Spin ordering and coherent atomic motion in bee solid *He
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Abstract

We propose a new model to describe the nuclear magnetism of bee 3He. According to this model, in bee *He
there is correlated zero-point motion of the nuclei, which gives rise to electric and magnetic polarizations of the
electronic cloud. Our model describes the resulting modification of the phonon spectra and predicts new localized
modes, which have been observed during the past year. The polarization of the electronic cloud leads to hyperfine
magnetic interactions with the nuclear spin. Magnetic ordering results from an indirect spin-spin interaction. The
model predicts correctly both the u2d2 symmetry of the ordered phase and the volume dependence of the magnetic
interaction. We further predict the excitation branches (spin waves) of the ordered phase.
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The spin-ordered phase of bee *He presents a difficult
challenge to accurate theoretical description [1]. The
prevalent description is in terms of atomic exchange cy-
cles involving several atoms (Multiple Spin Exchange
(MSE) model). Successively higher order cycles pro-
duce competing ferro and antiferromagnetic interac-
tions [2]. For qualitative description within this MSE
model, one needs large exchange cycles, which become
difficult to calculate and prove their convergence [1,3],
i.e. the magnetic order one finds depends on the order
of the largest exchange cycle included. This conceptual
problem, despite the relative successes of the MSE pic-
ture, therefore raises the interest in another approach
[4].

We propose that magnetic ordering of *He is a re-
sult of correlations in the zero point atomic motion,
rather than through exchange of atoms. We show that
the anharmonic zero-point motion produces an oscillat-
ing magnetic polarization of the electronic cloud which
then has hyper-fine interaction with the nuclear spin in
each atom. The nuclear spins interact with each other
indirectly, through the electric dipolar interaction be-
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tween the atoms. The present account is a brief sum-
mary of our work [4].

At 7high” temperatures (T>>1mK), the atomic mo-
tion in bee ®He can be treated in the same way as in
“He [5]. We establish, using the experimental specific
heat, sound velocity and NMR data, the likely occur-
rence in bee *He of long-range correlations in the zero-
point motion of the atoms along the major axes [4].
These correlations can be described [5] in terms of co-
herent electric dipole interactions, and lead to the fol-
lowing modifications of the excitations spectra: (1) The
observed marked (factor of 2) softening of the trans-
verse T1(110) phonon and (2) the appearance of a new
optic-like mode at energy 2Fy (where Fy is the Bril-
louin zone-boundary energy of the T;(110) phonon).
The second effect predicted by this model was recently
observed in *He [6].

The effect of the anharmonic zero-point motion
along the major axes of bcc Helium, is to introduce
corrections to the adiabatic (Born-Oppenheimer) de-
scription of the atoms. In particular, these corrections
produce a mixing of the electronic s and p levels, so
that the electronic wave function is: [) ~ |s) + A |p),
where A ~1072 is the mixing parameter [5]. In this
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state, the atom will acquire an oscillatory electric
dipole moment: |u| = e (¢ |z|Y) ~ 2eA(s|z|p). This
electric dipole is accompanied by a magnetic polar-
ization of the electronic cloud. The lowest |p) level of
the He atom has the electrons in a spin S = 1 state.
The electronic spin is then aligned along the direction
of electric polarization due to dipolar interaction be-
tween the spins of the two electrons, of size: ~ 1.4K.
In the solid, the S = 1 sublevels are broadened due
to the finite overlap of the electrons associated with
neighboring atoms, leading to a sharp reduction in
the electronic spin polarization with decreasing molar
volume [4].

The ®He nuclear spin I = 1/2 has hyperfine interac-
tion with the electronic magnetic moment, of the con-
tact type: Enag = <—%"Ne - Nn(i(r)>7 where N, is the
effective nuclear magnetic moment, and the maximum
electronic magnetic moment is Ne ~ 2Agup. We find
the maximum value of Enag/kp ~ 4.5mK for V=24
cm?® /mole. This energy is much larger than the direct
nuclear dipole-dipole interaction (~ 0.1uK), i.e. of the
order of the transition temperature of nuclear ordering
in bee *He.

Due to the on-site hyperfine interactions, the local
oscillation frequency of the electric dipole changes by
~ FEmag/h. The resulting modulation of the electric
dipole array can be described using its natural excita-
tions, i.e. T1(110) phonons. Keeping the lowest order
in the expansion, this is equivalent to stating that in
addition to the coherently oscillating dipoles p, there
is now an independent small component of the dipole,
tm- In terms of Ep,qg and Ey, the size of this compo-
nent is given by: tm =~ 1/ (Emag/FEo)p. Numerically,
m is about 1072 of the oscillating dipole u. At each
lattice site the component of the electric dipole mo-
ment pin, follows the nuclear spin. Since (- pm) = 0,
the contribution of u,, to the dipolar energy comes
from their interaction with each other

Edip = — Zﬂm,o < P,

[3cos2 (fim - T0:) — 1
i#0

1
vl (1)

For this dipolar interaction to be non-zero, the pm,’s
on different sites should be phase correlated, i.e. long-
range nuclear spin order.

We therefore naturally obtain that the u2d2 configu-
ration of the nuclear spins which has the lowest dipolar
energy (1), is the one found experimentally [7]. Note
that in our model, the symmetry of the ordered phase
is independent of any quantitative parameters. This is
in contrast to the MSE theory where this symmetry is
determined by a competition between many parame-
ters [1,2].

We then treat the indirect spin-spin interaction
along the lines described in our treatment of the
phonon modes [5]. The reduction in the ground-state

energy of the u2d2 phase, compared to the paramag-
netic phase at T=0, is calculated to be ~ 50uK per
atom (V= 24cm® /mole). We also calculated the veloc-
ities of the spin waves along various directions of the
crystal: 6.0 — 10.0 cm/sec, similar to those extracted
from melting pressure measurements [8], where a value
of 8.4 + 0.4cm/sec was found.

From these values we calculate the free energy and
arrive at the specific heat, transition temperature 7,
entropy discontinuity at 7. and the temperature de-
pendence of the NMR frequency shift €. All these
quantities compare very well with the available data
[4].

To conclude, our model enables us to describe both
the phonon spectra and the nuclear magnetic ordering
of bee *He using a single parameter, the dipolar en-
ergy Ey (or equivalently, the mixing coefficient \). In
addition, the model predicts the correct symmetry of
spin ordering both in the u2d2 and in the HFP and the
volume dependence of the magnetic interactions. The
predicted symmetries are independent of the strength
of the effective spin-spin interaction.
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