UNITED NATIONS EDUCATIONAL. SCIENTIFIC AND CULTURAL ORGANIZATION

INTERNATIONAL ATOMIC ENERGY AGENCY @
INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

LC.T.P, P.O. BOX 58, 34100 TRIESTE, ITALY, CABLE: CENTRATOM TRIESTE

SMR.998a - 11

Research Workshop on Condensed Matter Physics
30 June - 22 August 1997
MINIWORKSHOP ON
QUANTUM MONTE CARLO SIMULATIONS OF LIQUIDS AND SOLIDS
30 JUNE - 11 JULY 1997
and
CONFERENCE ON
QUANTUM SOLIDS AND POLARIZED SYSTEMS
3 - 5 JULY 1997

"Spin diffusion in polarized fermi gases and solids"

W.J. MULLIN
University of Massachussets
Department of Physics & Astronomy
Hasbrouck Laboratory #411
P.O. Box 3370
MA 01003-3720 Ambherst
U.S.A.

These are preliminary lecture notes, intended only for distribution to participants.

MAIN BUILDING STRADA COSTIERA. (| TEL. 2240111 TELEFAX 224163 TELEX 460392 ADRIATICO GUEST HOUSE Via GRIGNANO, 9 TEL 224241 TELEFAX 224531 TELEX 460449
MICROPROCESSOR LaB. Via BEIRUT. 31 TEL. 2249911 TELEFAX 224600 TELEX 460392 GALILEO GUEST HOuSE Via BEIRUT.7  TEL.2240311 TELEFAX 2240310 TELEX 460392



Spin Diffusion in Polarized Fermi
Gases and Solids

W. J. Mullin, University of Massachusetts
Coworkers:  Don Candela Robert Ragan

Jong Jeon Erik Nelson
Brian Cowan

*Why study polarized gases?

Example of polarization effects in transport:

/Thermal conductivity
K=pvicy, | mean-free path A~ l/o

low T: o4 >> 04y by Pauli principle

experiment: Leduc et al, ENS

» Viscosity similar enhancement by polarization

experiments: Owers-Bradley et al, Nottingham
Candela et al, UMass

So... polarized systems provide a probe of quantum mechanics
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History
1876: Boltzmann transport equation
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1958 Silin Equation

Generalized Landau eqn for arbitrary spin.
np(r,t) is a 2x2 matrix distribution function.

omp %agp ogp , O agp}_ %agp o , Ot BQP}
dt 2{or dp Jdp Odr| 2{dp or Ir Jp
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Predicted transverse spin waves. Not detected until 1983!
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1970 Leggett equations

Derived from Silin equation __ S‘,"ﬂ rotation parameter

M) o dM (p) . _JM)
o Tm g g XM (M)XB = -

Transverse effects M;=My+iMy

oM,  Do(1-+1uM,)
o 1+ueM?

Diffusion eqn with Eomplex D Nj\

Predictions:  ®Transverse spin waves (Silin’s prediction)
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VM,

¢ Leggett- Rice effect (Anomalous spin diffusion).
@ Non-linear effects: Levy, Ragan, Nunes
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Transverse spin diffusion (spin echo experiment):

Gradient
B B
M off (or less) pulse

«‘ﬁ" ‘
~J
Spins disperse
in gradient

180 pulse B
B

, 72
= /
A%

"time reversed"
spins regroup in
echo

However, if spins have diffused along z axis they will have lost phase
memory (now in wrong gradient) and the echo height 1l be
diminished.

h(t) gives transverse diffusion constant.
M
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Longitudinal Spin diffusion:

Gf'a—(;ten{' oy
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Measures‘D.; l
Spin currents along M (in spin space)

Transverse spin diffusion :
Gradient on
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/\
Am
Measures

Spin currents perpendlculal to M.

Before 1990 all experiments measured D 1 but all theories computed D,
(and they were the same!)



Leggett-Rice effect in transverse spin diffusion.

Hall effect analogy:
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1982 Lalo€ and ]___J_h_gll_llgil_ generalized the Boltzmann equation to
arbitrary polarization direction.

Ny becomes a 2X2 matrix p(p).

Boltzmann statistics, but quantum collisions
0 ] e
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Results: Leggett equations in Boltzmann gas (Bose or Fermi)!
spin waves, Leggett-Rice effect.

Bashkin, Bashkin and Meyerovich discovered equivalent results.

Experiments: Spin waves seen at Cornell (H{), ENS (3He gas), Julich
(degenerate solutions), Ohio State (pure liq 3He); L-R effect (UMass).
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NMR spectra showing the variation of the spectrum with the field gradient. The magnitude of
V8Ho(T) was about 0.4 G/cm between traces (a) and (). and twice that much between (6)
litude and direction of V&H, were not accurately known. The time between successive spectr
spectra were taken at T = 245 mK, n =3.2x10' atoms/cm?, and P ~ — | using tipping pulses «
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Calculations of longitudinal transport properties for polarized systems:

T>>Tg
Lhuillier and Laloé
Bashkin and Meyerovich

T<<TE.
Bashkin and Meyerovich: x, 1, D, etc (variational)
Miyake and Mullin: x, 1, D, etc (exact)

All T:

Jeon and Mullin: Reduced collision integral to a two-fold integral
Calculated D at all T (variational)



1988...Generalization of the collision integral to
arbitrary polarization:

Meyerovich (1985): Suggested transverse spin diffusion relaxation time
T, might not be the same as longitudinal relaxation time T|.

“We use the following usual r-representation for the
spin-conserving exchange collisions integral:

(Spely=0,
(v; Spel)y=— TJ_'IJ,- — (T"—I - Tfl)e(e' AN (3)
where Ty are the transverse and longitudinal relaxa- o ,_S\‘h""
tion times # Kedars§§~Bagn Lo % Lar
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X {{npTpatpes fp ]+ + {fpyipsfipes fpiJ+ = 215,105,005, UP']*’]}

(Did for the degenerate transport equation what Lhuillier-Lalog did for
the Boltzmann equation)

Valid for dilute systems only.
Vo=

Independent calculations by Meyerovich and Musealian (92) —<——
Golosov and Ruckenstein (95) -

-3 -



10
Calculations: D, #Dj

Longitudinal spin diffusion:
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Transverse spin diffusion:
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Comparison with experiment:

¢
Dilute solutions of 3He in liquid 4He A, v 10
Theory a.Halfes o difute yas
Experiments:
[« Candela, McAllaster, Wei, and Vermeulen (UMass):

\2 Spin wave determination of D) /uM and uM
¥
" [_f_‘Tﬂ
l L- Nunes, Jin, Putnam, and Lee (Cornell): — .

Longitudinal spin diffusion, Dy L"_li-

(One potential parameter is adjusted slightly (7%) to fit all data
simultaneously.)

Polarization not large enough or T low enough to see D) # Dy.

——

D< ‘(@ * Experiments on pure 3He (Candela et al)
W
)
* Experiments on solutions of higher concentrations (Owers-
Bradley). (4% wprcen trofio

-—‘b_
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Cornell experiment
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Ebner Potential*

.......... s-wave
UMass Experiment
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FIG. 1. Experimenta! resuits for the transverse spir diffusion coefficient O, in *He liquid at zero pressure,
in a magnetic field / = 8 T (points with error bars). The dashed curve shows a simple 7'~ (emperature
dependence, while the solid curve contains a spin-fluctuation term.  Earlier expenments have shown that

D, at low field follows the solid curve for 7= [ ~ 100 mK. Our

high-field data fali well below ihis

curve for T < 20 K. Dotted curve is fit of our data to a simple phenomenological model.
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FIG. 2. The longitudinal (@) and transverse (O) spin diffusion
coefficients in a saturated solution of *He in “He in 8.8 T. The solid
line shows the T7? dependence of Dy in the degenerate regime. The
fit to D, (dashed line) yields an anisotropy temperature of
(17+2) mK. At temperatures higher than ~30 mK the liquid 1S NO
longer in the degenerate regime which leads to the deviation from
the 772 behavior (see text).
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Spin Diffusion in Solid 3He:

HXZ -Z Jij 0 *0;
i<j
(overly simplified for bee phase, but okay for hcp)

Fact: Low polarization spin diffusion measured in 1960’s. D~ JaZ/h

Theory: spin waves will propagate at high polarization in paramagnetic
phase. (These are not the spin waves seen 1n ordered phase.)

W = g + J a2k?

In between - [Complex spin diffusion constant??
Leggett-Rice effect???
Nonlinear effects as in liquid??

Kubo theory of Transport:

Dig2~ [dt Yq-R;q:R; Tr ool HolHol(O]]]

——n”

Similar form for Dy

—

Procedure: Expand correlation function in moments, fi-t first few to
appropriate functional form, do integral. Result is D 1n terms of
moments of the correlation function.

Get spin wave frequency and diffusion constant.

-‘;\_-
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85 A.E. Meyerovich, “Degeneracy effects in the spin dynamics of spin-polarized fermi gases”,
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92 W.J. Mullin and J. W. Jeon, “Spin Diffusion in Dilute, Polarized *He-*He Solutions”, J. Low
Temp. Phys. 88, 433 (1992),

New derivation of a kinetic equation for all polarizations and degeneracies using
Boercker-Dufty method, an improvement over earlier Kadanoff-Baym method. Uses 7-matrix
interactions, more general than earlier Born-approximation interaction. Presents explicit results
for D,, uM, Dy, and viscosity in dilute *He-'He by using ¥(g) form for T-matrix, and compares to
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92 J. R. Owers-Bradley, D. R. Wightman, A. Child, A. Bedford, and R, M. Bowley, “A Pulsed

NMR Study of *He-*He Solutions”, J. Low Temp. Phys. 88, 221 (1992) (earlier LT-19 papers:
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Dilute, Spin-Polarized Fermi Fluids”, J. Low Temp. Phys. 89, 307 (1992) (QFS-92 conference,
Penn State).

92 A.E. Meyerovich and K. A, Musaelian, “Zero-Temperature Attenuation and Transverse Spin
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781 (1992).
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Relaxation in a Fermi Liquid”, Phys. Rev. Lett. 71, 879 (1993).

94 A.E. Meyerovich and K. A. Musaelian, “Zero-Temperature Attenuation and Transverse Spin
Dynamics in Fermi Liquids. [L. Dilute Fermi Systems”, J. Low Temp Phys. 94, 249 (1994);
short conference report K. A. Musaelian and A. E. Meyerovich, “Effects of High Spin

Polarization in *HeT-*He” Mixtures”, Physica B 194-196, 875 (1994) (LT-20 conference,
Eugene, 8/93)

94 A. E. Meyerovich and K. A. Musaelian, “Zero-Temperature Attenuation and Transverse Spin
Dynamics in Fermi Liquids. [II. Low Spin Polarizations.”, J. Low Temp Phys. 95, 789 (1994);
short version A. E. Meyerovich and K. A. Musaelian, “Anomalous Spin Dynamics and
Relaxation in Fermi Liquids”, Phys. Rev. Lett. 72, 1710 (1994).

94 D. Candela, D. R. McAllaster, L-J. Wei, N. Kalechofsky, “Experiments on polarization-

dependent transport in *He systems”, Physica B 197, 406 (1994) (L.T-20 conference, Eugene,
8/93).

94 A.E. Meyerovich and S. Stepaniants, “Boundary effects and spin-waves in spin-polarized
quantum gases”, Phys. Rev. B 49, 3400 (1994),

95 D. . Golosov and A. E. Ruckenstein, “Low-Temperature Spin Diffusion in a Spin-Polarized
Fermi Gas”, Phys. Rev. Lett, 74, 1613 (1995).

95 J. H. Ager, A. Child, R. Kénig, J. R. Owers-Bradley, and R. M. Bowley, “Longitudinal and
Transverse Spin Diffusion in *He-*He Solutions in a Strong Magnetic Field”, J. Low Temp. Phys.
99, 683 (1995); earlier Rapid Communication J. H. Ager, R. M. Bowley, R. Konig, and J. R.
Owers-Bradley, *Anisotropic spin diffusion in a saturated *He-"He solution™, Physical Review B
(Rapid Commun. Section) 50, 13062 (1994); earlier conference paper J. R. Owers-Bradley, A.
Child and R. M. Bowley, “Magnetic Field Dependent Transverse Spin Diffusion Constant in
*He-*He Solutions”, Physica B 194-196, 903 (1994) (LT-20 conference, Eugene, 8/93)

NMR experiments at 8.8T on six solutions (x;=5e-4, le-3, 4.6e-3, 0.01, 0.038, 0.064) for
T=10-200mK. D, and pAf by spin echoes, Dy by Nunes-type expt. For three highest
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concentrations find significantly lower D than their earlier, lower-field experiments as well as
present ) measurements. Anisotropy temperatures 7, = 13mK at x,=3.8%, 19mk at x;=6.4%,
no theory available for these high concentrations. Present A/[(1+F4,)x' *| versus x'*. find good
agreement with our data. Use to get a=-0.88A, explain that discrepancy with our a=-1.214 is
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