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Results are presented of an investigation of the resonant change of the thermal conductivity of the 
gases N, and CO in mutually perpendicular (crossed) constant (H) and alternating (H- ) magnetic 
fields (gaskinetic magnetic resonance, GMR). The dependences of the GMR on the pressure and on 
the oscillating field strength, obtained for the gases, agree qualitatively with the theory developed 
for the case when the alternating field H- constitutes a constant field that rotates about H. The 
theoretically predicted fine structure, to within 10% of its expected depth, was not observed under 
the conditions of the experiment performed. 

PACS numbers: 5 1.30. + i, 5 1.60. + a 

It was theoretically shown in Ref. 1 that in mutually 
perpendicular (crossed) constant (H) and alternating (H- ) 
magnetic fields there should take place a resonant decrease 
of the transport coefficients of molecular gases (gaskinetic 
magnetic resonance-GMR) when the frequency o of the 
field H- and the field H are respectively equal to their reso- 
nant values w, and H,, which are connected by the relation 
w, = yH,, where y is the gyromagnetic ratio of the gas mole- 
cules. Satisfaction of this relation means equality of the fre- 
quency w to the precession frequency of the molecules in the 
field H. Experimental observation of GMR of the coefficient 
of thermal conductivity in oxygen was reported in Refs. 2 
and 3, while in nonparamagnetic gases, with nitrogen as the 
example, it was reported in Ref. 3. GMR appears against a 
background of the known effect of the monotonic decrease of 
the transport coefficients with increasing field H-the Senft- 
leben Beenaker effect 

For diatomic molecules, the SBE is well described by a 
theory6 that uses a collision model in which the average colli- 
sion cross section is 

o ~ P ~ ( ~ M )  +pz (v3,)+~,(v1, M')+P, (vl, M,') 

(the P, model), where P2 is the second Legendre polynomial, 
v, M, and M I  are the relative velocity and the moments ofthe 
two molecules prior to the collision, while v', M', and Mi are 
the values after the collision. Using the P2 model and consid- 
ering H- to be a rotating field H I ,  we can obtain from the 
general formulas of Ref. 1 the following expression for the 
shape of the curve of the resonant variation of the thermal 
conductivity R (H, H, ,  w, v) in the case when the tempera- 
ture gradient VT IIH (see, e.g., Ref. 8), and yH,/v, 1 : 

6 
RU (H, Hi, a, V) = - s&~ 5 

+ az+z2+l " I 
(1) 

where a = yH,/v, x = (yH - w)/v, S !,, is the change, due 
to the SBE, of the thermal conductivity at H((VT and 
H -P oo (i.e., when the SBE saturates), and v is the polariza- 
tion-relaxation frequency. The value of v can be determined 
from the expression v = pY(H / p )  Yl2, where (H /P ) Yl2 is a 
constant for a given gas and is equal to the ratio of the field to 
the pressure at which the SBE reaches a value (1/2)S!,,. 

Thus, (H /p)?, = 7 kOe/Torr for nitrogen, and to 7.7 kOe/ 
Torr for carbon monoxide (Ref. 7). 

In the case VTlH we have R ' = 1/4R "(H, H,, w, v). 
The relative amplitude of the resonance 
Ro = R (H = H,)/sL, is equal to 

Rpl~=615a21 (4a2+ 1), RoL=31,0az/ (4az+l) (2) 

for parallel and perpendicular geometry, respectively. 
According to (I ) ,  at values a > l / G ,  a fine structure 

appears at the peaks of the resonance curves. In the general 
case, the form of the fine s t r~c ture ' .~  is determined by the 
chosen model of the collisions, i.e., in final analysis, by the 
angular dependence of the potential of the interaction of the 
molecules with one another. 

We present below the results of an experimental investi- 
gation of the GMR in N, and CO. The measurement proce- 
dure is similar to that described in Ref. 3. A block diagram of 
the experimental setup is shown in Fig. 1. Two identical 

FIG. 1 .  Block diagram of the experimental setup: I--electromagnet; 2- 
system for evacuation and filling; 3-master oscillator Ch6-31; &power 
amplifier; 5-amplitude stabilizer; &thermal stabilization system; 7- 
F116/1 amplifier; 8-synchronous detector; 9-modulator; lks tab i -  
lizer for the field H,,; S,, S,--comparison and active sensors. 
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heat-conduction sensors, So and Sc, similar to those de- 
scribed in Ref. 9, are placed in the gap of the electromagnet 
that produces the constant field H. Each sensor is a cylindri- 
cal glass chamber with inside diameter 18 mm, in the axial 
cross section of which is placed a thin (3 pm) mica plate 
(45 x 16 mm) both sides of which are coated with thermistors 
of gold in the form of U-shaped strips of width 4 mm, con- 
nected in series and bifilarly. The chambers of the sensors 
communicate with each other and are connected to a system 
for evacuation and for entry of the investigated gas. The 
thermistors are connected in adjacent arms of a Wheatstone 
bridge and are heated by the current that supplies the bridge 
(the source is a storage battery). The housing of the sensor So 
(active) is placed in a solenoid that serves as the inductance of 
the output tank circuit of a high frequency oscillator and 
produces an alternating magnetic field H- = 2Hl cos of ,  
perpendicular to the constant field. The solenoid placed over 
the sensor S, (comparison) is short circuited and ensures 
thermal symmetry and screening of S, against the stray field 
of the first solenoid. To decrease the thermal drifts, a system 
is used for water-cooling the solenoid and thermal stabiliza- 
tion of the sensor walls. The ranges of variations of H, f = w/ 
27~, HI, andp are respectively 0-2.4 kOe, 183-606 kHz, 60- 
180 Oe, and 7-30 mTorr. 

The measurements were performed by a modulation 
procedure. To this end, a parallel field of practically rectan- 
gular waveform, with an amplitude H (t ) that varies linearly 
with the time t, was superimposed on the constant field 
H = H, (Fig. 2). The modulation period was T z 4  sec, the 
time required to sweep h from h = 0 to the maximum value 
h = h ,  was t,,, z 2 5  min. The field-induced pulsating 
bridge-unbalance voltage was amplified and synchronously 
detected, generating a useful signal E proportional to the dif- 
ference between the changes of the thermal conductivities of 
the gas in the sensors So and Sc when the field was varied 
from H = Ho to H = Ho + h (t ). The sensor S, serves to com- 
pensate for the signal due to the SBE, which in our case is an 
unnecessary background. As a result of this compensation, 
the signal E turns out to be proportional in practice only to 
the resonant change of the thermal conductivity R (H,, h ): 

emR [Ho+h ( t )  ] -R [ H o ]  . 
In addition, the presence of the sensor Sc decreases the influ- 
ence of the thermal drifts on the output signal of the measur- 
ing bridge. The signal &[Ho, h (t )] was recorded with an auto- 
matic plotter. In the figures that follow are shown the results 
of the statistical reduction of plots obtained under identical 

FIG. 2. Time dependence of the modulating field. 

FIG. 3. Experimental curves of GMR in N, (1,2) and CO (3 ,4)  at p = 30 
mTorr, H ,  = 180 Oe, f = 338 kHz, and at two orientations of the tem- 
perature gradient V T  relative to H :  1,4 -VT 1)H; 2 ,3-VTlH.  

conditions. The maximum value was h ,  = 340 Oe, therefore 
measurements in a wider range of fields H were carried out 
by successively changing the initial field H, and "joining 
together" the obtained plots. 

Figure 3 shows the resonance curves R (H )/S !a, for N, 
and CO at VT JJH and VTlH, p = 30 mTorr, H, = 180 Oe, 
and f = 3.8 kHz. It can be seen from the figure that the direc- 
tion of VT does not influence the value of the field 
H,: H,(N,) = 1.58 _f 0.05 kOe, H,(CO) = 1.69 + 0.05 kOe. 
The values ofRo for N, and CO differ by not more than lo%, 
which is to be expected in view of the large similarity of the 
kinetic properties of these gases.' For both gases R l/R A 
=: 1.8. This value does not agree with the theoretically ex- 
pected' relation (R b ( / ~  A),,,, = 4. As shown by experi- 
ments carried out in a constant field at H I  = 0 we get 
S?I,,/Sia, = 0.68 f 0.02 ( p  = 30 mTorr), which differs little 
(within the framework of the P, model) from the theoretical 
value 2/3. This gives grounds for assuming that the disparity 
between (R b(/R A),,,, and (R b/R h e x p  can only be partially 
attributed to the inhomogeneity of the field VTin the sensor. 

Experiments carried out at frequencies 183, 250, 338, 
and 490 kHz have shown that the resonant values of the field 
H, are respectively (0.86; 1.2; 1.6; 2.3) f 0.05 kOe for N, and 
(0.95; 1.3; 1.7) f 0.05 kOe for the first three frequencies in 
the case of CO. The gyromagnetic ratios y* = y/2a = f /H, 
calculated from those data are equal to yg2 = 210 + 10 Hz/ 
Oe and y:, = 195 + 10 Hz/Oe, in good agreement with 
their exact values (Refs. 10 and 1 I)." The result of the mea- 
surements of R, when the basic parameters of the experi- 
ments are varied are listed in Table I. The relative error in 
the determination of Ro is - 5%. It can be seen from the 
table that R, increases with increasing H, and with decreas- 
ingp. No dependence of R, on w was observed in the investi- 
gated range of values of H,, p, and o .  The observed depen- 
dences ofRo on these quantities are in qualitative agreement 
with (2). 

In accordance with (I), for a reliable observation of the 
proposed fine structure of the GMR we chose the following 
experimental conditions: VT /JH, f = w / 2 ~  = 338 kHz, 
HI = 180 Oe, andp = 30 mTorr. In this case the saturation 
of the SBE reaches ~ 9 5 %  at H z H ,  and a value a = yH,/ 
~ ~ 0 . 8  is ensured, from which, in accordance with the the- 
ory, the relative depth of the dip in the fine structure in the 
GMR is SR /R (H,) R 5-lo-'. The measurements were per- 
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formed in the range AH = h ,  = 340 Oe in the region of the 
maximum of the resonant dependence. The result of a statis- 
tical reduction of eight diagrams obtained for N, under iden- 
tical experimental conditions is shown in Fig. 4. It can be 
seen that no fine structure of the GMR is observed, and even 
if it does exist, under our conditions 6R /R (H,) < 5.1OP3, 
which is smaller by more than one order of magnitude than 
the expected value. A similar result was obtained also in the 
case of CO. 

TABLE I. Relative GMR amplitudes in N, and CO measured under various experimental 
conditions. 

FIG. 4. Shape of GMR curve in the region of the proposed fine structure. 
Solid line--experimental data for N2 at p = 30 mTorr, H I  = 180 Oe, 
f = 338 kHz. Dash-dot line-theoretical curve. On the upper right is 
shown the mean-squared error bar. 
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In conclusion, the authors thank L. A. Maksimov for a 
helpful discussion of the results. 

"It must be recognized that in the described experiments we used I4N2, 
whereas in Ref. 10 they used 15N2. 
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