Optical cooling of a nuclear spin system of a
conductor in a weak oscillating magnetic field

V. G. Fleisher, R. I. Dzhioev, and B. P. Zakharchenya

A. F. Ioffe Physico-technical Institute, USSR Academy of Sciences
(Submitted November 12, 1975)
Pis’'ma Zh. Eksp. Teor. Fiz. 23, 22-26 (5 January 1976)

The spin temperature ® of an n-type semiconductor was lowered to the range
10—*-10-2 °K with synchronous modulation of the circular polarization of the
exciting laser beam and of the longitudinal magnetic field (which was lower than
the local fields) at a frequency 30 kHz. The cooling was detected by the increase
of the equilibrium nuclear polarization along the weak transverse field at positive
and negative.

PACS numbers: 76.70.Ey

The interaction of spin-oriented electrons with nuclei of a semiconductor
leads to nuclear polarization, H=31 When the semiconductor is continuously ex-
cited with light, the nuclear spin system is practically in thermodynamic equi-
librium corresponding to a temperature ®@;, The equilibrium within the system
is established within a transverse-relaxation time T, on the order of 10~ sec,
and the time T, in which ©; sets in is determined by the slow spin-lattice re-
laxation, The nonequilibrium part of the nuclear polarization is, in the case of
optical orientation, T,/T;=10"°—10"" of the equilibrium orientation and was
registered inf7,

D’yakonov and Perel’ obtained a general expression for ®; under optical-
orientation conditions. ! With certain restrictions, it can be written in the
form

87 1=4IH xS) /u (H* +3H2 ). (1)

Here p; and I are the magnetic moment and spin of the nucleus, H and Hj are
the intensities of the external and local magnetic fields, and S is the average
spin of the optically oriented electrons. Equation (1) is valid for nondegenerate
electrons if the thermodynamic-equilibrium value is S < §; pgH < T, where y,
is the magnetic moment of the electron and T is the lattice temperature (® and
T are in energy units). The nuclear spin temperature manifests itself in non-
trivial fashion in the range of fields H < H;. From (1) follows also the non-
obvious result that cooling is possible in an oscillating field H.=Hsinet if §

is synchronously modulated. In this case the cooling is attained in the absence
of constant nuclear polarization, If »wTy<< 1, then ®31 ~(1/2)SyH cos¢, where
Sg is the maximum amplitude of S, and ¢ is the phase difference between the
oscillations of S and H, At n/2<¢ <7 we have ®;<0, Then the Zeeman energy
of the nuclei (which is proportional to §; and Hy goes over to the spin-spin in-
teraction energy, increases the latter, and causes cooling at negative tempera-
tures (since the nuclear spin-system spectrum is bounded from above). At 0
<¢ <1/2 we have ®;>0 and cooling takes place in the region of positive tem-
peratures. It follows from the theory that ®j! decreases with increasing ¢, In
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FIG. 1, Plot of S\, against
Hy, at 4,2°K, Curve 1
corresponds to a choice of
¢ maximizing Ny ttH,, In
Curve 2 the phase is
changed by m and Hy tt H,,
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addition, if Ty > 1, then the maximum values of @51 may be reached at ¢;=0¢,,
#0 and ¢,= ¢, +7 (a phase shift appears),

Let 8. and H. be directed along z. A constant field H, | S, does not change ®
if §, is constant, but produces a polarization along x. The average projection
of the nuclear spin is

I, =p, (1 +1)H /38, (2)

The nuclear field Hy, =AyI, produced in this case at the electrons (Ay is a con-
stant) is then added to or subtracted from the external field, depending on the
sign of ®, The appearance of Hy can be detected by the change of the degree p,
of the circular polarization of the luminescence (the Hanle effect). Numerical-
ly, p, is equal to S,. We used an n-Gag,5Alq,90As crystal with a narrow Hanle
curve, ®7 The experimental geometry is clear from the schemes of Fig, 1,
which correspond to in-phase (@;>0) and counterphase (®;<0) modulation (¢,
is assumed small), The circular polarization of a He-Ne laser beam directed
along z was modulated, normal to the sample surface (c*==0") at a frequency
30,265 kHz by a quartz modulator. Since the lifetime of the electron spin
orientation is < 10-% sec, S, “follows” without lag the variation of the light
polarization. A two-channel photon-counting system made it possible to ac-
cumulate separately the numbers N* and N~ of the recombination-radiation
quanta (along — z) passing through the polarization analyzer in the half-periods
corresponding to the excitation by the ¢* and o~ light. The value of Sy, was de-
termined from the formula Sy,=e(N*=N=)/(N*+N~), where « is the constant
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FIG. 2, Plots of S(,(H,) (Hanle effect) for phases ¢ that differ by ¢ at H(,=0.25
Oe (Curves 1 and 2), Curve 2 shows the Hanle effect in the absence of an oscil-
lating magnetic field,

of the instrument. The voltage from the output of the quartz-modulator genera-
tor was also fed through an amplifier and a phase shifter to the Helmholtz
coils that produced the field H. along 2.

Curves 2 and 1 of Fig. 1 show the variation of Sy, with the alternating field
amplitude at H,=2.5 Oe for two values ¢, and ¢, that differ by n(¢;=¢,,~ /6).
In the case of Curve 1, the field Hy is subtracted from H, and the electron de-
polarization decreases., For Curve 2, Hy is added to H, and S, decreases,
Figure 2 shows the Hanle curves S, (H,) at Hy,=0 (Curve 2) and Hy,=0,25 Oe
(Curve 1 for ¢ = ¢,, and Curve 3 for ¢ =¢,+7). We note that an oscillating 30-
kHz field (Hy,=2.5 Oe), not synchronized with the modulation of the light polar-
ization does not lead to noticeable deviations from Curve 2. The statement that
the additional field Hy, is due to the nuclear spin is confirmed by the inertia of
the transient processes. Furthermore, since the nuclei are polarized along x,
a saturating RF field along y at NMR frequencies for the field A, should lead to
a depolarization of the nuclei and to a “constriction’’ of the Curves 1 and 3
towards Curve 2. The “constriction” effect is observed not only at NMR fre-
quencies, but in a wide range up to 60 kHz. The shape of the frequency spec-
trum is complicated and depends on the field amplitudes along 2z and y. The val-
ue of Hy is determined by the shifts of Curves 3 and 1 relative to 2, namely
H, =H —H,,. Here Hyx; 3 3 are the values of the external fields at points with
1deht1ca1 Syz on Curves 1, 2 and 3 of Fig. 2. The values of Hy, 3 at constant S,
are determined by the behavior of Sy, (H,) and the ratio of H, to Hy, at different
points of this curve is different.

By determining Hy from experiment we can estimate ®; with the aid of (2).
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FIG. 3. Plot of Sg,(¢): 1)
H,=0.50e, 2) H,=5 Oe,
3) H,=8 Oe, Dashed—val-
ues of Sy, for the same H,
at Hy, =0,
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Thus, for example, for the points of Curves 1 and 3 with the abscissas Hy, and
Hyy on Fig, 2 we obtain 1@1§®= 0. 254 1, and [ @ |$®~ 1. 54u,;. Here Ay and
Uy stand for values averaged over the different lattice nuclei. The quantity 4y
determines the field produced by the fully oriented nuclei. In crystals
Gay,ALAs the order of magnitude of Ay is 10* Oe. The corresponding values of
|®,1°® lie in the range 10~* — 10~3°K, Thus, in spite of the relatively high
modulation frequency (wT, > 1), an appreciable lowering of ®; is observed. D
Deeper cooling occurs at constant S, and H,. The strong mutual dependence of
8 and I leads to a qualitatively new behavior of the function S,(H,) in weak fields
(a strong narrowing of the Hanle line, instability, and so onté'”). The manifes-
tation of the cooling is less obvious in this case. We emphasize that in an
oscillating field the spin system of the lattice nuclei is cooled in the absence of
a stationary nuclear polarization. This experiment proves that the entire action
of the light reduces to a cooling of the spin system of the lattice nuclei, and the
nuclear polarization is the result of establishment of thermodynamic equilibri-
um in the external field. By varying the phase ¢ it is easy to change from posi-
tive to negative temperatures, at which the sign of the field Hy is reversed and
AS,, is increased (see (Fig. 3)).
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