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Peltier-effect measurements to an accuracy of 1% have been made on NigCus;, and NigFe;, at 1.3-4.2 K and
magnetic fields to 5.5 T. The Peltier coefficient 7 is proportional to T? as expected for electron diffusion.
However, the absolute value of 7 decreases by 7% in Ni-Cu and 4% in Ni-Fe when the field is increased from
just above ferromagnetic saturation to 5.5 T, at 4.2 K. This decrease is consistent with a magnon-drag
contribution to the Peltier coefficient, which is quenched by the field, at least in the case of Ni-Cu. The
magnitude of the contribution, when combined with Hall data, indicates that the magnon gas drifts at a speed
close to that of the 4s electron gas. Using a simple kinetic theory this implies that magnons relax faster on 4s
electrons than on impurities. Interpretation of Ni-Fe data is not so clear.

1. INTRODUCTION

In an isothermal metal or semiconductor, an
electric current density? is accompanied by a heat
current density 6, where C_§= ﬁ. The existence of
Q constitutes the Peltier effect,'? and the number
7 is called the Peltier coefficient. The absolute
thermopower S of the material is related to 7 by
the relation S=u/T.

The electrons contribute directly to the Peltier
heat current, and this part is called the electron-
diffusion contribution. If T< Tp, where Ty is the
Fermi degeneracy temperature, then this part
obeys S=7/T«<T.

In a ferromagnet, the electron-diffusion Peltier
effect usually depends somewhat on the angle be-
tween the direction of measurement and the satura-
tion magnetization I\_/Ts. This phenomenon is called
ferromagnetic anisotropy of the Peltier effect or
thermopower,® and is caused by spin-orbit interac-
tion.

Because of electron-phonon collisions, the elec-
tric current may cause the phonon gas to have a
nonequilibrium distribution and to drift with an av-
erage drift velocity deh. Then the phonon gas car-
ries a nonzero heat current. This is the “phonon-
drag” contribution''? to the Peltier coefficient.

Bailyn and later authors® suggested that magnon-
electron collisions would lead in conducting ferro-
magnets to a “magnon-drag” effect similar to pho-
non drag. The magnon gas would drift at a velocity
d¥,, and carry a nonzero heat current.

The present work is an attempt to find a magnon-
drag contribution to the Peltier effect of a transi-
tion-series ferromagnet. In order to separate this
contribution in a more convincing manner than
could be achieved by earlier authors, we take ad-
vantage of the fact that magnons are quenched by
a magnetic field. Moreover, we choose to make
these measurements in a concentrated alloy, be-
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cause we need to know that magnetic fields of or-
der 5 T have a negligible effect on the electron-
diffusion thermopower. These two important points
of experimental technique, the necessity of which
does not seem to be generally appreciated, have
already been applied by us to the successful detec-
tion of a magnon contribution to the thermal con-
ductivity of Ni- Fe alloys® and of Fe-Co alloys.®

Another simplifying feature of our experiments
on alloys at low temperatures is the fact that elec-
trons are scattered mostly by impurities. The ex-
istence of magnons has a negligible effect on the
electron distribution.

An abstract on our present magnon-drag work
has already been published.”

II. SIMPLE MAGNON-DRAG PELTIER THEORY

We assume a free-electron gas drifting at a ve-
locity dV, and a magnon gas drifting at a velocity
AV,

dv,=/ne, dVp=a,dv,, (1)
where a,, remains an adjustable parameter. Then
the magnon distribution n(q) is®

- ~ OF dn

n(@)=n(E@- d§)=~n(E@)-dq- o B

. (2)
dq=(%/2D)dV,,,
where 7, is the Bose-Einstein distribution

n(E @) ={explE@)/ksT] - 1}*.

We write also for the magnon energy E()

E@Q)=Dg*+ gupBy, 3)

x=Dq*/kpgT, y=gupB./kpT.

The magnon heat flux in the x direction is
1 oF
QZ_V” qz "(G)E(—d)aq"y
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where V is the crystal volume.
Using Eqs. (1)-(3), this may be written

e e ERTP
Q a”'nee 6m2 D32 L(y), "
- (77 e exp(x+y)
L(y)-f0 % (x+y)[exp(x+y)—1]2dx'
Going back to the definition 7=Q,/j,, Egs. (4) give

T a, RYT?
S=F=ﬁ6frz—D372' (9). ()

But the specific heat of the magnon gas per unit
volume is,’ at zero magnetic field,

Cn(By=0)= (kY*T*? /47 D°"*)L(0), (6)
where L(0)=4.45. Therefore

T 20, _ L)
T 3n,e CBerr=0) gy - @™
The “quenching function” L(y)/L(0)= L(y)/4.45 has
been calculated by numerical integration with a
digital computer. The result is shown in Fig. 1.
The effective magnetic field B, appearing in
Eqs. (3) is defined™ in such a way as to include a
part describing approximately the influence of
dipole-dipole interaction on the dispersion rela-
tion E(J) of magnons. In the case of a Peltier heat
current flowing along a rod parallel to the external
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FIG. 1. Quenching function representing the influence
of the effective field Beff on the magnon-drag Peltier
effect.

magn_gtic field _}§E and to the saturation magnetiza-
tion My, one can show that in mks units

geff=BE+115Ms' (8)

This expression is correct to first order in the pa-
rameter j=guyM,/kpT, and is valid only if j< 1.
It is identical to the one derived by us’ for the
problem of thermal conduction by magnons, and is
derived in a similar manner.

II. EXPERIMENTAL APPARATUS

Our apparatus for Peltier measurements is very
similar to the ones of Fiory and Serin and of Tro-
dahl,'! though developed independently. The sam-
ple is in a can where the pressure is 2x107¢ Torr.
The center of the cylindrical sample S is thermally
connected to the liquid-helium bath through a clamp
C made of tellurium copper (Fig. 2). Each end of
the sample is soldered to a 0.25-mm-diam super-
conducting-alloy wire in order to provide the sam-
ple current /. These wires are brought to the li-
quid-helium bath through hollow glass-to-metal
seals on the bottom of the vacuum can.

The two carbon thermometers R, and R, are
100-Q, 3-W Allen-Bradley resistors. Each one is
glued inside a hole of a small copper block, which
is clamped around the sample close to one end.

The two 300- calibration heaters H, and H, are
made of 0.025-mm-diam manganin wire, noninduc-
tively wound around pieces of lacquered No. 18
AWG copper wire which are soldered to the sam-
ple ends at the same point as the sample current
wires (Fig. 2).

Each thermometer has two leads and each heater
has four leads, made of a few cm of superconduct-
ing-alloy wire and manganin wire, followed by cop-
per wires running to the top of the Dewar vessel
through the vacuum line. These copper wires are
thermally grounded to the helium bath by being
wound around a copper post and glued to it.

The carbon thermometers R, and R, are connect-
ed to two adjacent arms of a Wheatstone bridge.
The bridge circuit’? allows us to measure R, di-
rectly in order to find the absolute sample tem-
perature. It also allows us to determine R, - R,
directly during Peltier measurements. This dif-
ferential setting minimizes the effect of drifts of
the bath temperature. At each magnetic field val-
ue, the thermometers are calibrated by measure-
ments of the vapor pressure of the bath, in the ab-
sence of current through the sample.

The bridge is excited by a 33-Hz sine wave, and
the bridge output is sent to a P.A.R. HR-8 lock-in
amplifier. The rectified amplifier output is fed to
a recorder. Using the differential setting of the
bridge, and choosing well-matched carbon ther-
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FIG. 2. Apparatus for measurements of the Peltier
effect at low temperatures.

mometers, the recorder output during Peltier
measurements depends mainly on the temperature
difference T,- T, between the two thermometers.

The sample current I, of about 0.5-1 A, is pro-
vided by a current-regulated dc power supply and
is measured by a digital voltmeter in parallel with
a 1-Q standard resistor.

The current feeding the calibration heaters H,
and H, is provided by the voltage-regulated dc pow-
er supply PS, through a 1000-2 sine-cosine poten-
tiometer™ acting as a voltage divider. One output
voltage of the potentiometer is V,sina and the oth-
er is V cosa, if the voltage across PS, is 2V,.

Since sin*a + cos’a =1, the sum of powers dissipat-
ed in H, and H, is nearly independent of the setting
a of the potentiometer. The voltages across H,
and H, are measured with a digital voltmeter. The
voltages across 563-Q standard resistors in se-
ries with H, and H, are also measured, in order to
determine the current through the heaters.

The temperature of the liquid-helium bath is
regulated by 2 mechanical manostat, together with
an electronic regulator.™

The magnetic field is parallel to the electric
current, and is provided by a superconducting
magnet with 1% uniformity in a 25-mm-diam
spherical volume.

In order to measure the electrical resistivity,
the sample is immersed directly in the liquid-
helium bath. The various clamps, thermometers,
superconducting wires, and heaters are removed.
Current leads are soldered to both ends of the
sample. Two narrow phosphor-bronze voltage
probes are clamped around the sample at the ap-
proximate former location of the thermometers.
The ohmic voltages are measured with a Keithley
Model 148 nanovoltmeter for both directions of the
dc current, and averaged. The magnetic field is
parallel to the current.

IV. PELTIER EXPERIMENTAL PROCEDURE

After the bath temperature is stabilized at the
desired value, the sample current / is switched on,
and set at a value such that the temperatures T,
and T, of the thermometers do not differ from the
bath temperature by more than 1%. A Peltier heat
current 7/ is then flowing through the sample.
Since the Peltier coefficient of the superconduct-
ing current leads (Fig. 2) is zero, a heat 7/ is tak-
en from one end of the sample and an equal heat
deposited at the other end every second. This
causes a cooling of one end and a heating of the
other end, and thus a small difference of tempera-
ture T, - T, exists. The sample current I is then
reversed with a switch. This produces a reversal
of T,— T, and therefore a change AX;, of the re-
corder output, which is measured. Note that a
sizable joule heating of the sample is always pres-
ent but is not affected by current reversal.

Then, in order to calibrate the recorder output
directly in terms of power, the setting of the sine-
cosine potentiometer is changed. This induces a
change AH, of the power dissipated in calibration
heater H,, which is determined by heater voltage
and current measurements. The change AH, of
dissipation in H, is determined similarly. The
sine-cosine potentiometer insures AH,~— AH,,
simulating the Peltier effect in this respect. The
average AH=3(|AH,|+|AH,]|) is evaluated. The
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corresponding change AX_, of the recorder output
is also measured.

Note that thermometer magnetoresistance or un-
certainties in thermometer calibration do not af-
fect the measured 7 values.

V. SAMPLE PREPARATION

The Ni-Cu alloy was made by melting together
Johnson- Mathey metals in an induction furnace
under a vacuum. It was swaged and machined to
the shape of a cylinder 4.94 mm in diameter and
34.4 mm long. Then it was annealed in an elec-
tric furnace at 1090 °C for 25 h in a flow of dry
hydrogen. The furnace was cooled to 900 °C, and
the sample annealed for 3 h under a pressure of
5x107° Torr to remove the hydrogen. The fur-
nace power was then shut off, and the sample al-
lowed to cool to room temperature. The size of
the crystal grains was about 0.5 mm. Wet chem-
ical analysis indicated 36.03-wt% Cu, correspond-
ing to NigCus,,.

Ni-Cu alloys have a tendency towards atomic
clustering.'® This clustering could be partially
prevented by cooling the samples very rapidly af-
ter annealing; however, the properties of these
alloys have been observed'® to be slowly time de-
pendent after such a quenching. Moreover, many
existing physical data on Cu-Ni alloys, which we
will use, have been obtained on unquenched sam-
ples. In a furnace-cooled sample such as ours,
the effect of clustering is' only to increase by 12%
the probability that a Ni atom will have other Ni
atoms as nearest neighbors. Our NigCu,, sample
is a ferromagnet with a Curie point of ~250 K, and
this Curie point is not'® affected by clustering. Al-
so, since we are rather far from the ferromagnet-
ic critical concentration of 44-at% Ni, “magnetic
polarization clouds”!® should not exist in our sam-
ple. The Ni-Cu series remains very attractive
for our investigations, despite its tendency to-
wards clustering because the small value of its
exchange stiffness D implies a large magnon-drag
Peltier heat current [see Eq. (5)], and also be-
cause its physical characteristics are well known.

The Ni- Fe sample is one of those used by Yelon
and Berger® to measure the contribution of mag-
nons to the thermal conductivity. For our work,
it was swaged and machined to the shape of a cyl-
inder of diameter 4.79 mm and length 59.3 mm.
Then it was annealed at 1250 °C for 24 h in a flow
of dry hydrogen. The furnace was cooled to 900 °C
and the sample was annealed for 2.5 h under a
pressure of 5X107° Torr to remove the hydrogen.
The furnace power was then shut off. Wet chemi-
cal analysis gives 29.81-wt% Fe, which corre-
sponds to Nig, Fe;,.

VI. Ni-Cu EXPERIMENTAL RESULTS

The Peltier coefficient 7 was measured as a
function of temperature between 1,3 and 4.2 K for
four different values of the external field: Bp=0,
0.44, 2.2, and 4.4 T. We show the data for By
=2.2 T in Fig. 3, where —7/T=-S is plotted
against temperature. For the temperature 7, we
take the average of 7, and T,.

For the purpose of smoothing and interpolation,
these data were fitted by least squares at each
field to the empirical expression 1=A4,T+A4,T?,
where A, and A, are adjustable constants. One
example of the fit is shown in Fig. 3. We find A4,
to be very small, so that m T2 approximately,
as expected if the electron-diffusion mechanism
is dominant. However, |w| decreases with in-
creasing field by several percent. Considering
only data above ferromagnetic saturation, we plot
S(Bp=4.4 T)-S(B;=0.44 T) and S(B;=2.2 T)

— S(B;=0.44 T) versus temperature in Fig. 4,
where S=7/T. These differences are calculated
from the fitted empirical expressions.

The Peltier coefficient was also measured as a
function of field, between By;=0 and B;=6.4 T, at
a fixed temperature of 4.2 K. A pressure-sensi-
tive bath-temperature regulator® was used there,
rather than the Sommers regulator,’ to prevent
the magnetoresistance of the temperature sensor
from causing temperature drifts. The tempera-
ture was not exactly the same on all three runs;
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FIG. 3. Peltier effect in Nig;Cuy,and NigFes as a func-
tion of temperature, for a fixed external field Bp=2.2 T.
The various symbols indicate data points obtained on
different days. The solid lines have been fitted by least
squares to the data.
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in order to remove the effect of this variation, we
show —7/T? in Fig. 5. Here also, |7 is seen to
decrease by about 8% above saturation. In addition,
the fast decrease of | 7| below saturation (B;<0.1
T) owing to the ferromagnetic anisotropy of 7 is
also visible. Our negative values of S=7/T agree
in sign and even in magnitude with existing data®!
for Ni-Cu alloys in zero field at low temperatures.
The electrical resistivity p was measured be-
tween Bg=0 and By=6.6 T, at a constant tempera-
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FIG. 5. Peltier effect in NigCus, as a function of ex-
ternal field, for a fixed temperature of 4.2 K.
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FIG. 6. Electrical resistivity of NigCus, and NiggFey,
as a function of external field.

ture of 4.2 K (Fig. 6). Since the alloy is in the re-
sidual resistance region, p is practically indepen-
dent of temperature. A small linear decrease®
with field is observed above saturation, which is
probably caused by Pauli paramagnetism. A large
increase of 2.5%, caused by the ferromagnetic
anisotropy of resistivity,® is seen below satura-
tion. Figure 6 shows that a field B;=0.11 T is
sufficient to saturate this sample.

VIL. Ni-Fe EXPERIMENTAL RESULTS

The coefficient 7 was measured as a function of
T at B;=0, 0.55, 1.1, 2.2, and 5.5 T, between 1.3
and 4.2 K. The data for 2.2 T are shown in Fig. 3.
As for the Ni-Cu sample, we find roughly 7o T2,
and 7 is negative. However, since the magnitude
of m is smaller by a factor of 2 the measurements
are more difficult. Hence the ac voltage exciting
the thermometer bridge has to be increased from
10 to 30 mV. Also, the bridge output is fed to a
digital voltmeter, rather than to a recorder.

The same method of data analysis is used as for
Ni-Cu. The dashed lines on Fig. 7 show the varia-
tion of S=7/T between two specified field values,
above saturation.

Attempts to measure 7 as a function of field, at
constant T, resulted in excessive dispersion of the
data points.
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Our values of S=7/T agree in sign and even in
magnitude with available zero-field data®® for Ni-
Fe below 4 K.

The electrical resistivity was measured as a
function of field between 0 and 5.7 T, at constant
temperature. The current was 0.35 A. The data
obtained at 4.2 and below 2.1 K do not differ appre-
ciably (Fig. 6). A small linear increase with field
is observed above saturation.?* A large increase
of about 8%, associated with the ferromagnetic
anisotropy of resistivity,® happens below satura-
tion. Figure 6 shows that saturation is already
achieved for Bp=0.11 T.

VIII. MAGNON-DRAG INTERPRETATION

The most important feature of our experimental
data is the sizable dependence of 7 on field, above
saturation (dashed curves on Figs. 4, 5, and 7).
We can explain this in terms of the destruction of
the magnon-drag contribution by the external field.
On the basis of Eq. (7), and with the help of Egs.
(3), (6), and (8), the magnon-drag theory yields
the solid curves on Figs. 4 and 7, where the con-
stant value of the parameter «, giving the best fit
between experiment and theory is a,=+2.20 in the
case of Nig,Cu,, and «, =+2.98 in the case of
Nig, Fe;,. That fit is rather good for NigCu,,. Even
in the case of Nig,Fe,,, the fit is no worse than the
experimental uncertainty, indicated by error bars

on Figs. 4 and 7. We assume g=2.3, D=2.0x10"%
Jm? 1/n,e=2.3X10"° m3/C, and M,=0.2 T for
NigCu,,,?* % and g=2.14, D=3.83x107% Jm?,
1/n,e=2.0X10""" m*®/C, and M;=1.36 T for
NiegFe“.zs.ze,zo

It is comforting that these experimental values
of o, are positive and of the order of unity. The
magnon-drag theory of Gurevich and Korenblit®*
predicts @, =+1, assuming that magnon-electron
collisions are dominant and that Umklapp process-
es are neglected. Their theory is not very realis-
tic since it neglects the existence of the momen-
tum gap between spin-up and spin-down electrons
at the Fermi level.

We have calculated «,, in the presence of the mo-
mentum gap, using a model appropriate for alloys,
and assuming the isotropic s-d exchange interac-
tion is active. We consider the simplest possible
scattering event, where an electron is scattered
and its spin flipped, and where a magnon is creat-
ed or annihilated [ Figs. 8(a) and 8(b)]. If momen-
tum is to be conserved in that spin-flip process,
the magnon must have a large enough wave vector
to cross the momentum gap®'*? between spin-up
and spin-down Fermi surfaces. This is impossi-
ble for thermal magnons below 4 K, in the case of
pure metals. However, in the case of alloys, the
limited electron mean free path A, implies a
smearing Ak=1/A, of the momentum distribution
of an electron state. This leads® to partial over-
lap of the distributions for spin-up and spin-down
electrons, as shown in Fig. 8(c). Electron-mag-
non collisions become possible. We assume a
large momentum gap |kj— kg |>¢q, 1/A,, and
hvg/A,>kgT. At T<4 K, we can safely neglect
Umklapp processes. Assuming spherical Fermi
surfaces, we obtain, finally, a,=+1. Thus we see
that the magnon gas drifts at the same speed as the
electron gas. We have proved this result in the
case where the smearing Ak=1/A, of the electron
momentum is essential in bridging the gap. Since
this uncertainty Ak is often comparable to |§], in-
tuition might have indicated, incorrectly, that the
magnon gas would not drift at all.

There also exists a collision process®® in which
the electron spin is not flipped when the magnon is
created or annihilated. Since the electron is scat-
tered between two points of the same Fermi sur-
face, there is no momentum gap to be bridged.
However, since the total spin of the crystal is not
conserved in such a process, the isotropic ex-
change interaction between conduction electrons
and magnetic localized electrons cannot be respon-
sible for this process. As we pointed out in our
earlier publication,® the anisotropic exchange in-
teraction between these electrons, which exists at
any given point of the Fermi surface of conduction
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electrons, is the strongest interaction having the
properties required to cause this kind of process.
It predicts a magnon relaxation rate 1/7,,<w/q

in the clean limit A,g> 1, and 1/7,, < wA,
«w/p in the dirty limit A,g<< 1. It also gives rise
to magnon-drag effects. The result ¢, =+1 can
also be derived for this interaction,®® for A,g< 1
as well as for A,g> 1.

It may seem puzzling that our experimental «,,
values are somewhat larger than +1. This may be
related to the inadequacy of the one-band model.

In order to evaluate the electron drift velocity dv,
coming into the definition of a,, [Eqs. (1)], we have
used values of 1/n,e derived from Hall-effect da-
ta.?”»* In transition metals, electrons on various
sheets of the Fermi surface may have widely dif-
ferent mobilities. It is well known®?*?° that the

Hall effect involves preferentially electrons of high
mobility and strong 4s character, rather thanthose
of 3d character. Our large @, values suggest that
the magnon-drag Peltier effect is even more se-
lective. Apparently, only electrons with highest
mobility and strongest 4s character are able to
collide with magnons.

The gap is the smallest, and thus the overlap the
largest, in the case of electrons having the strong-
est 4s character. Hence it is these electrons
which are expected to collide most often with mag-
nons, at least through the spin-flip process.

Considering also the reasonable fit between ex-
perimental and theoretical curves for NigCu,,
(Fig. 4), we conclude that magnon drag gives a
satisfactory explanation of our experimental data
for this alloy. The situation is not so clear (Fig.7)
in the case of Nig, Fe;,, where the field variation of

o /2

Fermi surfaces for spin-up
and spin-down.

[ —
I
)'(7 v

Spectral Density Functions:

p* (e-E(3),%-q)

7 is smaller (4%) above saturation and more affect-
ed by experimental uncertainties.

The idea that magnon-electron scattering is the
dominant process for magnon relaxation is general-
ly consistent with our experiments on heat conduc-
tion by magnons in Ni- Fe alloys® and in Fe-Co al-
loys,® and with existing data on ferromagnetic res-
onance linewidth in Fe, Ni, and Co.3*+%°

Blatt, Flood, Rowe, Schroeder, and Cox ob-
served a peak in the zero-field thermopower of
pure iron around 200 K.*® Moreover, the data be-
low the temperature of the peak could be fitted to
S=F,T+F,T%2 They attributed this behavior to
magnon drag. However, if we compare their term
F,T%2to Eq. (3), and if we assume a rough value
of n, corresponding to one electron per atom, we
find |@,,|~60. This is much larger than the value
|a@,|=1 predicted by magnon-drag theory, thus
casting doubt on the magnon-drag interpretation
in that case. Note that the small difference be-
tween the exponents of the T and the T3/2 terms
tends to increase the difficulty of their separation
from experimental data.

IX. CONCLUSIONS AND FINAL REMARKS

We have observed a field variation of the Peltier
coefficient of the alloy NigCu,, above ferromag-
netic saturation. This variation of about 8% prob-
ably represents the magnon-drag contribution,
which is gradually destroyed by the magnetic field.

In that Ni-Cu alloy, the magnon gas is found to
drift at a speed comparable with the drift speed
of the charge carriers. This indicates that mag-
non-electron scattering is dominant over other



magnon relaxation processes. A similar field
variation of the Peltier coefficient has been ob-
served in Nig, Fe,,, but the magnon-drag interpre-
tation is not so convincing in that case.
Concentrated alloys are suitable materials for
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these experiments because one needs to know that
large magnetic fields have no influence on the con-
duction electrons and thus on the electron-diffu-
sion part of the Peltier effect.
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