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The theory of a two-component quantum fluid comprised of spin-% fermions and nonzero spin

bosons is examined. This system is of interest because it embodies a possible quantum liquid metal-
lic phase of highly compressed deuterium. Bose condensation is assumed present and the two cases
of nuclear-spin-polarized and -unpolarized systems are considered. A significant feature in the un-
polarized case is the presence, of a nonmagnetic mode with quadratic dispersion owing its existence
to nonzero boson spin. The physical character of this mode is examined in detail within a Bogo-
liubov approach. The specific heat, bulk modulus, spin susceptibility, and thermal expansion are all
determined. Striking contrasts in the specific heats and thermal-expansion coefficients of the liquid
and corresponding normal solid metallic phase are predicted.

I. INTRODUCTION

Theoretical interest in the expected high-pressure states
of metallic hydrogen and deuterium has most often cen-
tered on a possible solid crystalline phase.! Less frequent-
ly considered are dense liquid metallic phases, which un-
doubtedly exist at sufficiently high temperatures. An in-
triguing possibility, suggested in a number of detailed
studies,? is that the liquid metallic phase may, at a density
near that at the metal-insulator transition, continue to ex-
ist even at temperatures sufficiently low that the “ionic”
degrees of freedom must be treated quantum mechanical-
ly. The physical basis for this low-temperature liquidity
is attributable to the low ionic mass and concomitant high
fero-point energy (as is also the case in liquid *He and

He).

A theory of a “quantum” liquid metallic phase of dense
hydrogen (i.e., a two-component Fermion fluid of elec-
trons and protons) has been given earlier.> This paper
presents a corresponding study of the low-temperature
phase of liquid metallic deuterium (LMD). Liquid metal-
lic deuterium constitutes a two-component boson-fermion
fluid with, most importantly (and in contrast to *He-*He
mixtures), the boson component having nonzero spin. The
presence of these bosonic spin degrees of freedom leads to
a new quasiparticle branch (a Goldstone mode) which, as
will be seen, has significant implications for both the
equilibrium and transport properties of the system. In
further contrast to °He-*He mixtures, LMD is dis-
tinguished by (i) long-range Coulomb forces and (ii) an
enormous component-mass ratio.

No definitive static metallization either of H or D has
been achieved, though there are some claims to the con-
trary.* Transient metallization involving dynamic tech-
niques® has also been reported, but is also not definitive.
Aside from possible detection of metallic conductivity no
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empirical knowledge of the preferred phase or its proper-
ties has been advanced. Several efforts aimed at metalli-
zation are, however, underway or envisaged.4 Thus it is
appropriate to attempt to anticipate properties of the
liquid metallic phase in order to provide a basis for exper-
imental discrimination between liquid and solid phases if
metallization is eventually achieved. The system is also of
intrinsic theoretical interest.

Section II discusses a model for LMD which is ap-
propriate for a first study. Two cases are considered:
deuterons both spin-polarized and unpolarized, respective-
ly. Section III describes the quasiparticle spectrum and in
particular clarifies the nature of the Goldstone branch.
We concentrate here on equilibrium properties, and these
are dealt with in Sec. IV. The nature of the quasiparticle
interactions in this system and their transport properties
are also of considerable interest. These are planned to be
discussed in a separate paper.

II. MODEL AND MAGNETIC PREPARATION

We consider a mixture of N spin- fermions (electrons)
of mass m, and charge —e, and of N spin-1 bosons
(deuterons) of mass my and charge + e. We assume the
interactions to be Coulombic, and we assume that there
are no spin-dependent interactions. Note that unlike
3He-*He mixtures® no macroscopic fermion-boson phase
separation can be possible here, because of the long-range
nature of the particle forces. Further, unlike the case of
isotopic boson mixtures with isotope-independent interac-
tions,’ LMD, viewed as an effective three-component
Bose fluid, will not undergo bosonic phase separation.

For purposes of this analysis we may assume the ex-
istence of a Bose-condensed but otherwise “normal” liquid
metallic phase. Accordingly, we omit from consideration
a number of open and interesting issues, e.g., the existence
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of electronic superconductivity,8 electron ferromagnetism,
liquid crystallinity, charge-density-wave formation, and
other states of order. Furthermore, since the first success-
ful experimental metallization will likely involve a very
small, possibly microscopic sample of LMD which will be
very much confined in the high-pressure maintaining ap-
paratus, we will not address the issue of superfluid hydro-
dynamics.

We treat two cases: (A) “chemical” equilibrium among
all boson components, (B) “chemical” nonequilibrium
with a majority of bosons being in one spin sublevel (a)
and a small fraction ( <10~2) in a second level (B).° Case
A is expected to be realized experimentally, almost by de-
fault. Case B requires preparation of the sample through
the use of a large magnetic field. In practice, case B will
eventually relax to case A because of the presence of dipo-
lar forces in actual LMD. In both cases we consider the
temperature to be much lower than the Bose-condensation
temperature. Note that in case A all boson spin levels are
in general condensed, whereas in case B there is the possi-
bility that for sufficiently high temperatures, level a, for
example, will be condensed while level 3 is not; in case B
we restrict our attention to this situation.

The Bose-condensation (BC) temperature T for an ideal
Bose gas is given by°

3.31#20%73

g2/3mk3

T= o)
where g is the spin degeneracy, n is the density, m is the
particle mass, and kp is Boltzmann’s constant. We will
be interested in an r; range'! of 1.0—1.6 thought to be
near the T ~0 metal-insulator transition boundary.? For
the ideal case of A, g=3, m =m;=3.34X10"%* gm, and
the BC temperature T()~21 K (53 K) for r;=1.6 (1.0).
For the ideal case of B, it is relevant to consider two BC
temperatures T, and TB for the a and B levels, respec-
tively. Then T,~43 K (110 K) for r;=1.6 (1.0). For
minority-spin concentration ¢ of 1% and 0.1%, Tg~2.0
K (5.1 K) and 0.43 K (1.1 K), respectively, for r,=1.6
(1.0).

These results give a very rough guide to the correspond-
ing fully interacting BC temperatures (denoted here with
asterisks). We expect the T*’s to be somewhat lower, but
probably of the same order of magnitude as the ideal esti-
mates. A reasonable estimate for the deuteron effective
mass (m} ~2my) suggests by a simple estimate!? that the
actual T*’s are a factor of <10 lower than these results.
In any event it seems likely that the temperature regimes
T <<T{a) or Th<T << T will be easily attainable exper-
imentally.

Preparation for case B. Assuming equilibrium condi-
tions and using p;=0.857uy =4.33X10"%* ergG~!, a
spin sublevel ratio ng/n, is produced with a magnetic
field H given by H~ —3X10'T In(ng/n,) G. Using the
maximum presently available static fields (~10° G) and
existing millikelvin techniques, a 0.1% “‘solution” will re-
sult. The thermalizing nuclear spin depolarization which
will then take place after the field is removed is primarily
attributable to the nuclear-spin—conduction-electron hy-
perfine interaction. The effect of nuclear dipole-dipole in-
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teractions is somewhat smaller both because of the small-
ness of the ratio of nuclear to electronic moments
(~1073) and because of the smallness of the internuclear
relative velocity as compared to the typical nuclear-
electron relative velocity. Accordingly, a longitudinal
magnetic relaxation time 7 may be estimated from the
Heitler-Teller formula,!?

6412 Vovatt o ks T
-~ 9 €F ‘ 1/}(0) IF €r s (2)

1
.

where 7, (74) is the electron (deuteron) gyromagnetic ra-
tio, €r is the Fermi momentum of the electrons, and
|%(0)|% is the Fermi surface average of the electronic
wave functions at the position of the nucleus. For a
rough estimate, it is sufficient to take |¥(0)|? to be its
value in the 1s hydrogenic state: |,(0)|%=2.1x10%*
cm™~3. This gives 7T ~3.7% 10 (2.3 10*) sec for r,=1.0
(1.6). Thus for T <1 K the nuclear magnetic relaxation
times should be more than ample to permit experimental
studies of LMD under case B conditions. We do not con-
sider the question of either the existence or the effect of
nuclear magnetic domains.

I1II. ELEMENTARY EXCITATIONS

We adopt in this initial description of LMD a
phenomenological approach; we first identify the quasi-
particle excitations and their approximate dispersions. In
the spirit of the Landau-Khalatnikov'* approach used for
“He, we determine the finite-temperature equilibrium and
near-equilibrium properties under the assumption that
these quasiparticles are distributed according to the equili-
brium or near-equilibrium quantum ideal-gas distribution
functions for the appropriate statistics.

A qualitative identification of the quasiparticles pro-
ceeds by first taking the point of view that LMD (case A)
is an effective three-component Bose fluid with short-
range species-independent effective interactions. Here of
course the electronic degrees of freedom are ignored ex-
cept insofar as they implicitly enter into the screening of
the effective deuteron-deuteron interaction. From the ap-
propriate effective deuteron Hamiltonian we expect to be
able to identify the form of those quasiparticle branches
possessing boson character. As will be seen, this approach
actually leads to the identification of fwo types of bosonic
branches. For small k, one is the expected longitudinal
phonon while the other is a particle-type excitation whose
presence is entirely a consequence of the nonzero boson
spin.

A complementary point of view is to regard LMD as an
effective electron gas moving in a “heavy” neutralizing
and dynamically responding background. The back-
ground augments the screening due to the electron gas it-
self. This does not, however, change the qualitative fact
that (renormalized) fermionic particle-hole branches will
continue to be present in the original problem, again, as-
suming no electronic ordering such as superconductivity.

For the case of a mixture of spin-0 condensed bosons
and fermions a picture corresponding to that just given
for LMD is supported by microscopic theory!’ in which a
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joint random-phase approximation is made for both
species. It is concluded that there are trwo quasiparticle
types: phonons and fermion quasiparticle-hole pairs, each
renormalized by all the interactions in the problem. This
picture, even for the fully interacting case, can be estab-
lished by a fairly general diagrammatic analysis. Consid-
er the diagrammatic expansion of boson single-particle
propagators.!! Since the system is condensed there will
exist two “anomalous” single-particle propagators involv-
ing, respectively, two creation and two annihilation opera-
tors. The three types of propagators will be coupled to-
gether via a Beliaev-Dyson equation.

It is clear that the electron propagators will enter only
in the form of polarization insertions (see Fig. 1). Thus,
formally, the full diagrammatic expansion for the (cou-
pled) boson propagators in the presence of the electrons is
topologically identical to that for a system with bosons
alone. The basic interaction unit involved is not, however,
a static bare long-range interaction; rather it is a dynami-
cally screened short-range interaction. To the extent that
the electrons adiabatically follow the ions, it is reasonable
to take this effective interaction as a renormalized static
interaction, justifying the picture just given above.

A similar argument applies to the electron single-
particle propagators. Here, the boson propagators enter
only in polarization insertions within electron-electron
bare interaction lines (see Fig. 1). Unlike the previous
case, the replacement within a diagram of a basic bare
Coulomb interaction unit with the dynamic, ionically
screened effective interaction does not directly lead to the
view that the electrons are interacting via a new static
force.

Even though the effective electron-electron interaction
is dynamic, experience with the electron-phonon interac-
tion in metals'® and the results of the calculation of Ref.
15 together give us some confidence that the above
viewpoint is nevertheless often correct. In some cases, of
course, it is distinctly incorrect, e.g., when the effective
forces are attractive. Neglecting such possible effects, the
above argument at the very least furnishes a framework
within which we may predict the existence of normal fer-
mionic quasiparticles associated with the electron propa-

gator. The energy e€.(k) of such a quasiparticle of
momentum k is given by

kg

€(k)=—F(k —kp)+pu,, k=kp (3)
e

I
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where 7714 is an electronically renormalized deuteron ef-
fective mass, v is the number of spin components (v=3
for LMD), U is the effective spin-independent short-range
interaction, ¥ the volume, and a T (a x’k’) the creation
(destruction) operator for a boson of spin A and momen-
tum K. Here E, is a constant resulting from the elimina-
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S
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FIG. 1. (a), (b), and (c) show first-order contributions to “nor-
mal,” anomalous-“out,” and anomalous-“in” single-particle bo-
son propagators, respectively. Double solid lines and double
dashed lines denote bare boson propagators and ‘“‘condensate
factors,” respectively (see Ref. 10). Single dashed lines denote
bare Coulomb interaction between like charges. In (d), (e), and
(f) the renormalization of a typical boson diagram, (a), due to
the electrons is indicated: (e) shows a typical screening of the
boson-boson interaction by an electron particle-hole pair [solid
single lines denote bare electron (hole) propagators]. (f) symbol-
izes the effect of all types of electron polarization insertions
within the given boson diagram topology, the double wavy line
denoting the fully electronically screened boson-boson effective
interaction. Such a procedure would apply to all boson dia-
grams. A similar argument applies to the bosonic renormaliza-
tion of the electron propagator, illustrated for a typical electron
diagram in (g)—(i). The dotted line denotes the bare electron-
boson Coulomb interaction.

where kj is the Fermi momentum, m_ is the effective fer-
mion mass (renormalized by interactions with all species
in the system), and g, is the fully renormalized electron
chemical potential.

Bosonic modes. We now consider in some detail the bo-
sonic quasiparticle branches. The effective bosonic Ham-
iltonian H is

| K= K3 )8%(K,+ K~ K3—Kya] 2 al - a @)
3

v AT AR,

T

tion of the electron degrees of freedom.

The multicomponent Hamiltonian has been considered
in a number of studies: Nepomnyaschii analyzed the for-
mal structure of the Green’s functions and, using an argu-
ment similar to that of Gavoret-Nozieres,!” established
the form of the quasiparticle spectra for k—0.!® Bas-



sichis gave a very formal treatment of Eq. (4) for arbitrary
v within the Bogoliubov approximation.'”” Colson and
Fetter also studied the somewhat analogous problem of
4He-He Bose mixtures.”’ And Halperin considered the
question of hydrodynamic modes.2! All of these authors
pointed out the existence of new particle-like modes.

In the present approach, as a qualitative guide to LMD,
we analyze in some detail Eq. (4) for y=3 within the Bo-
goliubov approximation. We utilize a less general, though
more direct, procedure than in Ref. 19. We also more ful-
ly discuss and clarify the physical meaning of the new
particle-like modes.

A. Case A

Assuming the most general form of Bose condensation,

we write
]

k2 4 1

3
Hay~Eq +
(A) 0 %El Zﬁd Ak Ak 2V
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N =NoUj , (5a)
3
S vi=1, (5b)
A/=1

where N, is the condensate number in the Ath spin sub-
level, Ny is total condensate number, and U, are the com-
ponents of an arbitrary real unit vector. As in the usual
spin-0 Bogoliubov procedure we treat the zero-momentum
operators as ¢ numbers and retain terms of order Ny and
N3 only.?? Using

3
2 2 S 3 t
NozN —2N0 aAT(»aAT(» )
Y(#E) A=1

we are then led to

3
+
2 U(k)al'Yak?UAUA’

K (0) MA'=1

S Ulk)a,a

Tt 1
AK A',_T{'"axi’ax',—i’)U"U’" : (6)

¥ (0) M=

In view of the form of Eq. (6) we introduce new boson operators @ ta by

=~

3 3
~t _ 1 ~
a _L—Z1UW}‘? a?_A_EIUAaﬂ(» .

(7

It is trivially verified that the @ T, @ satisfy the canonical Bose commutation relations [& Pexd %,]=8T(. 0

[@ e a T{,]=[a‘ TE” a T{']=0' Using Egs. (7) and adding and subtracting a kinetic energy operator in the new fields, we

have from Eq. (6),

Hz=Ey+H,+H,,

2V >
K (+£0)

ita. L (N2 0
ata.+—— |NUO+2N 3 UK

(8a)

(8b)

+N U(k)(&“?a“
¥ (+£0)

+a“‘ifa* )| . (8¢)

—
-k

We observe that H, has the same form as the full Hamiltonian (with Bogoliubov replacement) for the case of spin 0.2
Evidently H, is then diagonalized in the canonical representation of a defined by

1

~ + ~t 1
ap= (1—A2)\/? (ap+dia_g), T3 (1— A}
The inverse relations are
_ 1 ~ _t t 1 _
ar—m(l—A;f)”z (ai’“Aka_T{)’ ap= (1_a2)7 a
with
4 k2 N % N
A= — —U(k)=— — 4+ Uk)—= | —
“TUWN | 2my Y om, VR

=——ssaht o). (92)

—Ayd ), (9b)

(10)
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Then,
N?
Hy=5U(0)+ ZGb(k)a—»a—» (11)

where the bosonic excitation energy €,(k) in the Bogo-
liubov approximation is

k2
2md

2
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N

k)—
U,

Gb(k)= (12)

+U(k)

As is well known, in the limit of k¥ —0 these modes are
phonon-like with linear dispersion; for k— oo, they are
particle-like quadratic modes.
We turn to the diagonalization of H; which is rewritten
as
3

=2 2

x AN

(13)

Next, operators 31 and B, are introduced by the defini-
tions

b= 3%

where X;; are real ¢ numbers to be determined by requir-
ing that H{ may be written as

H-33 X g5, (15)

* i=1 2~

3
o toi
Ty Bii’zjglxijaj?’ i=12 14

i.e., as a sum of fwo degenerate quadratic branches. Note

that each spin sum in Eq. (13) is over three components.
Substituting Egs. (14) into Eq. (15), using Eq. (5), and

comparing to Eq. (13), we are led to the relations

X% +X3,=U3+U3, (16a)

XY+ X =U+U2, (16b)

X13+X23=U1+U2 (16c)

XnuXip+XnXp=-U,U,, (16d)

XnXp3+XXp=—-U,Us, (16e)
and

XpX 13+ XXy =—UyUs . (160)

These coupled nonlinear equations are solved by introduc-
ing three two-component vectors V; defined as

E(Xll,Xm), l—l 2 3. (17)

The relations (16) can then be written as

Vivi=Ui+ U}, ¥ v,=U+ U2, V3V3;=U2+4U3
(18a)

Vi V,=—U Uy, V1'V3=—U,Us, V,V3=—U,U;.
(18b)

Denoting the angle between V; and V; by 6;; we then find

? I . (19)
| V1] | V2]  (U3+UDVAUT+U?

We may choose V; to be in the X direction [in the (v,,v,)
plane], for which

X =(U}+U}V? (20a)
and

X,1=0. (20b)
Then

—-U,U,

X12=U2,‘=l)2008912=@;—_‘[123)—1/2 , (20c)

and
. +U;

X22=v2y=v2s1n012=W . (20d)

Similarly,
—U,U;
1= W (20e)
and
-U,
= 200

(The determination of the relative sign between X,, and
X,; follows from the requirement V,-V3;=—U,Us.) The
Bix are then written as

2 21172
'Bli’_(U2+U3) 4%
U,

(U202?+U3a3-1:)
and

Bom s (21b)

2K (U2 4+ U2)2 (U3a2

g —U. 2a s ) .
As is readily verified, this choice of the new operators sat-
isfies canonical commutation relations:  [7, o, 7’;}*']

=[73.T(” 7/;;’,]=0’ [7 % 7 g ] SUST{T{ , Where 7’,?
€ {ai», BlT{"BzT{}' Wlthm the Bogoliubov approximation,
these new quadratic modes are unrenormalized.

The physical nature of the quadratic modes is clarified
by considering the two-component analog of Egs. (8).
There are then two branches & and S (linear and quadra-
tic, respectively, as k—0), i.e.,

L E(Ula g

(—'m (22a)

=7
ai.= AkUAa T(»)

and

BL.=Uy!.~Uial . (22b)
We express the longitudinal partial density and transverse
spin-density fluctuation operators in the Bogoliubov ap-
proximation, i.e.,
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T t 172 t
p1¥=§a1,'f+a’ali’~N° Ul(ali.+a1’_?) , (23a)
q
o t 1/2 t
p2¥=§az,i’+a’a23 ~No™U (02Y+az,—i’) ,» (230)
q
(=) b — t N2 t
U-E»_gal,y+a,a2_€~No (UzalT(»-*-Ulaz’_T{),
q
(23c)
and

(+). 7 — t _NL2 t
U'T(»——gaz,?_*_a,ala»rw]vo (U1a2?+Uzal,_¥) .
q

(23d)

By multiplying Eq. (23b) by U,/U,, subtracting this
from Eq. (23c), and using Eq. (22b), we have

Ny*BL="ot——pl. . (24)

Similarly, by multiplying Eq. (23a) by U,/U; and sub-
tracting Eq. (23d) from this,

—("')UT? . (25)

Combining Egs. (24) and (25), we have the symmetric
form

(=)t (41
+( UT{ O'r

U 4
UlplT(

~r ot
T U, Pye
(26)

Thus, for U;=U,, Bf creates a combination of relative

longitudinal density fluctuations and relative transverse
spin fluctuations.

As noted earlier,?! these modes may be thought of as
broken-symmetry (Goldstone) modes: When the system
condenses into a particular direction in “U space,” the
ground state breaks a continuous symmetry of the Hamil-
tonian. This leads to a new excitation branch with disper-
sion and damping both tending to zero as k—0. These
modes, since they are in addition quadratic, may be
thought of as “magnons” in U space. However, it is im-
portant to realize that they arise without the presence of
any explicit magnetic (spin-flip) interactions in the Hamil-
tonian.

From Egs. (21) it is also evident that the B modes
represent a coherent superposition over the spin com-
ponents of bare particle excitations. In addition to the im-
portant spin coherence, these excitations are analogous to
those of the ideal Bose gas. Thus, if we consider, for ex-
ample, the spin-independent scattering of an electron
quasiparticle against a 8 mode, the relevant physical pic-
ture is one of the former scattering off a bare particle, and
is rather different from scattering off of a longitudinal
density fluctuation.

Naturally, if one goes beyond the Bogoliubov approxi-
mation, we expect both the normal bosonic dispersion and
what may be considered as an “impurity”-like dispersion
to be further renormalized, i.e., beyond any renormaliza-

tion contained in Eqs. (8) resulting from the electrons.
The analysis of Ref. 18 suggests that the form of the
dispersion relations for k=~0 would, however, be
preserved. For larger k there is a possibility of a roton-
like feature in the phonon-like branch though since the
ion “cores” here are softer and the kinetic energy higher
than in *He, such a feature is expected to be weaker. In
any case we consider temperatures sufficiently low that
only the k ~0 modes are relevant.

Finally it is interesting to consider the 7'=0 dynamic
structure factor S(k,w) for the multicomponent Bose
fluid:

Sko)=3 | (¥, |pl | ¥o) | *8(0—wm0) , 27

where |¥,) and |V¥,) are the many-body ground and
nth excited states and o, is the difference in energy of
states |¥,) and |¥,). Within the Born approximation
the scattering probability of a longitudinal density probe
(e.g., particle) transferring momentum K and energy o is
proportional to S(k,»).?® If we continue to work in the
Bogoliubov approximation, the total longitudinal density
fluctuation operator takes the form

T t 1/2 t
Pe= 20, 7, g% =N 2 (Uia, ¢ +Uaasp)

q,A

o Arl2 ~ ~1

=N{*@_+at). (28)
Using Egs. (9) in Eq. (28) we then have, from Eq. (27),
172

1+4

S(k,@)=N§"? I—Af‘ 8o —ey(K)) . (29)
— A

Thus in this approximation a longitudinal density probe
will see only a normal bosonic excitation branch contribu-
tion. The multicomponent Bose liquid is in this respect
analogous to “He. It may seem strange that the
impurity-like modes do not contribute to S(k,w): They
are somewhat analogous to “particles” excited out of the
condensate and are thus similar to the excitations of an
ideal Bose gas. These do contribute to the structure fac-
tor, i.e.,

Sideat (K, @) =N8(w—k2/2m) . (30)

The point is that the impurity-like modes are a coherent
superposition of particle modes in different spin states.
As seen from Eq. (29), such a superposition is not excited
by a longitudinal density probe; it would be excited, how-
ever, by a spin-discriminating probe.

Finally we remark that in case A in equilibrium (and at
finite temperatures) we have three types of quasiparticles
present with quasiparticle distribution functions given by

— 1
ny(K)=—— b kkp (31)
JECIETR I
— 1
mp ()= kU (32)
1
nA(K) L k ~0 (33)
! —eﬁef‘(k)_l' =
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where B=(kzT)~!. In Egs. (31)—(33) all quasiparticle en-
ergies are now fully renormalized.

B. Case B

For this case we have condensation only in the A=1
spin sublevel, and the effective Hamiltonian analogous to
Eq. (6) is applied only to that selected level. This Hamil-
tonian is again diagonalized in the Bogoliubov representa-
tion. In addition, the impurity spin gives rise to a quadra-
tic impurity branch with a shift (the Landau-
Pomeranchuk spectrum?*)

Hpy~ 3 epklailai+ 3 efkalan+EE . (34)
k k

Here the impurity quasiparticle energy is e2(k)
=e€o+k?/2# j, and €,(k) and 7 ; are the normal boson-
ic excitation energy and deuteron impurity effective mass
in the limit in which the impurity concentrations tend to
zero. Note that € is the impurity chemical potential, also
in the low-impurity-concentration limit. Finally, EZ is
the ground-state energy of the effective one-component
Bose fluid of majority spins.

Note that the number of impurity excitations in case B
is temperature independent whereas in case A the number
of “impurity”-like excitations is temperature dependent.
Further, the impurity excitations of case B lack the spin
coherence of the “impurity”-like modes and moreover are
not classified as broken-symmetry modes. Thus even
though the impurity and ‘“‘impurity”-like modes share
quadratic dispersion, they are physically rather different.

For the low concentrations of impurities characteristic
of case B we can clearly justify a direct single-particle
one-to-one correspondence between impurity quasiparticle
excitations and boson impurities. The usual combinatoric
arguments for the entropy then lead to the impurity
quasiparticle distribution function n? which has the same
form as that for the ideal Bose gas. For T >>Tpg we thus
may express the number N; of impurities as

N;=Nc= e Pl —m] (35)
k
Using the form for €? given above this leads to
3/2
1. | Nc | 2n#B x
i=€+—=n | — | —— =€y+u* . (36)
Hi=¢€ B 2w |y J oTH

Thus the impurity-mode “chemical” potential y; is shift-
ed by €, from the ideal classical chemical potential u*
evaluated at the impurity effective mass m ;. This in
turn leads to the distribution function,

n2(k)=Nc , (37)

3/2
B R —(k2/2m B
27 g

and is quite different from the number nonconserving
form Eq. (33) appropriate to the “impurity”-like excita-
tions of case A.
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IV. EQUILIBRIUM PROPERTIES

The low-temperature specific heat, bulk modulus, spin
susceptibility, and thermal-expansion coefficient for the
model of LMD described above are contrasted with those
both of a normal solid metallic phase of deuterium and of
a normal liquid metallic phase of hydrogen.’

A. Specific heat

The low-temperature specific heat at constant volume
includes contributions from each of the three quasiparticle
branches. The phonon and quasielectron contributions
are of the usual form, i.e.,

3
272 kgT
Cyph:-:—s_ B ﬁs (38)
and
kiT
ey, ~0.642m} —— | (39)
€ 7

s

where s is the fully renormalized phonon velocity. The
new feature in LMD (case A) is the “impurity”-like con-
tribution. In view of Eq. (33) this corresponds to the
specific heat of a condensed ideal Bose gas with two iden-
tical components. Thus!®

k
c‘Vf’zo.639ﬁ—§(m;kBT)3/2 , (40)

where m is fully renormalized deuteron mass. This re-
sult is independent of volume except insofar as m/ is it-
self volume dependent. In case B, however,

cﬁ}?)z%cnkl; . (41)

We estimate s from the Bohm-Staver formula:
s=(kf/3mfm})"V% For m}~m, m}~2m,, we have
s~3X10°/r, cm/sec. (The Debye temperature ®p is
given approximately by ®@p~1x10*/r2 K.) We then
have (in erg/cm?), '

ey, ~5% 10~%(Tr, ), (42)
ey, ~2X 103—rZ , 43)
s
i) ~2x10°T%/2, (44)
and
P ~3x 108;% ) 45)
)

Because of the very large deuteron-electron mass ratio, the
“impurity”-like contribution in case A dominates for all
but extremely low temperatures. (The crossover tempera-
ture T;, where c%_“:c,;e is given by T;,~10"%/r2 K.)
A distinct and novel feature is the resulting 7’2 behavior
of the specific heat of unpolarized LMD over a large (and
experimentally accessible) temperature range.



In case B, the 1mpur1ty contribution dominates for con-
centrations ¢ >>107r; 2T. For the expected temperature
range T <1 K and for r,~1.5, the lowest concentration
available with current magnetic fields (see Sec. II) fall well
within this range. Nuclear polarized, partially condensed
LMD would therefore exhibit a substantial temperature-
independent specific heat.

The specific heat of normal solid metallic deuterium
will possess only electron and phonon contributions, each
with roughly the magnitude and form given in Eqgs. (42)
and (43). The crossover temperature where cy ~cy b is

approximately T,.,n~2X 10%/r? K. Hence under the ex-
pected temperature conditions, solid normal metallic deu-
terium will have a specific heat markedly smaller than
that for unpolarized LMD: ¢y, /ey, . ~107 3,112,
as T—0. Of course, ultlmately, as T tends to zero,
chld Viquia ™ ~T. For polarized LMD in case B,

Vi d/cVh s~ 107 5Tr?/c, again a fairly small value for
the likely attamable concentrations.

Finally, for normal liquid metallic hydrogen (LMH), a
two-Fermion component proton-electron fluid, the specif-
ic heat is given by’

*
r ey 2 (462)
Vi~ e ) *
6L 3
~7X10 . erg/cm” (46b)

s

m, being the proton effective mass. As in LMD there is
here a dominating “ionic” contribution. The temperature
dependences are quite different, however, a direct conse-
quence of the different quantum-mechanical origins (pro-
tonic Fermion quasiparticles in LMH versus deuteronic
“particle”-like excitations out of a condensate in LMD).
Of course, in contrast to the case of LMD, in LMH, > €V g

and Viqui , do not ultimately become comparable as T—0,
the ratio always remaining about m. /i mp

B. Bulk modulus

As in most metals we would expect that the electrons
will make an important contribution to the isothermal
bulk modulus B=—V(3P/dV)r, with P being the pres-
sure. We estimate this electronic contribution on the basis
of a free-electron-like model for which B, = 2ne}, where
€r is the Fermi energy evaluated with the effective mass.
In reality there will be further “Fermi-liquid” renormali-
zations beyond those contained in this simple formula.?®
In any case B, is temperature independent for T ~0, i.e.,

_ 8.5x10"
¢ rmr/m,)

The “impurity”’-mode contribution (case A) to the ener-
gy E; is obtained using Eq. (33) and has the same form as
for the ideal condensed Bose gas (g=2). The free energy
F;=E;—TS;=—%E; (where S; is the “impurity”’-mode

entropy) and is given by!°

dyn/cm? . 47)
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Fy= 9—;131m§3/2(k3 )2V (48)
For the ideal case, the pressure P=—(3F/dV)r is
volume-independent, implying that B; vanishes. In the
present case a new feature is that mg is volume-

dependent. Accordingly B; is nonzero, and in fact,

+3/2 3(lnm?) 3nm?*) |
o sp | OUinmg) 3 | olinmg)
B;~0.25 (kpT) dlnV ' 2 | AV
3X(Inmy) @)
A(InV)?

For LMD parameters and on the assumption that the log-
arithmic derivatives are no more than order unity, we find
B; ~10°T3/2 dyn/cm?, which is negligible compared to
B,. The impurity contribution to B in case B is also
clearly negligible for small concentrations.

The phonon contribution to the free energy (Fp,
= —3Ep,) is given as usual by

P (kgT)*
30 (s#)?

Foy=— (50)

The corresponding contribution to the bulk modulus is
nonzero because of the volume dependence of s. In fact,

kg T)*
10(s#)?

?lns
A(In¥)?

d(lns)
dlnV

d(1ns)
olnV

Bph"—“—‘

(51)

For LMD, B, ~ 10~2T*, and again it is negligible com-
pared to B,.

The zero-point kinetic energy of the ions, although im-
portant in many respects (e.g., in the determination of the
prefered phase?) will not be comparable to the electronic
kinetic energy. There remains the ion-ion repulsive part
of the energy. This should be comparable to the corre-
sponding contribution in the solid phase, or in LMH.

Very roughly, we therefore expect B~B,. Our major
conclusion is that there will be no major consequences for
the bulk modulus that are attributable either to the boson
character of the ions, or to the presence of the several spin
degrees of freedom. Indeed solid and liquid metallic deu-
terium and liquid metallic hydrogen should all have
roughly comparable bulk moduli.

C. Magnetic susceptibility

For LMD under the assumed conditions, X =0M /dH,
with M the total magnetization, will be dominated by the
electronic contribution (u, /pg ~mg/m,). Our model im-
plies that there will be temperature-independent paramag-
netic (Pauli) and diamagnetic (Landau) contributions of
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the same order, e.g., Xpauii ~0.049m y2 /(1+°F,)r,. The
computation of the Landau enhancement factor °F, re-
quires a detailed microscopic treatment; thus we cannot be
certain now of how close LMD actually is to the magnetic
instability associated with the condition 1 4 °Fy=0. For
the small 7, values relevant here’> we might expect on the
basis of previous estimates for jellium that °F is not too
close to —1. (Recent Monte Carlo studies for jellium sug-
gest magnetic instabilities only at a much higher 7
value.?’) Accordingly our preliminary expectation is that
X should be temperature independent and comparable
among our models for LMD, solid metallic deuterium,
and LMH, with no major consequence arising from the
bosons.

D. Thermal expansion

The isobaric thermal-expansion coefficient a,
=V~-Y3V/3T)p=B~(dP/3T)y also contains the fami-
liar electron and phonon contributions?®

tp, ~ 3%% ~2% 10~ 14T (52)
and
1 _
G~ YV ~6X 10~ 152873 | (53)

in units of K1, where y is the dimensionless Griineisen
parameter (y ~1).

Ignoring the volume dependence of mj in computin%
the “impurity”-mode contribution to the pressure pPA

[using Eq. (48)] we find for case A,
apM
oT

Because of the large deuteron-electron mass ratio, the
“impurity”-like modes dominate the expansion coeffi-
cient, i.e. (in units of K1),

ap ~2x107°r T3 . (55)

—0.43m332ky/* T3 /% . (54)

This interesting behavior is in marked contrast to that of
the solid metallic phase which as usual is expected to have
a linear dependence on T comparable to that given in Eq.
(52). This also contrasts with LMH where the protons
give a dominating linear term appwwn~(m; /m} )apdwmn,
which may actually be negative® (again a consequence of
Fermi-liquid effects in the proton fluid). Finally, in case
B, OP; /0T =cnkg. It follows that

a, ~1.1x10%’c , (56)
in units of K~ 1.
V. CONCLUSIONS

The intent of this study has been to elucidate the low-
temperature properties of a dense metallic liquid state of
deuterium, especially insofar as they contrast with those
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of the corresponding solid metallic phase, or with those of
a quantum liquid metallic phase of hydrogen. A major
aspect of LMD is the presence of more than one bosonic
spin degree of freedom. For the Bose-condensed (al-
though otherwise normal) phases considered, this leads to
the presence of an additional quasiparticle excitation with
quadratic dispersion. It is shown that this must follow
even though there are no spin-dependent terms in the
Hamiltonian. These excitations together with the phonon
and electron quasiparticle-hole pair excitations are in-
volved in predicting low-temperature thermal properties.
When chemical equilibrium among the three boson spin
levels is present these “impurity”-like excitations, whose
number is temperature-dependent, are seen to resemble
“bare” particles removed from the condensate. Spin-
coherence effects are involved, however, in these excita-
tions as well. Conditions under which LMD might be
prepared in a way that one spin level is predominantly oc-
cupied and condensed (while the other minority levels are
noncondensed) have also been discussed. Here of course
the additional impurity modes directly correspond to
“genuine,” number-conserved, dressed impurity particles.

For both unpolarized and “partially condensed” cases
we find the “impurity”-like excitations to play a signifi-
cant role under the expected experimental conditions of
temperature and density. For example, in unpolarized
LMD the “impurity”-like modes lead to a dominating
T3/? contribution for both specific heat and thermal ex-
pansion. Very interestingly, both quantities are in fact
much larger and have different temperature dependences
when compared to the corresponding quantities in the
normal solid metallic phase. Within our model, however,
the bulk modulus and spin susceptibility, both receiving
significant contributions from the electrons, appear to ex-
hibit no new behavior.

It is interesting to note that in LMH the heavy, “ionic”
modes also contribute decisively to ¢y and a,, although,
because of the Fermi statistics governing the protons they
are of rather different form than we have found for LMD.
We stress that were LMD to involve spin-zero bosons, the
fermionic modes would immediately dominate the specific
heat and thermal expansion. There would aiso then be no
major differences between the model liquid-metallic and
normal solid-metallic phases, at least insofar as static
equilibrium properties are concerned.

More detailed microscopic studies may be helpful in
solidifying this qualitative picture. In a future paper we
will address the questions of quasiparticle interactions and
transport properties.
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