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As additional neutron scattering experiments are performed on a variety of high temperature superconduct-
ing compounds it appears that magnetic incommensuration is a phenomenon common to all of the samples
studied. The newest experimental results indicate that incommensurate peaks exist at mogremt{iyi
+6) and (1= 46,1) in La_,Sr,CuQ, (LSCO) and YBgCu;O;_ s (YBCO). The dependence a&f with hole
doping appears to be similar in both materials. In addition, new angle-resolved photoemission spectroscopy
(ARPES data for LSCO as a function of doping show that its Fermi surface is qualitatively similar to the one
of YBCO, contrary to what was previously believed. Early theoretical attempts to explain the behavior of
LSCO and YBCO usually relied on one- or three-band Hubbard models o+Ximeodel with electron hopping
beyond nearest neighbor and with different parameter values for each material. In this paper it is shown that
using a one-band Hubbatd-t-t’ model withU/t=6 andt’'/t~—0.25, good agreement is obtained between
computational calculations artzbth neutron scattering and ARPES experiments for LSCO and YBCO. It is
also shown that using a more negativét will induce short-range magnetic incommensuration along the
diagonal direction in the Brillouin zone, in qualitative disagreement with the experimental results. At the finite
temperatures of the present Monte Carlo simulation it is also observed that in this model the tendency to
incommensuration appears to be more related to the shape of the two-dimensional Fermi surface and the
strength of the interaction, rather than to charge ord&0163-182@09)05615-5

I. INTRODUCTION was identified with a dynamic charge density wave because
its scattering intensity appeared to increase with increasing
Neutron scattering experiments continue providing excit-nomentum transfer. Scattering that could be described as
ing information about the behavior of spin and charge demagnetic has not been observed yet in this material because
grees of freedom in the higT; cuprates. Studies on the experimental technique used does not allow to reach high
La,_,Sr,CuQ, (LSCO) (Ref. 1) have shown the existence of enough values of the momentum transfer. However, mag-
incommensurability in the spin channel near the commenstnetic excitations should be present if a dynamic strip phase
rate position ¢r,). In this case, the incommensurate peaksgives origin to the charge peaks. Evidence of incommensu-
were found aQs=m(1* §,1) andw(1,1*= ). The value of rability in the charge channel was also observed in
5 increases linearly with doping in the range 006  La; ¢ Nd,,Sr,CuQ,,° which led to speculations about a
<0.14, while forx=0.14, é plateaus at 0.25The intensity  similar behavior in LSCO. This would indicate that the in-
at Q,=m(1x6/2,1* 6/2) was observed to be 0.18 times commensuration in the spin channel may be due to the exis-
that atQ s for x=0.14 while the intensity & .= (7,7) was  tence of charge-stripe order rather than to some kind of
negligible compared with the backgrouhd. charge uniform spiral spin state or two-dimensiofi2D)
For some time neutron scattering experiments inFermi surface effect®
YBa,Cu;0,_ 5 (YBCO) were less clear. Rossat-Mignod and ~ While some of these experiments suggest that magnetic
co-workers detected magnetic fluctuations only at the comincommensurability in the cuprates may be due to charge-
mensurate positiohwhile Tranquadat al> noticed possible  stripe order in which the orientation of the stripes is not
incommensurate fluctuations. Measurements by Dai, Mookmaterial dependent, the theoretical understanding of this phe-
and Dogarf, using a new position-sensitive detector banknomenon is less clear. Short-range magnetic incommensurate
indicate that incommensurability in the spin channel indeedorrelations in the spin channel were detected early on in the
is present in YBCO. Although originally incommensurability Hubbard'*2andt-J (Ref. 13 models. The split of the com-
was detected only along the diagonal direction in the Bril-mensurate peak was observed to be qualitatively similar to
louin zone, the latest results indicate that it occut®ghs in  the behavior in LSCO and YBCO. However, the dependence
the case of LSCO, and the dependencedofvith doping  of & with doping did not reproduce the experimental data
appears to be similar in both materidls. and, as will be shown later, the experimentally observed rela-
In addition, BSr,CaCyOg has recently been studied by tive intensities of the peaks at different points in the Bril-
Mook and Chakoumak8sand an incommensurate fluctua- louin zone are not well reproduced either. No particular order
tion that occurs below ; was found. This incommensuration was reported in the charge channel in these models through
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numerical analysis**® However, since the proposal of dy- from zero, reaching the valug) at q=2kx and remaining
namical phase separation in the Gu@anes'® a reanalysis constant afterwards. On the other hand, in the Hubbard
of these conclusions is needed. model it was observed that at low density, i.€R)

At the same time that the recent neutron scattering experi<0.5, S(q) peaks atq=2kg while N(q) is suppressed at
ments were reporting new similarities between the magnetithese momenta compared with the noninteracting system and
properties of the different cuprates, recent angular-resolveid only peaks ag=(,).* This peak is due to the short-
photoemission spectroscopyARPES experiments per- range effective repulsion between particles. The behavior at
formed on LSCO mapped its Fermi surfacé&rs) at differ- higher densities is very different in the spin channel. At half
ent values of doping, unveiling interesting similarities amondfilling a sharp peak develops &, and, with a substantially
the qualitative FS shape of several highmaterials. reduced intensity, it moves tQs with doping. While the

Motivated by all these new experimental results the aimintensity is maximum a® s as in the experiments, the weight
of this paper is to revisit th&)-t-t" model, exploring numeri-  atQ,, is always larger than the one @t,,** which is quali-
cally the spin and charge channels to determine whether it igatively incorrect compared with recent experiments, as will
possible to obtain agreement with the new data for LSC(be shown below.
and YBCO using a unique set of parameters in the model. It
will be concluded that this is indeed possible. The paper is
organized as follows. In Sec. Il tHé-t-t’ Hamiltonian and
the notation used are introduced. Results on magnetic and Due to the well known “sign problem” it is very difficult
charge correlations, as well as on the shape of the Fernip perform Monte Carlo numerical studies at small hole dop-
surface, are presented in Sec. Il while Sec. IV is devoted tong, low temperatures, and valueslft > 4. This problem is
the conclusions. exacerbated as the absolute valuet'oincreases. For this

reason the numerical efforts will be concentrated here on the

Il. THE MODEL study of the fixed densityn)=0.7 (i.e., x=0.3) since for
this(n) a good degree of control of the numerical results can
be achieved. In addition, new experiments have been per-

Ill. RESULTS

The U-t-t’ one-band Hubbard model Hamiltonian is

given by formed in LSCO at preciselx=0.3 providing information
about incommensuratidrand the shape of the FS.Here
H=—t 2 (CiT,er ,TH.c)—t’ 2 (CiT(rCn ,+TH.c) results forU/t=6 on 8% 8 lattices will be presented. Due to
(iyo (inyo the sign problem at this relatively large value @ft, and
using a finite diagonal hoppintg, the temperature had to be
+ UZ (ni;—1/2)(n; —1/2)+ ,uE Nig s (1) fixed atT=0.25. Itis to be expected that the intensity of the
: ho observed features will increase at lower temperatures and the
wherec;fg creates an electron at sitewith spin projection results presented here are, thus, lower bounds to the actual

values.

The relevant values dt’/t| range in principle from 0 to
1. However, for values larger than 0.5 the bottom of the band
in momentum space moves fro(0,0) to (= ,0) and (O,
*4r) in the noninteracting case, qualitatively changing the
Fermi surface. Thus, the actual relevant range of values for
|t'/t| is between 0 and 0.5.

Note that as part of our study, runs for other valueb 4if
were performed and qualitative differences with the results
_ for U/t=6 were not observed. In particular, folt=0 we
N(q)=>, e97(snyén,), (2)  found that for values o/t as high as 10 the magnetic

' incommensuration always occurs@j rather than along the
diagonal as predicted by mean-field calculations in the strong

o, Nj, is the number operator, the sufif) runs over pairs
of nearest-neighbor lattice sites, and the sim) runs over
pairs of lattice sites along the plaquette diagonidlis the on
site Coulombic repulsiont the nearest-neighbor hopping
amplitude,t’ the diagonal hopping amplitude, and the
chemical potential. In this workwill be set equal to 1.

The static charge and magnetic structure fadw(g) and
S(q) are defined by the relations

. ; P 8
S(q):Z 0SS, 3  coupling regime-
where(8nyon,) and(SiS?) are equal-time density- and spin- A. Magnetic incommensurability
correlation functions, S/= %Eavﬁclaafy‘ﬁcrﬁ, and én, As a first step, the static structure factor will be calculated

=3,c! ¢, ,—(n). Here(ny=1—x is the average density for several values of'/t and comparisons with the experi-

of electrons. The brackets in Eq®) and(3) refer to thermal  mental neutron scattering results will be made along several

averaging in the grand canonical ensemble which will bedirections in momentum space.

performed using the standard quantum Monte C&@MC) In Fig. 1(a) the peaks inS(q), indicative of short-range

determinantal method. spin incommensurate tendencies in tbet-t" model, are
Before presenting our results let us discuss the behavigrresented along the (®)-(2,7) direction for values of

of the spin and charge correlations in the noninteracting syst'/t ranging from 0 to—0.5. The figure shows that for all

tem (U/t=0), and also in the standard Hubbard model withvalues oft’/t analyzed here, the peak in the structure factor

t’=0. In the noninteracting system the spin and charge coreccurs atq=(3#/4,7) and (57/4,7r) which correspond to

relations are related throug®(g)=%N(q).N(q) increases 6=0.25. This is in agreement with the experimental value
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NS ues due to the existence of short-range spin correlations that
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q, x qvx circles in Fig. 3 of Ref. 3 were taken. In the figure it can be
seen that the relative intensity of the numerical data,at
=m(1-06/2)=7m/8,(i.e.,Q,) andgy=7(1* 5)=0.75r or
1.257 (i.e., Q) is a function oft’. Considering, as in the
experiments, that the intensity far=(1+6)(1,1) [this
point corresponds tq,=3#/4 and 57/4 in Fig. 1(b)] has to
correspond to the background, then the relation§pQ s

for x=0.3 in LSCO? However, a spline fit through the avail- =0.18 is satisfied fot’/t=—0.25. This is used as a guide
able data pointédashed lingsuggests that the actual peak at because this relationship may be doping dependent but since
[t’/t|=0.3 occurs at a slightly larger value &f Actually, the window int’/t is so narrow, at most an error of the order
when the structure factor is scanned along the diagonal dief 0.05 in the estimation of /t is being made.

rection as shown in Fig.(bb) it is clear that the results with The above analysis shows that a comparison of the
|t’/t|=0.3 or larger do not fit the experimental data becausgresent numerical data when the measured incommensurabil-
the maxima inS(q) atq= (1% 6)w(1,1)=(37/4,3w/4) and ity & is 0.25 agrees with the data for LSCO with the safne
(57/4,5m/4) have intensities which are approximately equalusingU/t=6 andt’/t=—0.25+0.05. Notice that the posi-

to or higher than those &;,° as can be deduced by com- tion and the relative intensity of the peaks does not change
paring Fig. 1a) with Fig. 1(b). This is in disagreement with too much with temperature according to the experiment. As
the experiments that indicate that the intensitygat (1 in the experiment we also observed that the intensity of the
+6)m(1,1) should be indistinguishable from the incommensurate peak decreases with the density of elec-

FIG. 1. The static structure fact§(q) for U/t=6, (n)=0.7 on
an 8% 8 lattice forT=0.2% and values of'/t ranging from 0 to
—0.5.(a) Along the (w,0)-(7,27) direction;(b) along the diagonal
direction; (c) along theq,= 7+ qy direction. The dashed line in-
dicates a spline fit.

background:3%’ trons.
An important result is that &t =0 S(q) along the diag-
onal direction,g,=q,, has a maximum aj=Q, as can be B. Fermi surface

observed in Fig. (b) (top curve. This behavior is in dis- . o o
agreement with the experimental data for LSCO presented in The next issue to be addressed is highly nontrivial. For
Fig. 3 (closed circlesof Ref. 3, and for YBCO in Fig. () the consistency o_f the results dls_cussed in this paper we must
of Ref. 6 where a minimum is observed @t, along the show that the ratid’/t=—0.25, fixed by the spin structure
diagonal. The experimental results were obtainedxat fact_or analysis in the preceding subsection, will fit other ex- .
—0.15 for optimally doped LSCO anx=0.1 (i.e., 5=0.4) perimental data such as, for example, the shape of the Fermi
for YBCO showing that the qualitative behavior does notSurface recently obtained using ARPES for LSE‘o]_'he
depend strongly on doping. This indicates that the standarB0SSible shape of the FS will be determined by analyzing the
Hubbard model ' =0) does not describe the qualitative be- momentum distributiom(q) which is caIcuI:_:tted by Fourier
havior observed with neutron scattering whn0.25. How-  transforming the one-electron Green function,

ever, working witht’=—0.2 the fit along the diagonal in

momentum spacgFig. 1(b)] indicates thatS(Q,) now has gi= _<2 e of > (4
become a local minimum, in qualitative agreement with the L 5 Theha e

experiments. Then, the constraints on the relative intensity of

the peaks provided by the experiments leave a finite windowhat is evaluated using QMC.

of possible values of'/t. If |t'/t|=0.3 the incommensurate ~ The criteria used here to obtain the most probable locus of
peaks will appear along the diagonal rather thaQgt(as  the FS from numericah(q) data are two(a) find the values
discussed in the preceding paragraphd if |t'/t|<0.2 the of q wheren(q)~0.5"* and (b) find the values ofj where
structure factor a@,, would be a local maximum rather than n(q) changes the most rapidfy. For the case oft’/t=

a minimum along the diagonal direction. Note that this win-—0.25 we have observed that both methods provide similar
dow naively seems small, but the effects |bf/t|] on the results in the regions close to the diagonal direction in the
noninteracting Fermi surface can be shown to be substanti&rillouin zone, but substantial differences were observed
in this range oft’/t| hoppings. In addition, the effect ¢’ | close to the (G7) and (7,0) points. While criterion@) in-

is enhanced by the renormalizationtabwards smaller val- dicated a FS closed aroui@,0), criterion(b) indicated a FS
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00 —m0) FIG. 3. Static charge structure factor farft=6, (n)=0.7 on
an 8x 8 lattice forT=0.2% and values of’/t ranging from O(top)

FIG. 2. (@ The numerically calculated Fermi surface fdrt to —0.5 (bottom along the directions (0,0)#,w)-(,0)-(0,0).
=64(n)=0.7 on an &8 lattice for T=0.2% and t'/t=—0.25  The arrow indicates the value of the momentum where a maximum
(closed circles and solid linpthe open squares are experimental indicating incommensurate short-range order would be expected.
results for LSCO aix=0.3 from Ref. 17; the dashed line is the

noninteractingl/t=0, FS fort’/t=—0.25 and(n)=0.7; (b) non- Lo . .
interacting U/t=0) FS fort'/t=—0.25 and density 0.2dashed that the similarity found between the interacting and the non-

line) and experimental data for LSCO wigh=0.1 from Ref. 17(c)  interacting FS fort’/t=—0.25 does not mean that they are

noninteracting FS fot'/t=—0.25 and density 0.8&dashed ling  identical, but the differences will be apparent only when

together with experimental data for YBCO wik0.15 from Ref.  larger lattices at lower temperatures can be studied.

22. In previous literature the experimental results have been
interpreted as indicating that there is a FS only along the

closed around #,). Since criterion(b) provided similar ~ diagonal direction and no FS close to4),and (r,0) ** The
results for the noninteracting case with)=0.7 andt’/t=  rate of change ofi(q) could support this view but we found
—0.25, a situation where it is known that the FS actuallyout that it also gets very reduced close to0and (r,0)
closes aroundi,0), it was decided that criteriof@ would be  even in the noninteracting case when it is known that there is
more effective in this context. a continuous FS. Thus, the present results do not allow us to
The FS obtained with procedufa) is shown in Fig. 28).  decide one way or the other. We also noticed that the inter-
The closed circles indicate whemngq)~0.5 and the continu-  acting FS fort’/t=— 0.3 appears to be qualitatively different
ous line is a sixth order polynomial fit of the points. The from the noninteracting one. In particular,xa 0.3 it seems
obtained FS is very similar to the noninteracting dde- o close around 4, ) while the noninteracting one closes
noted by a dashed line in the same figuile satisfies Lut-  around (0,0). Thus, assuming that YBCO has the same quali-
tinger's theorem within error bars and, actually it is in excel-5tjve shape of FS than LSCO in the overdoped regime, this

lent agreement with the experimental data ¥er0.3 (Ref.  16yides another reason to rule out valuegtoft| equal to
17) shown with open squares in Fig(a2 Thus, usingt’/t higher than 0.3.

=—0.25 good agreement has been obtained between the nu-
merical results and two independent experimemisutron
scattering and ARPBSperformed in overdoped LSCO.
Since the obtained Fermi surface closely resembles the non-
interacting one, the FS in thé/t=0 limit was calculated for The next issue that will be addressed is the origin of the
x=0.1 and its shape compared directly with the experimentancommensurate magnetic fluctuations in the present model.
results at this density. As can be observed in Figp) 2ne  In Fig. 3 the charge structure factdl(q) along the (0,0)
agreement is once again very good. According to Ref. 17 the» (7, 7)— (,0)—(0,0) directions fort’/t ranging from O
FS for LSCO at optimal doping is still centered abot ) (top) to — 0.5 (bottom) is shown. In all cases there is a broad
and it is qualitatively similar to the one obtained far maximum atQ, which is due, as in the low electron density
=0.1. This is indeed what happens with tHét=0 FS for  limit of the Hubbard model, to the short-range effective re-
t’/t=—0.25 atx=0.15 which is shown in Fig.(®) (dashed pulsion between particles. If the incommensurate magnetic
line). At the noninteracting level the change between a FSluctuations were due to dynamical charge fluctuations,
that closes around,7) and around (0,0) occurs at peaks atq=(0,25) and 7(26,0) should be observed in
=0.22 for the ratio ott’/t used here. N(q) according to previous theoretical studie$.In the

In addition, in Fig. Zc) the experimental points for opti- present case, sinag&=0.25, the peaks would be expected at
mal doped YBCO obtained several years Zgare also (0,7/2) and (@/2,0). This momentum is indicated with an
shown. The agreement with our result is only qualitative butarrow in Fig. 3 and it is clear from the figure that no indica-
it has to be considered that the measurements are very diffiions of incommensurate charge order are observed. It could
cult due to surface effects and thus the experimental pointee argued that charge incommensuration is not observed due
have large error bar@ot shown. It is important to remark to the high temperature in our calculations. However, this

C. Charge correlations
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would be an indication that the threshold of temperature fosimple continuity it is not expected that these potential
the observation of spin and charge incommensurability is nothanges will be large. Thus, the Hubbard-dr models with-
the same. out nearest-neighbor electron hopping do not appropriately
Another possible origin of the magnetic incommensurareproduce this experimental behavior in the cuprates.
tion in 2D could be simple FS effect§?*?*There are some ~ The incommensurate magnetic peaks do not seem related
momenta that map point®r region$ of the FS into other to incommensurate charge fluctuations. In the overdoped re-
points(or regions$ also on the FS. These are called nesting orgime FS effects enhanced by the electronic interactions may
pseudonesting vectors and they correspond to values of mbe responsible for the observed results. The sign problem
mentum where maxima occur in the imaginary part of theprevented the exploration of this issue in the optimal doped
magnetic susceptibility in the 2D noninteracting system. Weand underdoped regimes.
performed a numerical calculation of the pseudonesting vec- The most exciting result of our paper is that the addition
tor for the interacting FS. We constructed a histogram inof a diagonal hoppingt’/t=—0.25 also provides good
order to identify the value of the momentum that mappedagreement with experimental angle-resolved photoemission
most points of the FS into other points also belonging to itmeasurements of the FS for LSCO and YBCO at different
Fort'/t=—0.25 atx=0.3 a maximum in the histogram was densities. A FS that closes around,¢r) in the underdoped
obtained aig=(,0.677) which is in very good agreement and optimal doped regimes, and around (0,0) in the over-
with the analytical value for the corresponding noninteract-doped case is observed.
ing FS, namely,q=(7,0.717).% Thus, the maximum in Thus, the present numerical analysis provides good agree-
S(q) atg=(,0.757) could be explained by FS effects in ment between a theoretical model and two unrelated experi-
this case but it may be due to the coarse grid that necessarityients in the overdoped regime of LSCO. It also shows that
had to be used in our computational studies. In the noninterthe consideration of a diagonal hopping in models for the
acting case it is expected that the maximum remain® at cuprates is crucial in order to reproduce experimental data.
until x reaches 0.2Zsee Sec. |l B. Though this behavior Note that this conclusion is in excellent agreement with
seems to be in agreement with previous results for the intetARPES calculations that have focused on the insulating
acting cas® and in disagreement with the experimental datacompound SICuO,Cl,.?® For the cases analyzed here, the
it is possible that the effect of the interaction at smaller dop-same ratiot’/t can reproduce results for both LSCO and
ings will be observed at lower temperatures than the one¥BCO. Then, the difference in parameters between LSCO

that can presently be reached. and YBCO observed in previous calculatiGhsnay need
reexamination. Note that the additiont6fterms may further
IV. CONCLUSIONS improve the theory-experiment agreement reported flere.

) _ Although the behavior of the incommensurate magnetic

In summary, motivated by recent neutron scattering antheaks in the cuprates appear to be similar, there is still no

ARPES experiments, we have studied the-t' model nu-  gynerimental information about relative intensities of the

merically on 8<8 lattices at temperaturB=0.2% and with  yeaks at different points in the Brillouin zone carried out at
coupling U/t=6. Fixing the density a{n)=0.7 agreement he same density. These measurements could indicate pos-

between the position and the relative intensity of the incomxjple material dependent properties that could be caused by
mensurate peaks obtained numerically and eXpe”menta”bbnger-range electron hopping terAfs.

for LSCO and YBCO is observed far/t=—0.25+0.05
which corresponds to a window of 20% within the possible
values of|t’/t| that run from 0 to 0.5. Larger values [df /1|

are ruled out because in this case the structure factor has a
maximum along the diagonal direction rather than(yt, We would like to acknowledge useful discussions with P.
while with less negative values bf/t a relative maximum is  Dai, G. Aeppli, T. Mason, H. Mook, Q. Si, J. Tranquada, M.
observed aQ,. along the diagonal direction, again in dis- Randeria, M. Norman, Z.-X. Shen, and E. Dagotto. A.M.
agreement with experimental results. It is possible that fowas supported by NSF under Grant No. DMR-95-20776.
slightly larger values ob/t, such as 8 or 10, the window in Additional support was provided by the National High Mag-
[t’/t] that reproduces the experiments may change but bpetic Field Lab and MARTECH.
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