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Hccnedyemes ghopmuposanue HecopasmepHozo mpexmepHo2o MAsHUMHO20 NOPsIOKa 6 anmugeppomas-
Hemuke 6 pe3yibmame CULbHOU KOPPEIAYur Mexcoy OblpKamMu U JOKAIU308AHHIMU CRuHaMu. B mooenu
pewemku Konoo eviuucisiemcst cnekmp CRUHOGbIX NOJAPOHOS, B0JHA CRUHOB0U NIOMHOCMU U BOJIHOBOU
sexkmop cmpykmypwl. Maznumnas cucmema paccmampusaemcst 6 a0uadbamu4eckom npuoiuxicenult, noo-
PEUEMOUHAs. HAMACHUYEHHOCMb U CNUH-CRUHOBblE KOPPEISAYUOHHbIE (YHKYUU NpedCcmaesienvl 6 npuoiu-
Jrcenuu cpednezo noasi. Boiuucnsiemes snepeuss @epmu u s—d snepeust ezaumoodeiicmeust. Onpedenena men-
JIOEMKOCHb U AHOMATUU MENI0eMKOCU, 00YCL08IeHHble CRUHO8bIMU noasporamu. Hatidenvl anomanuu na
MeMREPamypHol 3a8UCUMOCIU NPOBOOUMOCIU U 8 ONIMUYECKOU NPOBOOUMOCIU 6 HUZKOIHEP2EMUYECKOU
obnacmu.

Kniouesvie cnosa: necopazmepnas maznummuasn cmpykmypa, pewemxa Konoo, npogooumocme.

Incommensurate magnetic structure in an antiferromagnet with a strong
exchange interaction between delocalized and localized electrons
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The formation of an incommensurate three-dimensional magnetic order in an antiferromagnet as a re-
sult of a strong correlation between holes and localized spins is studied. The spectrum of spin polarons, the
spin density wave, and the wave vector of the structure are calculated in the Kondo lattice model. The
magnetic system is considered in the adiabatic approximation, the sublattice magnetization and spin-spin
correlation functions are presented in the mean-field approximation. The Fermi energy and s — d interac-
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tion energy are calculated. The heat capacity and heat capacity anomalies due to spin polarons are deter-
mined. Anomalies in the temperature dependence of conductivity and in optical conductivity in the low-
energy region are found.

Keywords: incommensurate magnetic structure, Kondo lattice, conductivity.

Introduction

The formation of incommensurate structures has often been observed in low-dimensional systems
with spin, such as RbCuCls [1], and in the field-induced lattice of magnetic solitons in spin-Peierls
compounds CuGeOs [2]. The reason for the formation of incommensurability is the competition of
various interactions: antiferromagnetic exchanges between near and nearest neighbors [3],
Dzyaloshinsky — Moriah interactions and the interaction between magnetic systems and elastic [4] or
electronic systems [5] with an incommensurate period of the structure. An incommensurate structure
in a three-dimensional ordered magnetic lattice was found in CuB,04 [6]. With a decrease in tempera-
ture, a second magnetic phase transition occurs in the direction of an incommensurate three-
dimensional magnetic order. In an incommensurate phase, but nearby, satellites of a higher order ap-
pear on the neutron diffraction pattern. CuB,O4 crystallizes in the space group with lattice constants a
=11.528 A and ¢ = 5.607 A [7]. The existence of such a magnetic structure has been explained by rel-
ativistic effects such as spin-orbit interaction, which is attributed to a kind of the Dzyaloshinsky - Mo-
ria (DM) interaction. Using the DM interaction and anisotropy in the basal plane, the modulation of
the order parameter in copper metaborate along the direction of the spiral is described in the frame-
work of the Landau theory of phase transitions by solving the sine - Gordon equation. The magnetic
structure changes as a result of interaction with the elastic subsystem [8; 9]. The interaction of spins
with optical [10] and acoustic [11] vibration modes leads to a decrease in the magnetization and, at
some critical parameters, to the disappearance of the long-range magnetic order [12; 13]. An increase
in the magnetic anisotropy field as a result of four-spin exchange is also possible [14; 15].

The paper considers the interaction of two subsystems: a magnetic one and an electronic one. De-
pending on the magnitude of the interaction between current carriers and localized spins, it is neces-
sary to consider new quasiparticles - spin polarons. In this case, the formation of an incommensurate
magnetic structure is possible. The paper proposes a microscopic theory of the formation of an in-
commensurate magnetic structure in CuB20a..

Model

CuB;0. exhibits weak piezoelectric properties [16]. Thus, uniaxial pressure along [011] causes
electrical induction. The velocity of acoustic transverse waves propagating along [100] is anisotropic
for wave polarization, [010] and [001] [16]. These results indicate the existence of anisotropy of the
electron density distribution within ~ 8 %.

It can be assumed that the electrical properties of copper metaborate are due to the bound states of
electrons and holes. The difference between the ionization energies of copper and boron ions Cu?, B

is A(EB3+ - ECUZ+)~13B [17], and they are linked by a covalent bond through oxygen. The dis-

placement of the electron density on the covalent bond can increase the effective charge of copper and
decrease the charge of boron. This fast can be interpreted as the formation of a hole in the copper ion.
The strong interaction of holes with excitations of the antiferromagnetically ordered spin subsystem is
described within the s — d model. In this case, a more complex excitation, a spin polaron, is a good
quasiparticle.
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Let us define low-lying spin-polaron states using the mean-field approximation in the Kondo
lattice model [18]. The Hamiltonian has the following form:

_ t t _ +
Ho = Z(thp i 080 T th Aring ofro + e.c.) = 68 o8 o D
rg k
_ T ool
Hi=J > al, /600,800,
r,o1,02

Hy=11)5¢%,5%.
r.g

Here the nodes I form a tetragonal lattice; hp and h_are the distances to the nearest neighbors in

the plane and along the c axis; aﬂ("c is the operator of creation of holes with spin indices c=%1; Hop

describes the hopping of charge carriers; thp =—1; t, =—t5; H;is the antiferromagnetic interaction

of localized spins S =1/2 with their nearest neighbors; H, is the Hamiltonian of local Kondo interac-

tion; 6% is Pauli matrices and o =X, y,z.

Let us write the first two equations for the Green's functions describing the motion of a hole against
an antiferromagnetic background. Using the random phase approximation, a system of equations for

the Green's functions <<arvc|arfc>> and<<br’6|al',c>> b, =S%6%_ a

[t g co1 1,01 !

a=XYy is closed. These
equations are as follows:

(0—gy )Gk :1+%G§,

(0-e)G¢ =J(1+m—-2nm)Gy,
Gy = <<ak,c|alz,0'>>; Gy = <<bk,c|alz,c>>

e+ @

ep =2t (cosk, + cosk, ) - 2t; cosk,,
e, =2zcel +J(%+ nj+§ml —u,

_[at T
n _<aTaT +a¢a¢>.
Here, by ., &, and G, are the Fourier transforms of the corresponding local operators and Green's

functions, respectively; c =<s;s;+g +SrySry+g> is the spin-spin correlation function on the transverse

components of the spin; z is the number of nearest neighbors; m is the magnetization of the sublat-
tice. All energies are measured from the chemical potential p .
The solution of the system of equations (2) leads to the following spectrum of excitations:

wl,z(k):%|:8k+ek J_r\/(sk—ek)2+J2(1+Tm—nmﬂ. (3)

The chemical potential is calculated from the self-consistent solution of the equation for the hole
concentration n
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1 1

where f(m)=(exp(m/T)+1)_l. The summation over the momentum in the Brillouin zone is per-

formed using 8 x 10° dots.
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Fig. 1. Dispersion branches of spin-polaron excitations along [001] (a);
[101] (b); [111] (c) at different temperatures. The horizontal line indicates
the position of the chemical potential in the lower bar (dashed line)

Puc. 1. JlucriepcHoHHbIE BETBH CIIMH-TMOSIPOHHBIX BO30YyxaeHuit Baoss [001] (a);
[101] (b); [111] (c) npu pa3HbIX TemmepaTypax. | Opu3oHTaIbHAS IHHUS YKa3bIBACT
MOJIOXKEHNE XUMUYECKOTO MMOTCHIMANA B HIDKHEH mostoce (IyHKTHPHAS JIHHHSA)

To calculate the sublattice magnetization and the spin-spin correlation function, we write down

b)) ({55 ) o

two sublatticesy,y'=1,2, and two equations for the sublattice magnetization and the correlation func-

tion. The problem can be simplified if we consider the magnetic system in the adiabatic approximation
and make some estimates of the temperature dependence of m, c. The free energy expansion procedure

four additional linear differential equations for the Green's functions<<Sffy
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gives a power functionm =m,,/1-T/T, . According to the elastic neutron scattering data [6], the sub-

lattice magnetization is m, =0,94u; atT =2K . The spin-spin correlation function for the nearest
neighboring sites can be estimated at the Néel temperature as

(s¢se)= <(1S+2 >= 281 f)); (s¢si,)=04125. 5)

At low temperatures, when the correlation radius of spin fluctuations £ ~a (a is the lattice con-
stant), the transverse spin-spin correlation function is calculated in the mean-field approxima-

tion<Sg‘Sf‘:1>=0,125(1—m2). The dependencec(T) in the paramagnetic phase is assumed to be

symmetric with respect to the Néel temperature.
For tetragonal symmetry a (lattice constant in the plane)> c, the hopping parameters of current car-

riers should also be considered as anisotropict, /t, =0,92.

Discussion of the results

The polaron excitation spectra for three directions are shown in Fig. 1 for the following parameters:
I/t, =0,08, J/t, =2,06.Band splitting of free electrons is observed due to strong interaction with lo-
calized spins, which form an ordered state below the Néel temperature. The Fermi level is located in
the lower zone near the chemical potential indicated with a dotted line in Fig. 1. Fermi energy and s —
d interaction energies have comparable values. S-electrons form a spin density wave (SDW) with a
wave vector located near the Fermi surface, since the Fermi energy is more than an order of magnitude
higher than the magnetic excitation energy. SDW modulates the density of localized spins, which
causes the appearance of additional satellites in the neutron diffraction pattern.

0,16
® 0,124
X~

0,08+

0,04+

0,00
0 2 4 6 8 10

Fig. 2. Temperature dependence of the Fermi impulse (2) and the position of the satellite
in the neutron diffraction pattern (1). The curve is an approximating

function Q(T)~ (T* —T)O’48 (3)

Puc. 2. TemneparypHas 3aBUCUMOCTb UMITyJIbca DepMu (2) U TONOKEHUS CaTeIUTNTa
Ha HelfrpoHorpamme (1). Kpusas npezacrasiser co0oii annpoKCUMHUPYOLTYIO

GbyHKIHIO Q(T) ~ (T* -T )0148 ?3)
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Fig. 3. Energy of the lower border of the band W, /t and the upper border
of the band W,

top
the temperature dependence of the bandwidth

/t as a function of temperature. The inset shows

Puc. 3. DHeprus HyKHei rpaHuusl monocsl Wy, /t 1 BepxHeii rpaHuLbl
nonocst Wiy, /t B 3aBHCHMOCTH OT Temmepatypsl. Ha BeTaske nokasana

TeMIIepaTypHast 3aBUCUMOCTb IIHPHUHBI IOJOCHI

It was found that the evolution of the position of the satellite line with temperature occurs accord-
ing to the power law [6]
Q(T) = (T"-T), (6)
with v=0,48, as it is shown in fig. 2. The calculated change in the Fermi momentum kg along [001]
(Fig. 2) as a function of temperature is in good agreement with the experimental data. The calculated
value ke =(0,0,0.14)at T =1,8K also agrees with the period of the spin modulationQ =(0,0,0.15).

The Fermi surface is a bounded region with the center of the band at T <T and vanishes atT =T .
The Fermi momentum lies in the range /2 < kg < mwith centers at the edges of the bands, where the
spin-wave spectrum in CuB;04 is not observed. A decrease in the effective energy of interaction of s-
electrons with localized spins, caused by a decrease in the magnetization of the sublattice, leads to a
shift of the bottom and top of the polaron band and an increase in the bandwidth, as it is shown in Fig.
3. In the paramagnetic phase, an increase in antiferromagnetic correlations upon cooling also leads to
an increase in the passband.

To estimate the contribution of polaron excitations to the specific heat, the average value of the ki-
netic energy of the polaron K, is modeled by the Green's function

K, =%;w(k)%jdEf(E)lmG§(E). 7)

The temperature dependence C =dK,, /dT is shown in Fig. 4. The maxima of heat capacity are ob-

served atT =1,7; 4,5K. The temperatures corresponding to the maxima of the heat capacity are in

good agreement with the experimental data [19]. Transport properties, such as conductivity, can be
obtained from the Kubo formulas in the limit d — o [20]
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where o, is a constant that determines the dimension of conductivity. The temperature dependence of
the conductivity G(OJ—)O) is shown in Fig. 5. Below Ty the value cdecreases sharply with an in-
crease in the sublattice magnetization. When T ~16K the change in the sign of the derivative of the
chemical potential from dp/dT <0to du/dT >0 correlates with the singularity in do/dT . The drop
in conductivity at T >5K arises due to the shift of the minimum of the band bottom from the center of
the band (0, 0, 0) to (1, 0, 1), (0, 1, 1). It is shown in Fig. 1, b. Optical conductivity is presented in Fig.
6 and has two maxima. The first peak is the result of intraband transitions, and the broad maximum
G((D) is attributed to transitions between the lower and upper zones. The temperature dependence
c(T)can be observed in the infrared range with the amplitude of the electric field E, and the plane

polarized wave with the frequency . The absorption power supplied to the system is defined as

P(w)=3EjRe[c, ()] [21].
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Fig. 4. Temperature dependence of the heat capacity normalized
to the maximum value induced by spin polarons

Puc. 4. TemnepaTypHas 3aBUCUMOCTb TEIUIOEMKOCTH, HOPMHUPOBAHHON
Ha MakCUMaJibHOE 3HaYeHHE, HHAYIIMPOBAHHOE CITMHOBBIMU IOJIIPOHAMU
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Fig. 5. Temperature dependence of conductivity o(T) at @ —0

Puc. 5. TemnepaTtypHas 3aBUCUMOCTb IIPOBOAUMOCTH G(T) npu o — 0
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Fig. 6. Optical conductivity at temperatures
T=2K(1),7K(2)and 17 K (3)

Puc. 6. Ontuueckas IpoBOAUMOCTD IIPH TEMIIEPATypax
T=2K(1),7K2)un17K 3)

The peculiarities of the low-temperature behavior of the heat capacity and conductivity arise due to
the modification of the polaron excitation band. The maximum of the density of states is located near
the Fermi level and shifts to the high-energy region atT >10K . An increase in the hole concentration

leads to a decrease in the critical temperature for the formation of modulation of the spin structureT .
The maximum heat capacity also shifts to low temperatures.

Conclusion

Let's summarize the main results. Spin-polarized s-electrons form a spin density wave with a period
equal to the Fermi momentum. The spin density wave modulates the localized spin density as a result
of strong s — d coupling. The estimate of the temperature dependence of the Fermi momentum of the
spin polaron is in good agreement with the evolution of the satellite position as a function of tempera-
ture in CuB204. The maximum low-temperature heat capacity arises as a result of the displacement of
the minimum of the zone lower boundary from the center of the zone (0, 0, 0) to (1, 0, 1), (0, 1, 1).
The calculations presented predict a sharp decrease in the conductivity and intensity of infrared ab-
sorption at the Néel temperature.
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