typeset using JPSJ.sty <ver.1.0b>

Breakdown of Fourfold Symmetry in

Diagonal Incommensurate Magnetic Peaks

Hiroyuki YAMASE*

RIKEN (The Institute of Physical and Chemical Research), Wako, Saitama 351-0198

(Received October 11, 2001)

In the slave-boson mean-field approximation to the two-dimensional t—J model, the RPA spin
excitation spectrum Imy(q, w) shows the diagonal incommensurate magnetic peaks that have
fourfold symmetry around (7, 7). It is found in this paper that such fourfold symmetry can
be broken drastically by the inclusion of a weak c-axis dispersion. This finding is discussed on
a possible relevance to the recently observed ‘one-dimensional-like’ diagonal incommensurate

magnetic peak in Lag_,Sr,;CuQy.
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§1. Introduction

Recently, elastic neutron scattering in Lag_,Sr,CuO4 (LSCO) has shown the existence of a su-
perlattice peak at (m £ 27mm2, ™ F 2712, 0) (tetragonal notation), which is called as a diagonal
incommensurate (DIC-) peak, in the low doping region (0.02<250.05).1%) The successive study
has revealed that this DIC-peak lacks the fourfold symmetry around (m, 7), that is, another (ap-
preciable) DIC-peak at (7w F 27, 7 F 271, 0) has not been observed.?) This ‘one-dimensional-like
(1d-like)” DIC-peak has often been discussed in terms of the ‘diagonal spin-charge stripes’ scenario,
similar to the ‘spin-charge stripes’ scenario* 7 except that the direction of the ‘charge stripes’ is
rotated by 45° from the Cu-O bond direction. Such charge order, however, has not been detected.
Theoretically, a possible formation of ‘charge stripes’ has been argued in different contexts,>? but
remains to be clarified.

On the other hand, in this paper, leaving a possible formation of some charge ordering to a future
study and assuming the uniform charge density in the slave-boson mean-field scheme to the t—J
model, we study effects of the interlayer hopping integral ¢; on the (magnetic) DIC-peaks, which

have fourfold symmetry around (m, 7) in the calculations for the single CuOy plane.’® We find
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a mechanism that such fourfold symmetry can be broken drastically even with small ¢;. The FS
we use here has fourfold symmetry. It is the form of the c-axis dispersion that is crucial to this
mechanism. We show that this mechanism actually works for the c-axis dispersion that is expected
for LSCO systems, but not for the c-axis dispersion proposed for YBasCuzOg (YBCO).H) We
discuss that the present finding can be another scenario for the ‘1d-like’ DIC-peak observed in
LSCO.23)

Since the present finding can be related to LSCO systems, we first study the DIC-peaks on
the basis of a currently proposed picture for LSCO, a quasi-one-dimensional (g-1d) picture of
the Fermi surface (FS).'2'%) This is illustrated in Fig. 1. Either of two kinds of the FSs, q-
1dFS(x) or g-1dFS(y), is realized in each CuOs plane and they are stacked alternately along the
c-axis; the charge density is assumed to be uniform. The resulting F'Ss have fourfold symmetry as
shown in Fig. 1(b). It has been shown in refs. 12 and 13 that with this picture, the apparently
contradicting experimental data between the angle-resolved photoemission spectroscopylﬁ) and the
inelastic neutron scattering17) will be reconciled. We next perform the calculation for other types

of FS to demonstrate some generality of the present finding.

§2. Model and Formalism

We take a unit cell in which two CuOg planes, A-plane and B-plane in Fig. 1(a), are included,
and divide the Bravais lattice into A-sublattice and B-sublattice. The ¢—J model is then defined
as
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where fff(B) is a fermion operator with spin o on the A(B)-sublattice, bf(B) is a boson operator

with charge e, namely we adopt the slave-boson scheme. S?(B) = %Za,ﬁ f;i(B)Taaﬁ ;%(B) is a
spin operator and o is Pauli matrix. t;; = t(t/) is the inplane hopping integral between the

first (second) nearest neighbor sites. J > 0 is the superexchange coupling and ¢ is the interlayer
hopping integral; (i, j) indicates that ¢ and j are the nearest neighbor sites. The constraint eq. (2.2)
excludes double occupations at every site. We neglect the interlayer magnetic coupling J, whose

order is estimated as ~ 5 orders smaller than .J.1820)



Leaving the details elsewhere,'®) we then obtain the mean-field Hamiltonian:
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In eq. (2.3), we neglect boson degree of freedom, assuming the condensation to the bottom of its
band. This assumption will be reasonable at low temperature. 52 and 5}3 are the ‘q-1d’ band,
as represented by a < 1, each of which forms the g-1dFS(x) and the q-1dFS(y) in Fig. 1(a),
respectively. The value of « is determined by fitting the q-1dFS(x) near (0, 7) to the observed
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FS segments.'® F and F are renormalized hopping amplitudes of ¢ and t', respectively. 1 is the

chemical potential and Ay is the amplitude of the d-wave singlet order. €, is the c-axis dispersion,

whose wavevector dependence comes from the body-centered tetragonal (bct) structure of LSCO
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After the diagonalization of the Hamiltonian eq. (2.3), we obtain the band energy
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systems, where A-sublattice and B-sublattice are relatively displaced by |

A

+
k

where Dy, = (52 — 5]]3)2 + 46%{:. In Fig. 1(b) we show the FSs. They consist of the inner FS and
the outer F'S, each of which is defined by )\;; =0 and )\]:: =0, with Ag, = 0, respectively.

Since the particle-hole scattering consists of two processes, the intraband process and the inter-
band process, the irreducible dynamical magnetic susceptibility xo(g, w) is given by xo(q, w) =
X0 (g, w) + X8 (g, w):
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Here 2N, (N) is the total number of CuO2 planes (lattice sites in each CuOy plane) and the k-

inter

X0 (g, w

X
k

summation is taken in the region, —m < k;, ky, k., < . B~1 = T is temperature, I' is a positive

infinitesimal. The coherence factors are given by
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In the numerical calculation of x¢(g, w), we set I' = 0.01.J (this may set the energy resolution)
and T' = 0.01J, where the d-wave singlet pairing (the d-wave resonating-valence-bond (d-RVB))
state is stabilized. The k-summation is replaced as %M > = N% Dy %, and the value of
N, is taken to be 12 to save computing time. The momentum k, is then discrete with an interval
27 /N,. From the sequence of the calculations with N, = 1,4, 8,12,25, we checked that the overall

g-dependence of xo(q, w) does not depend on N, for N, > 8.



The ‘RPA’ dynamical magnetic susceptibility is obtained as

- xo0(q, )
1+2rJ(q)xo(q, w) ’

where J(q) = J(cos g, +cos ¢,) and we introduce a numerical factor r for convenience. In the RPA,

x(q, w (2.14)

where r = 1, x(q, 0) diverges at low temperature in a wide doping region. This magnetic instability
will be an artifact, since such divergence of x(q, 0) will be suppressed by higher order corrections
to xo0(g, w). This aspect we take into account phenomenologically by reducing the value of r to
0.35. As a result, the divergence of x(g, 0) is limited to the doping region §<0.02 in the d-RVB

state.

§3. Results

In Fig. 2, we show the g-dependence of Imy(q ,w) for several choices of ¢, ; the scan direction is

D

taken to cross the DIC-peak positions, q7'° = (7 F 27m, © F 271, 0) and ¢5'° = (7 £ 272, ™ F
2712, 0). For t; = 0, we see the DIC-peaks have fourfold symmetry around (7, 7). However, once
t, is introduced, such fourfold symmetry is broken drastically, that is, the DIC-peak at g7 is
largely suppressed while the DIC-peak at g5'¢ does not change at all. This symmetry breaking
itself is not surprising since xo(g, w) is not symmetric under the transformation ¢, — 27 — ¢, for
the present c-axis dispersion, that is, it is not a symmetry transformation of the present system

with a bet lattice structure.2?)

The point is that this symmetry breaking is drastic even with small
t.

We first note that the band dispersions A\i, and thus the FSs, have the 2r-periodicity. It is the
coherence factors (2.11)-(2.13) that break the symmetry of xo(q, w) under ¢, — 27w — ¢,. Since in
the d-RVB state the low-energy particle-hole scattering processes are limited to the vicinity of the
d-wave gap nodes on the FSs, such processes are dominant contributions to xo(q, w). For these

processes, egs. (2.11)-(2.13) can be reduced to
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since the factor 52 - 5,% has the same form as Ay, as seen from eqs. (2.4)-(2.6). Here we omit the

numerator in the second factor in each expression, which is the same as that in egs. (2.11)-(2.13),
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scattering processes with kkiq > 0(< 0). In Fig. 1(b), the possible main low-energy scattering
processes for the DIC-peak at ¢ = q7'° are shown for k£, = 0. For these processes, the sign of
kCk+q is positive. By transforming ¢, — 27 — ¢, and k, — —k;, the possible main scattering
DIC

processes for the DIC-peak at ¢ = g5'° are obtained; the sign of kkiq is then negative. These

hold for other values of k,.??) Thus, the DIC-peak at q7'° comes mainly from the intraband process,
whereas the DIC-peak at ¢5'° comes mainly from the interband process. For the intraband process,
there exist two different (inplane) scattering wavevectors when k, is fixed as shown in Fig. 1(b),
and these wavevectors change with different k,. Since k, is an integral variable, the resulting DIC-
peak at g’ is largely suppressed and broadened as shown in Fig. 2. On the other hand, for the
interband process, the (inplane) scattering wavevectors are almost the same for different values of
k.. This leads to the sharp DIC-peak at ¢5'“ independent of ¢, (Fig. 2). This qualitative difference
between the intraband process and the interband process causes the drastic breaking of fourfold
symmetry in the DIC-peaks.

The condition for the present mechanism to work is, therefore, given by the following factors.
These factors should be satisfied for the main low-energy scattering processes contributed to the
DIC-peaks.

(F1) The coherence factors of xo(g, w) can be reduced to egs. (3.1)-(3.3).

(F2) The c-axis dispersion ¢, +q has an opposite sign between q = ¢}'° and ¢g5™.

(F3) The sign of khiq 15 (almost) definite.

(F4) The c-axis dispersion does not vanish, otherwise there is no difference between the intraband
process and the interband process.

To see the implication of the above mechanism, we next investigate (i) d-dependence and w-
dependence, (ii) g,-dependence and other quadrants in the inplane momentum space, (iii) other c-
axis dispersions and (iv) effects of the d-wave gap. Hereafter, we fix the value of t; to 0.05¢ (= 0.2.J)
so that the band width of €, is about 0.1 times that of £IA€ or 52.23)

(i) -dependence and w-dependence. Figure 3 shows the g-dependence of Imx(q, w) at several
choices of § for w = 0.01J. The breaking of fourfold symmetry in the DIC-peaks becomes more
prominent with larger d, since g, is proportional to ¢ (eq. (2.7)) and the interlayer coupling becomes
effectively larger. As w is increased for the fixed 9§, on the other hand, the symmetry breaking
becomes weaker (Fig. 4). This is understood by noting that the present mechanism comes from
the effect of the c-axis dispersion and hence works effectively below the energy scale of the c-axis
dispersion.

(ii) g,-dependence and other quadrants in the inplane momentum space. Figure 5(a) shows the
g.-dependence of the peak heights of the DIC-peaks at g7’ and g5'“. Their peak heights change
with 4m-periodicity and the phase is relatively shifted by 27. This is because the sign of egep, +q

DIC DIC )

changes under the transformation ¢, — ¢, + 2, that is, at g, = 27, the DIC-peak at q}'° (g5



comes from the interband (intraband) process whereas at g, = 0, the DIC-peak at q}'° (¢g5'°)
comes from the intraband (interband) process. In the intermediate value of ¢, (0 < ¢, < 27), the

interband process (similarly the intraband process) contributes to both the DIC-peak at g7'° and

DIC

a5

is recovered. Figure 6 shows schematically how the symmetry of the DIC-peaks is broken in the

with different weight, and the weight becomes equal at ¢, = m where the fourfold symmetry

inplane momentum space. This configuration is understood as due to the sign change of egep +q
under g, — q; + 27 or gy, — qy + 2.

(iii) Other c-azis dispersions. We consider (a) ef, o (cos ks — cosky)?, which has been proposed
for YBCO,™) and (b) €, o (cos ky — cosky)? cos ks cos %’ cos %. The former dispersion does not
satisfy the factor (F2). Hence the symmetry breaking does not take place. For the latter dispersion,
the factor (F1) as well as (F4) are not satisfied since €, ~ 0 for the main scattering processes of
the DIC-peaks. Thus the DIC-peaks retain the almost fourfold symmetry.

(iv) Effects of the d-wave gap. We perform the calculation in the so-called uniform RVB (u-RVB)
state, the state without the d-wave gap, at the same temperature 7' = 0.01J as in the d-RVB state.
Using the c-axis dispersion eq. (2.7), we show in Fig. 7 the g-dependence of Imx(q, w) for several
choices of §. The appreciable symmetry breaking is seen only at high d, but is much weaker than
that in the d-RVB state (Fig. 3). This is understood as follows. In the u-RVB state, there occurs
an additional scattering between the FSs around (—m, 0) and (0, 7), which is prevented by the
d-wave gap in the d-RVB state. For this scattering process, the factor (F1) as well as (F4) are not
satisfied, since at (—m, 0) and (0, 7), the magnitude of the factor 52 - f,]z takes a maximum and
the value of €, is zero. Thus the resulting symmetry breaking is weakened compared with that in
the d-RVB state.

So far we have investigated the breaking of fourfold symmetry in the DIC-peaks on the basis of
the g-1d picture of the FS (Fig. 1(a)). We next investigate other FSs: (a) the 2dFS(I) (Fig. 8(a)),
which is realized in YBCO,?» and (b) the 2dFS(II) (Fig. 8(b)), which was used in the previous
theoretical study for LSCO.2>27)  Since the inplane band dispersion is the same between the
adjacent planes, namely 52 = 52, the factor (F1) is satisfied exactly. When we take the c-axis
dispersion given by eq. (2.7), the factors (F2)-(F4) are satisfied also in the d-RVB state. Thus
the symmetry breaking takes place as shown in Fig. 9(a). This insensitiveness to the shape of
the FS is understood by noting that the DIC-peaks come mainly from the scatterings between the
vicinities of the d-wave gap nodes, the local regions on the FS. In the u-RVB state, the DIC-peaks
are realized in the relatively high ¢ (20.10) for the 2dFS(II). Since as argued in the above (iv), the
additional scattering takes place and the satisfaction of the factor (F4) is degraded, the resulting
symmetry breaking (Fig. 9(b)) becomes weaker than in the d-RVB state (the comparison is made
at the same §), but stronger than the result (for 6 = 0.15) shown in Fig. 7 where the satisfaction
of the (F1) is degraded also. For the 2dFS(I), a broad commensurate peak is dominant and the



appreciable symmetry breaking in the DIC-peaks is not seen in Fig. 9(b).

§4. Conclusion and Discussion

In the slave-boson mean-field scheme to the t—J model, we have studied effects of ¢; on the
DIC-peaks, which have fourfold symmetry around (, 7) in the absence of t;. We have found a
mechanism that such fourfold symmetry is broken drastically with a weak c-axis dispersion. The
condition for this mechanism to work is given by four factors (F1)-(F4), which should be satisfied
for the main low-energy scattering processes contributed to the DIC-peaks. We have demonstrated
this mechanism through investigating the §-, w- and ¢,-dependences of magnetic excitation spectra,
the different c-axis dispersions, the effects of the d-wave gap and the different FSs.

In YBCO systems, the c-axis dispersion is believed to have the form ¢y, oc (cos k; — cos ky)2. 1Y)
For this €, x(q, w) is equivalent between g = ¢7' and ¢5'° and the factor (F2) is not satisfied.
The present mechanism does not work for YBCO. On the other hand, in LSCO systems, the
breaking of fourfold symmetry in the DIC-peaks or the ‘1d-like’ DIC-peak has been observed in
0.025250.05.23) Can we relate the present mechanism to such data?

(i) The cos%zcos%ycos k—;—type c-axis dispersion. From the crystallographical viewpoint, we
expect that such a c-axis dispersion is a dominant contribution in LSCO systems. Experimentally,
however, the form of the c-axis dispersion has not been clarified yet.

(ii) FEzistence of the spin gap. As shown in Figs. 2, 3 and 7, the fourfold symmetry breaking
is prominent only in the d-RVB state at low . It is reasonable from the RVB picture?® that we
expect the spin gap (or the d-wave gap) in the actual system with 0.02<2<0.05. The existence of
the spin gap in such low doping region, however, has not been clarified yet experimentally.

(iii) Origin of the DIC-peaks. In the present theoretical framework,'®) the DIC-peaks are realized
not only in the low doping region (6<0.05) but also in the high doping region (620.05). Exper-
imentally, however, the DIC-peaks have been detected only in the low doping region.!) This
inconsistency should be resolved in a future.

Keeping in mind that the above aspects will be crucial to further discussions, we point out at

23) Thus the present

present that Figs. 2, 5 and 6 do not contradict with experimental data.
mechanism can be a scenario for the observed ‘1d-like’” DIC-peak.

Here we note effects of the low-temperature orthorhombic (LTO) structure in LSCO, since the
possible coupling to such lattice distortion causes the breaking of fourfold symmetry in the DIC-
peaks. To investigate this, we introduce the additional parameter v in eqs. (2.4) and (2.5):'?
cos(ky + ky) + cos(ky — ky) — cos(ky + ky) + ycos(ky — ky) where v < 1. Setting v = 0.8, we
calculate Imyx(g, w) for the single CuO; plane at low w (= 0.01.J) for § = 0.05. We find that in
both the d-RVB state and the u-RVB state, the DIC-peaks retain the almost fourfold symmetry.
We thus expect that the LTO structure is not an essential factor to the symmetry breaking in the

DIC-peaks.



We finally note the difference between the present mechanism and the ‘diagonal spin-charge
stripes’ picture. The latter is a charge-origin scenario: the formation of a ‘diagonal charge stripes’
order (or its fluctuations), which will couple to the LTO lattice distortion, causes the breaking
of fourfold symmetry in the (magnetic) DIC-peaks. In contrast, the present mechanism provides
a spin-origin scenario. The breaking of fourfold symmetry results from the spin-spin correlation
in the presence of some c-axis dispersion, and the LTO structure is not an essential factor. This

mechanism can be another scenario for the ‘1d-like’ DIC-peak observed in LSCO.%3)
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Note added in proof —After the paper was accepted, we found that eq. (2.14) does not hold
for general gq. The error was due to the disregard of the inequivalence between the A-sublattice
and the B-sublattice, namely fg % fljg . The correct expression is complicated and will be reported
elsewhere. We here note that for the present g-scan direction shown in Fig. 2, the correct expression

reduces to eq. (2.14). No modifications are necessary in the calculations presented in this paper.
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Fig. 1. (a) A quasi-one-dimensional (g-1d) picture of the FS, which has been proposed for LSCO systems: 214
either of two kinds of FSs, q-1dFS(x) or g-1dFS(y), is realized in each CuO, plane and they are stacked alternately
along the c-axis. (b) The resulting FSs in the presence of the interlayer hopping integral ¢, . They consist of the
inner FS (gray line) and the outer FS (solid line). The scattering processes between the d-wave gap nodes (solid
circles) on the FSs, which may cause the DIC-peak at q = (7 F 271, 7 F 27m1, 0), a central subject in this paper,
are shown by the solid lines with arrows for the intraband scattering process and the dashed lines with arrows for

the interband scattering process; these processes are drawn a little shifted away for clarity.
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Fig. 2. g-dependence of Imy(q, w) in the d-RVB state at several choices of ¢, (the value of ¢ is set to 4.J). The g-scan
direction is shown in the lower panel. The fourfold symmetry in the DIC-peaks at ¢P'® = (7 F 271, ® F 271, 0)
and ¢P'¢ = (7 £ 272, ™ F 272, 0) is broken drastically with small ¢ .
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Fig. 3. g-dependence of Imx(q, w) for several choices of § in the d-RVB state. The peak height at g2 is larger
than that at ¢gP'° about 1.5, 3.5 and 4 times for § = 0.05, 0.15 and 0.22, respectively. The result for § = 0.05 is
multiplied by 0.1. The rough topped DIC-peak at ¢P'® for § = 0.15 and 0.22 may be due to the artifact of the

present calculation and should be interpreted as a smooth one.
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Fig. 4. g-dependence of Imy(q, w) for several choices of w in the d-RVB state. The results for w = 0.3/, 0.2J and
0.01.J are multiplied by 0.3, 0.5 and 10, respectively.
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Fig. 6. Schematic figure on how the fourfold symmetry in the DIC-peaks is broken in the inplane momentum space

for ¢, = 0 (left panel) and ¢, = 27 (right panel). Solid circles (open circles) indicate the positions of the DIC-peaks
with higher (lower) intensity.
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Fig. 8. (a) The 2dFS(I), which is realized in YBCO.?* (b) The 2dFS(II), which was used in the previous theoretical
studies for LSCOQ.25727
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Fig. 9. g-dependence of Imy(q, w) for other F'Ss, the 2dFS(I) and the 2dFS(II), in the d-RVB state (a) and in the
u-RVB state (b). Note that the interlayer hopping integral ¢, is included. The results for the 2dFS(II) in the
d-RVB state and in the u-RVB state are multiplied by 0.5 and 0.1, respectively.
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