarly
to uniaxial AFs, it reaches a maximum at some low T and
decreases rapidly with increasing T to a minimum at TN .
However, whereas in MnF2 and FeF2, the SSE decays sub-
stantially as T increases above TN and becomes negligible at
room temperature [18,21], in RbMnF3 the SSE is enhanced
in the paramagnetic phase as shown in Figs. 3(c)–3(f). Since
there is no long-range AF order above TN , the large SSE signal
at high temperatures cannot be attributed to the spin current
carried by AF magnons. It turns out that even in the absence
long-range order, in the paramagnetic phase, there is a magne-
tization under an applied field, which in the case of RbMnF3,
is comparable to the one in the ordered phase as shown in
Fig. 1(c). This can lead to spin current generation by a ther-
mal gradient mediated by some form of magnetic fluctuations

as observed experimentally in paramagnetic insulator/normal
metal bilayers [54] and explained theoretically [55,56]. The
enhanced SSE in the paramagnetic phase of RbMnF3 reported
here is not explained by the existing theories. We attribute this
enhancement to a combination of the free spin fluctuations of
paramagnetic insulators [56] with the thermal conduction of
long-lived paramagnons made possible by the short-range or-
der that persists above TN [57,58]. A theory for this interesting
effect is still lacking.

To summarize, we have presented measurements of the
spin Seebeck effect in bilayers made of bulk samples of
RbMnF3 with the shape of a slab and thin Pt film strips.
The experiments were carried out in two similar samples. By
applying a thermal gradient perpendicular to the slab plane,
we detect an electric voltage along the Pt strip due to the
spin to charge current resulting from the conversion of the
thermally generated spin current through the inverse spin Hall
effect. By varying the magnetic field applied on the plane
of the slab in the range −80 kOe < H < +80 kOe we observe
the antisymmetric step variation typical of the SSE both in
the spin-flop and paramagnetic phases. Surprisingly, the SSE
increases with temperature and, in the paramagnetic phase
above TN = 83 K, the signal is comparable to the values in the
ordered phase and increases with T. We attribute this enhanced
SSE in the paramagnetic phase to the thermal conduction
of long-lived paramagnons made possible by the short-range
order that persists above TN . We hope our results will stimulate
the development of additional theories for the spin Seebeck ef-
fect mediated by paramagnons in antiferromagnetic materials.
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