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Results are presented of an investigation of the thermomagnetic effect in the gases N, and CO interacting with
the surface of platinum at temperatures 77-320 K. The dependence of the effect on the gas pressure was
studied. The effect was investigated also under conditions of simultaneous physical adsorption of N, and Xe
molecules. A change in the sign of the effect was observed at a definite Xe concentration on the surface.

PACS numbers: 68.45. — v, 51.30. + i, 51.70. + f

I. INTRODUCTION

The thermomagnetic effect (T ME) consists in the
change in a magnetic field, of the heat flux through a
Knudsen (Kn> 1; Kn=2/L, where A is the molecule
mean free path and L is a characteristic dimension)
gas located in a gap between two plane-parallel plates
with different temperatures,! This effect is due to the
nonspherical character of the inelastic interaction of
the molecules with the surface of the solid, which leads
to the appearance of nonequilibrium polarization in the
space of the velocities (v) and angular momenta (M) of
the molecules, When the magnetic field is turned on,
the precession of the molecules causesa partial destruc-
tion of this polarization, namely, averaging of the
orientations of the vector (M) in a plane perpendicular
to the field direction, This leads to a change of the
nonequilibrium distribution function f (v, M) in the field,
and consequently to a change of the heat flux @ through
the gas. The value of AQ is determined by the dimen-
sionless parameter w7 (w=yH is the precession fre-
quency, T=L/v is the average time of travel of the
molecule between the walls),

The TME was investigated in a number of gases
(N5, O,, CO, CO,) interacting with the gold and platinum
surfaces at room temperatures,”® The damped oscilla-
tions of the heat flux, theoretically predicted by the
theory of the effect, were observed. For all the in-
vestigated gas-surface systems, the heat flux decreased
in the field. The authors of Ref. 4 have previously ob-
served an anomalous sign of the effect (AQ > 0) in the
N,- Au system at a surface temperature 7=100 K, The
causes of the reversal of the sign of the effect on going
to low temperatures are not clear. Interest in further
investigations of the TME at low temperatures is due to
the possibility of explaining the differences between the
molecule- surface interaction mechanisms that cause the
molecules to be polarized in a gas at temperatures T
=300 and 100 K,

At temperatures close to the boiling point of the gas
and at sufficiently high pressures, a layer of physically
adsorbed molecules is produced on the surface. The
polarization of the gas molecules scattered by such a
layer (and consequently also the dependence of AQ/Q on
H) can change in comparison with the polarization ob-
served at T> Ty, when the physical adsorption can be
neglected,? Likewise, when the temperature of the wall
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is lowered, the average lifetime of the molecules in the
adsorbed state increases substantially (e.g., at T="T7
K, for adsorption of nitrogen on platinum, #,, 10~3-10"¢
sec). At such long lifetimes-of the molecules on the
wall, they can diffuse over the surface in the two-di-
mensional adsorption layer® and the polarization of the
molecules that are emitted from such a layer is ob-
viously connected with the directional anisotropy of the
angular momentum of the molecules in the adsorbed
layer.

We present below the results of an investigation of the
TME in nitrogen and in carbon monoxide interacting
with the surface of platinum in the temperature range
77-320 K. In particular, the dependence of the mag-
nitude of the effect on the gas pressure in the gap were
studied and investigations were performed under con-
ditions of simultaneous adsorption of different mole-
cules (Xe,N,) on the surface,

I1. RESULTS OF EXPERIMENTAL INVESTIGATION

The experiments were performed with a setup similar
to that described earlier in Refs. 2 and 4, In the ex-
periments we measured the change, in a field, of the
heat flux through a gas located in a gap between two
plane-parallel plates (gap L =2 mm) with different tem-
peratures. The “hot” plate was made of thin mica
(thickness 5x 10~ mm) on both sides of which U-shaped
layers of platinum were sputtered. The current flowing
through the sputtered layer heated the plate to a tem-
perature Ty, =95-320 K as determined from the resis-
tance of this layer. The “cold” plates, between which
the hot plate was placed symmetrically, was made of
brass (5 mm thick), The inner surfaces of the plates
were polished and were also coated with a sputtered
layer of platinum., The cold plates were clamped be-
tween two copper plates to which copper tubes were
brazed. The temperature T4 was determined with a
platinum resistance thermometer secured between the
brass and copper plates. Experiments have shown that
when liquid nitrogen circulated through the tubes, the
readings of the resistance thermometer differed from
77.3 X by 1-2° (depending on T,,,). The plate surfaces
were treated before the experiments at a temperature
500 K in an oxygen atmosphere.

Figure 1 shows plots of the relative change of the
heat flux AQ/Q in the nitrogen vs the magnetic field
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FIG. 1. Teyq™77 K, Tpoe=198 K, p=1x10"3 Torr, Kn~12,

k is the vector normal to the surface, Hlk (s), H|| k (O).

intensity H for the cases Hlk and HIlk, It is seen from
the figure that when H is increased AQ/Q reaches a
maximum value (AQ/Q)q. and tends next to a limiting
value (AQ/Q)uy.

In contrast to the results obtained at T,,4=300 K
(see Ref, 2), the following distinguishing features of
the effect were observed. The sign of the effect be-
came positive, i.e., when the magnetic field was turned
on the heat flux increased. The anisotropy of the ef-
fect (AQ*/AQ"),,, decreased from =2.2 to ~0,9, We
note also that at T,4~300 K the change of the heat
flux (in absolute value) reached a maximum at (w7)5,,
=2 at HLk and (w7)p..®#3 at Hilk, while at low tem-
peratures at the maximum was reached w7 0,7, with '
(WT)iax = (@7 )nas The relative change of the heat flux
also decreased. For example, in a field H.1k we ob-
tained |(AQ/Q)get|=(3.8£0.2)x 107% at T, =300 K and
| (AQ/Q) | st =(1.020,1)x 1073 at Topyq =77 K. The fore-
going features were observed also for carbon monoxide.
Plots of AQ '/(QH) and AQ"/Q(H) for CO are shown in
Fig, 2.

The Senftleben effect was also investigated earlier at
low temperatures. In Ref. 6 was investigated the change
of the thermal conductivity coefficient of nitrogen in a
magnetic field at T=85 K, It turned out that the effect,
just as at room temperature, is negative (when the field
is turned on the heat flux decreases). It was therefore
of interest to investigate the dependence of the change
of the heat flux in a field at various pressures, Plots
of AQ/ Q(H) for N, at different pressures are shown in
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Fig. 3. At a pressure p=1,5% 1073 Torr (Kn=8) the
heat-transfer was nearly free- molecular and therefore
the plot of AQ/Q(H) is similar to that shown in Fig. 1.
With increasing pressure, the number of molecules
colliding with one another on moving from wall to wall
increases. In the heat-transfer transition regime (p
=3x10~3 Torr, Kn=4), the dependence of AQ/Q on H
becomes alternating in sign. The presence of a maxi-
mum of AQ/Q at H="70 Oe, together with the negative
value (AQ/Q)s: - 1.35% 1074, points to the existence
of two contributions to the effect. These contributions
are connected with energy transported by the molecules
that move from wall to wall without colliding with one
another, and by the molecules that experience colli-
sions. On going to a continuous medium, the effect be-
comes negative in the entire range of the magnetic field
(see curves 3 and 4 of Fig, 3), and at p=1 Torr (Kn
~0,01) the plots of AQ/Q(H) assume the shape typical
of the Senftleben effect in nitrogen at low temperatures.®
The results indicate that the positive sign of the effect
is due to the scattering of the gas molecules by the
wall,

We ascertain now the degree 9 of filling of the sur-
face by the physically adsorbed molecules under the
conditions of the performed experiment. The value of
9 can be estimated from the relation’ from the relation’

"O=ak(1+ak)",; " t=t, exp(—Ed/T), (1)

E=ndr,t,

where a is the molecule adhesion coefficient, 7 is the
gas molecule-number density, v is their average
velocity, 7, is the effective radius of the intermolecular
forces, and ¢ is the average adsorption time. In the
case of physical adsorption of nitrogen by a platinum
surface, E,=3.38 kcal/mol® and in accordance with (1)
we have 9~1 at p=1x 103 Torr, a temperature T

=77 K, and 7} ~10"% em? It is seen from (1) that the
value of 9 can be changed by several orders of mag-
nitude by varying the temperature. Taking into account
the strong dependence of the degree of filling on T, we
can expect a change in the character of the nonspherical
scattering of the molecules from the surface when the
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surface temperature is changed, and consequently
changes in the AQ/Q(H) dependences.

We have performed in this connection experiments in
which the temperature of the cold surfaces was main-
tained constant, and the temperature T}, was varied in
the range 95-320 K, It follows from Fig, 4 that although
the plots of AQ/Q against H for nitrogen are similar at
Twot =95 K and Ty, =292 K, the anisotropy of the effect
differs substantially, Thus, at T}, =95 K this quantity
amounts to (AQ"/AQ*),, %1, and Ty, =292 K it in-
creases to 1.5,

It was also observed as a result of the experiments
that the parameters of the TME are greatly changed
in the presence of physically adsorbed molecules of
another kind on the surface. This was established in
an investigation of the TME under conditions of simul-
taneous physical adsorption of nitrogen and xenon mole-
cules, Xenon was chosen for the following reasons, At
T="T7 K the saturated vapor pressure of Xe is p,=2
% 10~% Torr, i.e., low enough to ensure nearly mono-
layer coatings at small partial pressures of the xenon
in the mixture (pxe /DN2<< 1), This in turn makes it
possible to realize in the gap close to free-molecular
heat-transfer. Being a monatomic gas, xenon does not
contribute to the TME, i.e,, the presence of the Xe
molecules in the gap at Kn>> 1 does not influence the
AQ/Q(H) dependence for N,

The required degrees of filling the surface with Xe
atoms were obtained by the following procedure. We
measured the volumes of the pickup chambers and the
areas of the walls (including the area of the cold plates
of the pickup) having a temperature T=77 K, Estimates
have shown that to produce a nearly monolayer coating
on the surfaces of the hot plates it is necessary to ad-
mit the xenon into the pickup chambers at a pressure p
22X 1073 Torr (provided that all the Xe molecules are
adsorbed on the cold walls when the chamber is subse-
quently cooled). By varying the partial pressure of the
Xe in the admitted N, + Xe mixture we were able to vary
the degree of filling-of the cold surface with Xe mole-
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Figure 5 shows plots of AQ*/Q(H) for different com-
positions of the N, + Xe mixture entering the pickup
chamber, At a monolayer-filling degree 9x,*0.1 (Fig.
5a), we obtained the dependence typical of TME at low
temperatures (cf. Fig, 1), At the mixture composition
corresponding to 9y, =0.25 (Fig. 5b), the quantity AQ*/
Q(H) was an alternating-sign function of H, With fur-
ther increase of the partial pressure of Xe in the mix-
ture (9x, =1 — Fig. 5c, 9x,>1 — Fig, 5d) the effect be-
comes negative at any value of the field. We note also
that in this case the dependence of AQ* /Q on H is mono-
tonic, i.e,, the maximum of AQ/Q at H="70 Oe vanishes,

We note that according to the estimates made, the ad-
sorption of the nitrogen molecules from the N, + Xe mix-
ture by the surface can be neglected.

Thus, the experimental results indicate that the pa-
rameters of the TME in the N, + Xe gas mixture differ
substantially (to the extent that the sign of the effect is
reversed) from the case of pure N, gas. Taking into ac-
count the fact that in monotonic gases there is no TME,
and that in all the cases shown in Fig. 5 the Knudsen
number was Kn>>1, we can conclude that the observed
features of the effect [negative sign and monotonic AQ/
Q(H) dependence] are directly connected with the scat-
tering of the N, molecules by the physically adsorbed
Xe atoms,

111. DISCUSSION OF RESULTS

We consider the states of the surfaces under the con-
ditions of the experiments. At low temperature, the
lifetime / of the molecule in the physically adsorbed
state can exceed by many orders of magnitude the time
of impact on the surface (10~!! sec). Thus, for N,
molecules on platinum (adsorption energy E,=3.4 kcal/
mol) at T=77 K, the time is £~10~% sec. In accordance
with (1), at this temperature we have 9 ~1, It can
therefore be assumed that in the described experiments
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the cold surface was coated with a layer of physically
adsorbed molecules. Since the flux of the molecules
emitted from the adsorption layer N=7;2 ¢! is in this
case of the same order as the total gas flux 7o ~10¥ m/
cm?- gsec, the TME can be due to the nonspherical emis-
sion (capture) and to nonspherical scattering by the
physically adsorbed molecules. The situation is dif-
ferent on the hot surface. At T 295 K the molecule life-
time on the surface is <105 sec, and we have £ <1072
and 9 <10~% The nonspherical scattering by the physi-
cally adsorbed molecules on the hot surface can there-
fore be neglected in the treatment of the effect.

The presented results of the investigation of the TME
at low temperatures offer evidence of a substantial dif-
ference between the orientational interaction of the
nitrogen molecules with a surface covered by physically
adsorbed N, molecules, compared with scattering at
room temperatures, when the physical adsorption of
the nitrogen is small (95,~107" at T=350 K). This dif-
ference can be attributed to the increase of the time of
interaction of the molecules with the surface (the life-
time in the adsorbed state) and to the ensuing change
of the scattering mechanism. Thus, e.g., at a tempera-
ture T.4%77 K, the values of the parameter wt at
which AQ" and AQ* reach 2 maximum are much lower
[WT)hee®™ T)iec®0.7] than the analogous values at
To1a®300 K [(@T)hax®3, (wT)iy®2]. In accordance with
the precession mechanism of the effect, this means that
at low temperatures the dependence of the emission
probability on the orientation of the angular momentum,
represented in the form of an expansion in spherical
tensors,? should contain tensors not only of rank?=2
(these terms of the expansion correspond to geometric
symmetry of the molecule), but also of rank?> 2, At
the same time, from a comparison of the theory with
the experimental data obtained for the N, Pt system at
a temperature T.,4=293 K, it was found that I <2 (Ref.
9). We note that if the dependence of the probability on
the angle ¢, contains harmonics with 2 minimum period
27/1, then the maximum change of the heat flux will be
reached in a field such that the angular momentum of
the molecules moving with the most probable velocity
is rotated through an angle 27/, as a result of the
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precession, during the time of travel between the sur-
faces. The reason of this dependence { > 2) of the non-
spherical probability is apparently the corresponding
geometrical symmetry of the potential field of the sur-
face in which the physically adsorbed molecule is lo-
cated. We note also that the nonspherical scattering
processes described by this probability should take
place on both surfaces.

Thus, our analysis shows that a theoretical descrip-
tion of the TME under conditions of physical adsorption
of a gas on a surface should take into account the cor-
responding processes of interaction between the mole-
cules and the surface. In addition, to describe the ob-
tained data it is necessary to solve the problem at
arbitrary surface temperatures (A T~ T) and take into
account the temperature dependences of the various
interaction processes.
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