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The problem of weak ferromagnetism in antiferromagnets due to canting of magnetic moments is treated
using Green’s function technique. At first the eigenvalues and eigenfunctions of the electronic Hamiltonian
corresponding to collinear magnetic configuration are calculated which are then used to determine the first and
the second variations of the total energy as a function of the magnetic moments canting angle. Spin-orbit
coupling is taken into account via perturbation theory. The results of calculations are used to determine an
effective spin Hamiltonian. This Hamiltonian can be mapped on the conventional spin Hamiltonian that allows
one to determine parameters of isotropic and anisotr@payaloshinskii-Moriya exchange interactions. The
method is applied to the typical antiferromagnets with weak ferromagnetista,0O; and LaCuQO,. The
obtained values of the magnetic moments canting angles are in good agreement with previous theoretical
results and are in reasonable agreement with experimental data.
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The Heisenberg Hamiltonian is the basis of most theoreteanting of magnetic moments of LaMgO Recently,
ical investigations of the transition metal compoundsKatsnelson, and Lichtenstéhave derived the general ex-
magnetism:2 The essential part of these investigation is de-pression for Dzyaloshinskii-Moriya interaction term in the
termination of exchange interaction parametiysit can be ~ LDA++ approach. _ o
done in a phenomenological way by fitting those parameters This paper is devoted to the problem of first-principles
to reproduce experimenta| daﬁ:@mperature dependence Of theoretical deS_C_I’IptIOI’l of weak ferromagne!]sm in antiferro-
magnetic susceptibility and magnon dispersion curves obMagnets, specifically to the task of calculations of weak fer-
tained in inelastic neutron-scattering measureméritow- ~ romagnetic moment value and direction of spin canting. For
ever, much more physically appealing is to obtain therakin this we consider the first and segond variations pf the total
initio calculations. In most cases it was done via calculate(fnergy of the system at small deviation of magnetic moments
total energy values for different magnetic moments configu-rorn collinear configuration with splp-orb|t .couphrr]]g.mtro-
rations. Mapping on Heisenberg Hamiltonian gave a systerguced asa pertur_batlon using Green's functlon technique. We
of linear equations fod; (for example, see Ref.)5This show Fhat there is an adqltlonal on-site term that_ was not

d el . PIe, e taken into account in previous wotk,which gives signifi-

procedure becomes inconvenient for the systems with a lar

: . X Cant contribution to weak ferromagnetic moment. Based on
number of long-range competing exchange mtegac’uons aS Ithe results of our calculations we propose an effective single
(VO),P,0, NaV,05, Cu,Te,05X, (X=Br,Cl), etc!

. site Hamiltonian. This Hamiltonian is sufficient for solving

In 1987 Lichtensteinet al.” proposed the calculation the problem of spin canting, but it can also be rewritten to
method that does not use total energy differences. They dehe conventional form containing isotropic and anisotropic
termined exchange interaction parameters via calculation aéxchange interaction terms. We have applied our method to
second variation of total energfE for small deviation of  weak ferromagnetism in-Fe,0;, the classical system which
magnetic moments from the collinear magnetic configurawas used by Moriya in his pioneering wotkand in antifer-
tion. The expression for this second variation was derivedomagnetic cuprate LEuUQ, in the low-temperature ortho-
analytically and required for its evaluation calculation of therhombic phase, estimated ferromagnetic moments values on
integral over the product of the one-electron Green functionshe metallic ions in these compounds and determined the
Then this method was successfully applied to the variouplane of spin canting. It is interesting to note that there is
transition metal compounds!? another possible source of noncollinearity arising from iso-

The combination of low symmetry and spin-orbit cou- tropic exchange interaction, which is the result of lattice frus-
pling was shown by Dzyaloshinskiiand Moriyd? to give tration (for instance, triangular and pyrochlore lattiges
rise to anisotropic exchange coupling. Moriya has showrMagnetic ions sublattices for both+Fe,O; and LgCuQ, are
how the processes involving an additional virtual transitionnot frustrated, therefore spin-orbit coupling is the only pos-
due to spin-orbit coupling can cause an anisotropic exchangsible source of spin noncollinearity in these systems.
interaction as a correction to the isotropic Anderson superex- Briefly, this paper is organized as follows. In Sec. | we
change term and introduced the new term in the spin Hamileescribe the method for calculation of spin Hamiltonian pa-
tonian which is the Dzyaloshinskii-Moriya interactiobM). rameters which are responsible for the magnetic moments
Solovyevet all* has shown that the Dzyaloshinskii-Moriya canting. Section Il contains the results of our calculations for
interaction parameters can be calculated using perturbatio®-Fe,O; and LgCuQ, crystals. In Sec. Il we discuss and
theory and Green’s function technique and described thériefly summarize our results.
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I. METHOD 2 A A
H=U'HU. 9)
According to Andersen’s “local force theorerf*!8 the , o o )
total energy variationsE under the small perturbation from The first variation over the angle of rotation is expressed in
the ground state coincides with the sum of one-particle enthe following form:
ergy changes for the occupied states at the fixed ground state

potential. In the first order for the perturbations of the charge 8H =1/254H,7]. (10)
and spin densities one can find the following relatfon: In the basigilma) (i denotes the sitd, the orbital quan-
Er Er tum number,m the magnetic quantum number, andthe

5E:f de € on(e) = EF&_I de 6N(e) = spin indey the Hamiltonian matrix takes the formﬁr‘;:jlm,

. =(ilma]H|jlm’c"). For simplicity, we drop the indexes of
_ F orbital and magnetic quantum numbers and leave spin and
de 6N(e), (1) L . A .
. site indexes below. We assume that without spin-orbit inter-
_ _ action the ground state corresponds to the collinear magnetic
wheren(e)=dN/de is the density of the electron staté(e)  configuration at which all spin moments lie along thaxis.

is the integrated density of the electron state, Bpds the  Therefore the Hamiltonian matriki?” is diagonal in the
Fermi energy. In the case of magnetic excitation the changgpin subspace J

of total number of electronsz is equal to zero. The Green

function G is formally expressed in the usual wa&y=(e HiTj 0

—-H)™%. One can express density of states and integrated den- Hjj = 0 H./)
]

sity of states via Green functio: ) ) - I .
y One can rewrite the first variation of Hamiltonian E0) in

1 the following form:
n(e) =——Im SpG(e) (2)
o
o & 0 2
and o 2 2
1 4 Aj
- 0 =10
N(e)=——Im SpIne—H). 3) 2 2
a

—Hl—HL 1t ia-
Then the variation of integrated density of states is given byVnered;=H; —Hj;. Itis easy to show that the second varia
tion of Hamiltonian is given by

1
N(e) = - Im S SHG]. (4) A 0 A 0
2 2
Therefore the first and the second variations of total energy &Hj = ¢ AT S A (12)
of the system take the following forms: 0 —21 0 —21
Er
SE=- 1 de Im Sp(6HG) (5)  The rotation of spin moment arourmaxis does not change
TS e the energy of the system, therefore there is no term wgth

in Egs.(11) and(12).

and Then we take into account the spin-orbit coupling via per-
1 (Er turbation theory. The Green function betwegh and jth
FE=- —f de Im Sp(6°HG + SHGSHG). (6)  sites in the first order of perturbation theory with respect to
T = the spin-orbit coupling can be written as
OperaFor qf slom Iotagor? on_ the sifeby the angle5¢)| éij =Gy + D GikHEonjy (13)
around directiom= 8¢/ |5¢)| is given by K
0 = g2isss (7)  where HSO=\,LS, k denotes siteGl is Green function of
. system with collinear magnetic configuration, agds spin-
whereo=(5y,dy,) are Pauli matrices. For smdtf?bl val-  orbit coupling constant. The first variation of total energy Eg.
ues we can expand the spin rotation operator in the following>) takes the form
way: 1 Er
- > 25 E=-=2 J delm Sp<5HiGii +2 éHiGikHEoni)-
U=1+1/46¢pc - 1I18(6¢a)>. (8) T J k
New Hamiltonian of the system after rotation of the spin on (14)
j site around directiom by the angle|d¢| results in the The first term in Eq(14) is equal to zero. The second term
formula can be expressed as the following sum:
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SE =D ASH + A5, (15)
i
where
1 (FF
AiX:E Bixk:—z—f de ReE (AiGil leG
k TJ o k
- A G,kaNG ) (16)
and
1 (B
A= Biyk:—z—f delm 2 (AGHIG);
k TJ e k
+ A GIH G- (17)

We consider the situation when all spins lie along thexis

and therefore the rotation around it does not change the en-

ergy of the system. In order to find’ component of the
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1
FE= 4—f delm 2 (AGHAG))

v

x [(o¢) = 5¢}()2 + (¢! = 671 (23)

One can see that E@R3) contains onlyx andy components

of :SqS. In order to includez component, one can use the same
rotation of coordinate system as for the site magnetic torque

vector,&, Eq. (18). Finally, we obtain the following function
of the total energy over anglég:
(24)

- .1 - -
AE=2 Asd + EZ Jij| 661 = 5|2,
i ij

where

(25)

1 (B
Ji= EJ_ de Im(AGjAG)).

magnetic torque vecto&i, we change the coordinate system  The aim of this paper is description of canted magnetism

in the following way(x,y,z) — (z,y,-x) (rotation around the

y axis):
SO SO
1 1>(HTT HS! )(1 —1)
_ SO SO '
1 1/\HP7 Hp/\1 1
ThereforeA component in the new coordinate systeni\fs
in the old one:

SO 1(
H =5 (18)

:E Bizk:

= AG(HE -

1 (FF
_ZJ deReE[AiG He = He )Gl

—o0

HADGL]- (19

In contrast to the first variatiodE, the second variation of
total energys’E over small deviations of magnetic moments
from ground state collinear magnetic configuration has non-
zero value without taking into account spin-orbit coupling:

1 (Er 1 1
FE=-=| deimsg =X #H;G; +>> #H;G;
mT) 2 i 2 i

+E SHG;;oH; GJ,), (20)

where

SP(°H;iGy) = 128G A(GE — Gl) + 1128 /A (G - G)

(21)
and

SP(SH;G;; H;G;i) = 11254 ¢ (A G A Gl)

+ 11254/ 51 (AGEAG).  (22)

Using the conditiorG/ - G\ =(G'AG); =
rewrite Eq.(20) in the followmg form:

ZJ—GJJ-A]GJ% one can

in transition metal compounds caused by spin-orbit coupling.
For this we have used the express{@#) for the total energy

as a function of canting angle. In order to solve the problem
of the weak ferromagnetism in antiferromagnets we suppose
that the crystal is an antiferromagnet containing two sublat-
tices 1 and 2, with the same canting angle for the atoms
belonging to the same sublattice. With this assumption Eqg.
(24) is reduced to the following form:

AE=A 5y + Ao+ 2, 3|8y — 5852 (26)
j>1

Our results fora-Fe,05 and LgCuO, demonstrated thail
=-A, (torque vector has an opposite sign for the atoms be-

longing to the different sublatticgsThat gives

AE = A6y — 5y) + 2 Jyj|0h, - 2. (27)

i>1

If we further suppose that the deviations of magnetic mo-

ments from the average direction defined &fti have the
same absolute value but different sign for both sublattices,
then Eq.(27) takes the following form(we suppose that
magnetic moments lie in the plane perpendicular to site mag-

netic torque vectoA and canting occurs in the same plane

AE=2A,5h, + 4, Iy 6.
i>1

(28)

Then we find the value di¢;| where AE has a minimum

Ayl

4> Jyj .

i>1

EAE (29

The next step is to establish connection between(E4).
and conventional spin Hamiltonian
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H= HDM + Hexch— 2 Du[a X ej] + 2 'Jljeejr
i#] i#]j

(30

whereeg, is a unit vector in the direction of thi¢h site mag-
netization, J; is the exchange interaction, arig; is the

Dzyaloshinskii-Moriya vector. One can rewrite the second

term in Eq.(30) asHeyn=2;J;j|€|€[cog ;). In the limit of
small canting angle values we can assume thatg;ps 1

—|5<Zi—6<$j|2/2 and exchange interaction energy for antifer-

romagnetic configuration has the form

1 - -
AHexen= 5 2 3| 561 = 6 * (31)
ij

Therefore in the limit of smaIBqZ we can directly map the
second term of total energy variation E§4) onto the sec-
ond term in spin Hamiltoniaf30).

The first term in Eq.(24) describes the deviation of the
spin moment on the sitefrom the initial collinear spin con-

figuration direction. We assume that this initial spin direction

on the sitei is defined by the direction of Weiss mean-field
HYF==,,)J;6 (the corresponding unit vector i€

=H"F/|HYF)). Therefore we can map the first term in Eq.
(24) on the spin Hamiltonian

Hoey= 2 A7 X 6] (32)

describing the deviation of spin moments away from the di-

rectioné? of external Weiss field(\We have used here the
connection between rotation vect@zﬁi and the change of the
magnetic moment unit vectad =& -2 56 =[¢; x &°].)
In order to demonstrate the connection betwéerand I5ij
one can rewrite the Eq32) in the following form:

1 E N I:IWF 2 I__I)WF
Heev= = Al ——X& |+ 2 A =L=xg||.
dev 2 i | WF| |HWF| ]
(33
Using our definition ofH"'F we obtain
dev:1 E -) |[exe]+2 |[é|><é] .
2iJ|Wﬂ" > e 1618
(34)

This gives us the following expression for paramdfqrof
spin Hamiltonian(30):

1 (A A
i :§~’u<fwi‘e—v'vp)- 39
HY IR

Therefore the components of Dzyaloshinskii-Moriya interac
tion vector are given by
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1 Er
DX :——J-f deRe
ij A ij .

*

_AGj,

A;GiHR3G — A|GlHE Gy

[

x2

k
kJ,TG -4 G|kaTLGk|
[

1. (B
D%}:__Jijf dEIm
A7 "),

5

_ AGiH,

(36)

AGLHOG) + A Gl HZ G
[
< Gi )

& AGl(HgT -
J”J dEReE ( ! Ik(
— K

]
"
_ AGi(HE -
[

x2

P
Gl +AGH
H

(37)

1

il Hku)le
8

Dji=-

ku)GkJ (HkTT

"

ku)le

GidHi? -
[

k“)Gk') (39)

We have obtained more general expression for the
Dzyaloshinskii-Moriya interaction parameter in comparison
with those presented in papérThere are two kinds of con-

tFIbUtIOI’lS into magnetic torque vectér on-site interaction

BII (absent in Ref. 14and intersite mteractloB,k(l #k). We
have found that on-site contribution in the magnetic torque

A, which was not considered before, plays an important role
in weak ferromagnetism description.

We have applied the calculation scheme developed above
to the typical antiferromagnets with weak ferromagnetism
a-Fe0; and LaCuQ, in low-temperature orthorhombic
phase. In order to calculate Green functions corresponding to
the collinear spin configurations we used LDA+
approach’ realized in LMTO method within the atomic
sphere approximatiof?.

Il. RESULTS
A. Fe,05

Weak ferromagnetism or weak noncollinearity of essen-
tially antiparallel magnetic moments was first observed in
a-hematitea-Fe,03.%! The trigonal crystal ofa-Fe,0; has

R3c space group. Depending on temperatareematite oc-
curs in two different antiferromagnetic states:Tat. 250 K
the spins are along the trigonal axis, and at 258K
<950 K they lie in one of the vertical planes of symmetry

-making small angle of 1.% 1073 with basal plané??3In the

latter case then-Fe,0O; has a net ferromagnetic moment.

184434-4
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TABLE I. Values of exchange interactions of Atom 2 with atoms ~ TABLE Il. The different contributions in components of site
which belong to different coordination spheres estimated in experimagnetic torque ofx-Fe,03 obtained in LDA+U calculation (in
ment (Ref. 30, calculated in present work using LSDA and LDA meV). The couplings with negative sign are ferromagnedjcis the
+U approximationgin meV). The couplings with negative sign are distance betweeith andjth atoms in a. uR, is the radius vector

ferromagnetic. The number in bracket denotes the correspondingom ith site tojth site in units of the lattice constaf$.49 a.u).
coordination sphere presented in Fig. 1.

Samuelseret al. (Ref. 30  LSDA LDA+U ) % R Bj B Bj

JW -3.076 9.905 8576 22 0 0:0:0 0 0 0.162

@ e o7 o 2,) 545 (0:0:-0.99 0 0  0.005
, (2,3) 560 (-0.5:-0.86:0.2p -0.036 0.015 0.001
J) 20.313 25957 25.224 (5 3) 560 (1:0:0.20 0032 0023 0001
J4) and 349 12.554 13488 17502 (2 3) 560 (-0.5:0.86:0.2D) 0.004 —0.038 0.001
e 1.056 -0497 -0073  (2,1) 6.36 (0.5:-0.86:-0.58 0.071 0019 -0.14
(2,1) 636  (-1:0;-058  -0.052 0.052 -0.14

Dzyaloshinskii has shown that the spin superstructure give§2'1') 636 (0.5,086;-058 -0019 -0.071 -0.14
rise to a nonvanishing antisymmetric spin coupling vector (2.4) 6.99  (0.5;-0.86;0.79 ~ 0.168  0.063 0.101

which is parallel to the trigonal axis. Moriygave phenom-  (2,4) 6.99 (-1;0;0.79 -0.139 0.115 0.101
enological Dzyaloshinski’'s explanation a microscopic foot- (2,4) 6.99 (0.5;0.86:;0.79 -0.029 -0.178 0.101
ing by means of Anderson’s perturbation approach to mag+2 4y 6.99 (-0.5;-0.86;-0.79 0.128 0.094 0.076
netic superexchange. 2,4) 6.99 (1;0;-0.79 0.017 -0.158 0.076

Sandratskiiet al?* have performed the calculation based 2.4)
on the local approximation to spin-density functional theory
(LSDA) using the fully relativistic version of ASW method.
In spite of the well-known problem of proper determination
of the energy gap in semiconducting and insulating material¥his agrees well with experimental reséftsnd theoretical
using the LSDA approximation, the auth#tsucceeded in predictions®! The mean-field value of Néel temperature ob-
describing a weak ferromagnetism. The obtained ferromagained via exchange interactidfiverestimates the experi-
netic moment of about 0.0p2 per Fe atom together with mental result of about two times. We restrict our consider-
atomic moment of iron of 3.72; results in the canting angle ation to comparing of LDA+) exchange interactions with
of 0.53x 1072 which is two times smaller than experimental
value. In the present study we treat the problem of weak 16 6

6.99 (-0.5;0.86;-0.79 -0.145 0.064 0.076
(2,4 753 (0;0;-1.37 0 0 0.001

ferromagnetism description ia-Fe,0O5 using perturbation
theory.

The electronic structure ofi-hematite calculated using
the standard LDAY approximatiof® with on-site Coulomb
interaction parameterd =5 eV, J,=0.88 eV, and structure
data from Ref. 25 is in good agreement with previous theo-
retical calculationg® The Brillouin zone integration has been
performed in the grid generated by usi(®6;6) divisions.
We have obtained the magnetic moment of.4 Iper Fe / /- .
atom. This value is a little smaller than those seen experi- /AN S L W X
mentally (4.6—4.9g in Refs. 27 and 28 The energy gap '
value of 1.67 eV is also slightly underestimated comparing B A L
with experimental daté2.14 eV in Ref. 29 AT

The calculated isotropic exchange interactions and contri- :’3

z

butions in site magnetic torquéz are presented in Tables |

and I, respectively. The energy integration has been per- ,
formed in the complex plane by using 800 energy points on i

the rectangular contour. The simplified crystal structure and ' d
the interaction paths are shown in Fig. 1. One can see that 4 6

the values of exchange interaction parameters and spin-orbit
torque terms are converged in sum over the neighbors. Even
the contributions from fifth-nearest neighbors are negligibly  FiG. 1. (Color online The crystal structure of-Fe,05. The
small. The obtained interaction picture is more complicatedarge circles are Fe atoms which belong the smallest unit cell used
than those Moriya examined in order to describe the wealn the LDA+U calculations. The small circles are Fe atoms which
ferromagnetism ina-hematite!® There are strong isotropic surround atom 2. The arrows denote the magnetic configuration
exchange interaction with the third and the fourth neighborsused in our calculations.
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those deduced from inelastic  neutron-scattering 1 2
experiment® Using the Green function method with RPA ’ ?

approximatio®® the authors of Ref. 30 obtainedy @) @)

=1044 K, which is in good agreement with experimental 6 Y

value varying from 947 to 969 K. Comparing our exchange 0

interaction parameters obtained in LDAMcalculation with ° ° !

experimental values we observe good agreement for the larg- 4 3

est magnetic interactions with the third and the fourth neigh- , ’

bors. There is disagreement between experiment and theory

for interactions with the first and the second neighbors. FIG. 2. (Color onling The schematic crystal structure of

While experimental exchange interactiop, with the first |, &0, in the low-temperature orthorhombic phase. The open
nelghbfgs is ferromagnetic, our results and results of 0thefjcjes are oxygen atoms which are tilted up out of the Cu plane, the
works*33 show that this interaction is antiferromagnetic in pjack circles are oxygen atoms tilted down out the Cu plane. The

the ground state of-Fe,0j. big circles are copper atoms. The arrows denote the magnetic con-
The sum of the exchange interactions between atom 2 angyuration used in LDA4J calculations with spin moments lie

its neighbors is given by,=2,.,J,=189.26 meV. We have along thez axis.

also obtained the following components of site magnetic

torque vector on the atom 2A;=3B5=0 eV, Ab=3B%  Dzyaloshinskii-Moriya interaction patterns on an antiferro-

=0 eV, andA7=%,B5=0.282 meV. One can see that on-site magnetically ordered state and shown conditions for arising

interactionB3, gives the main contribution ik,. The site  of weak ferromagnetism. Then the authors of Refs. 38—40

magnetic torque 05\1 has the following component®:0: haye demonstra_lted that the h_|gher order terms Wlth respect to

~0.282, the same value but the opposite sign comparin pin-orbit coupling are also important to describe magnetic

o . - 3 roperties of LaCuQ,. Here we present aab-initio investi-
with A,. The value of canting angle ¢54|=0.4x 107 cal-  yation of canted magnetism of j@uO, and concentrate
culated using Eq(29) agrees well with previous theoretical only on the first order spin-orbit coupling terms.
result§* (0.53x 10°%) and both are about two times smaller ~ e have performed the LDAY calculations for

than experimental datél.1x 107 in Refs. 22 and 28 In | 5,cuQ, in the low-temperature orthorhombic phase using
order to compare our perturbation theory results with thoseiyctural data for Nd doped L@uO,,*! with on-site Cou-
which was obtained using the fully relativistic ASW |gmp interaction parametetd=10 eV, J,=1 eV (the same
method* we have calculated the canting angle within theas ysed in Ref. 42 The Brillouin zone integration has been
LSDA approximation. The obtained canting angle value ofyerformed in the grid generated by usit@;6:6) divisions.
0.6x10%is in good agreement with both our LDA*result  The schematic structure of GuO layer of LaCuO, in low-
and result of Sandratskii papé. o temperature orthorhombic phase is presented in Fig. 2.

Itis easy to show that in the case when all spins lie along  The experimental value of the energy gap is reported to be
the z axis there is no canting of the spin moments. On theypout 2 eV/(Ref. 43. Our gap value of 1.94 eV is in good

other hand, if direction of Weiss field is perpendicular to theagreement with experimental data. The calculated magnetic
z axis, the canting exists and the system has weak ferromag-

netic moment. This szi(;gure fully agrees with experimental  TABLE III. Isotropic exchange interactions of atom 0 with
and theoretical datk:?* neighbors and components of different contributions in site mag-

netic torqueA, (in meV). I'I’Oj is radius vector from Oth site tith
site in units of the lattice constant0.14 a.u.

B. La,CuO,

In the case of the cuprates Dzyaloshinskii-Moriya interac- ﬁoj Joj |3(X)j B%j |3(Z)j
tion is the leading source of anisotropy, since single-ion an=
isotropy does not occur due 8 3 nature of the spins on the (0:0,0 0 0.101 0 0
Cw* sites. The experimental daf#®> demonstrate that in (-0.49;0.5;0 14.576 0.020 -0.032  -0.005
case of low-temperature orthorhombic phase the spins do not (0.49;0.5;0 14.576 0.020 0.032 0.005
lie exactly in the Cu—O planes, but are canted out of the  (0.49;-0.5:0 14.576 0.020 -0.032  -0.005
plane by small angle of 0.17°. Coffey and co-worRéreade (-049:-05:0 14576  0.020 0.032 0.005
complete examination of the anisotropic exchange interac- (0:1:0 2071 0.002 0 0
tion in orthorhombic phase based on a symmetry consider- o

. . - " . (0;-1;0 -2.071 0.002 0 0
ation. They assumed rotation axis of the Gu&3 a direction
of antisymmetric exchange interaction and obtained that the (-0.980:0) -1.943  -0.007 0 0
spins are canted in plane which is perpendicular to  (0.98:0,0 -1.943  -0.007 0 0
Dzyaloshinskii-Moriya vector. (-0.490;1.22 0 0 0 0

The first attempt at a microscopic calculation of the (-0.49,0;-1.22 0 0 0 0
Dzyaloshinskii-Moriya anisotropy for L&uGO;, in the low- (0.49:0:1.22 0 0 0 0
temperature orthorhombic and tetragonal phases was madeg 49:0:-1.29 0 0 0 0

by Coffey, Rice, and Zhang. They have examined the
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moment value on Cu atom is 0,64, which also agrees well effective Hamiltonian for canted magnetism is proposed. We
with experiment* . . . show that the parameters of this model Hamiltonian can be
We have performed calculations of the isotropic exchang@btained from first-principles calculations. Using the devel-
interactions and different contributions to site magneticoped method we describe the weak ferromagnetism in

torque component§able 11) using the energy integration in - -Fe,05 and LgCuQ;. It is shown that on-site contribution
the complex plane with 700 energy points on the rectangulaé S

contour. One can see that the exchange interaction pararr‘ﬁ};'rromagnetic moment of-Fe,0; and LaCuQ, in low-

eters and the spin-orbit torque terms are converged in suil t thorhombic bh Einall lud
over the distancéR;;). The obtained values of exchange in- emperature orthorhombic pnase. Finally we can conciude
(5lpat the obtained values of the magnetic moments canting

teraction parameters are in good agreement with results | . d £ with X th tical
previous calculations for low-temperature tetragonal ptfase 2N9'€S are in good agreement with previous theoretical re-
sults and are in reasonable agreement with experimental

and experimental estimatiof$The sum of the isotropic ex-
change interaction terms and components of site magnetﬂata'
torque are given by Jy==i.9 J;=58.304 meV, Aj

=0.171 meV,A§=0 meV, andAj=0 eV. We obtained that

A,=(-0.1710;0), again of the same value but the opposite

sign comparing W|thA0._ It means _that the system ha_lS net  \we would like to thank A. I. Lichtenstein who initiated
ferromagnetic moment if spins lie in the plane which is per-is jnvestigation. We also wish to thank F. Mila, M. Troyer,
pendicular tox axis (axis of rotation of oxygen octahedra 1 . Rice, M. Sigrist, M. Elhajal, A. S. Mylnikova, and M.
This fully agrees with results of previous theoretical o Kkorotin for helpful discussions. This work was supported
works3436:37The obtained value of canting anglé|=0.7 by INTAS Program Ref. No. 04-83-3230, the scientific pro-
% 1073 is about three times smaller than those experimentallyram “Russian Universities” Grant No. yp.01.01.059, Neth-
observed 2.2-2810° (Refs. 34 and 3b erlands Organization for Scientific Research through Grant
No. NWO 047.016.005, the scientific program “Develop-
ment of scientific potential of universities” section 3.3
We present method for calculation of spin Hamiltonianproject code 315, Russian Foundation for Basic Research
parameters responsible for magnetic moments canting. Th&rant Nos. RFFI 04-02-16096 and RFFI 03-02-39024.

i in site magnetic torqué\ plays the crucial role for net
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