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Anisotropy in the incommensurate spin fluctuations of Sr2RuO4
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It has been proposed that Sr2RuO4 exhibits spin-triplet superconductivity mediated by ferromagnetic fluc-
tuations. So far neutron-scattering experiments have failed to detect any clear evidence of ferromagnetic spin
fluctuations but, instead, this type of experiments has been successful in confirming the existence of incom-

mensurate spin fluctuations nearq5( 1
3

1
3 0). For this reason there have been many efforts to associate the

contributions of such incommensurate fluctuations to the mechanism of its superconductivity. Our unpolarized
inelastic neutron-scattering measurements revealed that these incommensurate spin fluctuations possessc-axis
anisotropy with an anisotropic factorxc9/xa,b9 of ;2.8. This result is consistent with theoretical ideas that the
incommensurate spin fluctuations with ac-axis anisotropy may be the origin ofp-wave superconductivity of
this material.

DOI: 10.1103/PhysRevB.69.174501 PACS number~s!: 74.70.Pq, 75.40.Gb, 78.70.Nx
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I. INTRODUCTION

Sr2RuO4 is the first two-dimensional perovskite oxid
material known to exhibit a superconducting transition wi
out containing copper.1 While Sr2RuO4 is isostructural with
the high-Tc material La22xSrxCuO4, its normal state shows
Fermi-liquid behavior and its superconducting state is no
spin singlet (S50) as observed in the conventionals-wave
( l 50) superconductors or thed-wave (l 52) high-Tc mate-
rials. Its superconducting state is instead a spin tripletS
51) with ~most-likely! p-wave symmetry (l 51) ~see Ref. 2
for a recent review!.

Muon spin resonance (mSR) and NMR ~Knight shift!
measurements have provided experimental evidence of
spin-triplet pairing in Sr2RuO4. mSR measurements suc
ceeded in confirming the existence of the spontaneous m
netic field below the superconducting transition temperat
Tc;1.5 K, indicating the time-reversal symmetry-breaki
in superconducting state.3 Knight shift measurements for th
oxygen site in the RuO2 planes revealed that the spin susce
tibility remains temperature independent even belowTc .4

SinceTc of Sr2RuO4 (;1.5 K) is strongly suppressed b
nonmagnetic impurities,5 electron-phonon coupling canno
be the origin of pairing mechanism. From the analogy w
the superfluid state of3He and from the fact that the neigh
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bor material SrRuO3 is ferromagnetic, it was speculated th
Sr2RuO4 exhibits spin-triplet superconductivity mediated b
ferromagnetic fluctuations. Up to this date, however, ther
no clear experimental evidence of ferromagnetic fluctuati
in this material.6–8

The electronic structure of Sr2RuO4 (d-electron system!
is much simpler than those of other spin-tripl
superconductors.9,10 This fact has stimulated theoretical e
forts on the topics of spin-triplet superconductivity and t
symmetry of superconducting order parameters.

Mazin and Singh have calculated the electronic ba
structure of Sr2RuO4 based on thet2g orbital of the Ru41

(4d4) and showed that the Fermi surfaces consist of qu
one-dimensionala, b planes defined by thedyz , dzx orbital,
and of two-dimensionalg planes defined by thedxy orbital.11

These predictions are consistent with the results of de Ha
van Alphen experiments.12 Furthermore, the theory predicte
that sizable nesting effects in the quasi-one-dimensio
bands (a, b planes! may cause the enhancement of the s
susceptibility near the incommensurate propagating ve
q5( 1

3
1
3 0).13 Such an enhancement was indeed confirm

in dynamical spin susceptibility x9(q0 ,v) at q0
5(0.3 0.3 0) by inelastic neutron-scattering~INS!
experiments.6 These results stimulated discussions about
possibility of p-wave superconductivity mediated by suc
incommensurate spin fluctuations.-
©2004 The American Physical Society01-1
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Some theoretical works reported that if such incomm
surate spin fluctuations possessc-axis anisotropy, the spin
triplet superconductivity could be stabilized by su
fluctuations.14–16 It is therefore of great importance to esta
lish if there is any observable anisotropy inx9(q0) that can
be related to the origin of the spin-triplet superconductiv
in Sr2RuO4.

Ishida et al. have reported the observation of the anis
tropic behavior of the spin susceptibility measured by
NMR technique.17 In NMR measurements, one can obser
the q-integrated spin susceptibility(qx9(q,v)/vuv→0.
Judging from the similarities with the INS data reported
Sidis et al.,6 Ishida et al. attributed the temperature
dependent part of theq-integrated spin susceptibilities~ob-
served by the NMR! to the spin susceptibility atq0, and
reported thatx9(q0 ,v) has ac-axis anisotropy with an an
isotropic factor xc9/xa,b9 @x IC,out9 (q0 ,v)/x IC,in9 (q0 ,v) in
their notation# of ;3.

In order to ascertain the anisotropic nature of the inco
mensurate spin fluctuations in Sr2RuO4, however, it is nec-
essary to measure itsq dependent spin susceptibilit
x9(q,v) using INS. We have performed such measurem
and found that the dynamical spin susceptibility of this s
tem at q0 indeed exhibitsc-axis anisotropy with an aniso
tropic factor of;2.8. This value is consistent with the a
isotropic factor estimated from the NMR measurement17

Our conclusion is different from those of the recent repo
by Servantet al. and Bradenet al.,7,8 this will be discussed
at the end of this paper.

II. EXPERIMENT

A. Sample preparation and experimental setup

For this neutron-scattering study, we grew large sin
crystals of Sr2RuO4 by the floating-zone method. The cry
tals were cut into smaller cylindrical pieces~4 mm in diam-
eter and 30 mm in length!. We performed resistivity mea
surements on these crystals using a Quantum Design P
instrument equipped with a3He option. These measuremen
revealed thatTc~onset! of all the samples lies between 1
and 1.6 K.

The unpolarized INS experiments were performed us
the triple-axis spectrometer GPTAS installed at the JRR-
reactor at the Japan Atomic Energy Research Insti
~JAERI! in Tokai, Japan. Neutrons with a fixed final mome
tum of kf53.83 Å21 and a combination of horizontal colli
mations of 408-808-408-808 @FWHM ~full width space at
half maximum! from the monochromator to the detecto#
were utilized. A pyrolytic graphite filter was placed after th
sample position to eliminate higher-order wavelength c
taminations. Three sets of crystals were prepared in orde
probe three different scattering planes, (h k 0), (h h l), and
(0.7h 0.3h l). The total volume of each of these sets w
;3 cm3.18 The crystals were sealed in aluminum cans~filled
with He exchange gas to ensure a uniform temperature! that
were attached to the cold head of a closed-cycle He
refrigerator. Throughout this paper the scattering vectorQ
5(Qh Qk Ql) is indexed in reduced lattice units with tetra
17450
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onal reciprocal lattice of a* 5b* 51.63 Å21 and c*
50.49 Å21, respectively.

B. Magnetic neutron scattering

In this section we describe the method that we used
measure the anisotropic factor of the spin susceptibi
x9(q,v). In a magnetic neutron-scattering experiment,19 the
scattering intensityI is given by

I} f Q
2 G, ~1!

where f Q is the magnetic form factor, which is theQ com-
ponent of the Fourier transform of the distribution of u
paired electrons that contribute to the magnetism in the s
tem. If the electronic distribution is isotropic,f Q shows a
monotonic decrease with the absolute value of the scatte
vectorQ, Q as demonstrated in Fig. 1~a!. The quantityG in
Eq. ~1! is an orientation factor related to the fact that ne
trons are scattered only by the magnetic components per
dicular to the scattering vectorQ. In the present study, we
assumed that the spin susceptibility within the RuO2 planes
in tetragonal Sr2RuO4 is isotropic (xa95xb95xa,b9 ). The ori-
entation factorG is then given by

G~u!5~11sin2u!xa,b9 ~q,v!1cos2uxc9~q,v!, ~2!

whereu is the angle between the scattering vectorQ and the
ab plane, which changes through theQl component of the
scattering vector.

In Fig. 1~b! we show a calculation of theQ dependence
of G(u) for Q5(0.3 0.3Ql) for different anisotropic fac-
tors. G(u) is constant when the susceptibility is isotrop

FIG. 1. ~a! A schematicalQ dependence of the square of ma
netic form factor f Q

2 . ~b! Q dependence of calculated orientatio
factors G(u) at Q5(0.3 0.3Ql) for different anisotropic factors.
Depending on a ratioxa,b9 : xc9 , G(u) shows differentQ depen-
dence.~c! Q dependence of calculated intensitiesI @5 f Q

2 3G(u)# at
(0.3 0.3Ql),(0.7 0.3Ql), and (0.7 0.7Ql) with different aniso-
tropic factors.
1-2
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(xa,b9 5xc9) but shows differentQ dependence with anisot
ropy (xa,b9 Þxc9); namely,G(u) increases~decreases! with Q
whenxc9/xa,b9 ,1(.1).

TheQ dependence of the total intensityI given by Eq.~1!
is shown for (0.3 0.3Ql), (0.7 0.3Ql), and (0.7 0.7Ql) in
Fig. 1~c!. If x9(q,v) is isotropic, the intensityI is scaled
only by f Q

2 but it decreases slower~faster! than f Q
2 in the

presence of anisotropyxc9/xa,b9 ,1(.1). This illustrates the
fact that the anisotropic nature of the spin fluctuations can
directly determined by the comparison of theQ dependence
of the intensityI and f Q

2 . We would like to stress that know
ing the magnetic form factor accurately is the key to t
accurate determination of the spin-susceptibility anisotro
factor. Unfortunately the only magnetic form factor that c
be found in the literature for ruthenium is that fo
Ru1 @ f Q(Ru1)#.20 The Ru ions in Sr2RuO4 are not Ru1 but
Ru41~nominally!. Furthermore, Sr2RuO4 is not an insulator
but an itinerant electron system, and the use off Q(Ru1) to
characterize the magnetic response of Sr2RuO4 is clearly in-
adequate. For this reason we decided to determine the m
netic form factor for Sr2RuO4 @ f Q(Sr2RuO4)# experimen-
tally.

C. Determination of the magnetic form factor of Sr2RuO4

To determine the magnetic form factor of Sr2RuO4,
f Q(Sr2RuO4), we measured theQ dependence of spin sus
ceptibility at severalQ positions withq05(0.3 0.3 0) in the
(h k 0! plane (u50). The Q dependence of the observe
intensities is shown in Fig. 2, the filled and open symb
indicate our data and those reported by Sidiset al.,6 respec-
tively. Note that throughout the present paper all the quo
intensities have been corrected for resolution-volume effe
and that all the quoted experimental errors correspond tos
in order to reflect the ambiguities of the scattering techniq

Note that~0.7 0.3 0! and ~1.3 0.3 0! are notq0 positions
from the reciprocal zone center,G point, but those from theZ
point @e.g., ~1 0 0!#. These data can be treated equally w
other data, because the spin susceptibility atq0 shows a
strong two dimensionality and a rod-type scattering along
c* axis so that one can observe the signal even on
(h k 0) zone.

Our first observation of Fig. 2 is that it is clear that th
data do not scale withf Q

2 (Ru1), and decrease faster than
This behavior is consistent with the fact that Sr2RuO4 is an
itinerant electron system where mobile electrons distrib
wider in real space than localized electron system
strongly indicates that one cannot usef Q

2 (Ru1) to evaluate
anisotropic factor of spin susceptibility of Sr2RuO4.

The full line in this figure isf Q
2 (Sr2RuO4) determined in

the present study, then we fitted the observed intensitie
the expression

f Q~Sr2RuO4!5A exp@B~Q/4p!2#1C. ~3!

Here, we assumed that thef Q in the (h k 0) plane is isotro-
pic, so that theQ dependence of thef Q is described as a
singleQ function.21

This form factor was used to evaluate the anisotropic f
tor of the incommensurate spin fluctuations. Note that c
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ductivity and coherence length of Sr2RuO4 show anisotropic
behavior (sa,b.sc andja,b.jc).

2 Such results indicate tha
a distribution of unpaired electrons along thec axis is con-
fined and then the decrease off Q with Ql must be slower
than that forQh or Qk . It should be stressed here that w
assumed an isotropic form factorf Q in all directions in the
present study which causes anunderestimationof the c-axis
anisotropy.

III. EXPERIMENTAL RESULTS

A. Ql dependence of intensity

In order to study theQl(u) dependence of the intensity
we performed several series of constant-E scans along
(0.3 0.3Ql), (0.7 0.7Ql), (0.7 0.3Ql), and ~1.3 0.7Ql),
and found that, because of low intensity, it is difficult to g
accurate Ql dependence atQ positions farther than
(0.7 0.7Ql). For this reason we report only the results at t
(0.3 0.3Ql) and (0.7 0.3Ql) scans. Furthermore, to collec
reliable data, one needs to select a clear window of ene
where any spurious peaks including phonon scattering do
appear. For the constant-E scans at (0.3 0.3Ql) and
(0.7 0.3Ql), neutron-transfer energies were selected to b
meV and 8 meV, respectively, by measurements of ene
dependence of intensity at~0.3 0.3 0! and ~0.7 0.3 0! with
energy transfer between;22,E,;20 meV. The energy
dependence of intensity at~0.3 0.3 0! is shown in an inset of
Fig. 3~a!. The result clearly shows that the intensity atE
54 meV is affected by neither incoherent nor forward sc
tering.

Ql dependences of integrated intensity at~0.3 0.3Ql) and
~0.7 0.3Ql) are depicted in Fig. 3~a!; the integrated intensi-
ties were calculated as the product of intensities at~0.3 0.3
Ql), ~0.7 0.3Ql) and the width determined by constant-E

FIG. 2. Q dependence of intensities observed atQ with q0

5(0.3 0.3 0) in the (h k 0) plane (u50). Filled symbols are the
present results, in which circle and diamond symbols correspon
the data taken with different sample set with (h k 0) and (h h l)
with l 50, respectively. Open symbols are taken from Ref. 6
ported by Sidiset al. Taking into account ambiguities of scatterin
experiments, we conservatively adopt 2s error bars. A broken and a
full line correspond to the square of magnetic form factor
Ru1, f Q

2 (Ru1), and that of Sr2RuO4 , f Q
2 (Sr2RuO4), respectively.

The latter was determined and parametrized with Eq.~3! in the
present study.~See the main text.!
1-3
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scans along the (h k 0) direction. The obtained widths a
(h h Ql) and (0.7h 0.3h Ql) were almost constant withQl ,
and we used their averaged values, cf. 0.188 and 0.18421

~in FWHM!, respectively. In addition, intensities at~0.5 0.5
Ql) and (0.760.1 0.360.04Ql), which are almost constan
with Ql , were subtracted as background for calculations
peak intensities at~0.3 0.3Ql) and~0.7 0.3Ql), respectively.
Finally the data at~0.7 0.3Ql) with 8 meV were scaled with
the data at~0.3 0.3 Ql) with 4 meV by detailed measure
ments of energy dependence of signals.

TheQl dependence of the integrated intensity~0.3 0.3Ql)
and ~0.7 0.3Ql) in Fig. 3~a! shows a very broad peak cen
tered atQl50, indicating the strong two dimensionality o
the spin fluctuations. This result is consistent with the o
reported by Servantet al.,7 and allows us to neglect the mag
netic correlations along thec axis. Thus we treat data se
with different Ql independently.

FIG. 3. ~a! Ql dependence of integrated intensityI at
(0.3 0.3Ql) and (0.7 0.3Ql) and at 4 K. Some data points ar
missing because of uncertainty due to existence of spurious pe
Inset : Energy dependence of scattering intensity at~0.3 0.3 0!. ~b!
Q dependence of resolution corrected intensity at (0.3 0.3Ql) and
(0.7 0.3Ql). Averaged values between (Qh Qk uQl u) and (Qh Qk

2uQl u) are plotted. The full line is the square of magnetic for
factor of Sr2RuO4 , f Q

2 (Sr2RuO4), determined in the present stud
~see Fig. 2!. Dashed line on (0.3 0.3Ql) is a fitting curve to Eqs.
~1! and~2! with xc9/xa,b9 52.8 and a broken line on (0.7 0.3Ql) is a
simulation line calculated with the parameters evaluated by da
(0.3 0.3Ql). In both plots, 2s was conservatively adopted as err
bars.
17450
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B. Determination of the anisotropic factor

Figure 3~b! shows theQ dependence of the intensities fo
~0.3 0.3Ql) and ~0.7 0.3Ql), the full line is the magnetic
form factor f Q

2 (Sr2RuO4) that we measured as describ
above. This figure clearly shows that the intensities for b
~0.3 0.3Ql) and ~0.7 0.3Ql) decrease faster tha
f Q

2 (Sr2RuO4) with increasingQ. SuchQ dependence corre
sponds to the case withxa,b9 ,xc9 as demonstrated in Fig
1~c!.

To evaluate the anisotropic factor,Q dependence data fo
~0.3 0.3Ql) was fitted to Eqs.~1! and ~2!, but the data for
~0.7 0.3Ql) was not used in this fit because of the po
statistics. From the fitting, we obtained the anisotropic fac
of the spin susceptibilityxc9/xa,b9 ;2.860.7. Note that to
evaluate an error in the determination of the anisotropic f
tor we took into account the error of the magnetic form fa
tor. Furthermore, as explained in the preceding section,
assumed an isotropic form factor and such assumption
cause the underestimation of thec-axis anisotropy. These
results let us conclude that the incommensurate antife
magnetic fluctuations observed atq05(0.3 0.3 0) exhibit
c-axis anisotropy.

IV. DISCUSSION

A. Static and dynamical spin susceptibility
observed in Sr2RuO4

The magnetic properties in the normal state of Sr2RuO4
reported so far are~a! slightly anisotropic uniform suscepti
bility at q50,22 ~b! anisotropic spin fluctuations with aniso
tropic factor ofxc9/xa,b9 ;3 at somewhere inq reported by
NMR,17 ~c! spin fluctuations observed at incommensurateq
of ~0.3 0.3 0! observed by INS.6

The uniform susceptibility of~a! is explained by the Paul
paramagnetism of the conduction electrons in a tw
dimensionalg band, and the origin of a slight anisotropy o
it (xc /xa,b;1.1) is attributed to the orbital Van Vleck con
tribution, which is affected by fields parallel to thec axis due
to the one-dimensionala andb bands.23

On the other hand, the anisotropy in~b! cannot be asso
ciated with that in~a!, because the anisotropic factor an
energy scale of each spin susceptibilities are quite differ
Judging from the similarity in temperature dependence
spin fluctuations in~b! and ~c!, Ishidaet al. speculated that
the anisotropic behavior observed in the NMR measurem
has a close relation with spin fluctuations observed at~0.3
0.3 0!.17 Supporting this, our result clearly revealed that t
incommensurate spin fluctuation has anisotropy with an
isotropic factor ofxc9/xa,b9 ;2.8. The anisotropic factor re
ported by NMR measurement is;3, which is in good agree-
ment with the present result. These results let us concl
that anisotropic behavior observed by the NMR measu
ments is associated with spin fluctuations at incommensu
q0 vector of ~0.3 0.3 0!.

B. The origin of the anisotropic behavior

A short comment about the origin of the anisotropy of t
incommensurate spin fluctuations observed atq

ks.

at
1-4
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5(0.3 0.3 0). Theoretical calculations within the rando
phase approximation using a three-band Hubbard Ha
tonian predict that spin-orbit coupling plays an importa
role and that, due to strong coupling, the out-of-plane co
ponent of the spin susceptibility is about two times larg
than the in-plane one at low temperature.24 The calculated
anisotropy and our result are quantitatively consistent. M
netic properties of~a!, ~b! and ~c! are associated with th
orbital of d electrons in RuO2 planes. These facts strong
indicate that the spin-orbit interaction is important to discu
the magnetic properties of this system.

C. Relation between incommensurate spin fluctuations and the
superconducting mechanism

As described in the Introduction, some theoretical grou
reported that incommensurate spin fluctuations with ac-axis
anisotropy,xc9.xa,b9 , may introduce a spin-triplet supercon
ducting state and that thed vector turns to a direction o
larger antiferromagnetic fluctuations.14–16 Our results show
that the incommensurate spin fluctuations observed
Sr2RuO4 satisfy this requirement, namely,xc9.xab9 , which
makes a direction ofd vector to be parallel to thec-axis
consistent with the experimental observations.3,4,25

Then the question here is whether these spin fluctuat
are really driving forces of the superconductivity of this m
terial or not. Basically, the superconductivity of Sr2RuO4 is
believed to originate in the quasi-two-dimensionalg main
band. On the other hand, the incommensurate antiferrom
netic fluctuations of Sr2RuO4 is caused due to the nestin
property of the one-dimensionala and b bands. Further-
more, in the Sr2Ru12xTixO4 ~in which superconductivity is
quickly suppressed and the antiferromagnetic fluctuati
observed atx 5 0 develop into a static order with increasin
x), thex dependence ofTc seems to be explained only by
doping effect and no enhancement ofTc by the spin fluctua-
tions was observed.26–28These results imply that the incom
mensurate spin fluctuations may not contribute to its sup
conducting mechanism.28 In order to further clarify the
mechanism of the superconductivity in Sr2RuO4, especially
of relations between spin-triplet superconductivity and a
ferromagnetic fluctuations, information ofx9(q0 ,v) behav-
ior below Tc would be of great help.

D. Discrepancies with unpolarized INS results by other groups

In the present study, we measured data at~0.3 0.3Ql) and
~0.7 0.3Ql) including ~0.3 0.3 0! (Q;0.70 Å21) and esti-
mated the anisotropic factorxc9/xa,b9 to be;2.8 by evaluat-
ing a difference between theI and f Q

2 (Sr2RuO4). These re-
sults, however, are at odds with other unpolarized neutr
scattering data reported by Servantet al.7 and by Braden
et al.8 We attribute these discrepancies to~a! the narrowerQ
range in these groups’ measurements, and~b! a lack of de-
termination of f Q

2 (Sr2RuO4) by the other groups. For ex
ample, Servantet al.measured data at~0.3 0.3Ql) with only
larger Q part (Q.0.80 Å21) and ~0.7 0.7 Ql), and con-
cluded an isotropic behavior of spin fluctuations based on
fact that a small number of data points observed along~0.3
17450
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0.3 Ql) and ~0.7 0.7Ql) scaled at a very narrowQ range
near;1.6 Å21. One can see in Fig. 3~b! of our paper that
the accuracy of the data in thatQ range ~near
;1.6 Å21) is not very good. We also observed data
~0.7 0.7Ql) and found that the data scaled with those alo
~0.3 0.3Ql) in this Q range within the huge error bars. Fu
thermore, they did not get the proper magnetic form fac
for Sr2RuO4; this prevented them from making a reliab
comparison of their data with the magnetic form factor in t
smallQ region. On the other hand, Bradenet al. observedQ
dependence ofI at ~0.3 0.3Ql) within a very narrowQ range
of 1.2–2.5 Å21 and showed that the data decrease slow
than that off Q

2 (Ru1).8 This behavior is clearly opposite t
our data shown in this paper and to the data of Servantet al.7

At this time we do not understand the source of this discr
ancy.

V. SUMMARY

We have performed unpolarized inelastic neutro
scattering measurements on Sr2RuO4 to probe the aniso-
tropic behavior of the spin susceptibility observed at the
commensurate wave vector ofq5(0.3 0.3 0). Our
measurements indeed support that the susceptibility exh
a c-axis anisotropy, i.e.,xc9/xa,b9 ;2.860.7. This anisotropy
ratio is in good agreement with the result obtained by
NMR measurements (;3).17

Note added in proof. Recently, we became aware that ne
tron polarization analysis experiments have been perform
on Sr2RuO4 by two independent groups. These groups s
ceeded in confirming thec-axis anisotropy with anisotropic
factor of 2–2.5~Ref. 29! and 2.060.4 ~Ref. 30!, respec-
tively, being consistent with our unpolarized neutron resu
presented here. It can be argued that the best way to per
this type of measurements is using the polarized neutr
scattering technique because this technique allows the s
ration of magnetic components to the scattering from a
other nonmagnetic components including phonon and sp
ous peaks. We would like to stress here, however, that th
not the only reliable way to measure magnetic compone
It is true that the unpolarized neutron technique is intrin
cally more ambiguous when it comes to measure magn
components. But being conscious of this fact, we paid
greatest care to reduce such errors, and we made many
sistency checks with different scattering zones and e
checked background from the cryostat and judiciously ch
the best conditions for the experiment. Every experimen
result presented in our paper has been examined with g
caution and our results are reliable.
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