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The coexistence of antiferromagnetism with superconductivity is studied theoretically within the 7-J model
with the Zeeman term included. The strong electron correlations are accounted for by means of the extended
Gutzwiller projection method within a statistically consistent approach proposed recently. The phase diagram
on the band filling-magnetic field plane is shown, and subsequently the system properties are analyzed for the
fixed band filling n = 0.97. In this regime, the results reflect principal qualitative features observed recently in
selected heavy-fermion systems, namely, (i) with the increasing magnetic field the system evolves from coexisting
antiferromagnetic-superconducting phase through antiferromagnetic phase toward polarized paramagnetic state
and (ii) the onset of superconducting order suppresses partly the staggered moment. The superconducting gap
has both the spin-singlet and the staggered-triplet components, a direct consequence of a coexistence of the

superconducting state with antiferromagnetism.
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I. INTRODUCTION

The interplay of antiferromagnetism (AF) with supercon-
ductivity (SC) is one of the important topics in condensed-
matter physics,' as better understanding of this subject would
improve our knowledge of a number of systems such as
high-T7.,> heavy-fermion,® and organic* superconductors. In
all those systems, superconductivity appears in the vicin-
ity of magnetic phases (mostly antiferromagnetic but also
ferromagnetic>®). Moreover, magnetic interactions or fluc-
tuations are very frequently considered to be the pairing
mechanism in unconventional superconductors.”® Typically,
antiferromagnetism and superconductivity are competing
quantum phenomena because of the competition between
the Meissner-supercurrent screening and the internal-field
generation by magnetic ordering. This antagonism can be
overcome by a spatial separation of the AF and the SC phases or
by subdivision of the f electrons into more localized (resulting
in AF) and more itinerant (participating in SC) parts. However,
especially interesting is the situation, when the same electrons
are involved in both phenomena, as is the case for some
heavy-fermion systems. There, SC and AF can coexist easily,
when the periodicity of magnetic structure Aap(= 2a) is much
smaller than the coherence length £ for the Cooper pair. In other
words, when & > a, the staggered exchange field averages
out to zero within the coherence volume. In this respect, the
Ce-based “115” heavy-fermion compounds—the family of
CeMIns (with M = Co,Rh,Ir'%!2)—is the most promising as
both antiferromagnetism and superconductivity are believed
to arise from 4 f electrons, where even the interplay of the
two orders can be studied by tuning the system with pressure,
magnetic field, or doping.

Also, recently a competitive coexistence of AF and SC has
been reported in both CeRhIns'*~'¢ and CeCo(In;_,Cd,)s.'"!®
In the latter system, a mutual influence of AF and SC
has been observed. Namely, it turns out that the onset
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of SC order with lowering temperature prevents any fur-
ther increase of the antiferromagnetic magnetization.!” A
similar type of coexistence has also been observed in
CeRhSij;. "

Generally, in the heavy-fermion systems, strong correla-
tions among electrons are the reason for an emergence of
new and nontrivial physics. Those nontrivial features should
be properly accounted for when modeling those systems. In
the present paper, an investigation of the coexistence of AF
with SC in an applied magnetic field is presented. To account
for strong electron correlations, the Gutzwiller-projected ¢-J
model is used with the Zeeman term included. The extended
Gutzwiller scheme proposed recently?’ is utilized for calcu-
lation of statistical averages of the relevant operators. Our
model, although at first sight seems too simplified to be related
to heavy-fermion systems, it nonetheless reflects qualitatively
principal features observed recently in selected heavy-fermion
systems.

It is commonly believed that the minimal model for
investigation of heavy-fermion systems should be the two-
band periodic Anderson model (PAM) (see e.g., Ref. 21) or
the Kondo lattice model.?2 On the other hand, the one-band
calculations have already proved fruitful in the analysis of AF
and SC coexistence in CeRhIns>* as well as in investigations
of the high-field low-temperature unconventional supercon-
ducting phase of CeColns.?*?> The narrow-band limit of PAM
has been discussed theoretically also elsewhere (see Refs. 26
and 27, Appendix A). Generally, it appears when only a
single hybridized band is involved and in the heavy-fermion
limit (i.e., when f-level occupancy ny =1 — 6 with § < 1).
Simply put, the ¢-J-type model reflects the physics of those
hybridized and strongly correlated systems in the narrow
f-band limit.

The paper is organized as follows. In Sec. II, we present
the general theoretical formulation. In Sec. III, we show the
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numerical results, and finally in Sec. IV, our findings are
summarized and an outlook is provided.

II. MODEL, ORDER PARAMETERS, AND CONSTRAINTS

We start from the 7-J model with the Zeeman term included,
as represented by the Hamiltonian®®

Zt,jcwcm—l-JZSS—hZonm P, (1)

ijo

where (ij) denotes the summation over bonds, and o = +£1 is
the spin z component. Since its derivation,?*" the ¢-J model
represents an active field of research (see e.g., Ref. 31 for
a recent analysis of the one-dimensional situation). The #-J
model captures the essential ingredients of physics of the
high-T, superconductors. The advantage of using this model
is that both AF and SC come from a microscopic parameter,
antiferromagnetic exchange J, and therefore there are no
phenomenological terms in the Hamiltonian (as opposed to
some earlier studies of AF and SC coexistence). We neglect
the orbital effects, as the Maki parameter®” in the systems
of our interest here is high.'>3* The Gutzwiller projector
P= IT;(1 — A;47;) eliminates double occupancies in real
space. In the following, we will use the more general correlator

Pe = ;03 200 P — i), 2)

where A;, are the so-called fugacity factors. Also, this
correlator connects the correlated |W) and uncorrelated |Wy)

wave functions>* via

W) = Pc|Wy). 3

This allows to express the average of any operator O in the
correlated state as
A A (PcO Pc)o
(0) = (V|]O|V) = ———, 4)
(PcPc)o
where (...)g = (Vo] ... |¥p). With the above equation one can
in principle calculate the average value of Hamiltonian (1),

namely,
'H,J Zt,, C;oCic) +JZ SZSZ

ijo (ij)

+(S5ST+5757) hZa (o),

but this is a nontrivial task, since after applying the Wick
theorem too many terms appear [see Ref. 20, e.g., Eq. (8) and
the discussion afterwards], and one has to resort to making
approximations at this point. There are a few ways to perform
this operation, and this is still an active field of research, so
one can expect new calculation schemes to appear.®> Here,
we use the scheme proposed recently by Fukushima®®3* in
the local-constraint version, which assumes that the average
number of particles at any site and with any spin is unchanged
by the projection,

(flio) = (Ric )o- (6)

This formalism is known to reproduce the variational
Monte Carlo results better than the conventional Gutzwiller
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approximation (at least, for the projected uniform nonmagnetic
d-wave BCS superconductor—see Figs. 3 and 4 of Ref. 20).
The local-constraint version of the formalism is quite general
in the sense that it is capable of accounting for antiferromag-
netism, superconductivity, and the ferromagnetic polarization.
The explicit expressions for all averages appearing in Eq. (5)
are given in Ref. 20. To express them in terms of mean fields
of our interest, we need to assume what is the character of
the uncorrelated wave function |Wy). Since our goal is the
description of coexistence of AF and SC, we assume the
corresponding mean-fields as nonzero at the level of |Wy) as
in the following. We start with the particle number in the form

nio = (Rig)o = 30 + 0 mpm + 0 mar '), (7)
where n is the band filling (assumed as constant), mpy is
the ferromagnetic (longitudinal) spin-polarization component,
and mar is the antiferromagnetic (staggered) spin polariza-
tion. The factor ¢/Q% [with Q = (,7)] is responsible for
the sign reversal of the staggered magnetic moment when
exchanging the two sublattices A and B.3” We also assume the
superconducting order parameter can be decomposed into two
components:

7;; A4, for i € A sublattice,
7;;Ap, for i € B sublattice,

Ajj = {cjicito = { (®

where 7;; ensures the d-wave gap symmetry by setting
7;j = +1(=1) for j =i XX (j =i %), respectively, and
with £ and § being the square-lattice basis vectors. The
d-wave solution (of the d,>_,> form) is taken throughout in
the following analysis, as it is the most favorable energetically
(cf. e.g., Ref. 38). The superconducting order parameter can
be rewritten in terms of the singlet and the staggered m -triplet
components, namely,

Ajj = {cjicir)o

= 5({cjycir +ejpei)o+ (ejicin = cjreiy)o)
= 5({cjycir = cigejp)o + (ejicip + ciyejpdo)

= AD 4 AD gf0m, ©)

with
Al(-f) = 17,;(A4 + Ap), (10)
A = 11(Ax — Ap). 11

The superconducting order parameter A;; is defined on bond
(ij) (nearest-neighbor pair of sites). To define the gap per site,
we make use of the standard®® relation for d-wave solution

1

S

AP = i > (Ao — A
)

! 1 o
A = 2 Bnjo + Ajon) = F(Aa—Ag) T, (13)
Jj@)

1
i) = E(AA + Ap), (12)

where j(i) denotes the nearest neighbors of site i. The
existence of the triplet component is inevitable even if there

125140-2



COEXISTENCE OF ANTIFERROMAGNETISM AND ...

Byl

FIG. 1. (Color online) Spin-majority (blue, bigger arrows) and
spin-minority (red, smaller arrows) electron spins in a system with
the AF order and real-space superconducting gaps. A, binds two
spin-majority electrons, and Ap binds two spin-minority electrons
and therefore there is a priori no reason for these two gaps to
coincide (as would be the case for no staggered m-triplet compo-
nent). In other words, the two distinct gaps make effectively the
?— | and | — 1 pairing components of the opposite-spin pairs
distinguishable.

is no triplet channel in the pairing potential. Namely, the
triplet component is dynamically induced by the singlet gap
and antiferromagnetism.?>-***! From a microscopic point of
view, this is also not surprising at all (see Fig. 1 for an intuitive
illustration). An interesting feature of the superconducting gap
defined by Eq. (9) is the nonzero momentum of Cooper pairs
for the triplet component [it results from the ¢/Q™i term, in an
analogy to center-of-mass momentum Q in the Fulde-Ferrell-
Larkin-Ovchinnikov (FFLO) phase “>****]. A superconducting
state with nonzero momentum has been investigated in a
number of cases,?>**4 even in zero external magnetic
field.*>*” The one presented here is analogous to that from
Ref. 25, except we consider both the microscopic (¢-J) model
and the limit of strong correlations.

With the above assumptions, we can express the ground-
state energy W [cf. Eq. (5)] as a function of the band
filling n, the magnetization components mgy and map, the
superconducting gaps A 4 and A g, and the hopping amplitudes
Xijo = (CL_ Cjo)o. We assume as nonzero the first- and second-
nearest-neighbor hopping integrals ¢ and ', which yields six
different hopping amplitudes

Xijo = (C,-T(,Cjo)o € {XaB1>XABL XAA}s XAAL>XBBt> XBBL}-
(14)

The resulting expression for W is quite lengthy and has been
presented in Appendix.

Next, as in the method proposed earlier**=! (our present
formulation is analogous to that from Ref. 48), to solve
the model in a statistically-consistent manner, we impose
additionally the constraints on all introduced mean fields by
means of the Lagrange multipliers method. In effect, to carryI

&y —ZA(AS)T)k
s
M, = —ZA(A)ﬂk —E—u
4% —2/\(AT)77k
-2,
A Tk+Q  {-kt+Qy
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out the subsequent analysis, we use the following energy
operator:

R =— Z [)»g;(cjacja — Xijo) + He

ijo

— Z [)"z(jA)(CjiCiT — Aij) + H.C.]

J
=3 1o — nig) + W(n.map.men. Aa. Ap. Xijo)

ijo
—p Y g, (15)

where u is the chemical potential.

This method of approach is equivalentinthe 7 — oo (8 —
0) limit to that presented in Refs. 52 and 53. The equivalence
can be seen from the comparison of Eq. (15) and Egs. (30)—
(37) with the corresponding equations from Refs. 52 and 53
[e.g., Eq. (13) from Ref. 52 provides an effective Hamiltonian
with the operator part equivalent to our K]. The Lagrange
multipliers )\f;(; AEJ.A), and )»l(.';) have the same symmetries, as
the corresponding mean fields x;js, A;;, and n;,. We also
assume they are spatially homogeneous. Namely,

A =+ Oy + Ty €9, (16)
A = paDeien (17)
with
A = Lha, +2a,), (18)
A =1, = Aay). (19)

After performing Fourier transformation of the operator part
of K, we obtain

R =" UMW+ A+ Ay — Ay) + W(A)
k

+ A |:n)»n + MEMA gy M ARA e+ (A g AA,, + ABAa,)

+4 Z(zxABU)\'XABO + XAAG)‘XAAJ + XBBU)‘XBBJ )j| ’

o

(20)

where the primed summation runs over the folded (magnetic)
Brillouin zone, by A we denote all the mean-fields, A is the

total number of sites, and the four-component operator \I/;i has
the following components:

\Illi = (ClT(Tvcfk\L 7c]1;+QT1C7k+Q\L)‘ (21)

The matrix My is given as

T
Geor —2h Mg
2.0 Cxl 97
® (22
Sk+Qt 20 A Mk+Q
s
23 mie  —Exrol
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where
Cko = =0 (Aype = Axup, )El; — Mg 23)
Eko = — I — An — O himpy —2€kM g 50 =€k yine Fhrpss )y (24)
ek = 2(cos k, + cos k), (25)
€, = 4cosk, cosk,y, (26)
Nk = Cosk, — cosk,. 27

We have also used the fact that ) | e = ), ¢ = 0. Note
that in the present formulation 2, corresponds to sum
of the magnetic field 4 and the correlation-induced field
heo*> (or equivalently the Lagrange multiplier 8 in the
slave-boson theory56’58). Namely, Ay =h + heor =h — B,
what is evident from comparison of Eq. (24) with appropriate
expressions taken from Refs. 54-56.

Next, we determine the eigenvalues of M, as they corre-
spond to quasiparticle excitations of the system. An analytic
diagonalization of My produces very long expressions, and
more importantly, expressions with square roots of possibly
negative numbers. Therefore, having in mind their subsequent
implementation to calculate the physical properties, we diag-
onalize this matrix numerically. Next, having determined the
eigenvalues {Ex;};—1 2.3.4, we determine the generalized grand
potential functional for the system of fermions, which is

F=—p" Y

k,i=1,2,3,4

In(1 + ¢ 759) + A+ A = hmgyy)

+W(A) + A |:n)»n + MEMA gy + MAF A
+4(Apara, + Apia,)

+4 Z(ZXABU)\‘XABG + XAAU)\‘XAAU + XBBO')\'XBBU ):| .

o

(28)

The physical (equilibrium) values of the mean fields and the
Lagrange multipliers are obtained from the necessary condi-
tions for F to have a minimum subject to the constraints, i.e.,
aF oF
— =0, — =0, (29)
dA oA
where by A we denote collectively the Lagrange multipliers.
Equations dF/0A =0 provide the explicit analytic
expressions for the Lagrange multipliers, i.e.,

A = —AT19,W(A), (30)
Ay = —A " B W(A), (31)
Ay = —A710,,, W(A), (32)
ha, = —3AT1O5, W(A), (33)
hay = — 1A' A, W(A), (34)

Dpane = =5 A0y, W(A), (35)
Dpae = =580y, W(A), (36)
Dopiny = =1 ATy, W(A), 37)

The above expressions can be utilized to eliminate Lagrange
multipliers A from the solution procedure. Thus we obtain
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11 equations to be solved numerically for the mean fields
A, instead of 22 equations for both A and Z The equations
for the mean fields (obtained from 9 /dA = 0) have the
following form:

0= B8, f0) — A(n — 1), (38)
0=p"3,,  f3(*R) — Almpy + 1), (39)
0= B0, f5(R) — Amam, (40)
0= B9, fs(0) —4AA, (41)
0=pB""0,, f(1) —4AAp, (42)
0=p8"9,, f50)—8AXaso, 43)
0=p8"9,, fs()—4AxAn0. (44)
0=p"8;,, f3(A)—4Axs80. 45)
where
fy= D Il e P, (46)
k,i=1.4

The derivatives 9, fﬁ(i) are computed numerically with a 5-
point stencil method (as it gives two-three orders of magnitude
better precision than the standard 3-point stencil). For example,

- 1
O, fp(A) = E[_fﬂ()"n + 2X, AuFM, AmAF, - - 2)

+8£5(An + X, AuEMAmAF - - -)
—8£3(hn — X, AEMsAmAF - - -)
+ fa(An — 2%, AEML AmAE, - - )]
+ O(x™h, (47)

where we use the “equilibrium” values of A as given by
Egs. (30)—(37). The step x is typically equal to x = 0.0001.
Larger values of x would cause greater error in the above
formula. Smaller values would result in a loss of numerical
precision. We have verified that at 7 = 0 (where analytical
formulas for the eigenvalues EY; are available) the numerical
computation of the derivatives according to Eq. (47) with
the chosen step x = 0.0001 introduces error smaller than the
precision of the procedure of solving the set of Egs. (38)—(45).
The value of the step x has been chosen after an analysis of
the error at 7 = 0 and the numerical-precision loss [for very
small x the numerical-precision loss leads to impossibility of
solving the set of Eqs. (38)—(45) with the given precision].

III. RESULTS AND PHYSICAL DISCUSSION

Equations (38)—(45) are solved numerically with the use
of GNU Scientific Library (GSL)*® on a grid of size A =
256 x 256. We use the GSL-MULTIROOT-FSOLVER-HYBRIDS
solver, which implements the hybrids algorithm. We use the
precision epsabs = 1077, Namely, the procedure converges
when the relation ), | fi| < epsabs is fulfilled (where the
sum is taken over all equations, which have been brought to
the form f; = 0 and divided by A to ensure lattice-independent
convergence conditions). We assume the following values
of parameters: r =3, ¢ =¢/4 =0.75, J = 1, and 8 = 500,
what yields the temperature 7 = 1/8 = 0.002 ~ 0. In Table I,
the exemplary numerical values of the parameters have been
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TABLE I. Equilibrium values of mean-field variables, Lagrange
multipliers, free energy F, and grand potential functional F at n =
0.97, h = 0.3, and 8 = 500.

Variable Value Variable Value

1% 3.299 7360 An —5.133 1996
MM 0.000 0000 p— 0.3000001
MAF 0.8100315 Amap 2.5817963
Ay 0.0922998 Aay 0.2730140
Ap 0.0479298 Aag 0.439 5630
XABt 0.121 8625 Axamt 0.425 8402
XAB| 0.121 8625 Axany 0.425 8402
Xaaq —0.0167505 Axanr —0.103 1297
Xaay 0.027 5895 Mxans —0.0120561
XBBt 0.027 5895 Axny —0.012 0561
XBB| —0.0167505 - —0.103 1297
F/A —1.0110048 F/A —4.2117488

provided for the sake of completeness. Numerical accuracy
is on the level of the last digit specified. The energy scale
has been set by taking the value of the exchange integral as
unit, J = 1. For more details on the numerical procedure see
Chap. 6 of Ref. 60.

A number of stable phases emerge as solutions of the
equations, depending on the physical condition (n, k). As we
work with constant number of particles 7, the stable phase is
the one with the lowest free energy, defined by

F = Fo+ unA, (48)

where all the optimal values of mean fields and Lagrange
multipliers [i.e., those being solution to Egs. (30)—(45)] are
inserted in the functional F.

The exemplary phase diagram on the band filling n-
magnetic field 4 plane is exhibited in Fig. 2. It can

Phase Diagram: T = 1/ = 0.002, t'=t/4, J=t/3=1
1.2

1

© o o
> o ®

Magnetic field, h

o
o

o

0.98 0.96 0.94 0.92 0.9 0.88 0.86 0.84 0.82 0.8
Band filling, n

FIG. 2. (Color online) Phase diagram on the band filling-
magnetic field plane. The phases are labeled as follows: AF +
SC-phase with coexisting superconductivity and antiferromagnetism,
AF—antiferromagnetic phase, PP—polarized paramagnetic phase,
and SFM—saturated ferromagnetic phase (with mgy = n). No stable
pure superconducting solution has been found. For a further analysis,
we restrict ourselves to n = 0.97 as marked by the dashed vertical
line.
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be seen that the antiferromagnetic phase is the predomi-
nant one in the low-field regime and above n = 0.8. For
n 2 0.935, antiferromagnetism coexists with superconduc-
tivity, what amounts to a phase with nonzero three order
parameters (similarly, as in e.g., Ref. 25). In the low-n part of
the phase diagram (for n < 0.8), the saturated ferromagnetic
(SFM) phase with mpy = n becomes the stable state. This
phase is stable even in the # — O limit. This is an interesting
result, which adds to the discussion of ferromagnetism in the
t-J%763 model. There is also a number of papers (see e.g.,
Refs. 48 and 64) analyzing the 7-J model (1) with the
Gutzwiller-type of approach with the parameters in a similar
range (i.e., withn < 0.8 and similar values of ;; and J). Some
of those papers disregard completely the Zeeman-term influ-
ence, and this omission is justified when applying the model to
high-T, superconductors, where orbital effects dominate over
the Pauli magnetism. We have shown, that even at & = 0 the
system may be completely spin-polarized and therefore the
inclusion of ferromagnetic polarization mpgy is important in
the treatment of the #-J model. Finally, our phase diagram can
be compared (although this is not a direct comparison, as even
at h = 0 we have mgy # O for the AF phase) to that obtained
by another Gutzwiller approximation scheme® in which the
coexisting phase was stable up to the doping§ = 1 —n = 0.1,
and for higher doping levels the pure superconducting state
was stable. In our approach, the antiferromagnetic phase is
stable for such dopings instead. We comment on the strong
antiferromagnetism in the following analysis.

At band filling n = 0.97, the phase diagram (or the phase
sequence as a function of field /) resembles those observed re-
cently in the heavy-fermion compounds CeCo(In;_,Cd,)s'” at
doping x = 0.0075 and CeRhSi3'? at pressure p ~ 17 kbar.%
Namely, in low magnetic fields, a phase with coexisting anti-
ferromagnetic and superconducting orders (AF + SC) is stable,

Free energy at n = 0.97

-0.7

-0.8 | |
<
TR
5 -0.9 |
(0]
G 4 b
priil i e E e P |
g Lo
8 L

1.1} IR

AF+SC | AF . PP
-1.2 ‘ ‘ ‘ Y ‘
0o 02 04 06 08 1 12

Magnetic field, h

FIG. 3. (Color online) Free energy per site as a function of
magnetic field for the specified selection of phases. Types of order
are marked explicitly at the bottom. The “SC” phase is the pure
superconducting phase (i.e., with mar = 0), which obviously has
higher energy than other phases and hence does not appear in the
phase diagram. The vertical dashed lines mark the phase boundaries:
the (AF 4 SC)-AF line marks a continuous transition, whereas that
for the AF-PP is discontinuous, as one can see by looking at the
behavior of the slope d F/dh.
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whereas for higher magnetic fields a continuous transition to
a pure antiferromagnetic (AF) phase takes place, followed by
a discontinuous transition to the polarized paramagnetic (PP)
phase. The phases appearing at this band filling (» = 0.97) are
analyzed thus in detail in the following.

In Fig. 3, we have plotted the free-energy curves for a
choice of possible a priori phases. It can be seen (also from
the following figures) that the transition AF + SC — AF
is continuous, whereas the transition AF — PP is of the
first order. Also, the pure superconducting (SC) solution is
unstable, and this holds for other band fillings as well. It
can be concluded from Fig. 3 that antiferromagnetism is
the “dominating” phenomenon, since the energy gain from
developing antiferromagnetic order (which can be seen from
a closer look at the difference Fpp — Fap) is much higher than
the gain from developing superconducting order (Fpp — Fsc).
Moreover, the energy gain from developing AF order within
the SC phase (Fsc — Fap+sc) is much higher than that from
developing SC order within the AF phase (Fag — Fap+sc)-
This observation can be compared to the results of the

(@) Staggered magnetic moment at n = 0.97
0.85 ‘

0.845 AF+/§](:Z |
0.84 ]
0.835 ]
0.83 ]
0.825 ]
0.82 | ]
0.815 / ]
0.81

0.805 | ]
0.8

MarF

0 0.2 0.4 0.6 0.8 1 1.2
Magnetic field, h

(b) Spin polarization at n=0.97

0.8

AF+SC

0.7 | N 4
= SC memmememm e ]
g 06 pp
s 05+ e |
s
z 04f ]
N e
5 03f ]
g o2l T ]
£ ST e
§orf e <

0 i S g BT -z |
0.1 s ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1 1.2

Magnetic field, h

FIG. 4. (Color online) Staggered magnetic moment (a) and
ferromagnetic spin polarization (b) for the selected phases. Obviously,
the staggered moment of the SC and PP phases is zero and has not
been plotted in (a). The magnetic moment value is insensitive to the
projection (i.e., it is the same in both the correlated |W) and the
uncorrelated |W,) states).
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(a) SC Gap atn=0.97
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FIG. 5. (Color online) Superconducting gaps vs magnetic field
for AF + SC and SC phases. (a) A,y and Ap gaps obtained for
the uncorrelated wave function |¥); (b) and (c) gaps for the state
specified by the correlated wave function (labeled as A,), as given
by Eq. (4). (b) shows the sublattice-specific A, and Ap gaps, and
(c) shows the singlet and triplet components of the gap. Note that the
superconducting gaps (A,) are enhanced in the AF 4 SC state (with
respect to thatin the pure SC state, which is however an unstable state).
Also, the singlet and the staggered-triplet components are almost
equal in the correlated state.
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FIG. 6. (Color online) Quasiparticle energies (bands) for phases obtained at n = 0.97: (a) AF + SC phase (h = 0), (b) AF + SC phase
with nonzero spin polarization (h > 0), (c) AF phase, and (d) PP phase (for a different path in the Brillouin zone). The full Brillouin zone (d)
is spanned by the vertices (£, &+ 7), whereas the folded (magnetic) Brillouin zone (a)—(c), by (£7,0) and (0, & 7). The characteristic points
are the following: I' = (0,0), S = (7w /2,7/2), Y = (0,7), and M = (7r,7). Note that in (a)—(c) two of the energies Ey; (those with Ey; > 0)
describe quasiparticle states, and the other two represent quasihole states. Also, in (d) only two energies are displayed, as the Brillouin zone
is not the folded (magnetic) one but the full Brillouin zone, because there is no antiferromagnetism in this case. The red (dark) curve in (d)
describes a quasiparticle with o =%, and the green (light) curve describes a quasihole with o =|. The fully gapped electronic structure in
(a)—(c) is caused by the magnetic (renormalized Slater) gap appearance in the AF + SC and the AF phases. Energy scale is in units of J.

variational Monte Carlo method,®” in which the d-wave
solution is only slightly higher in energy than the coexisting
phase [see Fig. 2 of Ref. 67].

In Fig. 4, we exhibit the magnetic moment per site of the
system for different phases. Namely, we plot the staggered
magnetization mar and the ferromagnetic magnetization mpy
(spin polarization). The staggered magnetization is close to the
saturation value of mar = n = 0.97. Such overestimation of
the staggered magnetization value over the variational Monte
Carlo results®”-%® is also present in the slave-boson approach.®’
This is not surprising, as the method we use*®=! is similar
in structure (the Lagrange multipliers are present in both
methods) to the slave-bosons approach (for the discussion of
the equivalence for the paramagnetic state see Ref. 51). The
obtained ferromagnetic spin polarization for the pure AF phase
is equal to mpy = 1 — n at all magnetic fields. Also, it can be
seen that development of the SC order within the AF phase

alters by a small amount the staggered magnetization m g,
which drops by approximately 1% [see Fig. 4(a)].

In Fig. 5, various superconducting gaps are shown. Namely
we exhibit both the “uncorrelated” gap for the wave function
|Wy) as well as the gap for the correlated wave function | W),
the latter defined by Eq. (4) and labeled as A.. In the pure
SC phase, the sublattice gaps are equal (A4 = Ap), which
amounts to the absence of the triplet component. Note that
although the uncorrelated gaps (A4, Ap) are larger in the
pure SC phase than in the AF 4 SC phase, the correlated
gaps (AY), A) are much larger in the AF + SC phase
than in the pure SC phase. This very important conclusion
means that the presence of antiferromagnetism supports
superconductivity in the present situation. The opposite is
not true as the staggered moment is slightly larger in the AF
phase than in the AF 4 SC phase. Finally, the renormalized
gaps are more than an order of magnitude smaller than their
bare (uncorrelated) correspondents.
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The picture with large antiferromagnetic magnetization
mar (Fig. 4) and small superconducting gap (see Fig. 5) is
consistent with the energy curves displayed in Fig. 3. To
shift the energy balance toward the SC phase, one could
either decrease ¢ or increase J. By doing that within a
wide parameter margin, the antiferromagnetic phase still
remains a predominant phase. Another possibility to weaken
antiferromagnetism is to include additionally the intersite
attraction (V Z(i i ;i ;) in the starting Hamiltonian. This has
been shown to stabilize the d-wave superconducting state**
(see Ref. 36 for the expression for the average value of this
term within the extended Gutzwiller scheme we use). The
strong antiferromagnetism may represent an apparent feature
of the Gutzwiller scheme used®” in which magnetization is not
changed by the projection, as follows directly from Eq. (6).

Finally, in Fig. 6, we display the quasiparticle energies (the
Slater subbands) for the phases discussed above for n = 0.97.
The crossing of one of the bands with the zero-energy line at the
S point of the Brillouin zone in Figs. 6(b) and 6(c) means that
the quasiparticle excitations will be spontaneously created (are
gapless), a circumstance leading to a nonzero spin polarization
(cf. Fig. 6), similarly as in the situation for the FFLO state.*?
Note also that for 4 = 0 the AF 4 SC electronic structure is
gapful for the d-wave superconducting phase, because of the
presence of the isotropic Slater-type (magnetic) splitting. This
is not true anymore for 4 2, 0.8 [cf. Figs. 6(b), 6(c), and 4(b)]
when a uniform ferromagnetic component appears. Also, the
bands are sizably wider in the polarized paramagnetic state.

IV. SUMMARY

In summary, we have carried out a detailed analysis of
the coexistence of antiferromagnetism and superconductivity
within a microscopic #-J model with the Zeeman term
included. The strong correlations were accounted for by
means of the extended Gutzwiller projection method. Also,
the constraints assuring the statistical consistency of the results
have been included. We have obtained the phase diagram on the
band filling-magnetic field plane, in which for the band fillings
intherangen ~ 0.935-0.970 and with the increasing magnetic
field, a series of phase transitions takes place. Namely, the sys-
tem evolves from the coexisting AF + SC phase, through the
antiferromagnetic (AF) phase, to the polarized paramagnetic
(PP) phase. Also, the onset of superconducting order reduces
the AF order parameter. By contrast, the superconducting
gaps are enhanced by the presence of the AF order. In the

A(xaByXaBr + AaAp)

PHYSICAL REVIEW B 84, 125140 (2011)

AF + SC phase there are two superconducting gaps of an
almost equal amplitude: the singlet and the staggered-triplet
components. These features reflect in a qualitative manner
the experimental findings in the CeCo(In;_,Cd,)s'”'® and
CeRhSi3'? heavy-fermion systems, although our model is too
simplified to be quantitatively related to such complex heavy-
fermion systems. Additionally, both antiferromagnetism and
superconductivity originate from the same electrons and are
driven by the same kinetic-exchange interaction. Note that the
real-space pairing is the pairing without “boson glue,” i.e.,
without paramagnons. It is the mechanism of pairing arising
entirely from interelectron correlations that is particularly
effective when renormalized hopping and exchange interaction
are of comparable magnitude.

As mentioned earlier, it would be very interesting to
perform similar analysis within the periodic Anderson model,
as this might allow for a comparison with the experiments
(work along this line is in progress in our group’®). Also,
testing other Gutzwiller schemes seems crucial to verify
if the strong antiferromagnetism and the tendency toward
saturated ferromagnetism are only the characteristic features of
the utilized renormalization scheme, or represent a universal
tendency of the projected ¢#-J model. For that purpose, the
inclusion of realistic, orbitally degenerate f level structure,
not just pseudospin I'; doublet of Ce**, would be desirable.

One should also note that the present approach includes
the effect of applied magnetic field only via the Zeeman
term (the Pauli limit). For discussion of high-temperature
superconductivity for & > 0, the orbital effects should be
incorporated.
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APPENDIX: EXPLICIT EXPRESSION FOR W

We provide here the expression for W = (H,,). This
expression can be divided into parts coming from differ-
ent terms of Hamiltonian with W, = Zijg t,'j(c;ac jo) and
Wy =J3,(SPS5) + (S°S] + 87S7)), as follows, W =
W, + W; — Ahmpgy. The expressions for W; and W, are given
by

+ —((—maF + mpv)(mar + mey)

W, =2]A|:—

\/mip + [mIZ:M — (=24 n)z]2 — 2m%F[m12:M +(—2+ n)2]

Bl—

—{4[ A% (=1 + mar — mpn)(—1 + map + mpn)(2 4+ map — mpm — n)(2 + map + mpy — 1)

+ Xapr (1 + mar — mpv)(—1 + map + mpm)(2 + map + mey — n)(—=2 + map — mem + 1)

+ Xfmi(—l + map — mem)(1 + mar + mpm)(2 + map — mem — 1)(—2 4 map + mpm + 1)

+ A1+ map — mpn)(1 + map + mpn)(—2 + map — mem + n)(—2 + map + mpy + )|}

/2 + map —mpy — n)(2 + map + mpm — n)(—2 + map — mpm + 1)(—2 + mag + mpm + n)]):|,

(AD)
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dxap,AsAp + XAB¢[4X/2;B¢ +mig — (2 + mpm — n)z]

W, = 2A|:—4(1 —n):

[mir — (2 + mem — n)z]\/ —mAp + (=2 + mpy + 1)

+4XABTAAAB + XaBy [4X§B¢ + mip — (=2 + mpy + n)?] }t
\/ —m3p + 2+ men — n)?[mig — (=2 + mey + n)?]

{xBBt[ —4X53s, + (=2 + map — mem +n)?]}

+<2(—1 +n)—

(2 + mar — mpy — 1)

—2 —maf +mpm + 1

2
X5, (—2 + map — mpy + n)[ — dx3ps + (=2 — map + mpm + n)?
+ 22 [ = ] t /(—2 + map — mey + 1)

+(2(=1+m){xant[ = 4x3a, + @+ mar + mem — n)*|(—=2 + mar + mev + n)
—X4ay(2 4 map + mpy — )| — 4X§AT + (=2 + map + mpu +n)°]} 1)

/12 + map + mpn — ) (=2 + map + mpy + n)?].

(A2)
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