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Impact of Charge Ordering on Magnetic Correlations in Perovskite (Bi, Ca)MnO3
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Single crystalline Bi-,Ca,MnO; (0.74 = x = 0.82) were studied with neutron scattering, electron
diffraction, and bulk magnetic measurement. We discovered dynamic ferromagnetic spin correlations
at high temperatures, which are replaced by antiferromagnetic spin fluctuations at a concomitant charge
ordering and structural transition. Our results indicate that thermal-activated hopping of the Jahn-Teller
activee, electrons in these insulating materials, nevertheless, induces ferromagnetic interaction through
the double-exchange mechanism. It is the ordering of these charges which competes with the double-
exchange ferromagnetic metallic state. [S0031-9007(96)02252-1]

PACS numbers: 75.40.Gb, 71.70.Ej, 75.25.+z, 75.30.Et

The relation of double exchange, Jahn-Teller distor{Bi,Ca)MnO; bears close resemblance(t@,CaMnOs in
tion, and charge ordering is one of the central issuethe overlapping composition range, attesting to the identi-
in current study on perovskite mixed-valent manganitesal underlying physics. Single crystals @i,CaMnOs,
T,-.D.MnO;s [1] (T being trivalent ions, e.g., La, Pr, or however, allow us to extract much more information with
Nd, andD being divalent ions, e.g., Ca, Sr, Ba, or Pb [2]). neutron scattering. We found that the charge ordering is
In these materials, the mean number of 3D electrons peaccompanied by a structural transition and antiferromag-
Mn can be tuned from 4 to 3. Because of strong Hund rulaetic long range order indeed develops at a lower tempera-
coupling, M* has a high-spin statégeé and thee, level  ture. The most important of our discoveries, however, is
is split by Jahn-Teller distortion. For the Mirend mem- that the nature of spin fluctuations changes friamo-
bers, the long range order of the elongated Mo€tahedra magneticto antiferromagnetiat the charge ordering tran-
(with d,.-type orbitals for this kind of Jahn-Teller distor- sition. These results indicate that, at high temperatures,
tion) stabilizes an insulating antiferromagnetic ground stat¢hermally activatede, electron hopping in the insulat-
[3-5]. Indoped samples, electron hopping [6] between ing regime, nevertheless, induces ferromagnetic correla-
Mn3* and Mrt* neighbors induces ferromagnetic corre-tions through the double-exchange mechanism. When
lations through the so-called double-exchange mechanisglectrons with their accompanying Jahn-Teller distortions
[7]. It is well known that forx larger than a threshold freeze in static order, the double exchange induced ferro-
value, a ferromagnetic metallic ground state becomes stamagnetic spin fluctuations are replaced by superexchange
ble [8,9]. A structural transition to a higher symmetry stateantiferromagnetic spin fluctuations.
also occurs at the threshold [10], which results from the Single crystals of Bi-,Ca,MnOs were grown using the
ability of the hoppingz, electrons to destroy the long range flux method. The compositions of samples were deter-
coherence of the Jahn-Teller distortion (@r-type or- mined by inductive coupled plasma emission spectroscopy.
bitals) [4]. Long range order of charges in the ‘M(vgg)- The weights of samples used in neutron scattering are 25,
rich regime was recently observed with electron diffrac-127, and 320 mg fat = 0.74, 0.76, and 0.82, respectively.
tionin La,—,CaMnOs (x > 0.5) [11]. Alarge anomalyin Charge ordering was observed with electron diffraction
sound velocity was found at the charge ordering temperaising a JOEL 2000FX transmission electron microscope.
ture. More interestingly, the magnetic susceptibijtfT)  Superlattice peaks with wave vecta@, (), 0) in Pbnm no-
has a pronounced inflection at the charge ordering temperéation appear below a charge ordering temperafyraim-
ture, resembling that associated with a conventional longar to those in(La,CaMnOs; [11]. & =0.30 and 0.22
range antiferromagnetic transition [12]. However, thermo<for x =0.74 and 0.82, respectively. The decreasihds
dynamic measurements suggest that the antiferromagnetionsistent with the decreasing numbersegfelectrons,
order develops at a lower temperature [11]. In order tovhich are involved in the charge ordering. Figure 1(a)
clarify and understand the anomalous lattice and magnetishows the development of the charge superlattice inten-
phenomena at charge ordering, microscopic information isity of (0.22,0,0) below’, =210 K for ax = 0.82 sam-
crucial, and neutron scattering is the ideal probe for thiple. Magnetic susceptibility was measured for crystals
purpose with its access to static and dynamic correlationsom the same batches with a Quantum Design SQUID
of both magnetic and structural degrees of freedom [13]. magnetometer. Consistent results were found for differ-

Single crystals of La ,CaMnO; (x>0.5) are not ent crystals from the same batch. Figure 1(b) shows an
available. However, we have succeeded in growing singlexample forx =0.82. At high temperatures, the Curie-
crystals of isostructural Bi,CaMnOs; in this Mrt**-  Weiss law is followed, yielding an effective momemt=
rich regime. As the following description will show, 4.15(2)wp,whichis close to the expectgd= 4.08 for this
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s —~ f cety ®) ] ture To, there is a structural transition, as evidenced
-0 g 107 (a) ". w0l A by the splitting of the Bragg peaks. This result is not
528 > L “ _ totally surprising, since each, electron carries with it a
S 2% £ | BlCaMnO, 5 o 1 Jahn-Teller lattice distortion. Whea, electrons order,

a = o 2,=|9~,8,2,,w, o7 &2 long range correlations can develop among Jahn-Teller

o (b) 100 distorted MnQ octahedra [4].
g . In a pioneering powder neutron diffraction study, three
<% 002 50 > types of magnetic structures were reported in the compo-
- _— ] sition range).74 = x = (.82 for La;—,Ca,MnO; [3]. We
~ 0 ! . 0 have conducted a thorough search in (hk0) and (hhl) zones
£ 385k secececes,, (c) of (Bi,CaMnQO; at low temperatures. For all of our sam-
55 g % ] ples, magnetic Bragg peaks are found onlZdype points
ﬁ E < L] ....0.‘....0.. ce00s ] 2n+1 2m¥*1 ) . . .
88 < stk o 3 (=—.=%—.1). We distinguished magnetic peaks from
g Tl ecoccsssec® ] structural superlattice peaks not only with temperature de-
- ‘ e E oHer] pender_lce, but more conclusively using polarized neutron

S @ |0 Von oHon scattering. Heusler crystals were used both as monochro-

o5 & 10° : ] mator and analyzer, and a spin flipper and a graphite filter

c‘DCI) aa -a N . . .

gfi a 046 05 were placed in the diffracted beam. The inset on the right

85 T (050 (d) of Fig. 1(d) shows an example of a/@,1/2,0) scan for
0 50 100 150 200 250 300 thex = 0.82 sgmple. By aligning a ma}gnetic field along_
T (K) different directions at the sample position, the magnetic

_ ) nature of the Bragg peak is proven and the spin direction
FIG. 1. Temperature dependences of (a) intensity of thes yetermined [15]. In the current case, spin lies along the
charge superlattice peak, (b) magnetic susceptibijity (c) . : .
pseudocubic lattice parameters, and (d) intensity of magneti€ @is, as found ir{La,CaMnQO; for a C-type antiferro-
Bragg peak (12,1/2,0) for ax = 0.82 sample. 1/y (open magnet [3]. The resulting spin structure is shown in the
circles) is also shown in (b) with scale to the right and theleft inset to Fig. 1(d). Possible implications of this mag-

straight line is a fit to the Curie-Weiss law. Polarized neutronpetic structure for, orbital ordering has been discussed

scattering of (12,1/2,0) is shown in the right inset of (d): solid : :
and open circles are for the flipper turned off (Voff) and on by Goodenough [4]. Comparing the magnetic and nuclear

(Von) cases with a magnetic field along (001); diamonds and3r29g intensities, the staggered magnetic momentat 9 Kis
squares for flipper off (Hoff) and on (Hon) with the magnetic determined to b8.5(2) s per Mn. This corresponds to an
field along the scattering wave vector. The spin structureaverage Mn spis = 1.8(1), andp =2/S(S + 1) =4.4(3)
?eerherglaﬂﬁ(rjelio?:ox?tié% thﬁafseét Sgnrea[m()ffc(’?)-mgﬁgc')” (@):is in good agreement with that given by susceptibility mea-
shO\?ving the char%e-structﬁral transitgi]m (uppler curve) a%d surement at high temperatures. T_he temperature depen-
the Néel temperaturgy (lower curve). dence of the order parameter in Fig. 1(d) es_tabllshes the
Néel temperatur@y = 160 K for x = 0.82, which coin-
cides with the lower inflection point gf (') in Fig. 1(b).
composition. The positive value of the Weiss constantrhe Néel temperatury and the charge-structural transi-
0 = 159(1) K reveals the existence of ferromagnetic cor-tion temperature, for various samples are summarized
relations between Mn spins. The drastic reductiog@f)  in the inset to Fig. 1(a). This phase diagram parallels that
at the charge ordering temperatdig is similar to that ob-  of (La,CaMn0Qs [11], pointing to a generic behavior for
served in(La,CaMnO; [12]. At 160 K, there begins a both systems.
further reduction in the magnetic susceptibility, whose ori- After establishing the phase relation and the magnetic
gin will become clear after the presentation of our neutrorground state, let us now turn to dynamic spin properties.
scattering results. Figure 2(a) shows spin-wave dispersion along three sym-
Neutron scattering experiments were conducted witlmetry directions forx = 0.82 measured at 11 K near a
triple axis spectrometers at the High Flux Beam Remmagnetic zone center. The spin Hamiltonian which de-
actor at Brookhaven National Laboratory. Except forscribes Mn spins below charge ordering transition is
polarized neutron scattering, graphite monochromators

and analyzers were used. High order contaminations H = Z JArS: - S;

were removed with graphite filters. At room tem- e

perature, the selection rules for nuclear Bragg peaks

are consistent with space grotbnm. However, the + Z JeS; - §; — gMBHuZ|SiZ|s
orthorhombic distortion is small. For the purpose of (e i

this paper, we use the simpler pseudocubic perovskiteshereJ r andJr are antiferromagnetic and ferromagnetic
unit cell [14]. Figure 1(c) shows the pseudocubicnearest neighbor interactions [refer to Fig. 1(d)] dig

lattice parameters as a function of temperature for as a uniaxial anisotropy field. Each nearest neighbor spin
x = 0.82 sample. At the charge ordering tempera-pairis counted only once in the summations. Conventional
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13.8 meV, this is a very large spin gap. Similar spin
gaps were also found far = 0.74 and 0.76 samples.
A constantq scan forx = 0.76 at (1/2,1/2,0) is shown
in Fig. 2(b). This explains the pronounced reduction
of x(T) below Ty. A similar, but less pronounced,
reduction of y in the case of La ,Ca,MnO; (x > 0.5)
[11,12] is likely also to be caused by the development
of a spin gap belowly. The softening of the spin
gap with elevated temperatures was measured, and the
results are shown in Fig. 2(b). We explain the spin
gap in our insulating samples with uniaxial anisotropy.
This could be a natural consequence of the ordering
of the d,. orbitals. Meanwhile, rapid hopping of,:
electrons in the metallic phase renders spin space isotropic
and no gap in spin excitations is expected for the
ferromagnetic manganites. This is indeed what was
found experimentally for Lg7Ca33MnO; with neutron
scattering [18].

To investigate the anomalous reductionafl’) at the
charge-structural transition, we have directly measured

dynamic spin correlations with inelastic neutron scatter-
ing. Antiferromagnetic spin fluctuations were probed at
(1/2,1/2,0) [Fig. 3(b)] and ferromagnetic spin fluctuations
near the forward direction [Fig. 3(c)], where magnetic

FIG. 2. (a) Spin-wave dispersion along (110), (100), and . factor maximizes and structure factor for structural
(001) around the magnetic zone center2d/2,0), measured fluctuations diminishes ag>. As charge order parameter

at 11 K forx = 0.82. The solid curves represent a fit to the . b
spin-wave dispersion relation of Eq. (1). (b) Energy scansdrows belowT, [refer to Fig. 3(a)],ferromagneticspin

at (1/2,1/2,0) for x = 0.76 at various temperatures. The fluctuations are replaced lantiferromagneticspin fluctu-
energy gapA, of the spin excitations collapses when the Néelations. This may be better seen in Fig. 3(a), which shows
Ty = 130 Kis approached. detail temperature variations of both the ferromagnetic re-
sponse (open circles, measurediat = 1 meV andg =

0.17 A1) and the antiferromagnetic response [solid cir-
cles, measured dtw = 1.7 meV andq = (1/2,1/2,0)].

The absence of antiferromagnetic spin correlations above
To is evidenced by a flat background both in the energy
scan and inq scans [refer to Fig. 3(b)] at {2,1/2,0).

how (meV)

spin wave theory yields the dispersion relation [13]
fiw(@ =[J©O) ~ Ji(0) + Ji(a) + gusH. P — J (@7,
1)

where q = (hkl) is the wave vector from an antifer-
romagnetic zone center,J(q) = 2SJag[cog27h) +  The lower energy limit of this flat background was pushed
co927k)], and Ji(q) = 2SJrcod2w). This disper- down to 0.4 meV with better resolution of cold neu-
sion relation accounts well for our data, as indicatedron scattering. There is obviously not any ferromagnetic
by the solid curves in Fig. 2(a). From the fit we de- component in the low temperature magnetic order [see
rive SJar = 3.6(1) meV, SJr = —1.3(1) meV, and Fig. 1(b)]. This justifies our use of low temperature data
H, = 4.4(3) T. The zone boundary energy at (0,8l as the background for ferromagnetic response in Fig. 3(a),
derived using these parameters is 13.8(8) meV for thiand the inset in 3(c) shows the net ferromagnetic inten-
Ty = 160 K bipartite 3D antiferromagnet. Recently, the sity at 215 K by subtracting background measured at 70 K.
spin wave dispersion has been measured for ferromag-herefore our experimental results establish that ferromag-
netic samples [16—18]. A Heisenberg nearest neighbanetic interactions exist between spins ab@yeand they
model describes well the experimental results at loware replaced by antiferromagnetic interactions when charge
temperatures. The nearest neighbor exchange variesders. This switching of magnetic correlations from a fer-
from SJ = —12.6(5) meV at 27 K to —7.6(3) meV at romagnetic type to an antiferromagnetic type explains the
300 K for Lay 7S 3MnO; [16]; for Lag,PysMnOs; and  inflection of x(T) at Ty .
Lay77Ca33Mn0O;s, the corresponding value &t — 0 is A separate antiferromagnetic transition below a charge
—8.8(2) meV [17] and —11.4 meV [18], respectively. ordering transition was discovered previously in lami-
Ferromagnetic double exchange in these samples appearar perovskites 3r,La,MnO, for x ~ 0.5 [20]. This
to be stronger than the antiferromagnetic superexchangeaterial also has an insulating antiferromagnetic ground
measured in our sample [19]. state, and the high temperature ferromagnetic suscep-
There is an energy gap = 3.8 meV in the spin- tibility is interrupted by charge ordering, as in the
wave excitations of Fig. 2(a). Compared witQTy = Mn**-rich (La,CaMnO; and(Bi,CaMnO;. Meanwhile,
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= 600 Bi ICa IIVII'IO ' ' ' (a)' 800/‘5\ in x(T) at To is accoun_ted for by .this switch fr_om fer-
- | —ro.180.82 3 Q% .4 5 i g romagnetic spin fluctuations to antiferromagnetic fluctua-
gt ) . (ﬁ;ﬂ’ 4 134 S tions. C-type long range antiferromagnetic order was
§ % 400 ?@. T, 7400 W found to develop in a separate phase transition at a lower
= Wi@ 5 »q,@»@%?wfﬂmf g temperature with large uniaxial anisotropy, which open a
S o0 v . . 'lo = gapin spinI excitations.h ’ » )
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