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Thermodynamic approach to obtaining a highly spin-polarized strongly correlated Fermi liquid
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We present a thermodynamic approach to obtain a highly polarized heavy Fermi liquid in solid-state sys-
tems. It is similar to that proposed by Castaing and Noziéres [J. Phys. (Paris) 40, 257 (1979)] for polarizing
liquid 3He. The mechanism applies to a class of materials where local moments coexist with a Fermi liquid at
a first-order transition. Fast melting of the magnetic field aligned local moment phase, due to a change of
pressure or magnetic field, yields a highly polarized Fermi liquid state. This fast melting implies that the
relaxation time of the spin polarization is long compared to the melting time of the local moment phase. We
discuss the conditions for attaining it in the materials considered.

DOI: 10.1103/PhysRevB.72.113108

Systems of spin polarized electrons have been extensively
studied due to their scientific interest and many possible ap-
plications. An area of spintronics has emerged associated
with these fluids and their use in devices.! Although huge
magnetic fields are required to polarize the conduction elec-
tron in metals, these fields naturally arise in ferromagnetic
metals. In particular, in strong ferromagnets the Fermi level
may lie entirely on the minority spin band, the majority band
being completely full. These systems are in their totality
based on transition metals and the polarized spins occupy
electronic d states. From the scientific point of view spin
polarized Fermi liquids are extremely interesting as they
present unusual properties.>3 The study of polarized liquid
*He is an important area of research and many techniques
have been used to produce these systems. In particular, a
thermodynamic approach? turned out to be quite successful.
In this method the local moments of solid *He are polarized
by an external magnetic field and subsequently the solid is
melted giving rise to a highly polarized Fermi liquid. The
lifetime of this state is sufficient to allow for the study of its
properties.

In a series of recent of papers*> we pointed out a similar-
ity between the solid state compound YbInCu, and its alloys
with the extreme quantum system 3He. We have shown the
existence of a Pomeranchuk effect in the former materials
that can be used to produce cooling.’> The basic feature that
these systems share with *He is a first order transition where
a local moment phase coexists with a strongly correlated
Fermi liquid.® In the solid-state materials this is a valence, or
volume transition and in *He the melting transition.

If we neglect the sign of the relative volume change at the
valence transition Ty, this list of materials can be enlarged to
contain, metallic Ce (Refs. 5 and 7) and possibly
Eu(Pd,_,Au,),Si, (Refs. 8 and 9) and EuNi,(Si;_,Ge,),
(Ref. 10) for selected values of the concentration x. These
systems have at high temperatures, above Ty, a phase with
well-defined local moments as indicated by the Curie-Weiss
behavior of their magnetic susceptibility. On the low tem-
perature side, for T<<Ty, they can be described as moderatly
heavy fermions with enhanced Pauli susceptibility, power
law behavior of the resistivity (with a 77 regime in some
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range), and linear temperature-dependent specific heat. At
the first order valence transition 7y, the two phases local
moment and Fermi liquid coexist.

Let us concentrate on YbInCu, as a paradigm. Above
Ty=42 K the effective magnetic moments of YbInCu, ob-
tained from the Curie-Weiss susceptibility present the full
value p=4.54 up of an Yb3*(4f13,7=7/2,¢,=8/7) ion."!
At Ty, the valence change of Yb is only 0.1 as derived from
thermal expansion and x-ray absorption.!> The relative vol-
ume change at the transition is AV/V=0.5%. The low tem-
perature phase is a non-magnetic, renormalized Fermi liquid
with an enhanced Pauli-like susceptibility yp and an equally
enhanced coefficient of the linear term of the specific heat
v=50 mJ/Mol K. Again, in common with 3He:, this material
has a first order transition where a renormalized Fermi liquid
phase coexists with a phase of nearly independent local mo-
ments (the solid phase in *He).

In this paper, we extend further the analogy between these
solid-state Pomeranchuk materials and *He. We consider us-
ing the thermodynamic approach of Castaing and Nozieres’
for polarizing *He, to produce a highly polarized Fermi liq-
uid state in the former systems. This would allow us to ob-
tain a class of polarized electrons, with heavy masses, essen-
tially f character and still unexplored.

Returning to the system YbInCuy, the valence or volume
transition at 7'y is highly sensitive to pressure and magnetic
field."" A magnetic field applied on the local moment phase
above Ty has two main effects. It polarizes the local mo-
ments and shifts the volume, or valence transition to lower
temperatures. That this shift is always to lower temperatures,
independently of the sign of the relative volume change, can
be seen from the magnetic Clausius-Clapeyron equation’

(di,) :_(MLM_MFL)HV W
Hy

dH (Sim = SeL)m,

This is always negative, since the entropy and magnetization
of the local moment high temperature phase are larger than
those of the Fermi liquid.

We can now envisage the mechanism for polarizing
the correlated Fermi liquid. Imagine, for example, a

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.113108

BRIEF REPORTS

sample of YbInCu, in thermodynamic equilibrium with a
heat reservoir at a temperature 7, which is lower than
Ty(H=0)[Ty<Ty(H=0)]. The thermodynamic equilibrium
state at this point of the phase diagram (T=T,,H=0) is the
Fermi liquid state. Next, we apply an external magnetic field
H, that reduces the valence transition temperature to exactly
Ty, i.e., Ty(Hy)=T,. At this point a local moment phase,
highly polarized by the external magnetic field H,, is in co-
existence with the Fermi liquid phase at the instability tem-
perature. If the magnetic field is now reduced and the ther-
modynamic equilibrium state of the system at 7 is again the
Fermi liquid, the polarized local moment phase will melt.
The resulting Fermi liquid in a time scale shorter than the
relaxation time of the magnetization must keep the original,
large polarization, of the local moment phase.

Similar results can be accomplished changing adiabati-
cally the external pressure P on the system, but keeping the
magnetic field constant, to vary Ty(P,H). If pressure has to
be increased or relieved will depend on the sign of AV at the
transition. In the cases of *He and YbInCu, pressure has to
be released to melt the local moment phase. The resulting
strongly polarized heavy Fermi liquid is a still unexplored
state of matter which may reveal interesting properties.

Let us consider in more detail the polarization process
through a change of the external magnetic field. The total
normalized magnetization at the coexistence line is given by:
m=(1—x y)mp+X M, Where mypy and my are the
magnetization of the local moment and Fermi liquid
phases, normalized by their fully polarized values, respec-
tively. A similar expression applies for the entropy of the
system. The equation for m can be rewritten as, (m/myy)
=(1—xpm) (X! Xim) +Xm» Where x; is the magnetic suscep-
tibility of the ith phase. When the field is reduced, heating of
the sample will occur during the local moment-Fermi liquid
conversion. This is the reverse of the Pomeranchuk effect.*>
The decrease of the magnetization, starting from the polar-
ized local moment phase at T\, due to the magnetic decom-
pression can be related to the temperature variation in the
sample by

Am _ Cp(To)(1 — xrr/x1M)
ToR In(2J + 1)

mm ’
where Cp is the specific per mole of the sample and
AT=T-T,. Notice that after the conversion process is com-
plete, temperature will lower again since the sample is in
contact with the heat reservoir.!? In deriving the above equa-
tion, notice that the entropy S=xypSpm+ (1 —xpm) S, Where
Sim=RIn(2J+1) and Sg; =7yT(S;p>Sk) are the entropies
of the local moment and Fermi liquid phases, respectively.

A basic question for obtaining the highly polarized Fermi
liquid state concerns the competition between two time
scales, namely, the lifetime of the polarized state and the
melting time of the local moment phase. What we want to
achieve is a condition of fast melting, such that, the former is
much longer than the latter.

At the coexistence temperature Ty(H,), the local moment
and Fermi liquid phases can be seen as a two component AB
mixture both with spins up and down.” The free energy,

PHYSICAL REVIEW B 72, 113108 (2005)

TABLE 1. Relevant parameters that determine the magnetic
properties of the systems discussed in the text in their local moment
phase. Notice that p=g\J(J+1).

L N J g p
Eu?* 3 3 0 0 0
Eu?* 0 7/2 7/2 2 7.94
Ce*t 0 0 0 0
Ce?t 3 1/2 5/2 6/7 2.54
Yb3+ 3 1/2 712 8/7 4.54
Yb? 0 0 0 0

which depends on the total magnetization M induced by the
external field H is invariant under exchange of A1(A|) and
B1(B]) particles. The spin dependent chemical potentials of
the two phases, ,LLIT4=/.LIT3:,LLT and ,uA:,ull;:/.Ll. On a time
scale shorter than the relaxation time of the magnetization
the effective magnetic field acting on the mixture is
Hegp=p— ). Then, for sufficiently fast melting of the local
moment phase, such that, the magnetization M is conserved
the effective magnetic field on the Fermi liquid is given by
H = (Cm/ Cpr) (T / T)H. This can attain large values yield-
ing strongly polarized Fermi liquid states. We used that the
magnetization of the Fermi liquid is Mg =xpmH
=(Cp/Te)H and that of the local moment phase, M|,
= xumH=(Cp i/ T)H. The Curie constant Cy y=Np?us/3kg in
the local moment phase is very close to the value obtained
from the magnetic configuration of Table I.'* For the Pauli-
like susceptibility of the Fermi liquid xg, we can take
Tg =Ty, but Cg cannot be obtained from the nonmagnetic
configuration in Table I since of course this vanishes.

In *He, at the temperatures of the polarization experi-
ments, the time scale of the relaxation of the magnetization is
of the order of minutes.'> In the solid-state Pomeranchuk
materials, due to their metallic nature, magnetic relaxation
should be faster, even if Ty/(H) is reduced to the temperatures
of the *He experiments. An estimate of the relaxation pro-
cesses in the unstable valence materials can be obtained from
electron spin resonance (ESR). The most investigated of the
compounds discussed here is YbInCu, for which at least two
ESR studies have been published.'®!” However, the reso-
nance line of Yb in this cubic compound could not be ob-
served, even in the local moment phase for 7> T, In order
to get an ESR signal, the material is doped with a very small
concentration of Gd which is used as a probe. Below Ty, the
relaxation of the electromagnetic radiation absorbed by the
Gd ions occurs through the electrons of the highly correlated
Fermi liquid state as indicated by the observed Korringa-like
linewidth.!” Above Ty, in the local moment phase, relaxation
is not so efficient (see Fig. 1). If the Yb ions in the cubic
environment relax as the Gd impurities, we may expect to
find long relaxation times in the local moment phase at low
temperatures. An extrapolation of the temperature dependent
Gd linewidth shown in Fig. 1 for temperatures below Ty
yield an infinite lifetime at finite temperatures. Since we can
reduce T through the application of large magnetic fields,
which at the same time polarize the local moments, this al-
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FIG. 1. (Color online) Linewidth of Gd ions diluted in YbInCuy,
as a function of temperature (adapted from Ref. 16) Below T, the
linewidth is Korringa-like, due to electrons in a narrow band (Ref.
17). The extrapolation of the linewidth in the local moment phase
(T>Ty) to low temperatures vanishes at a finite 7.

lows us to obtain long relaxation times for the local moment
phase.

Relaxation of the magnetization in the renormalized
Fermi liquid phase is harder to estimate. The local Gd probes
in this phase relax through a Korringa mechanism but then
this is different from the relaxation of the renormalized
Fermi liquid itself. Recently, the Yb resonance has been ob-
served in a heavy fermion material with an anisotropic
structure.'® Above the coherence temperature* where the sys-
tem behaves as local moments, the relaxation of the Yb ions
is through phonons and is quite inefficient. The lifetime of
the polarization is directly related to the inverse linewidth
and extrapolates to an infinite value at finite temperatures.
However, below T, the linewidth increases linearly with
temperature suggesting a Korringa mechanism which has
been attributed to some remaining Yb** moments relaxing
through the correlated Fermi liquid. The Fermi liquid may
relax through electron-phonon and electron-electron scatter-
ing. The latter relaxation time increases as T-> when T
decreases.'® It should involve anisotropic exchange or dipo-
lar interactions which are non-spin conserving. No doubt this
fast Fermi liquid relaxation is the most restrictive factor for
the observation of the proposed effect, which may require the
use of techniques to measure fast relaxation.?’

Let us now briefly discuss the other mechanism compet-
ing with the relaxation of the magnetization, namely, the
melting of the local moment phase. The nature and mecha-
nisms of this melting process is in itself a very interesting
problem. It is clearly connected to elastic processes as the
transformation of the local moment phase into the renormal-
ized Fermi liquid occurs through an expansion of the
lattice.'* These processes slow down with decreasing tem-
perature. On the other hand the effect of the applied mag-
netic field is to facilitate the melting process as it reduces the
melting temperature T'y.

During fast melting, equal numbers of spin up and spin
down ions leave a bubble of local moment phase to the lig-
uid. This will give rise to an excess of magnetization on the
surface of the bubble (as long as spin diffusion is inefficient
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FIG. 2.

(Color
Yb,3Y,InCuy as a function of temperature, pressure, and magnetic
field (see Ref. 22. The two frontiers of the long range magnetic
ordered (LRMO) phase, dashed and full lines, represent two differ-
ent possibilities not yet distinguished by the experiments. In both
cases, the zero temperature magnetic instability occurs from the
Fermi liquid phase (Ref. 22).

online) Schematic phase diagram of

in redistributing the magnetization). As a consequence the
effective magnetic field on the surface increases and further
enhances the melting process. In this type of dendritic melt-
ing the liquid penetrates on the local moment regions giving
rise to further small bubbles and so on. This type of process
stops when a minimum size is reached where diffusion oc-
curs sufficiently fast to homogenize the magnetization in the
bubble.?!

The systems YbInCu, and the Eu compounds mentioned
above can be brought to the proximity of a magnetic insta-
bility either by pressure or doping.?? In the case of YbInCuy
the long range ordered magnetic phase is a weak ferromag-
netic phase which can be attained for sufficiently high
pressures.”? A schematic phase diagram is shown in Fig. 2.
The experiments are not yet sufficiently detailed to deter-
mine whether the magnetic frontier rises from a 7=0 quan-
tum critical point?? or starts at finite temperatures at the line
Ty(P) of first order instabilities.”>** However in both cases
shown in Fig. 2, the zero temperature ferromagnetic
instability?>?* is always from the Fermi liquid phase. This
phase diagram strongly suggests that to obtain a polarized
Fermi liquid starting from the local moment phase it is con-
venient to work close to the magnetic instability as this will
surely enhance the lifetime of the magnetic polarization.

In this paper, we have proposed a mechanism for obtain-
ing a highly spin polarized strongly correlated Fermi liquid.
This can be accomplished in a class of solid-state materials
and represents a still unexplored state of matter whose prop-
erties may be very interesting to investigate. These are un-
stable f-shells systems that present a first order transition
from a magnetic configuration to a renormalized Fermi lig-
uid state. The essential condition to observe this effect is that
of fast melting. This implies that the melting of the local
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moment phase polarized by the external magnetic field oc-
curs faster than the relaxation time of the magnetization. We
have made a brief discussion of the nature of both the relax-
ation and melting processes. If experiments are carried out at
sufficiently low temperatures, which imply using large fields,
fast melting can be achieved. Large magnetic fields reduce
Ty increasing the relaxation time of the magnetization, facili-
tate melting, and produce high polarizations. We pointed out
that the melting process through which the local moment
phase transforms in the highly correlated polarized Fermi
liquid state is an interesting problem on its own. For observ-
ing the solid-state Pomeranchuk effect and obtaining highly
polarized Fermi liquids, the rare earth materials are conve-
nient due to their large effective moments which couples
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strongly to the external field. Also the large entropy associ-
ated with these moments makes them useful when used for
cooling purposes. However, rather similar effects should be
possible to find in other materials which exhibit first order
transitions and the nature of the electrons involved in these
transitions changes discontinuously from localized to itiner-
ant. For example, near Mott transitions.”> We hope these
ideas can encourage further experimental work in these sys-
tems.
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