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We reconsider derivation of Ward identities for spin stiffnesses, which determine the nonlinear sigma model
of magnetic degrees of freedom of interacting electrons in the presence of antiferromagnetic or incommensurate
correlations. We emphasize that in the approaches, which do not break explicitly spin symmetry of the action,
the spatial components of gauge kernel, which are used to obtain spin stiffnesses, remain gauge invariant even
in case of spontaneous spin symmetry breaking. We derive the corrected Ward identities, which account for this
gauge invariance. We find that the frequency dependence of temporal spin stiffnesses is not fixed by the obtained
identities, and show that the infinitesimally small external staggered field is crucially important to obtain finite
static uniform transverse susceptibility. On the other hand, the spatial spin stiffnesses are determined by the
gauge kernel of the Legendre transformed theory, which is in general different from the gauge kernel of the
original theory and obtain an explicit expression for spatial spin stiffnesses through susceptibilities and current
correlation functions. We verify numerically the obtained results within dynamic mean-field theory, and obtain
doping dependencies of the resulting spin stiffnesses for antiferromagnetic and incommensurate phases.
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I. INTRODUCTION

The properties of antiferromagnetic and incommensurate
magnetic correlations near half-filling remain an actively dis-
cussed topic, in particular in connection with the physics
of high-7, compounds. In these compounds the commensu-
rate long-range magnetic order is destroyed already at small
doping (see, e.g., Refs. [1,2]), but the short-range magnetic
order is present at higher doping. The observed short-range
magnetic correlations are incommensurate and characterized
by the wave vector Q = (7, m — §) [1-5]. These short-range
magnetic correlations are considered to be one of the viable
scenarios for pseudogap formation [6-15] .

The low-energy spin excitations of magnetic systems can
be described by the nonlinear sigma model (NLSM) (see,
e.g., Ref. [16]). The key parameters of this model are the
temporal and spatial spin stiffnesses, which are determined
from the microscopic analysis. The classical version of the
O(3) nonlinear sigma model was derived in the continuum
limit of the commensurate antiferromagnetic ordered classi-
cal Heisenberg model [17,18] and later generalized to the
quantum case [19,20]. The nonlinear sigma model in the
0(3)/0(2) manifold was considered as a continuum limit of
frustrated quantum antiferromagnets with spin spiral ground
state [21,22].

For itinerant (collinear) antiferromagnets the derivation of
the NLSM, which also allows obtaining the respective spin
stiffnesses, was proposed in Refs. [11,23-27]. This deriva-
tion uses Hubbard-Stratonovich transformation, and therefore
introduces in the action the effective fluctuating field, cor-
responding to the order parameter, which is then fixed at
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its mean-field value. This approach explicitly breaks SU(2)
gauge invariance of the theory, although the O(3) invariance
of the resulting bosonic action remains unbroken. Breaking
of the SU(2) gauge symmetry can be represented as a con-
densation of the Higgs field [11,27]. The derivation of the
corresponding bosonic action from the microscopic models
(e.g., Hubbard model), relies within this strategy on the av-
erage over the fermionic fields in the presence of the gauge
field, which can be performed only in some approximate way.
This approach is therefore difficult to generalize beyond the
mean-field approach for fermionic (also referred as chargon)
degrees of freedom.

Recently, using the SU(2)-symmetric gauge theory, which
does not introduce symmetry-breaking terms or condensation
of gauge fields in the action, was proposed for derivation of
the nonlinear sigma model and obtaining respective spin stiff-
nesses [15,28,29]. In this approach the symmetry is broken
only at the level of dressed single- and two-particle Green’s
functions via spin-asymmetric self-energy and the resulting
renormalized interaction vertices. This approach is more con-
venient for use in combination with the many-body techniques
since it does not introduce mean fields in the action. In view of
that, it is also expected to preserve gauge invariance. This in-
variance provides, however, the difficulty since the respective
spin stiffnesses, obtained by expansion of the action in gauge
fields, are expected to vanish in the gauge-invariant approach.
At the same time, finite spin stiffnesses were obtained in
Refs. [15,28,29], and in Refs. [28,29] the Ward identities,
which relate the second derivatives of the gauge kernel to
the spin stiffnesses were proposed for the same SU(2) gauge
symmetric action. The applicability of previously obtained
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results, and in particular respective Ward identities, requires
therefore further investigation in view of the above discussed
argument of gauge invariance of the considered theory, and the
respective vanishing of second derivatives of the gauge kernel.

In this paper we show explicitly that in the absence of
the external magnetic fields the gauge invariance of the spa-
tial part of the gauge kernel is preserved in the approach of
Refs. [15,28,29]. We emphasize therefore that the correspond-
ing gauge kernel in general can not be used for determination
of spin stiffnesses since the corresponding contributions to the
stiffnesses of the nonlinear sigma model, which are propor-
tional to the derivatives of the gauge kernel, vanish. Instead,
we show that spatial spin stiffnesses are determined by the
second derivatives of the effective Legendre transformed ac-
tion over gauge field, which are in general not identical to the
gauge kernel of original theory, and derive the corresponding
corrections to the Ward identities, which necessarily account
for the dependence of the source terms on the gauge field
at fixed order parameter. On the other hand, temporal com-
ponents of the spin stiffnesses are determined by the Ward
identities for the original functional W before the Legendre
transformation, which yield, however, the off-diagonal com-
ponents of the susceptibilities and take as an input the uniform
susceptibilities in small staggered magnetic field.

We furthermore show that the obtained correction terms in
Ward identities compensate contributions of Goldstone modes
in spatial spin stiffnesses. Although the argument of vanish-
ing of the contribution of Goldstone modes on the basis of
vanishing of the corresponding vertices in the long-wave limit
was proposed in Refs. [15,28,29], it is in general not appli-
cable since at the same time the corresponding contributions
are potentially singular due to gapless Goldstone excitations.
This singularity can be avoided by introducing small external
staggered magnetic field, which introduces a gap in the Gold-
stone excitations, which is however inconvenient for practical
calculations beyond mean-field approach. The compensation
of the contribution of Goldstone excitations by correction
terms, which originate from the proper treatment of Legen-
dre transform, is irrespective of the presence of the external
magnetic fields and on one hand shows the universality of
the resulting spin stiffnesses, but on the other hand allows
performing calculations in zero external magnetic field. The
obtained corrections also correspond to a certain gauge fixing
in the (properly treated) Legendre transform.

Finally, we apply the developed approach to calculation
of spin stiffnesses of doped two-dimensional Hubbard model
with hopping between nearest- and next-nearest neighbors
within the recently proposed dynamical mean-field theory
(DMFT) for incommensurate long-range order [30]. We verify
obtained Ward identities and determine the doping depen-
dence of the respective spin stiffnesses, which are used for
construction of the nonlinear sigma model. These stiffnesses
can be further used for the analysis of the magnetic properties
of the model in various temperature and doping regimes.

The plan of the paper is the following. In Sec. II we
introduce the model, the respective gauge transformations,
and present the modified Ward identities (the details of their
derivation can be found in Appendixes A and B). We also
discuss in detail the differences to the previous form of Ward
identities, and identify their sources. In Sec. III we provide

analytical results for the susceptibilities at the momenta close
to q = 0, Q, obtained from the modified form of Ward iden-
tities, and reveal their important matrix structure. We show
that the correct form of the transverse uniform susceptibility
can be obtained only in the presence of (infinitesimally) small
staggered magnetic field, without which the respective sus-
ceptibility vanishes in accordance with spin conservation. In
Sec. IV we present numerical results for the doped Hubbard
model within dynamic mean-field theory, which confirm our
analytical results, and obtain the respective temporal and spa-
tial spin stiffnesses. Finally, in Sec. V we present conclusions.

II. THE MODEL AND WARD IDENTITIES

A. The model and gauge transformation
We consider the Hubbard model

W= Y U A O
i

i,j,o

where 6; and ¢, are creation and destruction operators of
electron at site i, spin o, 1, = éit, Cir. To describe magnetic
excitations, we introduce non-Abelian SU(2) gauge field by
performing rotations of fermionic operators ¢; — R;¢;, R;
is the coordinate- and time-dependent SU(2) rotation matrix.
The generating functional of the model in the rotated reference
frame reads as

W[R]=—1n |:/ Dlc, ¢ exp(—Slc, ct, R])i|, 2)

where ¢, ¢t are Grassmann variables, S[c, c™, R] is the
fermionic action in the rotated reference frame. We note that
the fields c;, obtained after the rotation of the reference frame,
are sometimes referred as “chargons,” while the spin fields,
corresponding to the rotation matrices R, are called “spinons”
(see, e.g., Ref. [15]). This separation should be supplemented,
however, by the gauge fixing, which will be discussed below
in Sec. II C. The long-range magnetic order, which is present
in the chargon sector (i.e., related to the fields ¢, ¢*), does not
necessarily imply long-range order of the spinon sector after
considering the fluctuations of the metric R.

The dependence of the action on the spinon fields can be
reduced to the dependence on four SU(2) gauge fields A,
which are defined by

Ay = iRF3, R, 3)

where we use the 4-derivative 9, = (9;, V) . The correspond-
ing action takes the form

b 9
S[e, ¢, R] = drc| | — — pu —iAg )8:;
[e, c 1 ;/0 T c; |:<8r " 0) 5
—t;jexp(—7;;(V — iI‘Yi))] Ci

B
+UZ] drnmnw, (4)
;Y0

where u is the chemical potential and 8 is inverse temperature
(in energy units). We note that the external (nonuniform)
magnetic field can be absorbed into the Ag; component of the
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gauge field, as we assume in the following. The fields A ,;(7)
can be expanded in Pauli matrices

1
Aui =3 > Alol, ®)

a=0,x,y,z

such that A} = Tr[c“A, ]. The corresponding order parameter
can be written as a vector

W 1
¢ =i =—{c

. = Lo, 6
" sag 0y T 2 oreil ©)

i

We consider the gauge transformations ¢; — Vic;, c;r —
¢fVF which imply R; — R, V', RS — ViR;}. Expanding
the field V;(7) into components

Vi—exp [-i Y v;’% )

a=x,y,z
yields the following rules of infinitesimal transformation:
0 0 7
A, > A, +oV),
Al — A% — 9,V — eapcAL V" + 0(V) (8)

(here and hereafter the summation over repeated indices is as-
sumed). Thus, under infinitesimal spin gauge transformations,
the zeroth (charge) components of the fields Agi(‘t) are not
transformed.

B. Ward identities for the gauge kernel

In the following we introduce the gauge kernel Kﬁ"ix;m, =
82W/(8AZ_X8A”U’,X,) (a,d =0, x,y, z), which explicit form is
obtained in Appendix A. The derivation of Ward identities
for the gauge kernel, obtained from the invariance of the
functional W under gauge transformation (8), is presented
in Appendix B 1. For the components of the kernel, which

contain at least one spatial index n > 0, we find the identity
(au,x‘sab + GquA;,x)Kbd =0. (9)

x5, x!

For vanishing fields A,, , this is the condition of spin conserva-
tion, which is similar to charge conservation in the U(1) case
(see, e.g., the discussion in Ref. [31]). The conjugated con-
dition, obtained by interchange u <> n, x <> x’, a <> d (also
in the presence of the fields A,,), corresponds to the condition
of gauge invariance, which is in accordance with Eq. (8). We
stress that in the presence of long-range magnetic order in the
chargon sector, the spin conservation in zero external fields
and gauge invariance of the spatial components of the gauge
kernel remains unbroken.

For the temporal and mixed temporal-spatial components
of the gauge kernel we find the identity (see Appendix B 1)

ad c bd . b .
au,xKM,x;(),x' + Each(),xXxx/ = lsadbmxgx,x’, (10)

here and in the following we assume summations over re-
peated indices, 2 = K{%.,  is the tensor of the nonuniform
dynamic susceptibility of the chargon sector. For vanishing
temporal component Ay, = 0 (including also the external
magnetic field), Eq. (10) in the uniform limit implies absence
of time dependence of diagonal components of the uniform
dynamic chargon spin susceptibility Y .. x2, which is an-
other consequence of spin conservation in the system. We note

again that internal magnetic fields (such as staggered magneti-
zation in the chargon sector) do not prevent spin conservation.

It was suggested in Ref. [32] that the interband contribution
to the uniform susceptibility determines the spin-wave ve-
locity. Since this contribution can be selected by considering
the @ — 0 limit of the susceptibility taken after the uniform
q — 0 limit (see the discussion in Ref. [29]), vanishing of
the dynamic uniform susceptibility, obtained from Eq. (10),
looks contradictory to the suggestion of identifying dynamic
susceptibility with the interband contributions to the uniform
susceptibility. As we argue below in Sec. III, the reason of this
contradiction is in the necessity of introducing infinitesimally
small external staggered magnetic field, which is switched
off only after the uniform and static limits are taken. As
we show below, this external staggered magnetic field, ab-
sent in previous consideration of Ward identities [28,29], is
crucial to obtain finite interband contribution to the uniform
susceptibility.

While in the theories using the Hubbard-Stratonovich
transformation [11,23-27], the gauge kernel (which appears
after expanding the action to the second order in gauge fields)
is used for determination of spin stiffnesses, the above con-
sideration implies that for zero external field the gauge kernel
itself (without performing Hubbard-Stratonovich transforma-
tion and/or introducing mean field) does not determine spatial
spin stiffnesses since the corresponding contributions to the
nonlinear sigma model, which are proportional to the spatial
derivatives of the gauge kernel, vanish according to Eq. (9).
This difficulty occurs because of the absence of gauge-fixing
contributions in the considered action, which coincides with
that of Refs. [15,28,29]. Presence of the symmetry breaking
in the chargon sector (e.g., spin-asymmetric self-energies of
fermionic degrees of freedom) does not resolve this difficulty
since the symmetry is spontaneously broken at the level of the
particular solution (e.g., the mean-field or dynamic mean-field
approximation, considered below in Sec. IV), and formally
the action is still rotation invariant. As we show in Sec. IIC,
the spin stiffness is in fact determined by the derivatives of the
Legendre transformed action, which are in general different
from the gauge kernel.

C. Legendre transformation and Ward identities
for the modified gauge kernel

To extract spatial spin stiffnesses, we perform Legendre
transformation, following Refs. [28,29]. To this end we ex-
plicitly pick out the part of the external magnetic field, which
regulates the order parameter, by performing the shift A —
Ao + iJ, and introduce the functional

Ilg, Al =WIJ, Al — ¢7J7,
jio S0 W W an
= -, = =1 B
T sge’ YT sJe T 8AG,

which is identical to that considered in Refs. [28,29].
The second derivatives of the transformed functional % =
82T/ (8¢*8¢L) determine the inverse susceptibilities of the
chargon sector according to the standard relation

W 8w

ac ac

K =K,
XX c b XX c b
8J58J°, 5AG AL

== _(Sa,ngx” . (12)
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One can then obtain the following relations between the
functional derivatives:

ST W
=—, (13)
SAC "~ §AC
ST SW »
— = ——— = —ip], (14)
A 8AY
8r
———— =0. (15)
A% SAb

Equation (15) implies that second derivatives of the functional
" over the gauge fields, involving at least one Ay component,
vanish, and I depends only /inearly on the field Ay. This linear
dependence directly follows from Eq. (11) at fixed ¢ since the
change of Aj necessarily yields the opposite change of iJ to
keep ¢ fixed. Notably, although our functional I" coincides
with that considered in Refs. [28,29], the second derivative
SZF/M% was suggested in these studies to determine the
temporal components of spin stiffness (i.e., the transverse
susceptibilities). Our derivation of temporal components of
spin stiffness is presented below.

First, we emphasize that the components of the modified
gauge kernel MZ{’X;V!X, = 8T/ (SAZBAﬁ) are in general differ-
ent from the gauge kernel K’ ;ﬁ]x;v,x" It is crucial that at fixed
fields ¢ the sources J depend implicitly on the gauge fields A.
We have

8¢ 82T s W
b T srasab o saasab
sAb SpesAL 8¢7 8AL
8IS, 82w w W
= s srear ,  esgesar - U0
¢ 8JG8AL 840
Therefore, we obtain
b 8w 8w 8JS
Miwo = 5540+ 540575, 34
X v,x w,x - x" X’
=Ko — Kookt Ky oo (A7)

The second term in the right-hand side of Eq. (17) is crucial
to fulfill the relation (15) and obtain the correct form of the
Ward identities for the functional I". In particular, for u = 0
or v =0 it yields M,, = 0 in agreement with Eq. (15). In
Sec. IIIC we show that the second term in the right-hand
side of Eq. (17) cancels contribution of Goldstone modes in
the first term. This is physically justifiable since Goldstone
modes, being the low-energy excitations, should not give con-
tribution to the spin stiffness of the nonlinear sigma model.
On the other hand, taking into account the dependence J[A]
at fixed ¢, represented by Eq. (16), implies gauge fixing in
the Legendre transform (11) at fixed equilibrium ¢, which is
characterized by J[0] = 0.

The respective Ward identity for the second derivatives
M  takes the form (see Appendix B 2)

,X30,X

ab . d
am,xan,)c’[w ;= - lgadb¢x a(),x/(sx,x/

m,x;n,x

e (atc$IKE il D).
(18)
The first term in the right-hand side of Eq. (18) vanishes
for almost uniform components of M . since it contains

L X;nx’

an order-parameter vector, oscillating in space for nonzero
wave vector Q. Equation (18) is different from that derived
in Refs. [28,29] by the the derivatives in the left-hand side
acting on the space components only. We also note that if the
gauge kernel K%’ would be equal to M, as it was assumed in
Refs. [15,28,29], the left-hand side of Eq. (18) would vanish
in the zero external field according to Eqgs. (9) and (15), while
the right-hand side is finite.

For diagonal components we obtain the identity, which
allows us to evaluate the spatial components of the spin stiff-
ness,

aa d d, cC | - c
amgxan,X'Mm,x;n,x’ = SaJEd)x’ (Sﬂdé‘ xKxx/+18(lC~‘CA0,x8XX')' (19)

One can see that the corresponding spin stiffnesses are pro-
portional to the derivatives M of the functional I" over
gauge fields, which are in general different from the gauge
kernel [see Eq. (17)]. Since the temporal parts M,, with
either 4 = 0 or v = 0 vanish according to Eq. (15), we can
formally add the respective time derivatives to the left-hand
sides of Eq. (19), but they do not provide actual contribution,
in contrast to Refs. [28,29]. This implies that the respec-
tive (diagonal) components of the inverse susceptibilities «
are frequency independent. At the same time, the temporal
components of the spin stiffnesses are determined by the off-
diagonal components of inverse susceptibility « (see explicit
calculation in Sec. III).
Let us compare the obtained relations to the Ward identity
of Refs. [28,29] in zero external fields:
au,xav,x’Kub

b : 1,d
XX = aﬂ,xaqu'MZ,x;v,x’ = 8adc¢c8bp[¢ Kxxl/)' (20)

As we discuss above, the spatial derivatives in the left-hand
side of Eq. (20) for zero external field in fact yield identi-
cally zero according to the gauge-invariance condition (9).
While the temporal part M(‘)l.l;c;O,x/ vanishes too, the spatial part
M,‘jfx.n’x, (and its derivatives) do not vanish, which readily
shows that the left equality in the relation (20) can not be cor-
rect. This contradiction is resolved in our approach by account
for the additional term in Eq. (17). The second equality in
Eq. (20) is fulfilled in our approach as well, with the important
difference that the contribution of the time components in the
summation over w, v in the middle part of Eq. (20) vanishes,
implying vanishing of the respective staggered components
of the inverse susceptibility k,, in the absence of the ex-
ternal magnetic field, while these components, together with
Mg’ (and its time derivatives), were considered finite in
Refs. [28,29]. In our approach this contradiction is resolved by
including off-diagonal spin components of x“” and perform-
ing its inversion as a matrix, as discussed in Sec. III.

III. ANALYTICAL RESULTS FOR THE CHARGON
SUSCEPTIBILITIES NEAR q = 0, Q

To calculate the chargon susceptibilities we introduce the
Fourier components in the global reference frame (we con-
sider only diagonal in momentum components of the gauge
kernel)

Mab — /d‘L' Z e—iq(x—x’)+iw(r—r’)Mah 1)
XX

gy HoX3v,x"0
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ab _ —iqx+iq'x' +io(t—1"), ab
Keqo = /dr E e K (22)

xx’

and xqq, defined similarly to Kqq',e-

A. Commensurate antiferromagnetic order in chargon sector

In the commensurate antiferromagnetic (AFM) case we
assume the spatial dependence of the order parameter
¢, = m(0, 0, cos(Qx)) with Q = (i, ) and introduce also
staggered field A§ = ih¢{ /m. The general form of the suscep-
tibility matrix xqq.0 atq, q' = 0, Q, allowed by Ward identity
(10), is presented in Appendix B 1. Since the Ward identities
do not fix the xg'." components of the susceptibility, we
parametrize these components by the temporal spin stiffness
X (Which is in general frequency dependent) as

2

XX,yy _ m
Y r——t 23)
and assume xéya‘f = 0. For q, q' = 0, Q we obtain with ac-
count of Eq. (23)
hXw 0 0 XwW
ab 0 th —XwW 0

.. O ......... g . Tn. ....... R (24)

where d,, = m/(hm + w*x,,), the 2 x 2 blocks correspond to
the values q,q' =0, Q, and a, b = x, y numerates compo-
nents within each 2 x 2 block. One can see that in agreement
with spin conservation, discussed in Sec. II B, the uniform
transverse susceptibilities [given by the upper left 2 x 2 block
of Eq. (24)] vanish if the limit # — 0 is taken prior to @ — 0,
but they acquire a finite value x,— if the limit w — 0 is taken
first. While the limit q = 0 prior to taking the w — 0 limit, as
considered in Eq. (24), excludes the intraband contributions
to the uniform static transverse susceptibility (cf. Ref. [29]),
treatment of all interband terms (which is performed in the
absence of the external staggered field 4) yields zero trans-
verse susceptibility in accordance with spin conservation (10).
Therefore, finite external staggered field, switched off in the
end of the calculation, is crucially important to obtain finite
uniform static transverse susceptibility. Presence of small fi-
nite staggered field, which is switched off affer taking q =
0, w — 0 limits, excludes interband contributions, which do
not conserve momentum, making the corresponding chargon
uniform susceptibility finite (see the example of mean-field
calculation in Appendix C).
Inverting Eq. (24), we find

ab _ 1 0 mx;l 0
qu’,w g E 0 ..... _who . (25)
w 0 :0 h

One can see that the diagonal terms kg;” = h/m, described
by the lower right 2 x 2 block of Eq. (25), do not acquire

any dynamic frequency-dependent part, in agreement with
Eq. (19), but in contrast to the result of Refs. [28,29], based
on previous form of Ward identities. As it is discussed in
Sec. I C, the latter approaches assume finiteness of the deriva-
tive 92Mg4, which in fact vanishes. It is important to stress that
absence of the dynamic contributions in the diagonal xg¢”
terms does not contradict the form of dynamic susceptibilities
(23), which acquires frequency dependence due to the off-
diagonal terms in Eq. (25).

To obtain the momentum dependence of the susceptibili-
ties, we use the Ward identity (19), which takes in momentum
space the form

qnqlM;?;’jx = mzkgig 01Q.w — Mh. (26)
At q = 0 this is consistent with Eq. (25). The transverse
magnetic susceptibilities near the wave vector Q are uniquely
determined by the corresponding current correlation functions
M™Y. We note again that the corresponding components
of the inverse susceptibilities appear to be frequency inde-
pendent. Neglecting the change of the other components in
Eq. (25) with q and inverting susceptibility matrix, we readily
obtain

m2

XX, Yy —
X+Q+q,+Q+qw — hm + o0 + ,06]2 , 27

where the spatial spin stiffness p = M, ",

into account the diagonal form of M,
indices n, [).

(we have taken
over spatial

B. Incommensurate spiral order in chargon sector
1. Susceptibilities at ¢ = 0, Q

In the case of spiral incommensurate order we consider
the order parameter ¢, = m(sin(Qx), 0, cos(Qx)) and intro-
duce external staggered field Af = ih¢y/m. For calculations
we pass to the local reference frame (see Appendix D). The
susceptibilities in the local coordinate frame are diagonal with
respect to momenta. The general form of the susceptibility
matrix in the local reference frame, allowed by Ward iden-
tities, is presented in Appendix E. We parametrize the xy’,
and X3, susceptibilities in the local reference frame (de-
noted by bars here and below), which are not fixed by Ward
identities, by (in general frequency-dependent) in-plane and
out-of-plane components of temporal spin stiffnesses x5, and
X1.» according to

m? m?

o XX — =)y — 28

X(),w hm + Xz’w(x)z 5 XiQ’w hm + Xl’wa)z ) ( )
and assume Xo,, = X, , = 0. From this we obtain the fre-
quency dependence of the uniform susceptibilities in the local
reference frame

md%,w a)gz’w O
%0 = -wdr hdr, 0 : (29)
0 0 o

R

where d;, = m/(hm + &’ Xi»), diw =diwXie and the
index x,y,z refers to the respective spin S%, 5%, S°
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reference frame. The blocks of the local susceptibility at S(Jlr ,Sfi,S; (S:l‘E = §q 1Sy are the circular in-plane spin
the momenta q = £Q are conveniently written in the basis components) as

J

ih - +y -1y S+
lzfo,w XfQ,w XfQ,w
0= | —l0dio  mdi, 0w ; (30)
hd~l,w _ia)dNI,w %)_(izz,w -

the susceptibility Xq=0.o = (Xq=—Q.»)" can be obtained via Hermitian conjugate. In the basis (ng’f, Sy, Sa“y’*) we find
then in the global reference frame

0 0 Koo + mda 0 iod,, 0 x& —mdr, O 0
0 dy.om 0 —iwd) 0 0 0 0 0

X300 0 0 0 0 0 0 0 0
0 0 0 0 0 hd, ., 0 idy o0 0

xeb =1 0 0 iwd, 0 hd,.., 0 —iwdy,, 0 0 (31)

0 —iwd, 0 hd, ., 0 0 0 0 0
0 0 0 0 0 0 0 0 Koo
0 0 0 0 0 iod) 0 diom 0
0 0 Xz, — mdy, 0 —iwdr, 0 X, +mdr, 0 0

+.5.=

As one can see from the limit w — 0 followed by # — 0, the uniform static transverse susceptibilities are given by X(i:o 00 =
2)((’]‘.’; 0,00 = 2Xgq=0.0 0 = X1.0 and X;;y: 0.00 = X2,0, While similarly to the commensurate case the uniform susceptibilities
vanish for 4 — 0 at finite w.

Performing the inversion of the susceptibilities in ¥, $¥, §¢ basis, we obtain

h —w 0
i — — o my;! 0
Ko, = X2,a) .
- ™o o g )
m(XOw) X2
(e P ow 0 wdiTdi,
"\ —oxldi- 2o —idix'g

Q.0 +.y,—

_ 4y —y— —_yy T _ T _
where %2 = (X 0.0 X 0.0 = X 0.0X 0.0)/M df~ = do/(X 7., +hX2)

The entire discussion of Sec. III A concerning the frequency dependence of the off-diagonal components in the commensurate
case is applicable to the incommensurate case, except that the i;°, and /Zgj; components acquire their own dynamics in the latter
case.

2. Momentum dependence of susceptibilities near q = 0, Q

To obtain susceptibilities at the momenta close to q = 0 we consider leading contributions to the momentum dependence of
the inverse susceptibility matrix (including charge components), allowed by symmetry [28],

h+ Augnq ® Cugn Dygn
. | —w mxz_i) 0 0
=a _ — ’
Kq,a) =m —Cpgn 0 dOz)—((())O _dOZ)—((())z ’ (33)
—Dyqy 0 _doz)_((())z d* )_(éz x,.2,0

where d% = m/[ )‘(80 x5E — ( )‘(Sz )?], such that the inversion of Eq. (33) at q = 0 yields in the spin sector the result (29), the double
overline stands for the quantities in the local reference frame which include charge component. For momenta near +Q we neglect
the coupling of charge and spin components, which appears to be small numerically, and obtain

—id "X 0 0 wd~d,
g0 =m"" 2iw h + Bugnqi 0 : (34)
—wx2di~ 2iw —id} " 1w e
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We further apply Ward identities (10) and (19) to determine
the coefficients A,;, B, C,, Dy, (see Appendix E). The result-
ing susceptibilities written in the global reference frame read
as

Z _1(= - .
X‘)lcl(z) q+Q.0 T Z(X:;fw + Xé,za) + X2Q,w)‘ (35

The respective susceptibilities in the local reference frame
2

o, = - , (36)
hm + X200 + p2.mq;,
2
¥y o _ m (37)
XiQ,iQ,w XiQ,iQ,w hm + Xl,wa)2 + P1,m4;;, ,
where p1, =2M,"5  and py, = M, q)—>0nn + Ap,, are the

out-of-plane and in-plane spatial spin stiffnesses (we consider
the gy , coordinates which diagonalize the current correlators
MS;““ over the spatial indices n, [), Ap,, is the contribution
to the in-plane spatial stiffness

A = m lim 92 ! — i
P2n = ) 4—0 qn )_(:lcx q.,0
1 0 B
= ( nX()Z +Gix ZZ) ’ (38)
X5

which explicit form is given by Eq. (44) below and which
originates from the coupling of the x component of the suscep-
tibility with 0, z components at finite momenta. The factor of
l in Eq. (35) occurs due to passing to global reference frame
and expresses the fact that one Goldstone mode of X, in
the local reference frame is split into four modes of x4 in
the global reference frame.

Although the results (28), (36), and (37) formally coincide
with those of Refs. [15,28,29], there are two important differ-
ences: the temporal stiffnesses xi 2, are in general frequency
dependent in our approach since their frequency dependence
is not fixed by Ward identities, and the spatial stiffnesses p; »
are expressed via the respective gauge kernels, including the
correction term in Eq. (17) and the contribution of the 0, z
modes Ap; , .

On approaching the spin-symmetric phase of the char-
gon sector, the spin symmetry in this sector tends to be
restored, and the susceptibility 3%, = md,,, is also divergent.
Apart from that, near the paramagnetic phase the Goldstone
mode at q = 0 in the local reference frame is mirrored to
the wave vector 2Q, such that ¥, = 2md .. Adding the
respective momentum dependencies we find in this limit the
in-plane susceptibilities in the global reference frame

m2

XX,22 — , 39
Xqu q£Q.® him + Xz,ww2 + p2.mq> (39

which have the same form as the out-of-plane susceptibilities
(37); the number of Goldstone modes in local and global
reference frames coincides in this case.

C. Explicit expressions for spin stiffnesses

In the following we represent the modified gauge kernel

as My, = Kypp — K; .p» Where the two contributions corre-
spond to the first and second terms in Eq. (17). Considering

again the local reference frame, we represent the local sus-
ceptibility ¥, and the current-spin kernels K0, and K,,,,o (the
tilde corresponds to transforming spin, but not the current
variables to the local reference frame) via their U -irreducible
counterparts cﬁq, ng, w ¢;}] ., by the relations

%=1 =¢,0)"' ¢y = @1 = Uy~
Kpop = (1= 00" bgp. Koo =, ,,(1 = Udy)~", (40)
which are similar to those used previously for the dynamic
spin susceptibility [30,33-36], U = 2U diag(1, 1, 1, —1). Ac-

cordingly, the kernel K, can be split into the U-irreducible
paramagnetic part K", the diamagnetic part K¢, and the U-

reducible ladder K} part,

Kq;ﬂﬂ - K;rup + K;MP + KqL/w’ (41)
where
Ky, =, (1=Ud)" 'Uy.p- (42)

The explicit form of the U-irreducible parts K™ and K¢ is
specified in Sec. IV. This splitting is itself exact and does
not rely on some approximation. The correction term is repre-
sented as

KS,, =, =0 k(1 — ¢,0)"' ¢y . 43)

k, is considered as 4 x 4 matrix with zero-charge compo-
nents.

Using the explicit form of the inverse susceptibilities (33)
and (34), evaluating the respective irreducible susceptibilities
aq, one can find that the correction term (43) removes all sin-
gular terms, originating from Goldstone modes of the chargon
susceptibility, contained in K(i [which occur from the in-
verse matrix in Eq. (42)]. These contributions were previously
removed in Refs. [15,28,29] on the basis of their vanishing in
the limit ¢ — 0 at w = 0. This is, however, not fully correct
since in the absence of external staggered field smallness of
the kernels 43}] , and qu, 0> proportional to q in this limit, is in
fact compensated by smallness of the denominator in Eq. (42),
originating from the presence of Goldstone modes and yields
the contribution, which is in general finite. Omitting these
contributions implies either implicit introduction of infinites-
imally small staggered field or fixing the Coulomb gauge
gmA,; = 0 in the nonlinear sigma model approach. Because
of the non-Abelian form of the gauge field, the latter gauge
fixing is expected, however, to produce nontrivial ghost field
contributions.

In our approach this potentially singular contribution is
compensated by the K q . term. Using the explicit form of the
irreducible bubble matrices ¢,, determined from Eq. (33), and
the explicit form of the correction

Aprn = — [¢o 0+ 2U (075 — x4
we find that the sum KX — K€ 4 Ap is finite and does not
depend explicitly on momentum and staggered magnetic field
h in the limit ¢ — 0, due to cancellation of the terms O(q?)
and O(h). Therefore, the numerical analysis below can be
performed in zero external magnetic field. Keeping only lad-
der terms produces incorrect results in this case. Summing
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all contributions we finally obtain the respective spatial spin
stiffnesses

Pin = zpn — Z(Km XX + Kd xx) (45)

0,nn 0,nn
=KL+ K 2U[FU R~ 1y

0,nn 0,nn
—4U G0 %5 B + Boion QUES + 1D630]- (46)

This result can be obtained alternatively by differentiat-
ing the irreducible susceptibilities over momenta following
Refs. [28,29,37] and using the respective Ward identities for
spin-current vertices, which follow from Eq. (10) (see Ap-
pendix E). In case of static mean-field theory the obtained
result coincides with that proposed in Refs. [15,28,29,37]. At
the same time, it generalizes previous consideration to include
dynamic effects beyond static mean-field theory. The cancel-
lation of momentum ¢ and external staggered field-dependent
terms also shows independence of the spin stiffnesses on the
gauge-fixing conditions.

IV. DYNAMICAL MEAN-FIELD THEORY APPROACH

To apply above derived identities for a particular sys-
tem with long-range magnetic order, we consider a two-
dimensional one-band Hubbard model on a square lattice (1)
with hopping #;; = t between nearest neighbors (which is used
as a unit of energy) and #;; = —t’ for next-nearest neighbors.
As it is discussed in Refs. [38—41], the incommensurate mag-
netically ordered states in the hole-doped Hubbard model are
thermodynamically unstable within the mean-field approach,
which yields a phase separation [40,41] of incommensurate
magnetic order into domains with incommensurate and com-
mensurate magnetic states. Therefore, for detail analysis of
spin stiffnesses in a broad doping range, we consider below
the DMFT approach [42], extended to describe incommensu-
rate spin spiral order in the chargon sector.

The respective approach for the doped Hubbard model
was developed previously in Refs. [29,30,43—45]. The main
difference of dynamic from static mean-field theory is in the
frequency dependence of the self-energy and interaction ver-
tices (see the discussion in Refs. [30,46]). In the following, we
use the approach of Ref. [30], which considers passing to local
reference frame with the order parameter aligned along the z
axis. As we showed in our previous work [30] for different
doping levels x = 1 — n (n is the concentration of electrons)
both commensurate and incommensurate (spiral) long-range
magnetic orders are present in DMFT solution of this model.
This feature makes this model well suited for the study of
low-energy magnetic excitations in strongly correlated quasi-
two-dimensional electronic system. All calculations in the
following study were performed for ¢/t = 0.15, U = 7.5¢,
and the temperature 7 = 0.1z.

A. Gauge Kkernels in the local reference frame

The magnetic susceptibilities and gauge kernels are rep-
resented in DMFT as sum of the ladder diagrams with local
particle-hole irreducible vertices [30,42,47]. For practical cal-
culations we evaluate the components of the gauge kernel in
the local reference frame. The correspondence between the
paramagnetic parts of the gauge kernels in the global and local

reference frame is given by (see Appendix D 3)

Y 00 >0 Oy
Kq\y;w Kq v, ++ + Kq MY, —— + Kq My, +— + Kq nv,—+>
K;xpw = Z [Kz;muv s§ IS(K;ZMV sS K;x;w JA) + kfuvn]
s==+
(47)

We further split each term in Eqgs. (47) according to the rep-
resentation (41). The U -irreducible part of the kernels in the
local coordinate frame can be then represented as the sum of
the bare bubble and the U -irreducible vertex correction

llT ¢
Kq p,ss' Z @GP, ss’ (v)—i—Kqu ss' (48)

The bare current-current bubble K° in the local reference
frame reads as

KO ap (U)

G;1up,ss’

> Tk'f;Tr[a“GkaﬁGHq]Tk”; , (49)
k

where the trace is taken with respect to spin variables, Gg"' is
the electron Green’s function in the local reference frame,

+
Lq = (Lqpqe* Tigng)/2 (@.p=0.y).

T =T ong @ B =x2), (50)

Ty = (4 + 1. )/2 are the current vertices, #;' = dex /K™,

tk i. The same Eqgs. (47) with TO TOqJr =i, T0 = Qare
applicable for spin susceptlblhtles The ladder and correcnon
terms in the local reference frame (including transforming
the current variables to this reference frame) are given by
Egs. (42) and (43) with the replacement ¢ — ¢, where we use
the particle-hole U -irreducible bubbles in the local reference
frame

Pgps = Z YaWIKY 0, 05(1), (51)

q;u 2:

T0 % =, and matrix multiplications are assumed here and in
the following expressions and triangular vertices are defined
by

0 1050V (W), (52)

=Z[l K;)00++d3 ];,l,’ (53)

v

vy(v) = Z [[-@ K;)OO ++] l (54)

v

Ye(V)

In Egs. (53) and (54) the inversion is performed with respect
to the frequency and spin indices (considered as multi-index),
13;);00 without frequency argument is considered as the diago-
nal matrix with respect to frequencies, &,=,-U0, d,is
the particle-hole irreducible local vertex, expressed in the spin
basis.

The U-irreducible vertex correction to the kernel can be
represented as

K;)up ss/ Z K;uo,so(")?q;p,s’(")v (55)
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where

Viow ) = D [F = @K 0] [®uk0p 0], (56)

v

The diamagnetic part is expressed through its counterpart
in the local reference frame as

K, = KL + KL 67
where
K& = =841 = 8,0)(1 = 8,0) D T/ Tr[0Gy],  (58)
k
T = (1 o £ 1 00)/2 " = 026/ (DK™ OK").

Below we consider the results of the numerical calcula-
tions, performed within CT-QMC method, realized in iQIST
package [48], keeping 160 (positive and negative) fermionic
Matsubara frequencies. We also use corrections on the finite-
ness of frequency box (see Refs. [35,36]). We have verified
that for static self-energies and vertices the mean-field results
for the susceptibilities are reproduced (see also Appendix C).
In the DMFT calculations below for simplicity we consider
zero external staggered magnetic field 4 = 0. The wave vector
Q of magnetic instability in the chargon sector is obtained
from the minimum of smallest eigenvalue of 1 — U¢q o (see
Appendix F).

B. DMFT approach in the antiferromagnetic phase

We consider first the antiferromagnetic order in the char-
gon sector, which occurs at half-filling or small doping. We
have verified that the dynamic transverse uniform suscepti-
bility of chargons vanishes at zero staggered field, as it is
required by Ward identities. To determine the (frequency-
dependent) temporal stiffness, we use the relation (23), x, =
m?/ (X(y)ywz). Since the susceptibility x¢; at finite frequency
changes continuously with the staggered field, the stiffness
X, Obtained in the zero-field calculation, can be also consid-
ered as a limit 7 — 0 of the respective uniform susceptibility.

If no dynamical effects were present, one would obtain
almost frequency-independent temporal stiffness y in the low-
frequency limit. In DMFT approach the temporal stiffness yx,,
becomes essentially dynamic and does not necessarily reduce
to a constant. The calculated frequency dependencies of tem-
poral stiffness y,, for various hole dopings x are presented in
Fig. 1(a). Near half-filling x — O the frequency dependence
of temporal stiffness becomes less significant and its static
limit is almost equal to the mean-field results for half-filling.
With increase of the doping a peak develops at @ = 0. The
change of static temporal stiffness limit xo with hole dop-
ing is opposite to its high-frequency limit at w, > t: the
latter susceptibility decreases with doping, while the former
increases. As a result, the frequency dependence becomes
more pronounced with doping. In Fig. 1(b) we present various
susceptibility components of chargon sector, computed in the
AFM state at finite hole doping x = 0.05. One can see that the
considered components fulfill the Ward identities. It is impor-
tant to emphasize the computed nondiagonal components are
parameter free and present solely due to the presence of the
long-range magnetic order in the chargon sector.

(a) ¢ =0, MF
01 ) 2 =0.01
A =004
Y £ =008

0.0 T T T T

50 —2.5 0.0 2.5 5.0

G/l

FIG. 1. (a) Frequency dependence of the temporal stiffness x,,
for the AFM case for various fillings in DMFT approach, the result of
mean-field (MF) approach at half-filling is presented for comparison.
(b) Susceptibility components for AFM case at x = 0.05 compared
to the Ward identities result (24).

The momentum dependence of inverse susceptibility,
obtained from the current-current correlation function, is com-
pared to the full momentum dependence obtained in DMFT in
Fig. 2 for two doping levels. We see that the results match
each other up to quadratic terms O(g?) as it follows from
the Ward identities. Note that although the obtained relations
are not meant to be correct apart from the quadratic order
q’, the q-dependent current-current correlation function gives
better agreement with the inverse susceptibility than constant
value of spin stiffness p away from half-filling, where inverse
susceptibility is well described by constant stiffness in a wide
range of wave vectors.

In the commensurate case the contributions, containing
vertex corrections, namely, the U -irreducible term K ¢ the lad-
der contribution K, the correction term K€ [Eq. (43)], and the
contribution Ap, , vanish at ¢ = 0 since the bubbles k(?;o p(v)
and 1%5{ Mo(v), together with the respective bubbles ¢y ,(v) and
¢5’ u (v), vanish because of the oddness of the function, which
is summed in Eq. (49) with respect to k — k + (7, ) (cf.
Refs. [28,29]). Therefore, these terms do not contribute to
the spin stiffnesses in the commensurate case. The situation
in this respect is the same as for the optical conductivity in
DMFT, where it was argued that the vertex corrections vanish
[42,49].
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\ T
x = 0.02 * #Mggqqg

0.4 7 Kkg” (iwn = 0)
— g2

0.3 1

0.2 - ;\ b

0.1 4 \ //

0.0 - A W4

(b) x = 0.05 * #Mgg qqg
0.4 1

kg” (iwn = 0)

\ 1 2
@ m2 P4z

—0.4 —0.2 0.0 0.2 0.4

qyc/7r> Ay =0

FIG. 2. Wave-vector dependence of the inverse susceptibility «
in the AFM case for hole-doping levels x = 0.02 (a) and x = 0.05
(b). Orange circles correspond to the result of the DMFT calculation,
solid lines correspond to the long-wavelength limit ¢ — 0, obtained
from Ward identities, stars are the respective dependence, obtained
with account of the momentum dependence of the gauge kernels.

C. DMFT approach in the incommensurate phase

According to the Eq. (31) in the incommensurate case the
frequency dependence of the susceptibilities is characterized
by two temporal stiffnesses xj ., and the uniform dynamic
susceptibility g%, in the local coordinate frame. Using our
definition of Eq. (28) we extract temporal spin stiffnesses as
Xiw =1/ (XGw, wy) and x2,0, = 2m*/(x§%, @;). The results
of the numerical calculations are shown in Fig. 3. We find
that in the incommensurate phase away from half-filling the
frequency dependence of temporal stiffnesses becomes even
more essential than in the AFM phase. With the increase of
doping the temporal stiffnesses x; 2(w,) develop a sharp peak
at w, = 0, with different height for longitudinal and trans-
verse channels. The susceptibility j;°, (together with )'(;6&)
component, not shown) continuously increases with doping,
and its zero-frequency component diverges at the incommen-
surate magnetic to paramagnetic transition, which provides a
possibility of passing from Eq. (35) to (39) and formation of
a single soft mode on the paramagnetic side. We have verified
that the components of the susceptibility g ., and ¥+q,, in the
local reference frame, computed within DMFT, coincide with

(a) ® =007
A 2 =0.09

0.3 1

X1,w

X2,w

(c) ® z=0.07

zz
q=0,w

X

-5.0

—2.5 0.0 2.5 5.0
wy [t

FIG. 3. The frequency dependencies of the out-of-plane ¥,
(a) and in-plane x, , (b) temporal stiffnesses in the incommensurate
case, as well as the component of the susceptibility xq°, (¢) for
various fillings.

the corresponding analytical results (30), including the off-
diagonal contributions to the local susceptibility ¥*’, which
have parameter-free analytic form +m/w.

The momentum dependencies of inverse susceptibilities
are shown and compared to the results of Ward identities in
Fig. 4. It can be seen that in the incommensurate case two
Goldstone modes result in four different spatial stiffnesses,
corresponding to the in-plane and out-of-plane fluctuations
along ¢, and g, directions. The obtained spin stiffnesses ap-
pear to be equal to the long-wavelength limit of the current
correlation functions Mg_.o. At finite doping the susceptibility
is not well described by quadratic dependence, apart from the
small-|q| values. Also in the incommensurate case using the
momentum-dependent current-current correlation functions
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FIG. 4. Wave-vector dependence of the in-plane ¥** (a) and out-
of-plane £** (b) components of the static inverse susceptibility in the
local reference frame in the incommensurate case for hole-doping
levels x = 0.13. Blue circles and orange stars correspond to the
DMEFT result in different directions, dashed-dotted and dotted lines
show the long-wavelength limit q — 0, following from the Ward
identities.

My instead of the respective spin stiffnesses does not signifi-
cantly improve the description of the momentum dependence,
in contrast to the commensurate case. This feature might be
a consequence of the suppression of bubble contributions and
nonvanishing vertex corrections in the incommensurate case
(see below).

As well as in the commensurate case, the vertex correc-
tions Kgf ova and Ap, , to the respective spin stiffnesses p, y,
determined by the components of the modified kernel M,
vanish by symmetry since they are related to the components
of the current along the direction of O, = w component. We
also find vanishing of vertex corrections KOL.’(;‘,))‘M — K‘f 0y tO the
respective spin stiffnesses p; . The respective contributions
to the M,, components of the modified kernel at iw, = 0,
which determine p;, and p, stiffnesses, are plotted as a
functions of x in Fig. 5. We find the U-reducible contribu-
tion KX — K€ + Ap,, (containing also the contribution of
the z component Ap, ,) is negligibly small. Despite partial
cancellation of the bubble part of paramagnetic response Kf])
and its diamagnetic part K¢, for M** component these bare
contributions constitute substantial part of the spatial spin
stiffness. Yet, the U -irreducible vertex correction contribution
K?, which occurs due to dynamic effects, is also nonzero in

|\ : . 1
() —— 2Mz: ;
I (0) d I
00 _: \ mm 2KV + 2K :
A [ . K¢ ,
] \ V 1
1 1 1
i | i
0.06 af \ | |
i \ | i
< | \ 1 [
1 | 1
0.04 1 I
i \ | i
i O |
0.02 ! l i
: \ |
: L, |
| —= . |
(1) —- Mz i
! mm KO 4 Kd !
0.08 | B\ Y '
1 K . K :
i e e N i
0.06 4! ! !
11 s
< 1 \ 1 1
1 1 1
0.04 1 1
i i i
I \ 1 1
I \ 1 I
0.02 ! | i
a T
I / I
0.00 0.05 0.10 0.15
z

FIG. 5. The bar graph, showing various contributions to the spa-
tial out-of-plane spin stiffness p; , (a) and the in-plane spin stiffness
P2« (b) Red part is the sum of bare paramagnetic and diamagnetic
contributions, blue part is the U-irreducible vertex correction K,
the remaining green part, which originates from the U-reducible
vertex correction K- — K€, together with the contribution Ap,,,
is negligibly small for the in-plane mode and vanishes for the
out-of-plane mode. Vertical dashed lines mark the commensurate-
incommensurate and incommensurate-paramagnetic transitions.

this case, and provides approximately % to i amount of the
respective spin stiffness. On the other hand, for M3, com-
ponent in the incommensurate case the U-irreducible vertex
part provides the major part of the spin stiffness. Therefore,
neglecting dynamic vertex corrections in that case would yield
a dramatic underestimate of spin stiffness.

Finally, we provide the doping dependence of the respec-
tive spatial spin stiffnesses in Fig. 6. One can see that in
the DMFT approach with the deviation from half-filling the
spin stiffnesses first decrease and vanish at the commensurate-
incommensurate transition. This vanishing of spin stiffness
can be easily understood considering the incommensurate
case in the vicinity of such a transition, where Goldstone
modes are present at both wave vectors q = £Q in the global
reference frame [see Eq. (35)]. Therefore, approaching the
commensurate phase necessarily yields g* behavior of the
inverse susceptibility, which implies vanishing of the spin
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FIG. 6. Spatial stiffness as a function of doping level x in DMFT
(triangles, circles, stars) and mean-field (rhombus) approaches. Ver-
tical dashed lines mark the commensurate-incommensurate and
incommensurate-paramagnetic transitions.

stiffness (see Appendix F). With further increase of doping
the spin stiffnesses first increase, and then decrease again
to zero at the incommensurate magnetic-paramagnetic transi-
tion, where their smallness compensates the smallness of the
numerator in Eq. (39).

For comparison, we show the results of the mean-field
approach in the antiferromagnetic phase, where stable mag-
netic excitations exist in this approach. One can see that
the mean-field spin stiffness quickly decreases with doping,
and vanishes at a few percent of doping. At larger dopings,
we were not able to find stable incommensurate magnetic
solution, in agreement with earlier results [38—41]. Quick dis-
appearance of static long-range order in mean-field theory is
reminiscent of the experimental data on high-7; compounds.
At the same time, the persistence of stable magnetic exci-
tations in dynamical mean-field theory shows that dynamic
nature of electronic correlations allows for preserving incom-
mensurate magnetic order in the chargon sector in a broad
doping range. With account of spinon fluctuations (see, e.g.,
Ref. [15]), this corresponds to the short-range magnetic or-
der of the entire system. We note that strong suppression
of correlation length near the commensurate-incommensurate
transition was observed for La,_,Sr,CuO4 in Ref. [50],
which agrees with the obtained suppression of the spatial
spin stiffnesses near this transition. Therefore, the dynamical
mean-field theory appears more appropriate for description of
short-range magnetic order.

V. CONCLUSIONS

In summary, we have derived corrected Ward identities for
the frequency and momentum dependence of the suscepti-
bilities in the commensurate and incommensurate magnetic
phases. It was shown that Ward identities relate the temporal
spin stiffnesses, which are in general dynamic, and spatial
stiffnesses to the respective quantities, which can be extracted

from the microscopic analysis. The obtained results for the
spatial spin stiffnesses contain contributions of the bare para-
magnetic and diamagnetic terms, as well as the two types
(U -irreducible K¢ and U-reducible K) of vertex corrections,
together with two additional correction terms K€ and Ap.

We have verified obtained identities numerically in the
framework of dynamic mean-field theory for the two-
dimensional Hubbard model with nearest- and next-nearest-
neighbor hopping in the antiferromagnetic and incommen-
surate cases. In particular, we have obtained temporal and
spatial spin stiffnesses for various hole dopings. Several im-
portant results were obtained. First, with increasing of doping,
temporal stiffnesses acquire strong frequency dependence,
their static limit differs significantly from the high-frequency
asymptotics. Second, spatial stiffness was found to vanish at
the transition from antiferromagnetic to the state with spiral
magnetic order. Third, our calculations show that although
there are no vertex corrections to the spatial spin stiffnesses in
the antiferromagnetic case, these corrections are finite in the
incommensurate state. Their effect is different for the differ-
ent excitation modes and different spatial directions. Vertex
corrections are absent along commensurate direction, while
they are finite along incommensurate direction. U -irreducible
dynamic vertex corrections contribute significantly to the spa-
tial spin stiffness, while the effect of the U-reducible vertex
corrections was found to be numerically small. The obtained
vertex corrections to the spatial spin stiffness, which are ab-
sent in the static mean-field theory, seem to be the reason of
stabilization of incommensurate long-range magnetic order in
the chargon sector, obtained previously in Ref. [30]. There-
fore, strong dynamic effects are essential for stabilization
of magnetic order, especially incommensurate, at significant
doping levels.

The incommensurate long-range magnetic order in the
chargon sector, obtained in this study, is observed as the
short-range magnetic order in cuprate high-7, compounds.
With obtained spin stiffnesses this short-range order can be
straightforwardly described, considering fluctuations in the
spinon sector according to the 1/N expansion for CPN~!
model [15,16,51-53] or O(N)/[O(N — 2) x O(2)] nonlinear
sigma model [54,55] for magnetic degrees of freedom. This
represents the topic for the forthcoming study. The performed
study shows that the dynamic effects in the chargon sector,
as well as frequency dependence of the resulting temporal
spin stiffness, are crucial for this study. The generalization and
application of the obtained results to the frustrated magnetic
systems is also of certain interest. The derivation of corrected
Ward identities for systems with broken symmetry can also be
applied for the superconductivity case in the future studies.

Note added in Proof. Recently, we were informed about
the Erratum [55] to Ref. [28], which also suggests introduc-
ing small external, generally nonuniform, magnetic field for
derivation of the corrected form of Ward identities for both,
commensurate and incommensurate types of magnetic order.
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APPENDIX A: GENERAL DEFINITIONS AND
DERIVATION OF THE CURRENT, SPIN
SUSCEPTIBILITIES, AND GAUGE KERNEL

We use the definition of spin operators

St = ;CJ”U“C, (A1)
After the Fourier transformations
— Ze—ikr;ci’ C]-: — Zeikr,»clf (A2)
i i

this results in the following expression for Fourier compo-
nents:

(A3)

. o“
o —1qr; QU +
Sq = E e Sy = E c} - Ch+qs
i k

and Sf]“r = §2 . The spin susceptibility

Xeg = —(S515% ) = (5757 ) = 8408 0lSg=o)lSfo) (A%)

reads as

1
xgd = =7 2l o eurglef o)
k,k'

1
_ 2: + o + B
= - [(Ck’o_O—(r,a/ck_'_q.g/Ck/+q!.O./HO—O.W’GHC](’,(T”)
k,k’

~

— 8(] 08 ,080 0/8 ", //(Ck e a U/Ck o' >

s {ef e )] (*3)

The current operators are defined similarly to the U(1) case
(see, e.g., Ref. [31]). We start with the respective part of the
action

— ZC;rtin;erCj (A6)

i

and rewrite it in the form where Hermiticity is explicit and
j =i+ A,, where m indicated direction m € x, y, assuming
In, =1-a,

1
_ + +
So = — 5 Ei : EA :tAm (¢ya, Riya, Rici

+ C+R RH—A/,,CH-A ) (A7)
This part of the action can be rewritten in the form
1 <« . =
So = -3 Z ZIAC?-[eAm( O urtidin) 4 pAn(T =idin) )
i A
(A8)

where A enumerates all neighbors connected by finite hop-
<« —
ping o, 0 , and 9 , are generators of left and right lattice

translations in the directions m = x, y, respectively. A;, is
defined according to (3).

If we consider only slowly varying fields A;, we can ne-
glect the contributions coming from derivatives of A;,, fields.
In this case action simplifies to the usual form of Peierls
substitution,

1 . .
~ + A A . + ,—iApAim o+
S() ~ —E 2 § IA(CI'+A€ ¢+ ¢ e ci+A)‘
i A
(A9)

It can be further expanded in series with respect to the powers
of A;, field

1
So = — 3 ZIA(C;:_AQ’ + ¢ cira)

i,A

i
=5 2. D tadn(cf sAinei — ¢ Anciza) - (A10)
i A

+ i Z ZZ‘AAmAn(C:rAAimAi,nCi
i A

+ ¢t AimAinCisa) + - (A1)

Then we get current operator which is explicitly Hermitian,

0( O.Ot
+
lm - ZtA ( Cit A ) G —C; 7Ci+A>9 (A12)
with the respective Fourier transform
1 o
_ cr
Jgm = 5 Z(tk e g)Ci > Cktar (A13)
k
where ' = —i ) t;jre " = dey /O™, e = Y e Mgy In
Tij rij
the presence of inversion symmetry €, = e_y, 1"}, = —1, and
O.Ol
o m .+
I, = T 5 Citqy (Al14)
k

where T\", = (' +1,)/2. It can be easily verified that
J(‘;‘; = qu > as it should be for a Fourier transform of a
Hermitian operator.

Defining T0 = i, the gauge kernel (including its temporal,

i.e., spin components) then takes the form

lq(xfx,)
qq S,V Z/ aAot SAﬁ

= (gl DK

uv?

where

{ W|J’3 o)
-7z ZTqu(

k'

+ + B
Ck,aag.a/ck-kq-ff/Ck’+q’,a”'ao”',a”Ck’qa”>Tklj,q"
(A15)
—= Zt““ o )1 = 8,0)(1 = 8u9)  (A16)

are the paramagnetic and diamagnetic contributions to the
current correlation function " = 8%er/ (3k,,0k,).
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APPENDIX B: GAUGE TRANSFORMATION
AND WARD IDENTITIES

The dependence of the action on the matrix R has the form
4+ 0
Z d T C — — M =+ R Ri (Si j

B
—tin;eri|Cj+UZ/0 d‘L’I’l,‘TI/lii. B1)
i

The gauge transformation parametrized by SU(2) field Vi(t)
applied to the fields A, reads as

Aui = VAV +iVi0, V7. (B2)

For infinitesimal transformations we obtain Eq. (8) of the
main text.

1. Ward identities for the functional W

The Ward identities are derived from the condition
SW[R[V]] = 0. The main Ward identity for the functional W
was derived in Ref. [28]. The variation of the functional W
takes the form (integration over imaginary time and summa-
tion over lattice indices are implicitly assumed)

W ﬂgyb W o4,

= — " 509,V B3
8A4 sVP 8A“ 8(3, Vb) 30 V). (B3)

The variational derivatives of the fields A,;(z) over gauge field
V* take the form

R 84,10 Rt AS B4
B(GVV”) — T 0a,b0u,v> W = Eabc nwe ( )
Then the condition §W = 0 yields
W 14
| — abe A‘ =0. B5

Equation (B5) coincides with that derived in Ref. [28]. It
describes motion of spins in the external magnetic and current
fields. We note that this equation does not contain explicitly
the internal (mean) fields. By differentiating over A? we obtain
the equation

o xKZ v T EachfL xKﬁ v T Sahdjf,x(sx,x’ =0, (Bo)

where jb = —3W /AL is the spin current (including the
v = 0 spin density component). For v = n > 0 the last term
in the left-hand side vanishes in the equilibrium and we find
Eq. (9) of the main text. Restricting the nonzero component
of the gauge field in the equilibrium to Ag, only (which
is proportional to the external nonuniform magnetic field),
setting v = 0 in Eq. (B6), we find Eq. (10) of the main text.
In the commensurate antiferromagnetic case the transverse
susceptibilities x with a, b = x, y are decoupled from y*.
However, the diagonal susceptibilities ™" are coupled to
the off-diagonal ones x*** by the dynamic terms. The general
form of the transverse susceptibility at q, q' = 0, Q, allowed

by the Ward identity (10), together with the conjugated one,
obtained by the interchange x <> x’ in the basis a, b = x, y
takes the form

y 20 yx y
th o h XQ.0 §_thQ,w wrg. .
2 Xy
PR L PRV B S
qu,,w = E xy ........ x ......... 2xx ....... 2xy s
wthA’w OrQ 4 O X000 O"X0.0
—wry —whxy Lty oy
Q.0 XQ,Q) XQ’Q) XQ,(H
(B7)
where rd | =m — hyd, Xéhw = Xo., and the 2 x 2 blocks

correspond to the values q, q' = 0, Q. The staggered compo-
nents xq,, are not fixed by Ward identities, and have to be
determined from the microscopic theory. In the main text we
express them in Eq. (23) through the frequency dependence
of x.,, which appears to be equal to the uniform transverse
susceptibility according to Eq. (24).

2. Ward identities for the Legendre transformed functional I'

Using Eq. (13), we obtain the Ward identity

o [ or e go(iag+ 28 0
— &abc - L =Y
"\ saq | sAb 8¢

(B8)

which is equivalent to that used in Refs. [15,28,29]:

0,25 T e +(SF t]=0. (BY
w\sas | o\ sar sgr ) T

Differentiating over ¢¢ and A¢ |, we obtain

8’r , 8T . .
a (SAa 5¢d abc¢xW = l(argad - leach(),x)(Sxx’v
(B10)
8°T , 6T
" SAn dAT Cabed oAl | B1D

From Eqgs. (B10) and (B11) we obtain the Ward identity (18)
for the second derivatives.

APPENDIX C: MEAN-FIELD THEORY AT HALF-FILLING

As an example demonstrating the importance of the exter-
nal staggered field for obtaining correct uniform susceptibility
we consider the mean-field approximation for considering the
chargon sector at half-filling. The mean-field equations were
derived in Refs. [56,57]; in Ref. [30] it was shown how they
can be obtained in the local reference frame; they read as

=3 Z Ek Ek (Ek)]
n=) [F(E)+f(E)] = 1. (@)

where A =Um+h, Ex=+(g )+ A% glf = (gx *
ex+Q)/2, E{Y =& £ Ex —u, h is the external staggered
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XG.q(@n)

FIG. 7. The frequency dependence of the uniform x33 and Xiv)yQ transverse susceptibilities for the half-filled Hubbard model in the mean-

field approximation.

magnetic field. The transverse susceptibility is given by
[56,57]

Xqq.0
2
B qu 12 (1 - UXquQ q+Q, ) + U(Xq q+Q )
75
(1 — U Xqgo )( UXq+Q q+Q, W)~ UZ(X;qﬁlw)
(C2)
X(I(;JrQ,w
_ X(;rq-i-OQ w
2 b
(1 - Uqu ® )(1 UXq+Q q+Q, ) U2 (X;_qﬁ) )
(C3)
where
l & £k+q A?
Xaws =7 Xk: ( EyEpq
k+q) + f(EL) - f(Elg+q)
iw— Elf+q—|—E” iw—Eg  +Ey ’
(C4)
A(E, + Ek+q)
Xq q+Q [3) ; E Ek_+q
)~ £ ) — (B
iw— E]?+q+E]§ iw— E]§+q+E]'() ’

(C5)

and +— refer (only in this subsection) to $* £ iS” basis. For
h = 0 we find vanishing susceptibility XJ):D’ which occurs due
to cancellation of the first and second terms in the numerator
of Eq. (C2). At the same time, for finite staggered field the
cancellation does not occur, and in the limit @ — O the first
term in the numerator remains finite (being proportional to

the staggered field), while the second term, related to the
susceptibility XI ;ﬁlw’ vanishes. The resulting static uniform
susceptibility is given by the random phase approximation
(RPA) equation

+-,0
— Koo c6
XOO,a)%O - 1— UX+ 0’ ( )
00,0

in agreement with the derivation of the nonlinear sigma model
in Ref. [25] and previous Ward identity approach [28,29]. The
latter approach, however, derived Eq. (C6) for zero external
magnetic field, which, as we explain in the discussion above,
is not correct. The reason for this discrepancy is in our opinion
missing the off-diagonal terms [like the second terms in the
numerator and denominator of Eq. (C2)] in the approach of
Refs. [28,29].

In Fig. 7 we show field dependence of several components
of dynamical susceptibility for the two-dimensional Hubbard
model with U = 7.5¢,1'/t = 0.15, and their compliance to the
form, dictated by Ward identities (24). Note that apart from
explicit field dependence in Eq. (24), the static susceptibility
x also implicitly depends on magnetic field, saturating, how-
ever, at finite value in the limit 4 — 0.

APPENDIX D: TRANSFORMATION TO LOCAL
COORDINATE FRAME

1. Transformation of the fermion operators
and electron Green’s functions

The transformation to the local reference frame is obtained

by [30]
d= <dT> -y <CT> —Rc (D1)
dy cy '
where
_ .0 [ cos(8/2)  sin(0/2)
R = exp (liay) = <— §in(8/2)  cos(6/2) ) (D2)
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The corresponding transformation in momentum space reads
as [30]

cer = (Di—qya+ + Divgya,-)/ V2, (D3)

cry = (Dk_q2.+ — D)/ (V20), (D4)

where we introduce the operators (Grassmann variables)

Dyt = (diy % idy,)/V2. (D5)

We furthermore define

cr+ = (crp £ icy))/V2 = Di+q/2,+-

The D operators reduce the single-electron Green’s functions
to the 2 x 2 form:
Gk—qj2.4+, (D6)

((Ck,+|cli+>> = ((Dk—Q/2,+|Dk+,Q/2,+>> =

((CkaﬁlCZL_Q,_)) ((Dr—qy2,- D" _2.-)) = Gk—Q/2,——
(D7)
({er+le_q ) = (D-q2,+IDf g/ ) = Giqp2.4+-
(D8)
({cr—q.-lcf 1)) = ((Dr—qp2.-ID} Q/2.+)) = Yk-Q/2,—+-
(DY)

The inverse of the Ilattice Green’s
(TDko,(r)D ,(0)) reads as [30]

function Gi 4y =

_(ZU,T‘ - EUJ,)/z
by — €k—Q)2

Gl — ¢y — €k1Q)2
k.o’ _(Ev,T - Evi)/z

¢y =iv+pu— (X4 + X, )/2. The above-mentioned rela-
tions allow for obtaining transformation rules from global to
the local coordinate frame:

), (D10)

+ _+ _
Clo 0o Chtqor = 2DkaQ2, £DkxQ/2+49,+

dk:tQ/ZUidk:FQ/Z-HI’ (DIT)

Clo O Chitgol = ZaDk+aQ/2,aDk+aQ/z+q,a
a==%
= [d,:rQ/z(a Y+ 00)disa4q

+dop(0" = 0")di_gpiql/2. (D12)
Ol O Chtgor = ZDk+aQ/2,aDk+aQ/2+q.a
a==+

= [d;:rQ (0 O+ 0M)dirQ21q

+df (0" —0M)di_ga14l/2, (D13)

where 0% = 0% + io*.

2. Transformation of the current and spin operators

Let us consider the transformation of current operators
(A14). Let us introduce the notation

+ 7"

"
1 k+Q/2, q
2

T[Li _ k-Q/2,q

(D14)

We obtain the following transformation rule using

Egs. (D11)~(D13):
o
Zd+ (kat;r . T : )dk+q,

Z
Z Tk+aQ/2q (2 + i ) >dk+q+aQ, (D16)
ka +

f;w Zd+ <Tkuq_7 Tku; . )dk+q,

Z kraQ/2.4% (7

ko:i

(D15)

(D17)

.o"
— az;)quJraQ. (D18)

. =0 =0, .
For spin and charge operators we have Tk“q =T =,

=0,—
=" =0,

3. Transformation of the gauge kernel

In the local coordinate frame the momentum is conserved
and all correlation functions become diagonal with respect to
the wave vectors q, (', so they depend on the only wave vector
q, which greatly simplifies the calculations. Introducing the
paramagnetic space-time part of the kernel in the local refer-
ence frame

b s g+ ] J+ bj .5
Koo =Y T df o diigldl, o die )T
k. k'

a,b=0,y

ab
Kq SV, SS Z k+sQ/2

(D19)

((d o dk+q+aQ|d g +aQP dk’)) k/+sQ/2’

a,b=x,z (D20)

(s, s’ = %), the components of the kernel in the global refer-
ence frame can be expressed as given by Egs. (47) of the main
text. On the other hand, the diamagnetic part is expressed as
given by Eq. (57) of the main text with

RASD = =84,y T (d o dy), (D21)
k

which is equivalent to Eq. (58).

APPENDIX E: APPLICATION OF WARD IDENTITIES FOR
OBTAINING SUSCEPTIBILITIES IN THE
INCOMMENSURATE PHASE

In the case of spiral incommensurate order, an explicit
form of Ward identities is conveniently written in the lo-
cal coordinate frame (see Appendix D), where the spins are
aligned along the local z axis (see also Refs. [28-30]). The
susceptibilities in the local coordinate frame are diagonal with
respect to momenta. The corresponding q = 0 block of the
susceptibilities in the local reference frame, determined by
Ward identity (10) in the basis S¥, Sy, S%, takes the form

q> q’
2 Zxx =X 2 5 XZ
1 w XO w a)rO,w w XO w
—ab _ =X =Xz
Xq 0,0 — E a)rgw hrO,a) ha)XOw ) (El)
2 52X _ X
w X()w thO,a) (,() XO,w

X, 3,2
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where 7y , = m — hyg", and the bars stand for the local co-
ordinate frame and the index x, y, z refers to the respective
spin reference frame. The blocks at the momenta q = £Q are

written in the basis S, Sy, S (Sfl[ =S¢ £ iS}) as

hox e @1 e @1
Tit-qo= | 707 g0 @Xo. @M.
o, —iof, ihox’,, o
Vs
(E2)

The susceptibility )q—Q,», can be obtained via Hermitian
conjugate as Xq=Q,o = )‘(;rzfQ’w. The components of the sus-
ceptibility yg” with a,b=x,z and X0, are not fixed by
Ward identities, and have to be determined from the micro-
scopic theory. The form of the 4%, and X, components
is parametrized by the frequency dependence of the temporal
stiffnesses in Eq. (28) of the main text. The frequency depen-
dence of the component X, is determined directly from the
microscopic approach since it is nonsingular in the ordered
phase, but has a finite discontinuity at w = 0. Finally, the
components Xy~ vanish by symmetry.

To determine momentum dependencies of susceptibilities,
we consider the general form of the susceptibilities [Eqs. (33)
and (34) of the main text], which includes the zeroth (charge)
components allowed by the symmetry [28,29]. Relating
the corresponding coefficients to those in the momentum de-
pendent kg, and using again Ward identities (19) for the
functional I', written in the local coordinate frame, we find
equations for the coefficients A,; and B,;:

vy h aq _ h n 2q,q1

Ciorqo = o ¥ Bn= 7= D4 = My (B3)
i 41 h qnqi y
K;fw =—+ <Anl + 49y 2 DnDl> = n_’l + ?M;;ynl.
(E4)

Couplings C, and D, can also be computed from the
knowledge of current-spin correlation functions. The nonzero
off-diagonal components of the susceptibilities are fixed by
the identity (10), which takes the form

mgax = ~5;)())qu + h)_(;xa (ES)
M = —R gy + HT, (E6)

where in the kernels K}, and K[, we pass to the local
coordinate frame with respect to the spin index a only. Using
Eq. (40) of the main text, the identities (ES) and (E6) can be
written as

0B = QUM + WG —ms,.s.

By = mbas — QUM + ). (E7)

Calculating the derivatives (3,,¢;%)4=0 and (3, (5;;0)(]:0 from
Eq. (33) of the main text, we find

Co(d 3§ — 2mU) + D,d% 35°
4=0 " g% — 4mU? — 2d%U (33 — %§)

= Goinoy» (E8)

(h+2mU)(3,,4;°)

x10~4

_Qw ™
4z

Q.

FIG. 8. The form of the dependence Afl"i" along the border of the
Brillouin zone q = (g,, 7) computed for a state with hole-doping
level x = 0.09 (points); the line shows the fit by Eq. (F1).

Gd"™ % + Du(d 3" + 2mU)
a=0 "~ 40z _ 4?2 — 2dOZU()'(80 - )_(éz)

(h +2mU )(3,,6,°)

~,50
= 0;:10- (E9)
From this we obtain
7t,y0 = Ttyz —
. (t),)nodoz)((())Z - 5,{10 (dOZX(())O + 2mU)

n s
m

Ttyz 30750z _ 7tY0 ( j07-zz
~ Boad Ko O,nO(d X5 — 2mU)

m

D,

(E10)

Using these results and assuming that the kernels q‘);‘;f)’yo
are nonvanishing only along one of the directions ¢y, cor-
responding to the incommensurate direction Q. , # 7, we
obtain Egs. (44) and (46) of the main text.

APPENDIX F: DETERMINATION OF STABLE MAGNETIC
CONFIGURATION IN THE CHARGON SECTOR

To determine thermodynamically stable magnetic config-
uration we require positivity of the spectrum of magnetic
excitations, determined by inverse susceptibility in the lo-
cal coordinate frame X, llw, given by Eq. (40) of the main

text. In particular, the minimal eigenvalue A™" of the matrix
1 — U ¢q,0 should be non-negative everywhere in the Brillouin
zone. The points q = +Q where this eigenvalue is equal to
zero determine the ordering wave vector Q in chargon sector
and correspond to Goldstone modes. To find these points
we performed the iterative procedure where at every step
we have executed a DMFT calculation for a trial magnetic
wave vector Q" and the wave vector of next iteration Q**+1
was determined by the q point, which provides ming )\g““.
This procedure rapidly converged to a stable magnetic wave
vector Q.

In Fig. 8 we show the typical form of the obtained mo-
mentum dependence of eigenvalues A™" along the direction
q = (gx, m). The obtained dependencies can be well approxi-
mated by

it = ClUQy — ) = (g — )T, (F1)
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where C is a numerical constant. The out-of-plane spatial spin
stiffness in the x direction p; . is proportional to the second
derivative of minimal eigenvalue

82)Lmin
™ = 8C(r — Q). (F2)
qx

pl,x X
LIA‘:Q.\'

For O, — m (i.e., when the order in the chargon sector ap-
proaches commensurate one) the spin stiffness approaches
Zero.

The argumentation presented above is directly applica-
ble also to the in-plane spatial spin stiffness in the x

direction p;, for which Ag‘i“ should be considered near
q = (7 — Q,, 0) points, where the in-plane mode is located
in the local coordinate frame. At the incommensurate-
commensurate transition full symmetry of the susceptibilities
should be restored. Thus, all four spin stiffnesses should
become equal. This is only possible if all four spatial spin
stiffness components vanish simultaneously. By continu-
ity of the dependence of spatial stiffnesses on the doping
level x, at the commensurate-incommensurate transition point
at finite doping the spin stiffnesses therefore vanish ap-
proaching the transition also from the antiferromagnetic
side.
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