Dynless otherwise stipulated, the integrations in Egs. (2, 1),
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2) When £<0 the circuit around the poles of the integrand in
(2.11) is given by the rule
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Nuclear spin-lattice relaxation in semiquantum liquids
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We calculate in this paper the temperature-dependence of the nuclear spin-lattice relaxation time 7', of
semiquantum liquid hydrogen. We show that T, is inversely proportional to the temperature T'. Such a T-
dependence of T, is a universal consequence of the specific properties of semiquantum liquids. The results are
in good agreement with experimental data on T', measurements in liquid hydrogen.

PACS numbers: 67.90. + z, 61.20. — p

Andreev! ™ has recently developed a theory of semi-
quantum liquids. These are liquids in the temperature
range T,< T< O (O is the Debye temperature and T,
determines the quantum indeterminacy of the energy
which is connected with the delocalization of the par-
ticles in the liquid which is caused by tunnel transi-
tions). In his papers he showed that semi-quantum
liquids are characterized by a universal temperature-
dependence of the thermodynamic quantities and the
kinetic coefficients, which is caused by the specific
properties of semi-quantum liquids. He showed, in
particular, that the specific heat and the heat conduc-
tivity coefficient are proportional to the temperature T
while the viscosity is inversely proportional to T, in
good agreement with experimental data.

One must expect that the specific properties of semi-
quantum liquids will also appreciably alter the tempera-
ture-dependence of the spin-lattice relaxation (SLR)
time of the nuclei. Indeed, for liquid hydrogen in the
temperature range 14 to 20 K one observes experi-
mentally an inverse temperature-dependence of the
SLR time of the nuclei® and this cannot be explained on
the basis of the theory of classical liquids. In this tem-
perature range the hydrogen must have the properties
of a semi-quantum liquid.

The aim of the present paper is the calculation of the
nuclear SLR time of semi-quantum liquids using the
theories developed in the above-mentioned papers.'™
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When evaluating the SLR time we use a model analogous
to the one used by Andreev® when calculating the heat
conductivity coefficient. For the sake of simplicity we
shall assume that the particles have spin 3 (if the par-
ticle spin is larger than 3, it will not lead to any alter-
ation in principle of the arguments which follows below)
and, by analogy with Ref. 3 that perturbation of the form

v=—fq,

is applied to the system, where g is the operator of the
flux of the Zeeman energy between excited states of the
particles in the liquid with energies €, +/w, and &, +#w,,
where w, is the NMR frequency and f is a harmonic
generalized force. To evaluate the current g we write
down the Hamiltonian of the system:

H=H|+H2+Hmn
H = Z €100t @, Ha =Z €20820" A20, (] )
L L4
Hi=J(a ay-+a-*az, +a.,*a,-ta.-tayy), ei=e; =0, (2)

J is the interaction constant, and q;, and q;,are the
creation and annihilation operators for particles in
states with energies €;,. In contrast to Ref. 3 we

retain only the interaction which causes the transition

of particles between the levels €,,- €,;, i.e., the transi-
tion between the states is accompanied by a spin flip.

As we are merely interested in the temperature depen-
dence of the SLR time, we shall not define concretely the
interaction mechanism.
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To find the expression for the Zeeman energy flux,
we write down the explicit form of the Zeeman energy
operator

Roe
2

N,=a *a,,‘a.,*a,,, N-=a,_*a,_+a, *a,,

Ey=

(N+_N-)v

the change in which is given by the equation
dE; fhe, (dN+ dN- )

dt 2

dat dt

i.e., the Zeeman energy flux operator can be expressed
by the formula

q= % [N+—N-, Him]=—i(0n](a|++az—+az++ax-—az-+a1+_u1-+az+)- (3)

For the sake of argument, we assume that a},and q,,
satisfy boson commutation relations.

One easily obtains from (3) the matrix elements of the

current operator between the states |1+) [2=); [1-) [2+):

Qi+, 3=+, 1==" 1=, +="Q1=, 24 =—"100/. (4)

The dissipation of the applied-field energy will have the
form

E= {Wu-, - (es—e3-) (Ny-—Ny,) Fw-, 24 (E24—84-) (Ni=—Nay) }. (5 )

Under the condition iw < T (where w is the frequency of
the alternating field), taking into account that the transi-
tion probability caused by the perturbation V has the
form

Wiy 1= -’—‘-zl-;ﬂl Qusa-1 {6 (hote,—e,-) T8 (Rote——ei)},

we get for (5)

nlfl*

=7

lq»,a-l’h’af {Ni:8 (Rote—es-)+N,-8(hate,-—e,,) b

N..—e""” [ 2+e—ll./f+e—l|0/7+e—l;./f+ e--p/r] —l,

N, is the occupation number for the state of energy ¢,,.
Following Ref. 3, we can easily establish a relation
between the amplitude of the alternating field f and the
temperature difference 57 between the spin and the
lattice system, which has the form

f=8T/iT.
We shall thus finally have

nhay'l?

E=—r
We denote by p(&,&,)d€,d¢, the probability that a given
particle of the liquid has not only a ground state, but
also two close-lying excited states with energies €, and
g,. For small ¢, and &, the probability p can, accord-
ing to Refs. 3 and 5, be assumed to be a constant
quantity.

(6T)*{N,,6 (ho+e,,—es-) +N,-6 (ho+e,-—ess)}.  (6)

Averaging (6) and taking into account that Zw < T we
get finally an expression for the energy dissipation per
unit volume of the liquid:

nahonpl*(8T)* " et
- a
27 r @ J 2Hher

. (M

where 7 is the number of particles per unit volume of
the liquid. On the other hand, from irreversible
thermodynamics it is well known that the connection
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between the energy dissipation and the rate of change
of entropy is® )

E=—2¢T, (8)
where 20 is the energy production function.

The non-equilibrium state of our system is charac-
terized by a single macroscopic parameter —the z-
component of the nuclear magnetization M, which
satisfies the following relaxation equation:

aM M-M,

A T ®
where M, is the equilibrium value of the nuclear mag-
netization and T, the required nuclear SLR time. If we
use the Curie law M =CH/T (C is the Curie constant,

H is the external magnetic field, and T the spin tem-
perature) we can rewrite (9) in the form

——=— (10)

where 8=1/T is the inverse temperature of the spin
system, 68=8T/T%, and T, is the lattice temperature.
Using the well known thermodynamic relations between
o and the macroscopic parameter 58 from Ref. 6, using
(10) we can easily obtain an expression for the function
o:

o___i_ (8p)*

2T, <(88)> '

where ((5p)%) is the mean square of the fluctuating
parameter 08 in the equilibrium state. Using next the
well known thermodynamic formula®

(8T)*y=T%c,

and the expression for the specific heat of a non-de-
generate paramagnet at high temperatures

cy=n(Rwo)*/4T,

we finally get for o

_ n(ho,)* (87)*
8T, T+

Using this expression Eq. (8) will be of the form

(he,)? 2

Comparing Eqgs. (7) and (11) we get the following expres-
sion for the nuclear SLR time:

L_ Zaspl 12)

=

We see from (12) that the nuclear SLR time is inversely
proportional to the temperature 7. Such a T-dependence
of T,, like the T-dependence of other kinetic coefficients,
is a universal consequence of the specific properties of
semi-quantum liquids. From the example of liquid hydro-
gen we see that (12) agrees well with experimental data.*
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A new effect connected with an increase of the magnetization of a paramagnet by an alternating electric field
is observed. The experiment was performed on Al-O~ centers in quartz by the EPR method. The
dependences of the effect on the intensity and frequency of the electric field are studied at different
temperatures and crystal orientations. An interpretation of the observed phenomenon is offered, with account
taken of the fact that not only the electric dipole moment but also the spin moment is connected with the
Al-O~ centers. It is shown that the polarization of the electric dipoles by the alternating electric field is
transferred to the spin system by relaxation processes. Regardless of the polarity of the electric field, the
magnetization of the paramagnet increases in this case. The observed phenomenon is in essense a relaxational

61,. D. Landau and E. M. Lifshitz, Statisticheskaya fizika
(Statistical Physics) Nauka, 1976 [English translation

magnetoelectric effect.

PACS numbers: 75.80. + q, 76.30.Mi

Hou and Bloembergen' have described an increase of
the magnetization of a paramagnet by an electric field.
They have shown that the gist of the phenomenon re-
duces to the magnetoelectric effect predicted earlier??
and observed in antiferromagnets® and in ferromag-
nets.® The change of the magnetizationinthese experi-
ments is attributed to the terms of order EH contained
in the thermodynamic potential & (E and H are the
electric and magnetic field strengths). The effect
takes place in both constant and alternating fields.
Phenomena of this kind in paramagnets were investi-
gated theoretically by Roitsin® by the spin-Hamiltonian
method.

In the present study we have observed an appreciable
increase (by approximately one order of magnitude)
of the magnetization of a paramagnet by an alternating
electric field. In its outward attributes, the observed
phenomenon is similar to the magnetoelectric effect,
but is substantially different with respect to the mecha-
nism of its production and to its behavior. In particu-
lar,noincrease of the magnetization was observedina
dc electric field in our experiments.

THE EXPERIMENT

The measurements were performed by the EPR
method in the 3-cm band at T=4.2 K and 1.5 K, on
single-crystal o -quartz with A1-O” centers. The
center density was ~10'® cm™. The paramagnetism
of these samples is due to a hole (spin S =1) localized
on one of the two oxygen ions (which we shall label 1
and 2) of the A10,)*" tetrahedron in which Si* is re-
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placed by Al1®**.” The energy of hole localization on the
two other oxygen ions is 30 meV higher.® Owing to the
anisotropy of the g-factor, the holes in positions 1 and
2 produce two separately registered groups of EPR
lines (six lines each, owing to the hyperfine interaction
with the A1?"). For the details of the EPR and structure
of the center see Ref. T.

In our experiments, graphite electrodes were de-
posited directly on the crystal, and the electric field
was fed to them through clamp contacts. The electric
field E was applied perpendicular to the threefold axis
of the crystal, E LL,. In addition, the condition E 1l H
was satisfied, where H, is the external magnetic field.
The dc electric field increased the intensity of one
group of lines and decreased that of the other, so that
the combined net magnetization of the system remained
unchanged (for details see Ref. 9).

‘We have observed that when an alternating electric
field of frequency vy was applied to the crystal, the
intensities of both groups of EPR lines increased to
equal degrees. The effect is a maximum at ELL,
and is absent at E Il L,, where L, is the twofold axis of
the defective tetrahedron in which Si** is replaced by
Al**, In these experiments, the EPR signals were ob-
served on an oscilloscope screen. The frequencies of
the electric and magnetic fields were rational multiples,
and the signals were obtained at the maximum ampli-
tude of the electric field. The increase of the signal
was independent of the polarity of the electric field.
When an automatic plotter with a time constant larger
than vz was used as a recorder, the averaged effect
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