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Low-energy spin excitations play an essential role in determining the characteristics of the phase transitions
in the colossal magnetoresistant manganese-oxidasganites Inelastic neutron scattering has been utilized
to study the spin excitations of the ferromagnék®l) La, ,CaMnO; (LCMO) as a function of hole doping
x (0.2, 0.25, and 0.30and temperature, above and below the Curie temperagraVhile the spin-diffusion
coefficientsA (T) andT¢'s increase smoothly with doping concentratigrthe spin-stiffness constabt(T) for
the insulating LCMO is 3 times smaller than that of the metallic LCMO. Furthermore, the paramagnetic-to-
ferromagnetic phase transitions in LCMO manganites investigated have nonvanishing extrapolated values of
D(T) asT— T and nondiverging spin-correlation lengthsTat. These results present a serious challenge to
the understanding of these materials using models such as Heisenberg ferromagnetism, double exchange, or
modified double exchange.
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The elementary spin excitations in a ferromagnet can proean be continually suppressed by differexiB) substitu-
vide direct information about the magnetic interactions fromtions until an insulating, charge-ordered ground state is
the spins associated with the unpaired electrons in the systabilized” When the average ionic size of ions(B) is
tem. Below the Curie temperatulie;, when the spins order small, the system is insulating. As the ionic si&eB) be-
ferromagnetically, the elementary magnetic excitations aréomes larger, the system turns into a metal. Although such
propagating spin waves. The energy change of the system féfnic size effect is commonly thought to originate from its
a small magnetic disturbance with wave veatpis charac- dependence of the electronic bandwidth through the bending
terized by the spin-wave stiffness coeffici&(¢T) for small  ©f the Mn-O-Mn bond, systematic neutron scattering mea-
gl Above T¢ in the spin-disordered paramagnetieM) surements show that a number of features in spin-wave ex-
state, the spin excitations can only propagate through thE'tations Olf A0-7BO_-3MInO3 are inconsistent with Slfjcrr'] a Ide-
spin-diffusion process and the response of the system for tn]i:cr"jfo% R/lpgmcu ar, tsptl)n—v(\;ave %X(;te}tlons tg the OWt'
same magnetic disturbance is measured by the spin-diffusion®, *"0-7-0.3 NV cannot be e.z(%r_llze _from he nearest-
coefficientA(T).2 In the hydrodynamic limit of long wave- neighbor Helsenberg H_amlltom : F'.rSt’ t_here 'S an
ol ). and smal frequencie®(T) andA (T) are qnomalous central diffusive gomponent in spin-wave excita-

9 9 q / tions for AgBoaMnO; as T is approached® Second, the
related to the spin-wave energyo and the energy width of

T . ) ) FM spin-wave stiffnes®(T) for Ay By MnO; that should
the magnetic diffuse scatteririg(q) via the quadratic form ¢4,y the electronic bandwidth an@ exhibits little com-
ho=A+Dqg andI'(q)=1/7=AQq*, whereA is the small

. . . . position dependence. Finally, anomalous zone-boundary
dipolar gap arising from the spin anisotropy amds the  spin-wave softening and broadening are observed for the
spin-relaxation time. low-Tc Ag B MNO; manganites?

In the mixed-valent ferromagneti&=M) manganese ox-  Although some features of spin-wave excitations in
idesA; ,B,MnO; (A is trivalent andB divalent ion, the  Aj B, jMnO; deviate from expectations of the semiclassical
ferromagnetic-to-paramagnetic transition is intimately re-approximation of the DE model, considerations of the exact
lated to a metal-to-insulatdiMI) transition® The basic mi-  solution of the DE model for finite systeni¥;*>approximate
croscopic mechanism for such behavior is believed to be thealculations of DE for infinite systent§ or orbital effects in
double-exchang¢éDE) interaction? where FM coupling be- addition to the DE mechanisth'® may explain the anoma-
tween localized Mrt,, spins is mediated by the hopping of lous results®~*2For example, large zone-boundary magnon
ey electrons[with kinetic energy(KE)] which enables the softening and broadening are natural consequences of the
avoidance of the Hund's-rule energy,). The DE model more precise calculations of the DE modet® or orbital
makes clear predictions about the nature of the spin exciteeffects in addition to the DE-mechanisit® Since these
tions and their dependence upon the electronic bandwidthiheories in their present forftis*®are not expected to affect
KE, T¢, and doping concentratior. In the semiclassical the small-momentum spin excitations, it is interesting to ex-
approximation of this model, the spin-wave dispersion of theplore these excitations in a range of dopirgelow and
ferromagnet can be mapped onto that of a nearest-neighbaboveT.. If a current DE-based model is sufficient to ex-
Heisenberg Hamiltoniam.® For FM A;_,B,MnO; with x  plain the properties of\, Bo sMnO3,*8it should also ac-
~0.3, theT's and zero-temperature electric conductivity count for the doping dependence of the spin excitations.
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For a conventional cubic Heisenberg ferromagnet with LaygCay,MnO;  La,;5Cag,sMnO,  Lay,Ca,;MnO,
only nearest-neighbor spin exchange interactinfQ)) scales 1000 N I TPV R TP
with the magnitude of the exchange couplidiy Since the
latter also controls thd ., the ratio of D(0)/kT is ex-
pected to be a constahtPrevious work on FM metallic 800
Ao BoMNO; found that D(0)/kT. values deviate from &
such behavior and become larger for materials with lower g 1.11T,
Tc's.Mt However, because the lof. materials also have > 600
nonvanishingD(T) at T¢, the T¢'s in these materials are

a q=0.14 rlu 0{=0.08 rluj
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lattice and magnetic polarof$?° In the strong-coupling
limit (KE<Jy) of a DE ferromagnetD (0) (Refs. 5-8 and
A (Ref. 21 are found to be approximately proportional to °
KE, Tc, and x for small x. Even in the exact
calculations:*~%® D(0) is expected to closely follow the
Heisenberg Hamiltonian and increase smoothly witfor
0.15=x=<0.45. For the FM La ,SrMnO; (LSMO), neu-
tron scattering measurements indeed show that the expecte
behavior forD(0) as a function ok is observed? %4

In this article, we use neutron scattering to demonstrate
that the doping dependence of the spin excitations in FM
La, ,CaMnO; (LCMO) is un_%xlg?%ed from the Hels:enberg FIG. 1. Constant scans at[1+q,0,0] for LCMO20 at q
or current DE-based modeis™*>"*®Although theTc’s of  _0 14 1iu (@), LCMO25 atq=0.08 riu (b), and LCMOS30 atq
the LCMO increase smoothly with increasing hole doping=g,08 rlu(c). The solid lines are resolution-limited Gaussian fits to
for 0.2<x=<0.337° we show thaD(0) andA, measured at the data. The weak nonmagnetic contribution to the scattering at
low T and 1.T¢, respectively, have dramatically different 7»=0 has been subtracted from identical measurements at 10 K
doping dependence as one goes from the insulatingsee Refs. 10 and 11.
Lag &Ca ;MnO; (LCMO20, T-=178*1 K as determined by
the in situ elastic neutron diffraction on thgl,0,0] and  Spectrometer setup provides an energy resolution at the elas-
[1,1,0 Bragg peaks to the metallic Lg;£Ca ,9Mn0O; tic (hw=0) position ofAE=0.5 meV. The twinned LCMO
(LCMO25, Tc=191+1 K) and LgLCaMnO; single crystals hav®’-orthorhombic structure slightly dis-
(LCMO30, Tc=238+1 K).X In contrast to the expected torted from the cubic lattic~?% For simplicity we use a
linear doping-dependent behavior f@(0) and A [i.e., pseudocubic unit cell with lattice parameters afb~c
D(0)xAxx], D(0) of LCMO20 was found to be 3 times ~3.87 A, 3.87 A, and 3.86 A for LCMO20, LCMO25, and
smaller than that of LCMO25 and LCMO30 whild at LCMO30, respectively. The momentum transfel®
1.1T¢ is proportional tox. In addition, the ferromagnetic-to- =(dx.dy.d,) in units of A™! are at positions H,K,L)
paramagnetic transitions in all three ferromagnets have nor= (dxa/2m,q,a/2m,q,a/27) in reciprocal lattice unitgriu).
vanishing extrapolated values B T) asT— T and nondi-  The crystals were oriented to allow wave vectors of the form
verging spin-correlation lengths @t . The spin excitations (H,K,K) to be accessible in the horizontal scattering plane.
of the metallic LCMO25 and LCMO30 are dominated by the  Figure 1 shows representative constarelastic neutron
spin-diffusive process a§— T, while no evidence of scans at various temperatures for LCMO20, LCMO25, and
the same behavior was found in the insulating LCMO20 beL CMO30. Below 0.9, well-defined spin-wave peaks are
low T.. SinceD(T) and A measure the spin response of afound in the neutron energy gairk ¢<0) and energy loss
ferromagnet to an external magnetic disturbance below antf w>0) sides for all three samples. At low temperatures, all
aboveT., the surprising result of their different doping de- three data sets show spin-wave excitations of similar ener-
pendence in LCMO presents a challenge to the understangies. However, the wave vectors are g+0.08 rlu for
ing of these materials using models such as Heisenberg fek:CMO25 and LCMO30([Figs. 1b) and Xc)] and atq
romagnetism, double exchange, or modified double=0.14 rlu for LCMO20[Fig. 1(a)]. Since the spin-wave en-
exchange. ergy follows the quadratic dependence grthis means that

Our experiments were carried out on the HB-1 andD(0) for LCMOZ20 is considerably smaller than that for
HB-1A triple-axis spectrometers at the High-Flux IsotopeLCMO25 and LCMO30. For insulating LCMOZ®ig. 1(a)],
Reactor of Oak Ridge National Laboratdfy> We have the excitations soften and become more intensg-asl .
used pyrolytic graphitéPG) as the monochromator and crys- For LCMO25 and LCMOS30, which exhibit Ml transitions
tals of PG or Be as the analyzer with the final neutron energaroundT,%° the excitations show a slow spin-wave energy
fixed atE;=13.6 meV(2.46 A). Most of the measurements renormalization and domination of a central diffusive com-
were performed using B#,0,1) as analyzer with collima- ponent in the spectra foF>0.9T-. As shown in Figs. (b)
tions of, proceeding from the reactor to the detector, 40-20and Xc), the growth of the central component in LCMO20
40-120 min[full width at half maximum(FWHM)]. Such a and LCMO25 asT—T. is at the expense of spin-wave

n

=3

=3
HB

Intensity (arbitra
g
?

4202 442024
Energy (meV)

224429-2



MAGNETIC COUPLING IN THE INSULATING AND. .. PHYSICAL REVIEW B64 224429

La, ;Cay ,MnO, La, ;sCa, ,;MNnO, La,,Ca, ;MnO,

*ra : b c Q,;;O/;;\o : 50 1 al
% sz(}‘/ ‘,5‘/\5\a Q‘é\ j Qqé° Q'p/& S ©
@' L ” / =
g2 / >»§f e S X 2 051 © La,,Ca, ,MnO, ool
B 2 o oY o g e La,;;Ca,,sMnO, g
as 1 / e /%/gq;\o Y }/ o oﬁ“o 1
c o s(to Fte o m La, . Ca,.MnO
w e e AT 2 0.7~<0.3 3
Z Y y 0 - - = =
0 } t t . 0 b
00 08 16 24 02 04 06 08 02 04 06 08 150 1 T
q%(10? Hlu?) <L
100 ¢ 1
FIG. 2. Spin-wave energy vs wave vector used to determine the £ %
spin-wave stiffnes®(T) at various temperatures f¢a LCMO20, o 5071 Low-T estimation
(b) LCMO25, and(c) LCMO30. Note the differences in the wave
vector values between LCMO20 and LCMO25. 0 a ' ’ ‘ ’
180 1 \‘.\.\ 7
H 2 0,11,20 . . .
excitations: Its absence in the insulating LCMO?O a.t 100 1810 w . L
T<T. suggests that the appearance of the central diffusive 8 s y
component in LCMO25 and LCMO30 beloW is inti- 50 + E™
.. . . o
mately related to the MI transitions in these materials. 0.0
For a Heisenberg ferromagnet, tiiedependence of the 0 00 05, 10, :
spin-wave stiffness is expected to follow mode-mode cou- 0.0 0.2 0.4 0.6 0.8 1.0
pling theory withD(T)=D(0)(1—AT*? at low T/T¢. As T,
T—Tc, D(T) should renormalize to zero & as [(T
_Tc)/Tc]VB with ,,_ﬂ=0.34.29 To determine ifD(T) in FIG. 3. Spin-wave stiffnesB(T) vs T/T¢ for LCMO20 (open

LCMO follows the expected behavior, we measured the spin¢ircles, LCMO25 (solid circleg, and LCMO3(0(solid squares The
wave dispersion curves at small wave vectors. Figure olid lineis thg estimated dependence of thB(T) using D(T)
shows the outcome db(T) obtained by fitting the disper- —P(0)(1-AT 9. The inset in(c) shows the normalized spin-
sion usinghw=A+Dq2. In all three cases, a very small wave stiffnessD(T)/D(0) vs T/T. for LCMO20, LCMO25, and
dipolar (A=<0.05 meV) energy gap was found and for prac—LCMOSO'

tical purposes neglected. In Fig. B(T) derived from the

dispersion curves in Fig. 2 is plotted as a functionTéT.  the spin wave energy beloW (Fig. 1), the wave vector
for LCMO20, LCMO25, and LCMO30. Three important dependence of the energy width for the spin central diffusive
conclusions can be drawn from the figure. Fi3(0) for the ~ component is almost identical for insulating LCMO20 and
insulating LCMO20 is roughly 3 times smaller than that for metallic LCMO25 at 1.T (left and right panels of Fig.)4
the metallic LCMO25 and LCMO30. SeconB(T) shows We fitted the measurdd(q) to I'(q) = Ag? and the outcome
no evidence for the expected spin-wave collapséat Fi-  of the fit is shown in Fig. &). For completeness, we also
nally, the normalized spin stiffne€®(T)/D(0) for all three  included the A for LCMO331° Clearly, A increases
ferromagnets exhibits almost the samelependence ag smoothly with increasing for LCMO and shows no dra-
—Tc [see the inset of Fig.(8)] even though the spin exci- matic difference in its value for insulating or metallic
tations of LCMO20 do not have the central diffusive compo-LCMO. In the KE<T<Jy limit, the DE model givesA
nent belowT. Therefore, theD(0)/kT¢ value for LCMO  «KE«xtx(1—x), wheret is the usual electron hopping
exhibits opposite behavior from that @, B,MnO; and  amplitude?* This means that, to the lowest orddr,should
becomes smaller for the low@i LCMOZ20. This is difficult ~ be proportional tax, a prediction that is consistent with the
to understand within the Heisenberg Hamiltonian. results of Fig. 5a).

Although measurements &f(T) can determine an effec- However, in the same KE&Jy limit, the DE model pre-
tive J in the FM state, information concerning the magneticdicts that the lowF spin stiffnessD(0) should also be pro-
interaction and relaxation in the PM state can only be obportional tox.>~8In Fig. 5(b), we plot the doping dependence
tained through measuring the spin-diffusion coefficientof the spin-wave stiffness measured on the same samples at
A(T). To establish the doping dependence\@iT), we mea- 10 K. On increasing the doping from=0.2 to 0.25,D(0)
sured the intrinsic energy widfi(q) of the central diffusive  shows a threefold jump in magnituggom 50 meV & for
component as a function of wave vectgrat 1.IT: for LCMO20 to 150 meV & for LCMO25) while the T andA
LCMO20, LCMO25, and LCMO30. The magnetic central values for these two materials are essentially the same. On
diffusive scattering was obtained by subtracting the ow- further increasing the doping from LCMO25 to LCMO30,
weak nonmagnetic elastic incoherent scattering %ad both D(0) and A(1.1T¢) increase slightly(Fig. 5). Thus,
=0 meV from the measurements at Tgl The left and while D(0) and A(1.1T.) are probing the magnetic re-
right panels of Fig. 4 show the wave vector dependence ofponse of a ferromagnet below and abdve, the differ-
the central diffuse scattering for LCMO20 and LCMO25, ences in their doping dependence for LCMO suggest that
respectively. In contrast to the wave vector dependence dhese values are controlled by different magnetic interac-
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50 nominal hole doping for LCMO. The estimated phase boundaries
for canted AF insulatofCAFI), FM insulator(Fl), and FM metal
(FM) are marked by dashed lines. The error bars are given by ver-
tical lines or smaller than the symbol size. Data for LCMO33 are

0 from Ref. 10.
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ous temperatures we extracted the spin-correlation length

FIG. 4. Energy dependence of the paramagnetic scattering ai( 1) Via §(T)=1/k(T), where«(T) measures the width of
various wave vectors ai~1.1T for LCMO20 (left pane) and  the spin-correlation function in A'. Figures €c) and Gd)
LCMO30 (right pane). The data are used to determine the spin-Show theT dependence ot for LCMOZ20 and LCMOZ25,
diffusion coefficients A using T'(q)=Agq? for LCMO20 and
LCMO25. Note that the energy widths for LCMO20 and LCMO25 La,,Ca; ,MnO, Lay ;5Ca, ,;MnO,

are similar at the same wave vectors. :":’ 1500 o o002 | b o o025

S sol® 22 ooom i .
tions. As the unmodified DE model predicts a FM metallic g 35 J%eru L o
phase when €&x<1, the observation of an insulating FM 8 100
LCMO20 suggests that ferromagnetism in this material origi- & 701 .o 1400
nates from superexchange interactiBrlternatively, if DE L s 52
still applies to LCMO20, its insulating behavior may be the &, *°| #1:3] o% 1 200
consequence of polaron and orbital orderthg. ¥ 2501 ss .-“? 5

To further establish the nature of the FM phase transitions 0 — 2?25 1o

in LCMO20 and LCMO25, we performed systematic static wlc d 1120
wave-vector-dependent susceptibilipy(7 o =0) and static g L 100
spin-spin correlation length measurement& For a conven- a0 |
tional second-order FM phase transition, the spin susceptibil- = . T80
ity should show a cusp at the FM transition and the spin-spin ’f; 20 4 60
correlation length is expected to divergeTat.?® The T de- '.}. . Lo
pendence of (7 w=0) for LCMO20 and LCMOZ25 at sev- 10 + e, \
eral wave vectors is shown in Figsaband &b). While the % T2
data for LCMO20 have a well-defined cusplat[Fig. 6], 0 — —— 0
Xq(hw=0) at identical wave vectors for LCMO25 shows 08 10 12 T o8 10 12
broadened peaks with maxima at temperatures somewhat be- ¢
low T¢ similar to other lowT ¢ Aq /B MnO; manganites! FIG. 6. (a) Temperature dependence of the static wave-vector-
To obtain the spin-spin correlation lengths, we least-squarejependent susceptibilityy(i@=0) for LCMO20. (b) xq(fiw
fitted the measured static spin correlation at e@cto an  =0) for LCMO25. The energy resolution of the spectrometer at

Ornstein-Zernike cross sectidine., | <1/(«%>+g%)] convo-  elastic position is about 0.4 meV. THedependence of the spin-
luted with the instrumental resolutidii From the fits at vari-  correlation lengthé(T) for (c) LCMO20 and(d) LCMO25.

224429-4



MAGNETIC COUPLING IN THE INSULATING AND. .. PHYSICAL REVIEW B64 224429

respectively. For LCMO20&(T) increases from-10 A to ~ nanometer-sized short-range charge correlations in LCMO

35 A asT— T but does not diverge . Similarly, &T)  (Ref. 19 or notis unclear. L
for LCMO25 remains small %30 A) at TC and grows to In summary, neutron scatterlng was used to lnvestlgate the

over 100 A only at temperatures beldl . Therefore, FM Spin excitations in FM LCM.O for the doping range &.2
LCMO mangan%tes havz nonvanishin?spin StiffnExeT) =<0.3. We establish the doping dependence of the spin-wave

and nondiverging spin-correlation lengé(T) at Te, Sug- stiffness and the spin-diffusion coefficients. We find that
. gng sp 9 allc, sud D(0)/kT¢ for LCMO does not follow the expectations of
%eastgrr]igl §L12nconvent|onal FM phase transitions in theS(?-|eisenberg ferromagnets. Althou@{0) andA are probing
Clearly, the spin dynamics of LCMO exhibits a variety of the energy changes of the system for a small magnetic dis-

Lo . . turbance below and abové., these two quantities are

intriguing properties that are unexpected from Heisenberg ) c . .

or the current DE-based modél€1*-124n particular, the found to behave differently with doping. While aroundT¢

large difference inD(0) for LCMO20 and LCMO25 that for LCMO increases smoothly with increasing dopifyat
- ) L L . : low T exhibits a dramatic increase from the insulating

have similarT’s and spin-diffusion coefficients is puzzling.

. S LCMO20 to metalic LCMO25. Furthermore, the
If the strange magnetism and the resistivity rise in LCMozoferroma netic-to-paramagnetic phase transitions in LCMO in
(Refs. 25 and 1Pare due to the segregation of the material 9 P 9 P

into metallic and insulating phas&$pne would expect that the hole doping range 0=x<0.3 have nonvanishing spin-

the metallic regions are FM and the insulating regions aré/rvave stifiness and nondiverging spin-correlation length at
C.

either antiferromagneticAF) with the AF component below
our detection limit or PM. In this scenario, th&(0) stem-
ming from the FM metallic regions of the sample should
increase smoothly witkx and be independent of the bulk
resistivity. Clearly, this is not observed in Fighy. Since the
neutron is a bulk probe with a coherence length-&00 A,
our results indicate that the loWw-insulating behavior in We thank E. Dagotto, R. S. Fishman, T. A. Kaplan, G.
LCMO20 cannot be due to the micron-sized metallic FMKhaliullin, and Jiandi Zhang for helpful discussions. This
clusters inside the insulating AF/PM matrix as suggestedvork was supported by the U.S. DOE under Contract No.
from the tunneling experiments. However, whether the DE-AC05-000R22725 with UT-Battelle, LLC, by
anomalous spin excitations in LCMO can be induced by the]JRCAT of Japan, and by NSF Grant No. DMR-0072998.

Note addedAfter the submission of the present manu-
script, we became aware of a related paper by Biotteau and
co-workers>® These authors reached the same conclusion as
the present paper about the weak spin-wave stiffness for
La;_,CaMnO; with x<0.2.
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