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Inelastic neutron scattering is applied to study the rolenafjnetism in stabilizing the charge ordered state
in Ry /3SK,3FeQ; (RSFO) R = La, Pr, and Nd). The ratio of the ferromagnetic exchangegyn@r) and
antiferromagnetic exchange energyi¢), |[Jr/Jar|, is a key indicator of the stability of the charge ordered
and antiferromagnetic ordered state. This ratio is obtafn@n the spin wave spectrum by inelastic neutron
scattering and is sufficiently large to suggest that the rtgexchange energy alone can stabilize the charge
ordered state in Las;Sr,,3FeQ; and Pi/3SK,,3Fe0;. The exchange ratio decreases from L&r,sFeQ;
to Nd, /3Sr,,3FeQ; which indicates a gradual destabilization of the magnetahange mechanism for charge
ordering in correspondence with the observed reductiohdgrotdering temperature.

PACS numbers:

1) Introduction

The charge-ordering (CO) transition is often encountenecbimplex transition-metal oxides (TMO) and has
been the focus of intense inquiry and debate in condense@msatence in the past years. The metal-insulator
transition that occurs as the temperature decreases dlceoG€ transition temperaturéqo, is associated with a
change from an itinerant electronic state to a more locdltate. The CO state plays an important role in various
systems, including the superconducting cuprates and tharpity of the superconducting state to a spin/charge
stripe ordered state,[1] colossal-magnetoresistive @muaites, where the CO states compete with ferromagnetic
metallic states,[2] and layered nickelates, which form alsmolaron lattice.[3] Therefore, understanding the
causes and implications of CO phenomena is significantlypimapt. The CO state is also often closely associated
with magnetic and orbital ordering, and it is widely recaggd that CO can arise from a variety of competing
interactions, most importantly the intersite Coulomb iatgion, magnetic exchange energy, and electron-phonon
interactions, all of which are strongly dependent on thewe¢ states of neighboring metal ions.

The Sr-doped rare earth ferrig /3Sr, ,3FeQ; (RSFO) is an interesting example of a CO system where mag-
netic exchange energy is thought to play a crucial, if not ickamt, role in the stability of the CO statBSFO is
a perovskite based crystal where the Fe ion adopts a foractidnal valence of 3.67+. BeloWw.o, it has been
proposed that charge disproportionation occurs accordi®fFe 5+ = 2Fe€™ + Fe™, with the different iron
valences ordering in planes containing a repeating arraageof 3+, 3+, 5+ ions perpendicular to the body diag-
onal [111].[4, 5] The CO occurs simultaneously with antiferromagn@iF) order. Recently, we used inelastic
neutron scattering (INS) measurements of the spin wavdrspeto demonstrate the plausibility that the magnetic
exchange energy is the dominant interaction giving rise@iLa, /3Sr, ,3Fe0; (LSFO).[6] Our results show
that the observed CO ground state can be stabilized by largeniagnetic (F) exchang&g) occurring between
the nearest-neighboNN) Fe**-Fe’* pairs. However, this conclusion was made based on the asisumtipat the
intersite Coulomb interaction (i.e. the Madelung energyguppressed by strong electronic screening enabled by
the small charge transfer (CT) gap (several to 10’s of me\8goled in the system.[6] Since we cannot directly
determine the contribution of the Coulomb interaction, possible way to verify the dominance of the magnetic
exchange mechanism is to measure the magnetic exchanggesriarothelRSFO (for exampleR = Pr and Nd)
compounds. For the smallerPrand Nd+ ions, increased lattice distortions lead to a larger chénayesfer gap
and a narrower electronic bandwidth. This should lead toeed screening and increase the stability of the CO
state due to a greater influence of the Coulomb interactiasweder, Ty andT¢oo are known to be suppressed
by smallerR**.[5] In 1998, T. Mizokawa and A. Fujimori proposed that tde/J 4| exchange ratio is a good
indicator of the propagation direction of CO ordering in tineit where magnetic energy is dominant. If the ratio
is larger than 1, the charges will be ordered along [111hefratio is less than 1, the charges will be ordered along
[100].[7] Thus, if neutron scattering measurements caitatd a weakening of the magnetic exchange ratio, this
would give additional support to the magnetic mechanisnCior
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To verify this hypothesis, we study the spin wave spectruR$iFO with differentR*+ ions. Based on INS
measurement of the powder sample in principal, the magerticange energie$r andJ 4, can be obtained,[8]
and the related exchange ratio could be calculated. Thesmonding contribution of the magnetic energy to the
CO state could then be considered. However, the magnetitrapd PSFO and NSFO are not as simple as that of
previously studied LSFO system,[6] where only Fe momenidrdnute to the neutron magnetic cross-section, as
the PP and N&* ions themselves possess magnetic moments. The neutrasitytitom crystal electronic field
(CEF) excitations of the magneticPrand Ndt ions makes the extraction of the Fe spin wave spectrum more
complicated. To better account for the rare earth CEF dimits, we also investigate the parent compouR#)
(R=Prand Nd). All of theRFO parent compounds are insulators with G-type antifergomatc ordering of Fe
atoms occurring at high temperaturé@s,(~ 700 K). The rare earth ions RFO are expected to have similar CEF
spectra tdRSFO once the simple dilution of the rare earth site by Sr ienahto account. After accounting for
the CEF intensities of thB** ions in the total magnetic cross-sectiorREFO, the INS data may be compared to
calculations of the spin wave spectra and their correspgnelioss-sections using a Heisenberg model. We show
that the ratig J-/J4r | is found to decrease with smallB?* which can account for the reductionTiy by the
magnetic mechanism.

I1) Experiment

PolycrystallineRFeQ; (RFO) andRSFO R = La, Pr, and Nd) were prepared by a conventional solid-state
reaction method. Stoichiometric amounts of,0g, or N, O3, or POy, SrCQ;, and FgO3 were mixed by
grinding with mortar and pestle. The mixtures were transfitto an A}O5 crucible and calcined several times in
air at temperatures of 110€ and 1200 C respectively for 24 hours. Then, the press-formed pelets sintered
in air at 1250C and 1350C for 30 hours, respectively. As the ionic size decreasas fra to Nd, theRSFO
compounds tend to be more oxygen deficient.[9] PSFO and NS&® annealed under oxygen pressure (10 bar)
at 600 C for 72 hours. Room temperature powder X-ray diffractioRD) patterns were performed on a Rigaku
Miniflex X-ray diffractometer with CWK,, radiation to confirm phase purity. No impurities were obsétvThe
oxidation state of iron was determined by iodometric titnatand is listed in Table I.

The CO and AF transition temperatures for the Sr-doped sswptre determined by neutron powder diffraction
(NPD), using the High-Intensity Powder Diffractometer Bfll) at the Lujan Center at Los Alamos National Lab-
oratory, and zero field cooled (ZFC) magnetization measamgsnusing a superconducting quantum interference
device (SQUID) magnetometer. These characterizationatatshown in Fig. 1. ThRSFO systems were found to
have identical magnetic propagation vectors and charder@ropagation vectors (inferred via the development of
structural superlattice peaks) beldw . Fig. 1(d) shows temperature dependent neutron diffractada for PSFO
and indicates the charge-order propagation vectors at 1§86 n/6), where n is even, and magnetic propagation
vectors at (m/6, m/6, m/6), where m is odd.[10] The latticestants determined from refinement of 300 K NPD
and magnetic transition temperatures are listed in Talilled.bond lengths and bond angles determined from NPD
patterns at 300 K are listed in Table Il. And the geometriertahce factortf is expressed as,

<R-0>

T V2<Fe—-0>' @

where R-O> and ~e-O> are the average bond lengtheRe0 andFe-O.

INS measurements were performed on the Pharos spectroatdter Lujan Center of Los Alamos National
Laboratory and the ARCS spectrometer at the Spallationfde@ource (SNS) of Oak Ridge National Laboratory.
Both instruments are direct geometry time-of-flight (TOp@strometers and measure the scatterring intensity over
a wide range of energy transfersJ) and scattering angles betweeir 140°, thereby allowing determination of a
large swath of the scattering intensi§Q, w), as a function of momentum transfé() and energy transfefi).

On ARCS, powders+14 g) of RFO andRSFO R = La, Pr, and Nd) were packed in 5 aluminum foil sachets.
The sachets were placed in an aluminum can filled with He exgdagas whose size was approximately 4.5cm
6.5 cmx 0.5 cm. INS spectra were measured with an incident en&gyf 180 meV. On Pharos, 50 g ofRFO
andRSFO R = La, and Nd) were packed in a flat aluminum can (6xré cm x 0.5 cm), andz;s were 120 meV
and 160 meV. The face of the sample can was oriented &ttb3Be incident neutron beam for both instruments in
a transmission geometry. To achieve adequate statidtiesample was measured for approximatel24 hours
on Pharos, ané 5 hours on ARCS. Empty sample can measurements were alsormed and subtracted from
the data presented.
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FIG. 1: (color online) Magnetization ®SFO R = La(a), Pr(b) and Nd(c)) as determined by ZFC SQUID measengs (d)
powder neutron diffraction of PSFO from 300 K to 15 K as a fiorctof d-spacing. The arrows show the positions of the
magnetic Bragg (red) and charged-ordered superlattieeKppeaks.

TABLE [: Lattice and magnetic parametersRFO andRSFO R = La, Pr and Nd) as determined by X-ray/neutron scattering
measurements at 300 K, SQUID measurem@ni3( and iodometric titration (oxygen deficiency).

LaFeQ PrFeQ NdFeQ
Space group Pnma Pnma Pnma
Lattice constant(A)
a 5.56+ 0.01 5.57+ 0.01 5.59+ 0.01
b 7.85+ 0.02 7.79+ 0.02 7.76+ 0.02
c 5.56+ 0.01 5.48+ 0.01 5.45+ 0.01
Lay /5SK /5Fel; Pry/3SK,/5FeQ; Nd; /3Sr,/3Fe0;
Space group R3c R3c R3c
Lattice constant(A)
a=b 5.48+ 0.01 5.48+ 0.01 5.47+ 0.01
c 13.41+ 0.03 13.37+ 0.03 13.34£ 0.03
T (K) 210+ 2.0 191+ 2.0 189+ 2.0
Oxygen stoichiometry 2.94 0.03 2.97+0.03 2.97+0.03

111) Results and Discussion

The unpolarized inelastic neutron scattering cross-@ectntains contributions from both magnetic and phonon
scattering. In order to isolate the spin wave spectrum, thgmatic scattering must first be separated from the
phonon scattering. This is accomplished by using the fadtttte magnetic scattering intensity decreases with Q
(or 20) due to the magnetic form factor, while phonon scatterinigrinity increases proportional té Q

The INS data of NFO taken on ARCS &t= 10 K with E; = 180 meV are shown in Fig. 2(a) and used as an
example of the data treatment. A similar analysis was peréorfor LFO on Pharos as outlined in Ref. [6]. The
data summed over the high angle range ®£275-95 contain primarily phonon scattering, Fig. 2(b), while the
data within the low angle range of 10-30ontain scattering from both phonons and spin waves arfsarg the



TABLE II: The structural properties dRFO andRSFO as determined by NPD at 300 K.

LaFeQ PrFeQ NdFeQ
Bond length(A)
<R-0O> 2.6944- 0.008 2.627- 0.008 2.609+ 0.008
Fe - 0O(1) 2.002+ 0.004 2.004+ 0.004 2.005+ 0.004
Fe-0(2) 2.004+ 0.004 2.006+ 0.004 2.007 0.004
Fe - 0(2) 2.005+ 0.004 2.015+ 0.004 2.017A 0.004
Bond angle
/Fe-0(Q)-Fe 15764+ 0.3 153.3 £ 0.3 151.2 £ 0.3
/Fe-0(2)-Fe 15754+ 0.3 152.4 £ 0.3 151.4 £ 0.3
Geometric tolerance factor
t 0.951+ 0.001 0.925+ 0.001 0.918+ 0.001
La,/3SnK,/3Feq; Pry/3Sr,3FeQ; Nd,; ,3Sr,,3Fe0;
Bond length(A)
R-0O 2.741+ 0.006 2.738+ 0.006 2.733+ 0.006
Fe-0O 1.9404+ 0.004 1.941 0.004 1.939% 0.004
Bond angle
/Fe-0-Fe 1732+ 0.4 170.5 £ 0.3 169.3 £ 0.3
Geometric tolerance factor
t 0.999+ 0.002 0.997 0.002 0.996+ 0.002

G-type AFM order of F&" and the CEF of N&", Fig. 2(c). The magnetic scattering in NFO was isolated by

subtracting the high angle phonon data from low angle daé afaling the high angle data by a constant factor.

A comparison of the scaled high angle data to the low angkeidathown in Fig. 2(c) and the phonon subtracted

data is shown in Fig. 2(d). In order to compare the two insents used for the INS measurements, the magnetic
spectrum of NFO measured on the Pharos is overplotted inZ@). The spectrum agrees with each other very

well.

A) Magnetic spectra of RFO
a) Fe Spin Waves

We now discuss the analysis of collective Fe spin waves belgvin the parenRFO compounds. IIRFO, NN
Fe’t+(3d°) spins are coupled by stromd= superexchange interactionky( < 0). According to the single-crystal
INS studies of TmFe@[12] the spin waves can be approximated using a Heisenbedglilamiltonian with only
isotropicNN exchange interaction,

H=—-Jar Z Si- Sy, 2
<i,J>
whereS; andS; represent the spin vectors of tiik andjth iron atoms that arlINs.
Therefore, the numerical calculations of the spin wavesssection in the linear approximation to the Heisen-
berg model can be expressed as,

Eo 1 Lk (3-Q)?
g~ 0+ (HQQ) )

Y R /STl ¥ P x(n(w) + D6 — wn (@)

; ®)

whereQ = K -k is the scattering vector, aridy is the energy transfek andk’ are values of the initial and final
neutron wavevectors. Th#h spinS; pointed in directiorn is located at positionl;. o = + 1 is the direction of
the spin relative to the quantization axigor a collinear spin structurey = Q - 7 is the spin wave wavevector in
the 1st Brillouin zoneT,,;(q) is the spin wave eigenvector, akR¢g(Q) is a product of the Lande g-factor, magnetic
form factor, and Debye-Waller factor for thih spin, respectively. And(w) is the temperature dependent Bose
factor.
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FIG. 2: (color online) (a) Inelastic neutron scatteringeimgity €; = 180 meV) of NFO (color scale) versus scattering angle
and energy transfer 8t = 10 K as measured at ARCS. Horizontal white lines delineagégons where phonon and magnetic
scattering are isolated; (b) neutron intensity summed theangular range from 75-9%riginating from phonons (red dots);
(c) neutron intensity summed over the low angular range t6m30 (blue dots) and phonon background scaled from the high
angle sum; (d) the isolated magnetic scattering of ARCS @athdots) and Pharos data(black line).

The INS information obtained from the polycrystalline sdespis related to the spin wave density-of-states
(SWDOS) via a powder-averaging over all crystallographieations.[8] For the G-type LFO spin waves, the
SWDOS consists of a single sharp peak at an energyJof6| S** andS** is the spin magnitude of F¢ ion.
AssumingS*t = 5/2, a value ofl 4» = -4.9 meV can be determined from the position of this singlakpat 73
meV, shown in Fig. 3. The value dfs  is also listed in Table IlI.
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FIG. 3: (color online) The experimental angle-averagedmeéig INS data foRFO (R=La, Pr and Nd) on ARCS at 10 K and
E; = 180 meV (dots). Heisenberg model calculation of the povederaged Heisenberg spin waves cross-sechi@sgn) for
G-type magnetic order are shown as solid cyan lines. Aduitipeaks in the spectra f&= Pr and Nd and associated solid
pink lines are the fits of CEF excitations.

Figure 3 shows the phonon subtracted magnetic data for LFO, Bnd NFO found via the procedure described
in Fig. 2. As L&" has no f-electrons, there are no CEF excitations existird=@. While PFO and NFO have
similar G-type magnetic structure as LFO, it is clear thatrleutron spectra of PFO and NFO contain additional
magnetic excitations due ®* CEF excitations which will be discussed later. In order ttedmine which of the
observed peaks are due to Fe spin waves and which are CEFanwee mean-field theory and knowledgd af
to estimatel 4 » exchange coupling between Fe ionsfor Nd and Pr. In mean-field theory,[13]

3kpTn =N | Jar | V/S(S+1), 4)

whereN = 6 andSis the spin angular momentum, 5/2.[8] With this assumptio& magnetic exchange energies are
expected to weaken slightly upon going from LFO to NFO duéneodecrease of . However, it is well-known
thatT v is overestimated in mean field theory and therefore the nfielthestimate is smaller than that observed by
neutron scattering. Table Ill lists the AF exchange eneapel on Eq. (4). A more accurate value of the exchange
can then be obtained by fitting the SWDOS peak in the INS datddisenberg model, Eq. (3). Since the magnetic
inelastic spectrum of LFO only includes the contributionFeft, it is easy to calculate th&, , which is -4.9
meV. Furthermore, Eq. (4) also establishes a proportiynaditweenT y andJ 4. Hence, we could estimate the
Jar of PFO and NFO based on our knowledgelaf= of LFO and the Neel transition temperatures of all three
compounds. The results are listed Table IIl. Then, the LA&tedJ 4 s of PFO and NFO are good references for
the Fé+ SWDOS simulation by Eq. (3) and the final fittings are shownig B. According to superexchange
theory, crystalline distortions caused by the smaller eamth ions result in a bending of the Fe-O-Fe bond angle
that weakend o, Table I1.[14]

TABLE lll: Magnetic exchange energy afidy of RFO (R= La, Pr and Nd).
LaFeQ PrFeQ NdFeG;
Tx (K)[11] 738 707 693
Mean Field § 4 (meV)) -3.74 -3.58 -3.51
Heisenberg model
(Jar (meV) based on LFO) 49 469 -4.60
Heisenberg model(; » (meV), fitted) -4.9 -4.55 -4.45




b) Crystal Electric Fieldsof Pr3* and Nd**

Mean field theory helps us locate the characteristic enefgpio-wave excitations from the £€ ions. The
remaining excitations in the phonon subtracted data shmeiflom CEF ofR** ions. The cross section for CEF
excitations can be written as,[15]

d? K’
ngw x [gJF(Q)]Qe_QWESCEF(QaW)a (%)

whereg; is Lande factor of th&®®* ion, F(Q) is the R** magnetic form factor, and@" is the R** Debye-
Waller factor. Scgr(Q, w) is the response function of the system which is determinethé temperature, CEF
level splitting, CEF eigenstates and corresponding CEFixglements.

Scer(Q,w sz i| I 4) P 6(B — Ej — hw), (6)

where| i ) and| j ) are the initial and final CEF eigenstates of the system withllenergie€; andE;. J, is
the component of the total angular momentum operator pdipglar to the scattering vectop; is the thermal
population factor of the initial state. Observable ex@itas occur between levels which have non-zero matrix
elements.

For rare earth ions, the spin-orbit coupling is usually sgger than the CEF potential, and the total angular
momentumJ = L + S, remains a good quantum number. Therefore, the magneticfmtor in Eq. (5) is given
by,[15, 16]

JWJ+1)+L(L+1)-S5(5-1)
3J(J+1)+S(S—1)—L(L+1)’

where( jo) and( j») areQ-dependent functions whose values are tabulated.[17]

F(Q) = (jo(Q)) + (j2(Q))

()

b.1) NdFeOs

The ground state of the free Rilion has 3 unpairettelectrons, and the Russel-Saunders term symb‘M,jg
with a degeneracy of 2 + 1 = 10. At a point of orthorhombic symmetry in the distorteztqvskite cell, the
ground state multiplet splits into (2+ 1)/2 = 5 CEF doublets.[16] At 10 K, we observe four CEF trioss at
~ 9, 21, 46 and 60 meV as shown in Fig. 3. These are consistampwétious work,[18, 19] and are associated
with excitations from the CEF ground state to each of the éxeited states. Due to the possible overlap of CEF
excitations with spin waves, the phonon scattering coutidin and multiple scattering, the separation of the CEF
contribution was done by examining both theand Q- dependence of the total cross-section. The positiod
integrated intensities of the Nt CEFs in NFO at 10 K were determined by,

S(Q,w) = Snag(Q,w) + Sphonon (@, w) + Sopr(Q,w) + Skg (@, w) , (8)

where S,,,,(Q, w) is the polycrystalline averaged spin wave scattering of F®ns, S,nonon(Q, w) is the
polycrystalline-averaged phonon backgrouBidg r (Q, w) is CEF scattering from Nt~ ions, andSyx, (Q, w)
is the background scattering which is a constant as a funofi® and some energy dependence.

For simplicity, we treat the phonon scattering from a povwsdenple in the incoherent approximation. In this ap-
proximation, the one-phonon scattering is proportionéhégphonon density-of-states (DOS) and can be expressed
as,

Sinc,il—phonon (Q7 CU) =

where Z{ w) is the sum of weighted partial phonon DOS(7Zw),

QQ
2w+ 1), ©

Z(hw) = Z 2’?_]\?41_6—2% Z;i(hw), (10)



and(n+1) is the Bose population factor,

(n+1) = %[coth(%ﬁwﬂ) +1], (12)
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FIG. 4: (color online) The Q-dependence of the neutron sdaty data averaged over different energy transfer ranges i
NFO on ARCS at 10 K andE; = 180 meV. (a) 10.5-20.5 meV, (b) 30.5-40.5 meV, (c) 40.%50eV, and (d) 50.5-60.5
meV. The black dots are the experimental data. The blue i iestimate of the incoherent phonon backgrophd (plus
background scatterindkg). The green line is the calculation of the polycrystallineraged spin wave scatteringjdisen)
plus background using the parameters in the text. The reddisum of the calculation of CEF, the polycrystalline agech
spin wave scattering, background, and multiple scattefiing vertical brown dash line in (b) - (d) is the usable lovglardata
limit of the experiment. The dotted line is the fitted CEF ¢éxtions.

Constant energy scan obtained from averaging over diffeneergy transfer ranges are shown in Fig. 4. Figure
4(a) is averaged over an energy range from 10.5-20.5 meV esctibed here as an example. The background
contributions (bkg) are treated as a constant backgrousriz@intal line). The single phonon (ph.) cross-section
is determined by assuming an incoherent quadratic Q-demeed parabola curve) given by Eq. (9). In order to
compare with the reported data in Refs. [18, 19], the CERaticnh data were integrated from 1.6Ato 4.8A-1,
which corresponds approximately to the scattering angigedrom 10 to 30°. Furthermore, we note that the
peaks seen at high-Q (above 54 arise from coherent phonon scattering that is not includéie analysis. The
spin wave scattering intensities (Heisen) of Fare calculated from a Heisenberg model (zigzag curve). tate
the sharp peaks in the spin wave contribution arise fromahei@nt scattering, which is included in the Heisenberg
model calculations of the powder averaged cross-sectigpedtally at low energies, the sharp inelastic peaks are
coincident with the position of magnetic Bragg peaks. Thmaiaing signal is associated with CEF scattering,
which follows the magnetic form factor. The energy rangesmtihere is a large difference between total fitting
line (multiphonon + phonon + spin wave) and the data sigmegtesence of a CEF excitation. The dotted line in
Fig. 4 is the fitted CEF excitations.

The measured and calculated energies and transition itiésnsf the CEF levels are listed in Table 1V and
plotted in Figs. 3 and 4. The CEF excitations of NFO can be douia the single-particle crystal field theory
in Refs. [18, 19]. The calculation and measurement of the €&fsitions agree with each other very well. If
we normalize the intensities of the CEF transitions to therisity of the excitation from the ground state to the
first excited state, which are 9.4 and 10.1 meV for the measemé and calculation respectively, the measured
intensities of the secondy 21.2 meV) and third excited states ¢5.7 meV) agree with the calculations based on
estimates of the corresponding matrix elements. A compauas$ the intensity of the 59.9 meV is more difficult
due to the proximity to the magnetic signal fron?Fespin waves.



TABLE IV: The measured and calculated CEF transition emargf Nd™* in NFO at 10 K.[18, 19]

Energy levels hw (MmeV) Integrated Intensities
calculated measured calculated measured
0 0.0 0.0
1 10.1 9.4+ 0.1 100.0 100.6t3.1
2 224 21.2+0.1 293 30.9:1.1
3 447 457+ 0.1 46.1 41.8- 1.6
4 60.8 59.9+0.1 7.0 17.8:1.3
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FIG. 5: (color online) The Q-dependence of the neutron sdat data for different energy transfer ranges (Q-cut®R® on
ARCS at 10 K andE; = 180 meV. The brown dash line in some different energy temsinges ((c), (e), and (f)) indicates the
usable low-angle data limit of the experiment. The dotted Is the fitted CEF excitations.

We next examine the CEF transitions in PFO. Although mangsrgental and theoretical studies or# Piin
perovskite oxides have been performed,[20, 21] we know afaroplete set of experimental data for CEF levels
of Pt ions in the perovskite structure ABOThere are 2 unpaireidelectrons for Pi™ and the electronic term
is 3H,. Since the structure of PFO is orthorhombically distorted &= 4, the ground state multiplet splits intd 2
+ 1 =9 singlets. The dipole allowed transitions from the gibatate are listed in Table V. Similar to the analysis
of NFO, the magnetic form factor of r in PFO is taken from the literature[17] and used with the nesly
observed transitions from Ref. [20] in Table V to establish fraction of different contributions to the total cross-
section. Fig. 5 shows the result of the process. The data age# with the model calculation over a range of
wave vector and energy transfers.

The CEF levels in PFO were compared to those 6f Rm PrGaQ (PGO) because it had a similar’PrCEF
scattering as PFO and was the only theoretical calculatid®EF of P#+ in perovskite oxides with the space group
Pnma.[20, 21] There are discrepancies between our measurewfd@EF excitations in PFO and the calculations
for PGO. First, the CEF transition predicted to appear adour67 meV was not observed in our measurement.
This is likely due to the proximity of this transition to the® spin wave band. The proposed observation of this
CEF transition was mentioned in regards to INS measurenoé®BO and PGO.[20, 21]. However, this analysis
did not report the spin-wave excitation offeions,[21] and the magnetic peak claimed to be a CEF areuf@
meV is much more likely to be P& spin waves scattering. An examination of Fig. 5(e) showsttha67 meV
CEF transition may be either too weak to observe (as compartte FE™ spin waves) or shifted in energy as
compared to PGO. We also observe a weak excitation peak@rod®0 meV, Fig. 3. This is presumably a CEF
excitation, however the matrix element is predicted to bie.720]
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TABLE V: The measured and calculated CEF transition energie®r* in PFO at 10 K.

Energy levels PrFeQ PrGaQ Integrated Intensities
(measured) (calculated) (present work)
Ref. [20] present work Ref. [21]
0 0.0 0.0 0.0 0.0
1 2.0+ 0.1 —-— 5.6 —-—
2 147+ 0.4 15.2+ 0.1 16.0 100.0t 3.1
3 23.2+ 0.5 24.7+ 0.1 234 41.14+1.6
4 36.0+ 1.0 36.6+ 0.5 32.9 82.2+2.3
5 58.0+ 2.0 -— 67.4 -—
6 -— —-— 69.3 —-—
7 -— 80.1+ 0.5 89.5 4.2+0.8
8 -— 97.9+ 0.3 113.1 49+ 0.5
B) Magnetic excitationsin RSFO
0.20 T — 0.15 ; S : . _—
s g (a) (b)
.‘E - * : 10K
£ 015 LSFO 10K - N
=. L] Iowangle 0.10 - - ¢ LFO
2 * .* eLsFo
< o010 =
£ . :
2 005  , [
2 oos f 2 H
) Fov
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-20 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Energy (meV) Energy (meV)

FIG. 6: (color online) (a) Neutron intensity summed overltveangular range from 10-3Qblue dots) and phonon background
scaled from the high angle sum of LSFO (color scale) versasggriransfer al = 10 K at ARCS withE; = 180 meV, (b) the
isolated magnetic scattering of LFO (black dots) and LSF@ (fots).

We now take our knowledge of the differential scatteringssrsections in the pareREO compounds and use
it in an attempt to isolate the scattering arising from thespia waves in the dopeRSFO compounds, Fig. 6(a).
As Srion introduced in LFO, the magnetic intensity of LSFQha CO phase &t = 10 K is split into two bands,
Fig. 6(b).

Figure 7(a) shows the extracted low-angle magnetic intgi$iRSFO R = La, Nd, and Pr). In general, we
find magnetic signals up to a maximum energy of 120 meV. Thh &itergy portion of the magnetic excitation
spectrum between 99 120 meV is very similar for each compound. In LSFO, this higargy band is associated
with spin waves propagating in ferromagnetic channelsémtiagnetic lattice. The low energy features are more
difficult to compare due to the presenceR3f- CEF excitations.

a) Crystal Electric Fieldsof Pr3* and Nd3*

The CEF information obtained from the pard®fO compoundsK = Pr and Nd) can be used as a guide to
estimate the CEF contribution in Sr-dopB8FO. Because the ionic radius of?$ris close to the radii of the
R3*t ion, we assume that the average structural environmened®th-site does not change significantlyRsFO
with St doping. Thus, the CEF d®* in RSFO would be similar to that dRFO. Since 2/3 oR** has been
substituted by nonmagnetic®Brions, the integrated intensity of the CEF excitation®RBFO should be 1/3 of
that found forRFO. However, the effect of disorder and other lattice dt&tas arising from the St substitution
may shift the position and broaden the width of CEF excitatio

The CEF scattering intensities BSFO were fitted with the same method as used folRIR® samples. The
intensities were initially constrained to be one-third loé ttorresponding transition RFO and then allowed to
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TABLE VI: The transition energies and integrated intemsitfarea) of Br~ CEF transitions in PFO and PSFO at 10 K. The last
column is a ratio of the integrated intensities of the relaxcitations.

PFO PSFO
B Tiw (MeV) area  Tw (Mev) area PFO/PSFO

Eio -= —— - = -= - =

Ex 15.24+0.1 1.294+0.04 13.9+ 0.3 0.684+0.01 1.9+ 01
Esp 24.6+0.1 0.53£0.02 23.3£ 0.2 0.19+0.01 2.9+0.2
Eiw 38.6+05 1.06£0.03 34.1£0.1 0.36+0.01 29+0.1

Eso —-— —-— —-— —-— —-—

Eso —-— —-— —-— —-— —-—

Ezo 88.1+£0.5 0.054+ 0.01 85.9+- 0.4 0.018+ 0.003 3.0+ 0.4
Eso 97.9+0.3 0.063+ 0.07 96.9+- 0.4 0.021+0.002 3.0+ 0.4

vary in the final fits. The fitted results &+ CEFs in the compound®SFO are compared with the dataRFO
in Fig. 7(b) and (c). The integrated intensitiesR3f~ CEF states in these compounds are listed in Table VAH(Pr
and Table VII (Nd™), respectively. The transition energy between differertrgy levels is defined &;;, which
ith andjth are the numbers of the energy levels.

The integrated intensity ratio of the CEF excitations ofNdh NFO is consistently 3 times that of the CEFs
measured in NSFO as shown in Table VII. For PSFO, the ratio®of BEF intensities deviates from 3 for thsg
transition, which overlaps the strong elastic peak.

TABLE VII: The transition energies and integrated inteiesit(area) of N&™ CEF transitions in NFO and NSFO at 10 K. The
last column is a ratio of the integrate intensities of thesztations.

NFO NSFO
B E(meV) area E(meV) area NFO/NSFO
Eio 9.1+01 18+£0.1 9.1+£04 0.6+0.1 3.0+ 0.3
E2o 20.84+ 0.1 0.6+0.1 19.2+0.2 0.2+0.1 3.0£0.4
Esp 45.2+0.1 0.9+0.1 46.9+0.4 0.3+0.1 3.0£ 0.5

Eswp 59.54+0.2 0.5+0.1 60.9+0.4 0.2+0.1 3.1+ 0.8

b) Fe Spin Wave Excitations

After subtracting the CEF intensities for tRSFO compounds, the spin wave excitations of Fe ions in akthr
RSFO compounds were isolated and are compared in Fig. 7(d).spim wave spectra in all three compounds
agree with each other for energies greater than 85 meV. Atladir energies, the spin wave spectra of LSFO and
PSFO remain similar: there are two energy bands with a gayeeet 60-80 meV. In NSFO, the low energy spectral
weight appears to move to higher energies and fills this @owf the spectrum. The intense peaks around 20 and
30 meV in NSFO are signals which also exist in both LSFO and®&d are likely artifacts due to inaccuracies
in subtracting the phonon spectra based upon high angleurezasnts.

Previous analysis of spin waves in LSFO [6] showed that teetspm can be modeled adequately for energy
transfers above 40 meV where phonon corrections are motléstbase our model on the facts that there are
two different kinds of Fe ions, Fe& and Fé*, and two nearest-neighbor exchange interactions whicl thee
Goodenough-Kanamorirules for the sign of the exchangéeartmagnetism between half-filled Fe-Fe** pairs
and ferromagnetism between half-filled and em@tyrbitals in Fé™-Fe’™ pairs, Fig. 8(a) and (b). Hence, the
spin waves from RSFO magnetic structure must be calculaigterically by theNN Heisenberg model and the
Hamiltonian is

H=—Jsp» S-S —Jp> s.87, (12)
(i,3) (i,9)
where sums are over each pair-tyfe,andS; represent the spin vector of tié andjth iron atom of the type

indicated, and sums are over nearest-neighbor pairs wiitiviga exchange valuegd £ or J 4 ) determined by the
charge ordered structure.
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FIG. 7: (color online) (a) Magnetic inelastic neutron sesttg intensity ofRSFO R = La, Pr, and Nd) versus energy transfer
on ARCS atT = 10 K andE; = 180 meV. The calculated CEF intensities of (b) PFO (blaok)liand PSFO (red line); (c)
NFO (black line) and NSFO (red line). (d) The spin wave scattefrom Fe ions irRSFO R = La (black), Pr (red), and Nd
(blue))found via a difference of the total magnetic sigrglrtinus the fitted CEF contribution of (b) and (c) respetyive
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Hence, the spin wave dispersions will be

w(@) = 28{(2| Jar | +Jr)? = (2| Jar | v(q) + Jry=(q))?}/2, (13)

where~v, (q) = % (cosg,a + cosq,a), 7. (q) = cosq.a, q is the spin wave momentum, ardis the cubic
perovskite lattice constant.

Because of the small charge-transfer gaR8FO, significant hybridization exists between Fe and O tiesul
in some fractions of doped holes residing on the oxygen diteen considering the presence of doped holes,
the exchange between Feand nominal F&" ions remains ferromagnetic. In the limit where the holesare
the iron site (corresponding to full Fe valence), F exchange occurs between half-filled and emptybitals
according to the Goodenough-Kanamori rules. In the limiereha single hole is on the oxygen site, sharing of
the spin-polarized oxygen electron also leads to F exchdfmehe same reason, if there is no distortion existing
in the lattice, the presence of oxygen holes betweén F&e** pairs will reducel 4, » as compared to the parent
insulatorRFO. NSFO is an exception and will be discussed later. Furibeg, the spin values of Fe ions are
affected by hybridization: if the hole is on the oxygen idme Fe oxidation state is lower and the effective spin of
the Fe ions would be larger.

0.10 T
(c)
0.08 PSFO 10K
* data
0.06 - — Heisen
_ - CEF
‘é’ 0.04 — Heisen +CEF
=
£ 002
8,
ey
= 0.00
c  0.06 T
[
z @
- NSFO 10K
o.0al e data
* — Heisen
- CEF
2 * — Heisen +CEF
0.02} P>
>
0.00 . (A, )
0 20 40 60 80 100 120 140
(100 ) plane of RSFO Energy(me\[’

FIG. 8: (color online) (a) Charge-ordered lattice struetafRSFO. Black dots represeRtions. Orange (purple) octahedra are
Fé’*-OG/z (FeH—OG/Q). The arrows are the directions of Fe spins. (b) Schematigrdim of oxygen hole density and iron
spins in the (001) plane ®&SFO. Open circles denote oxygen and circle radius reprebeia density. Orange (purple) circles
are nominal F&" (F€*) ions. Comparison dRSFO R = Pr (c) and Nd (d)) magnetic scattering spectra on ARCS at 40K
E; = 180 meV (dots) and summed fof 20°-30°. The Heisenberg model calculation (blue line), the CEFtakions (green
line) and the sum of the two calculations (red line) are shown

Figure 8(c) and (d) show the fitting results of PSFO and NSHBddHeisenberg model of Eq. (12). Unlike the
simple case oRFO, the fitting ofNN Heisenberg model calculations and CEF excitationRSFO do not show
guantitative agreement with the data especially at low giasrwhere phonon corrections are more important.
However, as explained in [6] the critical ratid-/J 4| can be estimated by the splitting between the upper (> 70
meV) and lower energy (< 60 meV) bands. For LSFO and PSFO\khEleisenberg model calculations show that
these two main spin wave bands originate from F-like/Afe-Bipin waves that propagate along/between the metal
centered domain wall, respectively. A rough estimate okthergy scale for these excitations is,

EF N3JF(2S3++S5+) (a),

14
Eap ~ 3| Jap | ST 4+ 3JpS°  (b), (14)
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Based on the previous reports on spin magnetic momentsfferatit Fe ions, 3" is very stable and keeps as the
value 5/2, while $* is likely to be larger than the atomic limit of 3/2 due to hydiriation and can be adjusted.[22,
23] The final fitting magnetic exchange energies are showalmeTVIlil.

TABLE VIII: Parameters of th&N Heisenberg model fdRSFO R = La, Pr and Nd) and the size of the charge transfer gap.[5,
24] Parameters of LSFO are from Ref. [6].

La,/3SK/3Feq; Pry/3Sh/3Fe0; Nd, /5Sr,3FeQ;

Spin momenta

Sl 25 25 2.5

Sl 2.0+0.1 2.0+ 0.1 2.0+ 0.1
Magnetic exchange energies

Jar (MmeV) -3.5+0.2 -3.5+0.2 -5.5+ 0.3

Jr (MmeV) 51+ 0.1 5.1+ 0.1 51+ 0.1

ratio (Jr/dar]) 1.46+ 0.05 1.46+ 0.05 0.93+ 0.03
charge transfer gap

A (meV) 62 58 85

The measured magnetic exchange ratid pfand| J4r | can be compared to the theoretical predictions of
the magnetic exchange mechanism for the CB3O R = La, Pr, and Nd) as shown in Fig. 9. In the magnetic
exchange only model proposed by T. Mizokawa, et al.,[7] tharge ordered patterns are considered with alternat-
ing charge and spin ordering along either the (111) or (1@@rtons. Those with the observed pattern of charge
ordering along the cubic (111)-direction are stable fogdavalues of the exchange ratjd7/J 4| > 1, although
the boundary between the two phased at 10 K depends on the value dIN exchange between Fe - F&+
ions Js5) that is present only in the (hypothetical) (100) chargeeoed structure. According to the Goodenough-
Kanamori rules, it is expected that this exchange is wealklydde to ther - bonding of half-filledt,, orbitals. In
the limit whereJss ~ 0, the (111) order is stable whéhy / J4r| > 1/2. A much more conservative estimate of
Js5 ~ | Jar | results in the conditiof)z / J4 | > 1 for the stability of (111) charge order. LSFO and PSFO have
exchange ratios that clearly favor the (111) ordering, éaghe most conservative estimate for the valudpf
On the other hand, the exchange ratio for NSFO is slightly fean one. This suggests that the (111)-type charge
ordering is less stable in NSFO as compared to LSFO or PSF®.isTbonsistent with the suppressionTaf in
the RSFO compounds.

The reduction of the exchange ratio in NSFO largely arisemfa~ 20% increase ofJ 4| as compared to
LSFO and PSFO. The AF exchange in NSFO is comparable to thia¢ glarenRFO compounds. Based on Table
Il and VIII, the increase ofJ 4| in NSFO as compared to LSFO and PSFO could arise from diffeeim the
CT gap and/or the lattice distortion of these compounds. Cheyap of NSFO is larger than those of LSFO or
PSFO, hence electrons will be more localized and the madmitdi AF exchange energy of NSFO is expected
to increase. In addition, the effect of lattice distortiantbe magnetic exchange should also be considered. The
effect of the lattice distortions in thBFO parent compounds is well understood. The tolerancerfastose
deviation from one indicates the propensity for latticdatigon, decreases from LFO to NFO (see Table Il). The
larger lattice distortion in NFO results in smaller Fe-Odemd-angles that weakens the AF superexchange. The
tolerance factor of th&®SFO compounds is closer to 1 than the paRFO compound and varies only weakly
throughout theRSFO series. Therefore, the large changé g is unlikely to arise from an average change of the
doping induced structural distortions.

V) Conclusion

Using inelastic neutron scattering, we determined thasiimdar spin wave spectra of LSFO and PSFO consist
of two energy bands separated by a large energy gap, whilevthdands merge into one in NSFO. The full
magnetic bandwidth is determined mainly by the ferromagretchange energylr, between F&" and Fé*
ions, and is found to be similar for the differéR8FO compounds. The AF exchange energies betweehibas,
|Jar|, which controls the splitting of the upper and lower magnkénds are more sensitiveRsubstitution. We
determinel and|J 4 | by comparison to a Heisenberg model. The ratio of these exge®ais an indicator of the
role that magnetism plays in the formation of the charge mdistate. While LSFO and PSFO are in the regime
where magnetic exchange can stabilize the charge ordeted thte case for NSFO is not as clear. The much lower
exchange ratio in NSFO may come from the increase of the ehemgsfer gap that is caused by the smaller Nd
ion.
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FIG. 9: (color online) The charged order phase diagramR®FO R=La, Pr, and Nd) as a function of nearest-neighbor
magnetic exchange. The (111) and (100) types of charge ardeéllustrated respectively in the corresponding pogiohthe
phase diagram.
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