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Almost localized fermions in a magnetic field: Properties at the metamagnetic transition
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We present applied magnetic-field dependences of the magnetization, linear specific heat, and de Haas—van
Alphen oscillations for the almost-localized Fermi liquilLFL) close to the metamagnetic transition. The
analysis is performed within the mean-field slave-boson approach, which provides a realistic description in the
strong applied-field limit. The Fermi liquid is thermodynamically unstable at the metamagnetic point, at which
it is proposed that the system transforms into a statistical spin li®&L) in the partially-filled-band case.

This transition corresponds to the Mott-Hubbard localization in the half-filled band situation. The effective
mass in the ALFL phase is spin dependent and large, whereas it is spin independent and has a band value in
the SSL phasd.S0163-1827)04227-9

In this paper we discuss one of the physical consequencessentation. The quasiparticle energy contains both the spin-
coming from the presence of spin-dependent effectivesplit effective mass renormalizatiom(,/mg=1/q,) (where
masses and of the nonlinear molecular field for almost localmg is the band mags and the nonlinear molecular field
ized fermions; namely, a magnetic-field-induced transfor- (,,=(A‘?—\{?//2. Note that both spin-dependent masses
mation of the almost localized Fermi liquidhLFL) into a  and the molecular field are absent in a standard Fermi-liquid
correlated fermionic liquid, hereafter referred to as the statistheory, although it can be introduced in the situation when
tical spin liquid (SSL).? In other words, we predict the exis- the time-reversal symmetry for the Landau scattering ampli-
tence of anomalous Iow-temperatu_re magnetlc-fl_eld-tudef(krlz’ is not assumed.
dependent phenomena for fermions in a non-half-filled : . R

, . . The free-energy functional for the Fermi quasiparticles
narrow band, which should be observed experimentally if thef kes the forrh®5
mean-field slave boson approach is a correct starting poinfj1
for those systems. The importance of our predictions is vali- 1 —E
dated by the assumed presence of a strong applied magnetic L —kBT—E In| 1+ exp(’u k"”
field, which suppresses quantum-spin-fluctuation contribu- Nie keT
tion to the dynamic properties of almost localized fermions. D)2 420 2.y 2 2),.2 42
Thus the present communication supplements the recently —A(e*+d +pT+pl_1)_)\(T )(pT+d )
achieved quasiparticle picture of ALFL with its generic in- _A<l2)(pf+ d2)+Ud2+ un, (1)
stability in an applied magnetic field. This instability reduces
to the Mott localization at a metamagnetic point in the half-whereT is the temperaturd) is the magnitude of the intra-
filled band case, and was discussed eaflfeAlso, in the  atomic(Hubbard interaction,n=n;+n, is the band filling,
limit of magnetic saturation SSL reduces to the saturated\ the number of atoms, and® and)\fl,z) are the Lagrange
Fermi gas. Here we concentrate on the partially filled bandnultipliers expressing respectively the completeness condi-
case(with filling n<1), i.e., we deal with quantum liquids tion (e2+d?+ p$+ pf:l), the particle-number conservation
on both sides of the transition and study the transformatiorqnzp$+ pf+ 2d?), and the equivalence of the fermion and
(or crossover behavipes a function of an applied magnetic poson representation of the spin opera®r component

field. _ o , (n;—n,;==,0p, p,). The factorg, is expressed in terms of
The mean-field quasiparticle picture of ALFL we use to auxiliary fields as follows:

calculate the physical properties of ALFL was formulated

4,1 H .
before™™ It mvplves both th_e conce.p_ts of banq narrowing ezpi +d2p2—+ 2edp,p;
factorq,, the inverse of which specifies the spin-dependent U,= g - 2)
renormalization of the effective band mass (=mg/q,), (1—d2—p(2,)(1—e2—p(j

and the nonlinear molecular field,,, each of them calcu-

lated self-consistently within the slave-boson approach. In Equation(1) represents theandau-type free-energy func-
effect, the quasiparticle enerdy,, is related to the bare tional for the almost localized fermions in a magnetic field
particle energy e, through the relation and as such must be minimized with respect to the auxiliary
Exo=0vec— (ngHa— oNP)o. This expression was ob- fields (e,d,p,, A1), as well as with respect to magne-
tained by solving a modified versidof the spin rotationally tization m=n;—n_, and the chemical potential. This has
invariant version of the slave-boson approach to the Hub-been performed for constant density of states. In particular,
bard model by keeping the spin operator in the fermion repwe obtain the relation
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m?=h?(n—2d?)?/[h?+d*(1—n)+d*], () U/U¢=n =0.95:

where h=pugH,/W, and W is the bandwidth of the bare -003F t=0.005
particles. Ford=0, m=n and a saturated ferromagnetic N fsst a)
state is reached. In that state the majority spin electrons ac- & _gg3s}
quire the bare band masss, and their ground-state energy & frL h. h
takes the formEg/WN=—hm—n(1—n)/2. This state is v | i ) ! i° |
reached either via metamagnetic or continuous transitions, at & 0.005 001 001 .02 | 0025
T=0 at a critical fieldh=h.." In the saturated state the -0045F
correlations induced by the intra-atomic interactions are )
completely suppressed, since all the particles have the same
spin direction.

An interesting question arises as to what happens at U/Uc=n =0.95:
T>0, when the ALFL is unstable fad,>H., even in the
regimeU/U.<1, whereU, is the critical value of interac- 00175
tion for the Mott-Hubbard localization far=1° This can be S 0015
seen easily by computing> for n<1 and noting that 5. 0.0125
d?(H,>H.) <0, a clearly unphysical result. Therefore, to = 001
describe consistently the metallic phase in the regime with § ’
d?=0 we invoke the concept of statistical spin ligdidor g 0075
which double occupancies are totally excluded. To describe £ 0005
this state with antiparallel-spin double occupancies excluded, 3 0.0025
we assume that the double occupancy probabflity,ny ) © 0 , 1 L L
vanishes identically for ak values in this new state. Physi- 0 0005 0.01 0015 0.02
cally, the SSL is the simplest type of strongly correlated magnetic tield , h

state, which is represented by the itinerant spins and encom-
passes naturally both the localized-moment limit as a FIG. 1. (a) Field dependence of the free energies for an almost
n—1, and the limit of magnetically saturated Fermi-gas statdocalized Fermi liquidfr_and for the correlated liquidfs). The
for m—1. Therefore, SSL represents a natural choice foALFL is unsta_b_le forh>h.; (b) the variation of the double occu-
describing the doped Mott insulator, when the holes are itinPancy probability.
erant(here we assume additionally that the intersite magnetic
interactions are not importantThe properties of this liquid transition, since the double occupancies in khepace are
have been studied befofeye summarize next its features excluded. Finally, the Helmholtz free energy per site is de-
needed to analyze in detail the ALFLSSL transformation. termined from the expression

First, the exclusion of double occupancies in the momen- w2 1
tum ‘space leads to a modified statistical distribution Feg = _kBTf deln( 1+ ~exd — Ble—w)] | +un,
function: —WP2 a

)

n.=1/1+ae - ,
k { XH A )]} which for n<1 reduces to
with

71_2

F 1
a=[2costiBugH,)] fss=yy="3n(1-n—% t>—ntin[2costih/t)],

wherey is the chemical potential, ang=(kgT) . Second, (6)
the magnetic moment per atom=(n;;—n; ) changes with wheret=kgT/W.

field according tom=tanh{BugHy), i.€., it has the same oo niiion is determined from the coexistence condi-
shape as in the localized-moment case. Additionally, in th?ion Fr.=Feq. In Fig. 1(a), we display the free energies of

low-T limit and for a constant density of states in the band
. U : o : — the ALFL (as represented bff =Fg /W) and SSL states
with energies in the intervdl—W/2,W/2] the chemical po for n=U/U,=0.95 andt=5x 10" 2. The two energies coin-

tential is given by cide exactly atH.. In other words, aH. the Fermi liquid

W transforms thermodynamically into a gas of hopping spins
w= 3—kBTIn{ex;{,8W(1—n)]—1} with a band mass but with the changed statistical distribu-
tion. For comparison, in the ALFL the saturated state

—kgTIN[2coski BugH,)]. (4) m, =mg also, but then the distribution is still provided by the

Fermi-Dirac function. In Fig. () the field dependence of
As T—0, we find thatu(T=0)=W(n—1/2)— ugH,.  d?in the ALFL state.
This value ofu coincides with that for ALFL in the saturated The resultant magnetization curve in the regime of the
state. However, the Luttinger theorem concerning the conALFL-SSL coexistence is shown in Fig. 2 for the parameters
stant value of the volume encompassed by the Fermi surfaden=U/U_ = 0.95), for whichmetamagnetismccurs(the in-
is violated at the ALFL~SSL transition, as it is at the Mott- set provides the temperature variation of the critical Jjield
Hubbard transition. Namely, this volume is increased at thé-or n>n.~0.973 the magnetization will exhibit only an up-
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temperature dependence of the metamagnetic figld

ward turn without a subsequent jump; this behavior will be N
called, in the following, themetamagnetic or crossover | U u
behavior®

To model the field dependence of the linear coefficient
v of the specific heaC we have calculated numerically -2 Uy = = 0.95
vy=CIT as a function oth shown in Fig. 3. Sincey~m*, TR R T TR T
the y(h) curve models the field dependence of the total mass "
enhancement, which in the present situation contains two
(spin-dependentparts: m*/mg= %(1qu+ 1/%)- Thus, both FIG. 4. The shape of the oscillatory component of magnetiza-
y and the average effective mas¥ can have a cusplike tion vs 1h |n the Fermi-liquid. regime(a), and near thg ALFL
behavior as a function of applied fiek, . Note that the left — SSL transition(b) The upper inset illustrates the evolutlon_of the _
parts in Figs. 2 and 3 describe the properties of ALFL, Whileqe Haas—van Alphen oscnlatl_qns across the metamagnetic transi-
the right parts those for SSL. tion W_here_as the lower specifies the shape of the magnetization

In Figs. 4a) and 4b) we exhibit the shape of thE=0 de curve in this case.
Haas—van Alphen oscillations for ALFL, which is calculated
in two regimes. Figure @) is representative of the Fermi conditions the de Haas—van Alphen amplitudes calculated
liquid whenH, is substantially lower thail.. Under these With spin-split masses are almost the same for both majority
and minority spin electrons. Also, the cyclotron frequencies
wz;=eH,/(2m,c) are similar. In that situation the spin-
resolved components of the oscillating magnetization
M osc,r interfere with each other and produce one spectacular

quantum beat in the total magnetizati&hostaMosw.

By contrast, close to the metamagnetic pdirg. 4(b) and

insetd, the spin-resolved signals differ significantly and,

hence, do not produce beats. Eventually, Horh, [cf. the

20F upper inset in Fig. é)] only the majority spin component is

present(with the bare band magsthe oscillations become

0k very small and decrease withhlin the standard manner.
UAy =095 , t=5:10" The temperature dependence of the oscillations requires a

r separate analysis. Let us only mention that the transition is

0 0005 001 0015 0.02 0025 03 reached forT>0 for a lower field than that required for
magnetic field, h T=0. o .
In view of the above quantitative analysis we conclude
FIG. 3. Field dependence of the linear specific-heat coefficienthat a crossover from the Fermi-liquidlbeit almost local-
(in units of kg 2W) for the specified parameters; note the cusp atized to the hopping-spins regime Is signalled by a cusplike
h—h,. The inset illustrates a rapid change of thgh) curve with  behavior ofy and by a qualitative change of the de Haas—
band filling n in the nearly half-filled-band situation. van Alphen oscillation with growing applied field. Both ef-
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fects accompany the metamagnetic transition or behavior ahagnetization curve has been calculated alsdHerstable-
m(h). Obviously, a direct confirmation would involve the in-this-caseantiferromagnetic phase and does not show any
determination of the spin-split effective masses. Concerningrominent metamagnetic behavigf. T. Saso and T. Ha-
this point, note that whed?—0 the effective masses in the yashi, J. Phys. Soc. Jp83, 401(1993; A. Giesekus and U.
ALFL phase are given byn,/my=(1—n/2)/6—om/(25),  Brandt, Phys. Rev. B48, 10311 (1994]. However, the
where 6=1—n. Therefore,the mass difference grows lin- phase diagram on thel,-T plane obtained by the Monte
early with magnetizationi.e., m; —m;~m/é. Carlo method by K. Heldet al, Mod. Phys. Lett. B10,

In summary, we have introducedpaysical modebf the 22203 (1996, exhfibits a number of phases and critical
transformation of a Fermi liquid of almost localized quasi- points. Our work in this respect presents the field depen-
particles into a SSL. An interesting feature of this model isyance of the physical propertie€AT, m,, m) for n<1,

that it encompasses both the transition of the first order and Rhen antiferromagnetic moment becomes totally suppressed.
crossover behavior. The microscopic model considered fo

Bne should emphasize that It d icely th
ALFL was the Hubbard model foH,<H., with electron ne Shouic empnasize fhat our TesUls reprocuice nicely the

correlations treated fdd — U, in the mean-field approxima- main features of the observed behavior of the G&Ru

tion. On the contrary, the SSL state was introduced to reproheavy-fermlon system in the fieldor review of magnetic

duce localized-moment properties for~1 and an exclusion ?:r/c_)rp_ertles §§e dJ'. FCI:OLIJDQU? al, PIhYJS'Ea B$_15 77;?;31;
of spin-singlet configurations in a strong applied field. Is provided in C. Paulseet al, J. Low Temp. Phys3],

Note added in proofRecently, we became aware of the 317 (1990; the field-dependent masses and the quantum
works discussing the metamagnetic behavior for the Hubbarfats are presented in M. Takastetaal, J. Phys. Soc. Jpn.
model in the limit of infinite dimensiongl=<) and forn 65, 515(1996].
=1. The paper by L. Lalouet al. [Phys. Rev. B50, 3092 .

(1994] analyzes a type of metamagnetic behavior discussed This research was supported by KBN Grants No. 2P302
here forn<1; the results are in variance with those obtained?93 05 and No. 2 PO3B 129 12. J. S. thanks Professor D.
earlie? in the Gutzwiller approximation. Suprisingly, the Vollhardt for a discussion on metamagnetism.

1p. Korbel, J. Spatek, W. Waik, and M. Acquarone, Phys. Rev. 3087E) (1992. In the saddle-point approximation this formula-
B 52, R2213(1999; the spin-split masses were introduced in J.  tion reduces to the earlier approach discussed in G. Kotliar and

Spatek and P. Gopalan, Phys. Rev. Lé#, 2823(1990. A. Ruckenstein, Phys. Rev. Lefi7, 1362(1986. However, in
2J. Spatek, Phys. Rev. B0, 5180 (1989; Physica B163 521 the approach developed in the last paper onlySheomponent
(1989; J. Spatek and W. Woik, Phys. Rev. B37, 1532(1988; of the spin operator is defined properl{/Sﬁz=(PﬁPﬁT

K. Byczuk and J. Spatekbid. 51, 7934(1995. - PﬁPu)/Z; for adetailed discussion, see Refl. 4
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