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Pis’ma Zh. Éksp. Teor. Fiz.67, No. 4, 270–275~25 February 1998!

The de Haas–van Alphen effect is studied in heavy-fermion antiferro-
magnets near the spin-flip transition is studied. It is shown that the
strong increase occurring in the amplitude of oscillations near the spin-
flip point in an increasing magnetic field, as observed experimentally in
CeCu2Si2, can be explained by strong single-site correlations and mag-
netic ordering in the subsystem of localized electronic states. ©1998
American Institute of Physics.@S0021-3640~98!00904-9#

PACS numbers: 75.30.Mb, 75.50.Ee, 71.18.1y

The electronic structure of heavy-fermion compounds remains one of the mo
triguing objects in the physics of strongly correlated systems. The appearance o
scenarios of the low-temperature behavior of such substances has stimulated expe
tal studies directed toward clarifying the structure of their ground state. In this respe
de Haas–van Alphen~dHvA! effect, which makes it possible to determine directly t
characteristics of Fermi quasiparticles, plays a special role.

The experimental observation1–3 of sharp oscillations of the magnetization~which
will be referred to below as dHvA oscillations! in a strong magnetic field in heavy
fermion systems has confirmed the existence in them of a Fermi surface and quasi
excitations at low temperatures. However, the appearance of a number of charac
features in the oscillatory dependence of the magnetization makes it difficult to an
the experimental data directly on the basis of the classical Lifshitz–Kosevich theory4 For
example, the study of the dHvA effect in the heavy-fermion superconductor CeC2Si2
has revealed two nontrivial features.3 First, it was discovered that the period of the dHv
oscillations changes sharply upon transition through the spin-flip point in an incre
magnetic field. The second feature is that the dependence of the amplitude of the
oscillations on the magnetic fieldH is anomalously strong near the spin-flip transition.
the conventional dHvA effect the amplitude increase becomes appreciable only a
large number of dHvA oscillations, whereas in CeCu2Si2 a substantial increase in ampl
tude was observed even for neighboring spikes of the magnetization. This beh
occurred both to the left and right of the spin-flip phase transition point.

CeCu2Si2 is a heavy-fermion antiferromagnetic superconductor. Long-range an
romagnetic order is established at low temperatures (T,TN>0.5 K!. The dHvA effect is
observed in magnetic fields above the second critical fieldHc2, where CeCu2Si2 was in
2890021-3640/98/67(4)/6/$15.00 © 1998 American Institute of Physics
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the normal state. The low Ne´el temperature indicates that the exchange-interaction i
grals are relatively small. For this reason a quantizing magnetic field gives rise to s
canting of the antiferromagnetic sublattices, while in magnetic fieldsH;7 T a phase
transition occurs from the canted antiferromagnetic phase into the collinear ferroma
phase. Thus, the dHvA effect in CeCu2Si2 was observed under conditions of coexisten
with a spin-flip phase transition. This fact made it possible to explain the sharp chan
the period of dHvA oscillations at a transition through the spin-flip point in conduc
antiferromagnets.5,6 The key factor in the interpretation of the period change was to t
into account the strong field dependence of the antiferromagnetic order paramete
the spin-flip point as well as the influence of this parameter on the electronic struc

In the present letter we report the results of a theoretical study of the dHvA effe
an antiferromagnetic heavy-fermion compound near the spin-flip transition. The
result is an explanation of the anomalously strong increase observed experiment
CeCu2Si2 of the dHvA amplitude in an increasing external magnetic field. It is sho
that the physical mechanism responsible for this anomaly is the result of the com
effect of strong single-site correlations and long-range magnetic order.

To describe the anomalous increase in the amplitude of the oscillations in CeC2Si2
we shall examine a periodic Anderson model that includes, besides the standard te
the Hamiltonian for this model, interactions leading to the formation of long-range
ferromagnetic order. In this case the Hamiltonian of the system can be written in the

H5(
ks

~«ks2m!cks
1 cks1(

f s
~E0s2m!Xf

ss1
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I f f 8~Sf•Sf 8!2J(

f
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where the first term describes a system of itinerant electrons with energy«ks5«k

22smBH, s561/2, and chemical potentialm in an external magnetic fieldH. The
second term in the Hamiltonian describes the subsystem of localized electronic sta
the atomic representation:Xf

ss andXf
0s are Hubbard operators,E0s5E02sgmBH, and

E0 is the energy of a localized level in the paramagnetic phase. Here, to simplif
exposition we have confined ourselves to the simplest case, where the basis of loc
states includes states without electrons and states with one electron and projection
spin angular momentum on thez axis equal tos. The third term in Eq.~1! takes account
of the hybridization processes between the collectivized and localized subsystem
fourth term in the Hamiltonian represents the interaction that gives rise to antiferro
netic order in the subsystem of localized electrons.Sf are spin angular momentum vecto
operators referring to sitef in the crystal lattice. Finally, the last term in Eq.~1! takes
account ofs–f exchange coupling between two groups of electrons.

We shall confine our analysis to magnetic fields in the range to the right of
spin-flip transition point. In this case ferromagnetic ordering of the spin momen
established in the subsystem of localized electronic states. To derive the self-consi
equations describing the low-temperature thermodynamics of the system we emp
the Matsubara Green’s functions constructed in terms of both conventional Fermi se
quantization operators and Hubbard operators. Besides the standard Fermi diagra
technique, the diagrammatic technique for Hubbard operators was also used. W



ody-
ucture

rm
-

the
r
-

nted
the
ixing

renor-
HvA
lized

tion
we
ctron

In our
n the

291JETP Lett., Vol. 67, No. 4, 25 Feb. 1998 V. V. Val’kov and D. M. Dzebisashvili
going into computational details, we present the system of equations for the therm
namic averages, leading to renormalizations of the parameters of the electronic str
in the ferromagnetic phase:

^Xss&5exp~2~ Ẽs2m!/T!/Z1
1

N (
k

~cks22sfk!, ~2!

where

Z511exp~2~ Ẽ↑2m!/T!1exp~2~ Ẽ↓2m!/T!,

cks5
Eks
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T
D ,

fk5nk2S expS H̄

T
D 21D 21

, nk5~exp~vk /T!21!21, f ~x!5~exp~x!11!21.

The renormalized energy parameters appearing in these expressions have the foẼs

5E02sH̄, «̃ ks5«ks2sJR, and H̄5gmBH1I 0R1J^sz&. The mixon spectrum asso
ciated with the hybridization interaction is described by the formulas

Eks
6 5~ Ẽs1 «̃ ks!/26nks , nks5~~ Ẽs2 «̃ ks!2/41KsVk

2!1/2.

For what follows it is important that strong single-site correlations renormalize
effective hybridization interaction constant. Formally, this appears as the factoKs

5^Xss&1^X00& in the radicand in the expression fornks . This renormalization is stron
gest in the saturated ferromagnetic state, whereK↑51 while K↓50. In this case the
hybridization channel remains completely open for electrons with spin moment orie
in the direction of the field, while for electrons with the opposite spin polarization
hybridization processes are completely suppressed. However, since hybridization m
strongly influences the effective mass of a Fermi quasiparticle, the above-noted
malization of the hybridization constant strongly influences the amplitude of the d
effect. Specifically, a change in the degree of ordering in the subsystem of loca
electronic states will affect the dHvA amplitude.

To calculate the dHvA effect in a right-hand neighborhood of the spin-flip transi
under conditions of hybridization mixing of itinerant and localized electronic states
shall employ the technique of summing over the Matsubara frequencies with the ele
propagators represented in the form of contour integrals in the complex region.7 This
technique for magnetically ordered semiconductor systems was used in Ref. 8.
case the oscillatory part of the magnetization of itinerant electrons can be written i
form

M;52(
s

(
k51

`

(
vn.0

~21!k
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Aks~vn!sinS 2pk

m̃ns

\vc
1wsD , ~3!

where the ‘‘partial’’ amplitudes are determined by the expression

Aks~vn!5S TVem̃ns
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Gns5Ksuvu2$vn
21~ Ẽs2m!2%21, m̃ns5m1sJR1~ Ẽs2m!Gns . ~4!

The results obtained by solving the self-consistent equations for the averages^Xss&, the
chemical potentialm, and^sz& numerically enabled us to analyze on the basis of Eqs.~3!
and~4! the dHvA effect in a right-hand neighborhood of the spin-flip transition. Figur
shows the oscillatory part of the magnetization of itinerant electrons calculated in
manner. The following values of the model parameters were used in the calculatioJ
50.5 eV,V50.05 eV,T50.1 K, m50.1m0, I 0528.131024 eV, andE050.3 eV. The
choice of values for some of the parameters was dictated, specifically, by experim
data on CeCu2Si2. Thus, for example,Hc>7 T, while the period of the oscillations wa
matched by varying the parameters to the value in the experiment of Ref. 3. The po
of the localized level was fixed so as to obtain a high electronic specific heat.
oscillations displayed in Fig. 1 are due to only one spin subband, corresponding
characteristic electron magnetic moment being oriented antiparallel to the magnetic
The amplitude of the magnetization oscillations due to the other spin subband is
small, and the corresponding contribution to the dHvA effect is absent. One can se
as the magnetic field increases, strong growth of the amplitude of the dHvA oscilla
occurs with neighboring spikes in the magnetization differing in amplitude by a sub
tial amount.

The physical mechanism of the anomalous growth of the amplitude involves
following. At the point of the spin-flip transition the gap in the spin-wave excitati
spectrum equals zero. For this reason thermal excitation of spin waves occurs rela
easily. This results in an appreciable decrease of the magnetization. As the magnet
increases, the gap in the spin-wave excitation spectrum increases. Such an increas
activation energy greatly decreases the density of thermally excited magnons. Fo
reason the magnetization tends toward its maximum value.

FIG. 1. Oscillatory part of the magnetization in a right-hand neighborhood of the spin-flip transition
heavy-fermion antiferromagnet.
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Magnetic ordering in the subsystem of localized electronic states lifts the de

eracy of these states in the direction of the spin moment. Since the energy splittinẼ↓
2Ẽ↑ is much higher than the temperature, only levels corresponding to an orientati
the localized magnetic moment in a direction collinear with the magnetic field are o
pied. This circumstance together with the presence of strong single-site electronic
lations determine the different intensities of the hybridization processes for itineran
localized electrons. Thus, the hybridization scattering channel for electrons
polarized in the direction of the field remains open. For this reason, the electronic
of the corresponding spin subbands are strongly hybridized and have a large eff

mass~the chemical potential lies near the value ofẼ↑). This results in a high electronic
specific heat at low temperatures.

A different situation arises for electronic states with the opposite orientation o
spin moments. For these states the renormalization of the hybridization consta
account of Hubbard correlations becomes so large that substantial~in the limiting case
complete! suppression of the hybridization scattering channel occurs. Electronic s
with such ~negative in what follows! polarization of the spin moment remain weak
hybridized. The amplitude of the dHvA effect for them remains high enough so that s
oscillations of magnetization in an increasing magnetic field can be recorded exper
tally. The thermal excitation of magnons gives rise to an increase in the average^X↓↓&,
which in turn increases the effective hybridization constant for electrons with ‘‘dow
spin. For this reason, as temperature increases, the amplitude of the dHvA oscill
decreases rapidly, as is observed experimentally in all heavy-fermion compounds
picture is reversed if̂X↓↓& decreases for any reason. This can be achieved, for exam
by increasing the external magnetic field. Such an effect of a magnetic field is espe
effective near a spin-flip transition. Indeed, for a relatively small change in fieldH from
H5Hc to a value ofH such thatH2Hc@T the activation energy of magnons increas
to such an extent that there are no spin-wave excitations in the system and^Sz& ap-
proaches its maximum value, while the effective hybridization constant for electrons
negative spin polarization approaches zero. This is the reason for the anomalously
increase of the amplitude of dHvA oscillations.

As temperature increases, the above-discussed anomaly of theH dependence of the
dHvA amplitude will become larger. This is due to the increasing number of therm
excited magnons. For this reason, asH increases fromH5Hc to H2Hc@T the magne-
tization will change by a large amount. As a result, the relative change in amplitude o
oscillations will also become large.

In conclusion, we note that the above-examined mechanism of the anomaloH
dependence of the amplitude of the oscillations will operate in all antiferromag
heavy-fermion compounds with low Ne´el temperatures. It is important only that the fie
Hc at which the spin-flip transition occurs lie in the range where the dHvA effec
observed. Significantly, investigation of this anomaly will yield, besides the stan
information about the properties of a Fermi system, additional information abou
magnetically ordered subsystem of localized states.

This work was supported by the Krasnoyarsk Region Science Fund~Grant 6F0150!.
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