Proceedings of 17th Intl.

Conference on Low Temp Physics

(North-Holland, NY 1984).

OBSERVATION .OF SPIN WAVES IN SPIN POLARIZED HYOROGEN
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We report the results of continuing experiments on the spin transport properties of a dilute

quantum gas, spin polarized hydrogen H+,
pulsed Fourier transform NMR spectrum.

Spin wave resonances are prominent features of the
For small tipping angles, the dependence of the spectrum

on polarization and temperature are found to be in good qualitative agreement with theory.
Preliminary results are presented on the large tipping angle spectrum, which exhibits a number of
features not observed in the small angle spectrum.

For our experimental conditions, Hg = 7.7
Tesla (in the z direction) and T < 0,8 K, only
the two lowest hyperfine states Ib> = [+¢> and
ja> = t+#> - nl+&> of Hy are populated. Here +
denotes the electronic spin and ¢ the nuclear
spin. The term "spin polarized hydrogen" re-
fers to the electron spin, and means that the
upper two hyperfine levels are thermally inac-
cessible, Throughout the rest of this paper
the term “spin” will refer to the nuclear spin,
or more precisely to the pseudospin in the la>
- 1b> two level system. The admixture n pro-
motes recombination of la> state dtoms into
molecular hydrogen, creating a large nuclear
spin polarization (1) which in .turn produces a
large molecular field, .The cryostat and spec-
trometer are identical to the one described in
earlier work (2, 3).

Exchange effects have been observed to play
a-significant role in the spin transport prop-
erties of spin polarized hydrogen, H+ (3).. The
observed effects have been interpreted in terms
‘of collective nuclear spin oscillations in this
rarefied -quantum gas. For small NMR tipping
angles, the equation of motion for the trans-
verse spin density s4(F, t) in the rotating
frame is (4, 5)

s 1-iuP
i 2% 2 §(yHg) se + i Dp —oZ Vs, (1)

3t - N 1+H2P2
where we are using the notation of reference
6. This equation, subject to appropriate
boundary conditions, predicts the appearance of
discrete resonances in the NMR spectrum at fre-
quencies corresponding to damped standing spin

wave modes. For large tipping angles the equa-
tion of motion becomes highly non-linear, as
discussed by Lhuillier and Laloé (4) and by
Lévy and Ruckenstein (5).

Figure 1 shows typical small-angle (~10°)
spectra -- broad resanances with several narrow
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(a) T = 394 mK

Figure 1. Temperature dependénce of

small-angle spectum; n =~ 4x10%cm=

lines superimposed. Note that as T decreases,
causing (P! and presumably (7) lul to increase,
the lines become narrower, closer together and
more prominent. This is in good qualitative
agreement with equation 1 which predicts that
the spin wave lifetime should scale as !wP!.

In the presence of a linear field gradient, the
separation between lines should scale as
1uP1=1/3, Here we neglect the weak variation
of Dy with temperature (3, 7). The lack of
variation of the overall width of the spectrum
with T 4s consistent with confinement of the
spin waves by &(yHg), as predicted (5).

Drawing an analogy between equation 1 and
the Schrdodinger equation, confinement of the
spin waves means that the applied “"potential”
due to &(yHg) is large in comparison to the
spin wave "kinetic energy" corresponding to the
term containing the Laplacian. The sign of Pz
determines whether the spin wave modes will be
confined in the region of most positive or most
negative 8(yHg). The narrowest lines (which
have the smallest "kinetic energy" and the
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Figure 2. Polarization dependence of small-

angle spectrum at T~400mK. Loading began at
t=0 and stopped at t=15min. Polarizations
were in the ratio +.1 : ~.13 .2 ~.6 (a:h:c).

longest 1ifetime) should appear on the high
frequency side of the spectrum when Pz is
positive whereas they should appear -on. the low
frequency side when uP; .is:negative. 5

When H+ atoms are ‘1paded-into the cell,

P, is initially positive due to the thermal
Boltzmann distribution between the la> and lb>
states, although it soon inverts dueito prefer-
ential recombination of la> state atoms. The
change of sign of P; during this time can be
verified by observing the sign of the initial
voltage of the FID. Spectra obtained under the
condition of positive P; have the lines flip-
ped to the low frequency side of the spectrum;
the edge frequencies of the spectrum are not
shifted. This is illustrated in figure2..
This result further confirms the applicability
of equation 1 and the confinement of the spin
waves by &(yHg). The increase in 1P -is accom-
panied by an increased integrated spectral in-
tensity, reflecting the overall 1ncrease of
magnetization with time.

For large tipping angles the spectrum is
markedly different from the small angle spec-
trum. As seen "in figure 3a, the spectrum con-
sists of jagged peaks and deep troughs spread
over a frequency range characteristic of the
expected inhomogeneous linewidth. In contrast
to the small angle spectra, these spectra show
no indication that the spin waves are. confined
near a wall. Although most of the lines are
broader than typical lines in the small-angle
spectra, we sometimes observe some extraordi-
narily sharp lines, such as the one at the left
of the resonance and the very remarkable line
about 20 kHz beyond the right side of the .reso-
nance in figure 3a. Sharp lines of this sort
are commonly seen in the large-angle spectra,
but we are not completely certain what condi-
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(b) cut 0.5mS
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Figure 3. Large tipping angle (=85°)
spectrum. In (b), the first 0.5mS of the

FID was deleted before Four1er

Srans-
forming., T ~ 395mK, n ~ 101 6cm-

tions are required to produce them, The 200 Hz
linewidth of the peak is instrumentally limit-
ed. If the first 0.5 msec of the FID is de-
leted (to eliminate short-l1ived phenomena) the
peak survives (see figure 3b) with almost the
same intensity as in the original spectrum.
is clear that the 1inearized theory (equation
1) does not apply to these spectra.

In conclusion, exchange effects in a dilute
H+ gas cause damped spin waves to play an im-
portant role in spin transport-properties. The
small NMR tipping angle behavior continues to
be in good agreement with the theory. There
are remarkable features in the ‘large-angle
spectra which may also be explained by molec-
ular field effects, but a better understanding
of the full equations (4, 5, 6) of motion of
the spin density will be requ1red.

We thank L.'S. Goldner, K, Feldman and K.
Earle for valuable assistance and A. E. Rucken-
stein for illuminating discussions. This work
was supported by NSF grant #DMR-8305284. LPL
is @ General Motors Fellow. :

It

REFERENCES

(1) B. W. Statt and A. J. Ber11nsky, Phys.
Rev. Lett. 45, 2105 (1980). For a review
of H+, see T.'F. Silvera; Physica 109 &
1108, 1499-(1982); T, J. Greytak and D.

|eppner. Proc. of Les Houches, July
1982, to be published.

B, Yurke,.J. S. Denker, B. R. Johnson,
N. Bigelow, L. Lévy, J. H. Freed and D.
M, Lee, Phys. Rev. lett. 50, 1137
(1983). B. Yurke, Ph.D. thesis, Cornell
University, 1983 (unpublished),

B. R. Johnson, J. S. Denker, N. Bigelow,
L. P. Lévy, J. H. Freed and D, M. Lee,
Phys. Rev. Lett. (in press).

C. Lhuillier and F. Lalo€, J. de Phys.
43, 197 (1982) and 225 (1982).

L. P. Lévy and A. E. Ruckenstein, Phys.
Rev. Lett. (in press).

J. S. Denker and N. Bigelow, Spin
Transport in H+, this volume.

C. Lhuillier,.J. de Phys. 44, 1 (1983).

(2)

(3)

(5)
(6)
(7)



