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Using scanning thermal microscopy, we have mapped the spatial distribution of temperatures in an
operating nanoscale device formed from a magnetic injector, an Ag connecting wire, and a magnetic
detector. An analytical model explained the thermal diffusion over the measured temperature range
(2–300 K) and injector-detector separation (400–3000 nm). The characteristic diffusion lengths of the
Peltier and Joule heat differ remarkably below 60 K, a fact that can be explained by the onset of ballistic
phonon heat transfer in the substrate.
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The discovery and controversy of the spin-related
Seebeck effects [1,2], the spin-dependent Peltier effect
[3,4], and the spin-dependent magnetothermopower [5–7]
inter alia have given rise to the field of spin caloritronics
[8–10], where the close connection between spin currents
and thermal effects is exploited in energy-related devices.
More generally, the study of heat transport in nanostruc-
tures has highlighted the dimensional effects of many of the
transport properties, in particular, the thermal conductivity
[11–13], where, for nanotubes, it was suggested that at low
temperatures phonon transport could be ballistic. There are
now several papers demonstrating that the length depend-
ence of the phonon thermal conductivity is a signature of
ballistic transport [14,15]. The wave nature of phonon
transport has resulted in the observation of phonon
localization [16] and ballistic phonon waveguides [17].
It is, therefore, prudent to consider the consequences of
potential ballistic phonon transport in the substrates of
nanostructures.
Recently, increasing attention has been paid to thermal

effects in nanostructures known as lateral spin valves
(LSVs), notably electrical vs thermal spin injection and
calculations of the thermal gradients [1,18–20], the temper-
ature dependence of spin transport [21], Joule heating and
the anomalous Nernst-Ettingshausen effect [22,23], mag-
netothermal effects on spin relaxation [24], and spin-heat
accumulation [25].
LSVs are the archetypal spin current device utilizing

charge currents which generate heat, and, since ferromag-
nets have large Seebeck coefficients [SðTÞ], most of the
voltage measured at the detector of an LSV is thermally
generated [18]. The nonlocal resistance (Rs) is conven-
tionally expressed by dividing the detector voltage by the
injection current. The field dependence of Rs separates the
spin current signal from the thermal signals: Rs is lower for

the antiparallel than the parallel configurations of the
ferromagnetic electrodes.
Johnson and Silsbee [26] pointed out that there was an

asymmetry in Rs that cannot be due to the spin current. The
average nonlocal resistance of the parallel and antiparallel
states [the baseline resistance (BLR)] varied with temper-
ature, and they proposed it was due to a nonuniform current
distribution in the sample; however, Bakker et al. [18]
demonstrated that the BLR was primarily due to the Peltier
effect. There is an intriguing fact about the BLR that has not
been discussed: Below 100 K, the BLR goes rapidly to near
zero where the thermopower of the junction cannot be zero
and there is still substantial Joule heating [see Fig. 1(d)].
Note that the voltage associated with Joule heating has a
low temperature increase where the resistance is constant.
Other observations of the thermal behavior need to be
understood: Kasai et al. [27] showed that in LSVs
fabricated on substrates with different thermal conductiv-
ities, although Rs was the same for both substrates, the
magnitude of the BLR was dramatically reduced for the
higher thermal conductivity substrate.
The diffusion of Joule and Peltier heat have the same

length scale (as they should) as a function of the temper-
ature between ∼60 K and room temperature. But, below
60 K, the Joule heat diffusion length increases, while the
BLR diffusion is no longer exponential and disappears on a
short length scale. These observations can be explained
only by a more quantitative treatment of the data.
The samples were deposited using the technique of

shadow evaporation, which relies on the different develop-
ment rates of resists [28]. They consisted of Permalloy (Py)
electrodes connected by Ag wires (100 nm × 100 nm) with
a range of electrode separations (400–3000 nm). An SEM
image of a completed device is shown in Fig. 1(a) with the
essential components labeled. Measurements consist of
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current-voltage characteristics (IV) varying the injector
current between �0.5 mA while measuring the detector
voltage. A quadratic function in the current (I) was fitted to
extract the Joule heating term, a linear term which is field
dependent (Rs) and a constant related to the volt meter
offset. Figure 1(b) shows Rs derived from the field-
dependent linear term as a function of the magnetic field.
The characteristic shape is due to the magnetic switching of
the electrodes that are engineered to have distinct antipar-
allel (lower resistance) and parallel (higher resistance)
states. The difference between the two states is the spin
signal ΔRs, and the average is the BLR.
Figure 1(c) shows the quadratic term of the IV mea-

surements in the parallel and antiparallel electrode con-
figurations showing that they are the same. The inset shows
the quadratic signal as a function of a complete magnetic
field sweep. We found that this behavior was replicated at
all temperatures.
We have undertaken thermal imaging on a lateral spin

valve in operando using scanning thermal microscopy
(SThM) [46–49] using an ac current of 1.6 mA passed
through the injector. A lock-in amplifier measured the
signal from the temperature sensor fabricated into a
scanning probe cantilever [46]. The measurements were
performed at room temperature in a high vacuum chamber.
The method used here [48,49] can detect independently the
two thermal components, as the Peltier term is linear in the
applied current, whereas the Joule heating term has a
quadratic dependence and can be detected via the higher
harmonic response of the probe.
A small section of the Py electrode is not covered by Ag

and indicates a “hot spot” due to its larger resistance

[profile 1 in Fig. 2(b)]. The temperature decay along the Ag
channel is shown in Fig. 2(a) and is presented as data in
Fig. 2(b) profile 2, along with a fit to the data using a model
that is described below. Profile 3 shows the temperature
distribution across the detector where the rise was about
150 mK. Profiles 1 and 3 extend across the substrate and
show that there is negligible temperature rise in the
substrate—even very close to the metallic structure. This
is useful to inform 3D finite element models, where it can
be difficult to estimate the thermal parameters [24,50].
We have found that a simple analytical model can

explain the heat diffusion. We consider a rectangular
element of the Ag channel at temperature T with a length
dx along the channel, width w, and thickness t. The heat
diffusing into the cell, _Qin, will equal the sum of the heat
that flows through the substrate _Qs plus the heat flow that
leaves the cell, _Qout. The heat flow out of the cell will be
_Qout ¼ _Qin þ ½ðd _QinÞ=ðdxÞ�dx. For each measurement, the
system waits for the steady state to establish, and, therefore,
Ts, the temperature of the substrate, is a constant at any
particular temperature. The heat flow into the substrate will
be _Qs ¼ KðT − TsÞwdx, where K is the thermal conduct-
ance of the interface between Ag and the substrate and wdx
is the relevant area for conduction into the substrate.
Considering only conduction, it is straightforward [28]
to show that the equation to solve is

d2T 0

dx2
− α2T 0 ¼ 0; ð1Þ

where T 0 ¼ T − Ts. The coefficient α2 is given by

α2 ¼ wK
2κA

¼ K
2κt

;

(a)

(b)

FIG. 2. (a) SThM image at room temperature showing both
topography and temperature rise above the substrate (b) shows
the temperature scans across the injector (1), the conduit,
including fit (2), and the detector-conduit junction (3).

FIG. 1. (a) A scanning electron microscope (SEM) image of a
device. (b) Rs at 10 K for an electrode separation of 400 nm with
the BLR. (c) The quadratic term in the fit to the IV measurements
showing no difference between the parallel and antiparallel
electrode alignment and inset: as a function of the magnetic
field. (d) shows the temperature dependence of the Joule heating
and the BLR as detector voltages.
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where κ is the thermal conductivity of Ag and A ¼ tw is the
cross-sectional area of the wire. The factor of 1=2 arises
because the diffusion at the injector proceeds in both
directions along the Ag wire.
With the boundary conditions that Tðx ¼ 0Þ ¼ T in, the

temperature of the injector, and Tðx ¼ ∞Þ ¼ Ts, the
temperature of the substrate, the solution of this equation is

TðxÞ ¼ ðT in − TsÞe−αx þ Ts:

From the data in Fig. 2, we know the substrate (Ts) and
the injector temperatures (T in). Following others [29,30],
we have estimated the thermal conductivity of Ag from the
Wiedemann-Franz law and the temperature-dependent
Lorentz function ΦðTÞ [31,32], which gives us a room
temperature value of 240 W=mK, which agrees well with
other Ag nanowire values [30,51], leaving only K as a
fitting parameter. The best fit [seen in profile 2 in Fig. 2(b)]
is in excellent agreement with the data and returns a value
of the thermal conductance of 40� 2 MW=ðm2KÞ, which
compares well with the values found for similar metal and
dielectric interfaces at room temperature, e.g., Ag on
diamond [52] and Au on diamond or sapphire [53]. The
length scale of the thermal diffusion is given by 1=α, and,
therefore, the temperature dependence of the thermal

diffusion length is determined by the ratio of the
thermal conductivity of Ag to that of the interface
conductance.
The veracity of the model has been demonstrated at room

temperature, but it will apply at any temperature provided
the temperature dependence of the thermal parameters is
taken into account. We have measured the total thermal
voltage and BLR as a function of the electrode separation
over a range of temperatures. To fit the temperature
dependence, we used two fitting parameters: the temper-
ature of the injector and the thermal conductance of the
Ag=SiO2 interface, K. Measured detector voltages were
converted to temperatures using the published values of the
thermopower of Ag [33] and Py [34] nanowires combined
into an effective Seebeck coefficient. We extrapolated
estimates to low temperatures where data were not avail-
able. However, as the temperature of the injector was a
fitting parameter, this provided a check that the estimated
temperatures were reasonable, and if not, a new estimate of
the Seebeck coefficient was determined and the process
repeated until consistent.
Example fits to the Joule heating are shown in Figs. 3(a)–

3(d), where it can be seen that the data are accounted for
remarkably well by the model [28]. In Figs. 3(e)–3(h), the
BLR data have been fitted, where it is evident that below

FIG. 3. (a)–(d) show the exponential decay of Joule heating, whereas (e)–(h) show the behavior of the BLR—(e) and (f) show that the
diffusion below 50 K is no longer exponential due to the diminishing heat loss to the substrate. (i) is the thermal conductivity of Ag
derived from ΦðTÞ and agrees well with measured values [30,51]; (j) is the extracted values of K, the interface conductance; (k) the
diffusion length scales associated with the Joule heating and the BLR voltages measured at the detector; (l) shows the temperature rise of
the injector and detector for a separation of 3000 nm.
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60 K the model does not fit—the diffusion is no longer
exponential.
Figure 3(i) shows the thermal conductivity of Ag derived

from LðTÞ which agrees well with measured values
[30,51]. The temperature dependence of the interface
conductance (K) [Fig. 3(j)] agrees very well with that
directly measured for interfaces such as Al/Si [52], Au on
diamond [53], and Al on amorphous SiOx [54]—in both
magnitude and trend with temperature. Figure 3(k) displays
the diffusion length associated with the thermally generated
voltages measured at the detector. It is expected that there is
only one length scale associated with the diffusion of heat
and that is true for temperatures between ∼60 K to room
temperature. The pronounced difference between the Joule
and BLR measurements indicates that they are the result of
different combinations of thermal effects. The temperature
increase of the injector and detector above that of the
substrate as a function of the temperature is shown in
Fig. 3(l). When the temperature is lowered to about 100 K,
both temperatures begin to increase, which coincides with
the first point of change in the length scales in Fig. 3(k).
This behavior is determined by the fact that at ∼100 K the
value of the thermal interface conductance diminishes more
rapidly when lowering the temperature [see Fig. 3(j)].
The upshot is that less heat is transferred to the substrate
as the temperature is lowered. Since the thermal diffusion
length is determined by the ratio of this conductance and
the thermal conductivity of Ag, that explains the rise in the
Joule diffusion length that starts at ∼100 K. From Fig. 1(d),
it is clear that the BLR voltage is nearly zero below 100 K,
whereas the Joule voltage is still about 4 μV; thus, there is
no discernible Joule contribution to the BLR. At 100 K, for
our samples, the Peltier power is ∼1 μW and falling rapidly
compared to ∼135 μW from the Joule heating, reaching a
constant of 120 μW at low temperatures. The Peltier effect
happens only at the Py/Ag interface, which is not thermally
well connected to the substrate and has a comparatively
small area. The Joule heat is generated everywhere along
the charge current path in metal that is well connected to
the substrate and has a very large area. Thus, changes in the
interface conductance affect the BLR much more than the
Joule heating. The simplest explanation for the behavior of
the BLR below 70 K is that the Peltier heat loss to the
substrate has all but vanished. That means that the solution
to Eq. (1) becomes TðxÞ ¼ ½ðTs − TiÞ=L�xþ Ti, where L
is the distance from the injector where T ¼ Ts. Although
the data are too sparse to test this properly, the data indicate
that the linear decrease looks plausible. The observation by
Kasai et al. [27], where the BLR at room temperature was
smaller when the thermal conductivity of the substrate was
higher, cannot be understood in terms of the Peltier effect.
However, it can be seen as a consequence of the thermal
interface conductance, which is, in part, determined by the
thermal conductivity of the substrate.

Interestingly, to fit the low-temperature behavior of
either the Joule or BLR data, the heat transfer to the
substrate has to be less than that accounted for by the
thermal conductivity of the substrate; i.e., the data cannot
be fitted unless the thermal interface conductance is lower
than that expected from an interface of sheet film on a
substrate. This suggests that the dimensions of the wire
become important at low temperatures. At ∼15 K, the
electronic mean free path (MFP) saturates near 100 nm
[28], which is the thickness of the Ag wire; therefore,
transport in the Ag never reaches the quasiballistic regime.
However, the MFP of phonons in the substrate reaches
49 nm at 10 K [55], but this could be an underestimate by a
factor of 10 [56], as it uses the kinetic expression, which
would account for the fact that we observe the onset of this
regime near 50 K. Hence, the phonon MFP reaches the
width (100 nm) of the Ag wire, and, therefore, we are
entering the regime of ballistic heat transfer into the
substrate. This is reflected in a large reduction of the
interface thermal conductance. We can estimate the lower
limit of ballistic conductance from the kinetic expression
[57]K ¼ Cν ¼ 3κ=Λ, whereΛ is the phononMFP, C is the
phonon heat capacity, and ν is the averaged sound velocity.
This gives a value of 0.81 MWm−2K−1 for the interface
conductance; cf. 0.57 MWm−2K−1 returned by the fit
at 5 K.
The paradoxical low-temperature upturn in the Joule

heating voltage [Fig. 1(d)] is also due to the reduction in the
interface thermal conductance due to ballistic transport to
the substrate. Despite the low value of the Ag thermal
conductivity, the ballistic transport to the substrate ensures
that more heat is reaching the detector than at slightly
higher temperatures.
Using scanning thermal microscopy, we have mapped

the spatial distribution of temperatures in an operating
lateral spin valve. Unexpectedly, the characteristic diffusion
lengths for the Joule heating and BLR are remarkably
different below 60 K: The Joule diffusion length increases,
whereas the BLR diffusion decreases and is not exponen-
tial. The apparent increase in Joule heating, where the
resistance is constant, is a result of increased heat flow to
the detector. These surprising results are explained by
the analytical model and the fact that at low temperatures
the phonon mean free path in the substrate reaches the
dimensions of the wire, and, thus, ballistic thermal transport
accounts for the apparently anomalous low-temperature
behavior of the baseline resistance and Joule heating in
lateral spin valves. The model and techniques developed in
this Letter and the results on phonon coupling are broadly
applicable to nanoscale structures on similar substrates.

The data associated with this Letter are available from
University of Leeds [58].
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