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Microscopic spin interactions in colossal magnetoresistance manganites
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Using inelastic neutron scattering we measured the microscopic magnetic coupling associated with the
ferromagnetic clusters of the “colossal magnetoresistance” compoundd ;0MnO;. When the insulating-
to-metal (I-M) transition is induced by an external magnetic field there is a discontinuous change in the
spin-wave stiffness constant. This result implies that the I-M transition is not achieved by the simple percola-
tion of micron-sized metallic clusters as currently believed, but involves a first-order transformation.
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The understanding of the colossal magnetoresistancerromagnetism, and charge ordering coeXisthis insulat-
(CMR) effect—the unusually large change in electrical resis4ing state is metastable and can be converted to a metallic
tance in response to a magnetic field—in certain materials istate by the application of an external magn@t¢or elec-
among the most interesting unresolved problems in contric field,*? high pressuré® and exposure to x ray5or vis-
densed matter physiésThe most studied of these materials ible light!® In the mesoscopic electronic phase separation
are the doped perovskite manganifes ,B,MnO; [whereA  picture?® the electrical conductivity in the CMR materials is
is a trivalent ion (L&*, PP*, N&®*, etc) andB is a divalent  achieved via the percolative transport of carriers through
ion (C&" or SP")] with x~0.3. The basic microscopic micrometer-sized FM metallic domains in an insulating anti-
mechanism responsible for the CMR effect is believed to bderromagnetidAF) background. In this scenario the effect of
the double-exchangé€DE) interaction? where ferromag- an external magnetic field would be only to enlarge the FM
netism and electrical conductivity arise from hopping of themetallic clusters, at the expense of the AF insulating regions,
itinerant e, electrons from trivalent M to tetravalent without modifying the magnetic coupling of the spins. We
Mn“" sites. The physics of the CMR effect, however, is faruse inelastic neutron scattering to probe the microscopic
from being completely understood. Recent calculations sugmagnetic coupling associated with the FM clusters in
gest that these materials are intrinsically inhomogeneous arfiCMO30. We achieve this by measuring the FM spin-wave
have a strong tendency to spatial electronic phaséSW) stiffness constanD (which measures the strength of
separatiorf, and electron microscopy and tunneling experi-the magnetic coupling of the spiffsas PCMO30 undergoes
ments suggest that the insulating-to-metel ) transition is  the I-M transition induced by a magnetic field. The use of
achieved via the percolation of largmicron-size metallic ~ thermal neutrons, which probe length scales of the order of a
clusters®® While this mesoscopic percolation scenario is at-few hundred angstrom, ensures that our measurements are
tracting considerable attention, such a picture is difficult toinsensitive to FM cluster-size changes at micron scales. For a
reconcile with experiments that indicate that the I-M transi-conventional ferromagnet the effect of an external magnetic
tion involves a first-order transformation, a large release ofield of a few tesla is limited to induce a small Zeeman gap
energy, and a strong irreversibilityin this paper, we show in the SW dispersion relation, with no changeDn'® Sur-
that the I-M transition in Ry7{Ca 3gMnO3; (PCMO30 is in-  prisingly, when the I-M transition in PCMO30 is induced by
deed far more complex than the simple percolation ofa 3.5 T field at low temperature there is also a threefold
micron-sized metallic clusters. Instead, our study ofdiscontinuous change in the magnitude @f This unex-
PCMO30 shows that this transition is associated with insupected result indicates that the I-M transition involves a first-
lating ferromagneti¢FM) regions that become metallic in a order transformation from insulating to metallic clusters, and
first-order process. This result challenges our present undenot just the simple percolation of large metallic clusters as
standing of the CMR effect and suggests that, if percolatiorproposed in the mesoscopic percolation picture. Thus, any
plays an important role in the CMR process, it must be theaealistic percolation model of the I-M transition must ac-
percolation of insulating clusters in conjunction with an un-count for the microscopic interactions of the spins and the
derlying first-order phase transition. first-order nature of the I-M transition.

PCMO30 is an ideal system to test the mesoscopic phase For this study, we prepared a single crystal of PCMO30
separation scenario, because it has an inhomogeneous lotwy the floating-zone methdd. Transport and electron-probe
temperature insulating stat€ where ferromagnetism, anti- microanalysis on different parts of the crystal indicated that
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FIG. 1. (Color) Neutron diffraction patterns of
PCMO30 in the H,K,0) reciprocal lattice plane
(pseudocubic notation The white arrows indi-
cate the region near thet(5,2+ §,0) (5=1/4)
satellites expected for the CE-type charge order-
| ing. The rings around the origin correspond to
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the Ca doping was homogeneous. The crystal has a mosaietic field PCMO30 remains an insulator at all temperatures.
spread of about 1° degree and a volume of 0.4°.chhe  The charge-ordered and antiferromagnetic phases are both
neutron scattering measurements were performed at Oatharacterized by satellite reflections (1/4,1/4,0) and
Ridge National Laboratory’s High Flux Isotope Reactor.(1/2,0,0)(and equivalent reflections
Most of the measurements were performed using triple-axis We collected data under two different conditions, first by
spectrometers configured to provide an energy resolution &fpplying a magnetic field after the sample was cooled in zero
the elastic E=0) position ofAE=0.55 meV[full width at  field [zero-field cooling(ZFC)] and by cooling the sample
half maximum (FWHM)].*® Neutron diffraction measure- under an applied fieldfield cooling or FG. The magnetic
ments were also carried out at the Wide Angle Neutron Dif-field was applied perpendicular to the scattering plane by an
fractometef WAND).2%-21 Oxford cryomagnet (0 £H<7.0 T). The ZFC withH
PCMO30 has an orthorhombic structure slightly distorted=0 measurements revealed the clear presence of diffuse
from the cubic lattice. For simplicity, we label the wave vec- scattering around the main Bragg peaks abbyesee Fig.
tors Q=(0y.dy,d,) in units of A™' as (H,K,.L)  1). This diffusive component is strongest at the smaller wave
=(qxal2m,qyal2m,q.a/l2m) in the reciprocal lattice units vectors and becomes gradually weaker as the wave vector
(rlu) appropriate for the pseudocubic unit cells with latticeincreases, as expected for the magnetic form factor of the Mn
parametera~3.87 A. In this convention all H,K,L) ions, indicating that this scattering is magnetic. When the
(H,K,L integers reflections are allowed. The crystal was sample is cooled beloW. a long-range FM componétit
oriented to allow wave vectors of the forntH(K,0) to be  develops[additional Bragg intensity at theH(K,L) posi-
accessible in the scattering plane. PCMO30 has a compleions], at the same time that the diffuse scattering becomes
sequence of transitiort8. Below Tco~200 K it exhibits  weaker. This diffusive component, however, does not vanish
charge ordering while remaining paramagnetic and beloveven at the lowest temperatures, indicating the inhomoge-
Ty=140 K the magnetic moments associated with theneous character of this system at zero field. In addition to the
Mn3* and Mrf* ions order antiferromagnetically in the so- diffuse scattering there are additional superlattice reflections
called pseudo CE-type structure. It is only belolg indicating the antiferromagnetism associated with the charge
~110 K that the system develops a FM component that coerdering of the pseudo CE type. This ordering has character-
exists with the CE-type antiferromagnetism. At zero mag-istic wave vectors £ 1/4,+1/4,0) (see Fig. 1L From the
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FIG. 2. Q=(1+q,0,0) scattering profiles fdi =0, 2.5, and 3.5 0 0 ; . .
T (ZFC) and 6.8 T(FC). The solid lines are the results of least- H{Tesla)

squares fits to Lorentziafdiffuse) and GaussiariBragg compo-
nents, except for the FC data which have only a Gaussian compo- F|G. 3. (a) ZFC magnetic field dependence of the intensities of
nent. the Bragg(solid triangle$ and Lorentzian(open squargscompo-

) o nents of the (1,0,0) FM reflection. The dashed lines are a guide to
sharpness of the charge ordering peaks, it is clear that thfie eye. The dotted line &1~3.5 T indicates the I-M boundary.

charge ordering in PCMO30 is long rartge contrast to the  (b) zZFC magnetic field dependence of the lquBW stiffness co-
short-range charge ordering in £3CaMnO; family of  efficientD at T=40 K.
materials>®%3

Figure 2 shows the ZFC elastic scattering profiles of thedratic dependence expected for a ferromagnet in the long-
(100) Bragg peak alf=40 K measured with a triple-axis Wwavelength(smallq) limit: E(q)=A+Dg? whereA is the
spectrometer, forH=0, 2.5, and 3.5 T. The long-range Z€eman energy gap ardis the SW stiffness coefficierit.
Bragg componenf of the scattering has been fitted to a This is shown in Fig. @), where the measured FC logv-
Gaussian while the magnetic diffusive component has beeBW energies have been plotted o5 for various magnetic
fitted to a Lorentzian line shape. The magnetic diffuse scatfields; the straight lines are the result of fits to the quadratic
tering indicates the presence of short-range FM clusters witBispersion relation. The upper inset of Figa/shows a plot
a correlation lengtit~40 A. These nano-size clusters are Of the fitted SW stiffness coefficier® vs H. Within the
static within aAt~1 ps and coexist with “largeTlong-  €xperimental error the SW stiffness does not change with the
range FM(Ref. 17] clusters. The effect of the magnetic field field (after FC at 6.8 T and has a value oD =(140
is to gradually reduce the number of the nano-size clusters=5) meV A® at T=40 K. Thus, the only effect of the
without significantly changing their correlation length, at thefield in the FC case is to open a Zeeman energy gap that
same time that the ferromagnetic moment is increased. Thigrows linearly with the applied field as=guH [see lower
is reflected by the intensity reduction of the Lorentzian com4nset of Fig. 4a3)], whereu is the FM moment that contrib-
ponent without a significant change in its linewidth, while utes to the spin-wave measurements. We note that the mag-
the intensity of the Bragg component increagsy. 2. netic moment obtained from this plot is only=(2.57
When the system is FC at 6.8 T, there is no trace of thet 0.43)ug, which is smaller than the expected full Mn mo-
Lorentzian component. ThéZFC) magnetic field depen- ment of 3.7 for the x=0.30 doped MA"/Mn** system.
dence of the intensities of these two components has beekhis reduced value oft may indicate that the FM moments
plotted in Fig. 3a). The region where there is a jump in the may be canted as originally proposed by Yoshizawal *°
intensity of the FM componeriaround 3.5 J corresponds to The low-q SW excitations al =40 K in the ZFC condi-
the I-M transition, which is also the region where the CE-tion were different. Unlike the FC case, the ZFC measure-
type antiferromagnetism is greatlgbut not completely  ments had to be performed in the constBniode due to the
suppressed high background related to the strong FM diffusive compo-

We also measured the spin waves in PCMO30 both in th@ent mentioned above, which is strongest in the vicinity of
FC and ZFC conditions. First we measured the spin waves & =(1,0,0). In all cases the SW energies also followed the
40 K after the sample was cooled in a 6.8-T field. Then theexpected quadratic dependence; the results from these mea-
field was gradually decreased to 5 T, 2 T, and 0.5 T and theurements have been plotted in Fighy The surprising re-
low-q (q=<0.07 rlu) spin waves were measured for everysult is that the ZFC SW stiffness coefficient for fields up to
field. The measurements were made in the consfan(1 ~3 Tis onlyD~50 meV A?, almost a factor of 3 smaller
+q,0,0) mode. The SW energies followed the usual quathan for the FC case. The full stiffnes®=(140
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PCMO30 SPIN-WAVE ENERGIES (hundreds of angstromslusters. We note, however, that the
15 2 low SW stiffnessD~50 meV A? is similar to that of the
02 4 6 8 recently measured FM insulator § @Cay ,gVIn03,2>~%" and
< 160 4 it is likely that the observed low SW stiffne8sis associated
g 140 ‘}i’ with “large” (long-range FM regiorté) insulating clusters. It
is not clear if the nano-sizéshort-range FMregions would
0 > support the propagation of spin waves, but if they do, it is
likely that they would be affected by severe lifetime effects
and strong damping. These strongly damped excitations
0 2 4 b 8 could be a source of the high background observed in these
Hm measurements.
S | Thus in our picture the insulating region is composed of
5 | Q 35T ) large (i.e., greater than a few hundred angstrpfAl! insu-
g lating clusters and of FM nano-sized clusters. The applica-
tion of an external magnetic field reduces the number of the
nano-size clusters until the system becomes metallic in a
first-order transition. This is consistent with two recent re-
ports of thermodynamic measurements in PCMO30. Roy
et al® reported an enormous release of energy and a strong
irreversibility at the I-M transition of this system. Deac
10 15 2 et al?® suggested the existence of field-induced insulating
q (du10?) clusters in this material at low magnetic fields. Our results
) . are inconsistent with the mesoscopic phase separation
FIG. 4. (8 FC lowq SW energies vg? showing the usual picture® in which the I-M transition in the CMR materials
quadratic dispersiofe=A+Dq" expected for a FM. Upper inset: g 5550ciated with the percolation of micron-size FM metallic
FC SW stifiness coefficient wd. Lower inset. fitted energy gap 4o maingif these were the case, these regions would exhibit
VS mzlignetlc field shoyvmg t?e hexpgcteﬂ linear IZeerr:jan relgﬂx)n. the high SW stiffnes® = (140+5) mev A2 even in the in-
ZFC lowq SW energies ve” showing the usual quadratic disper- o ino hhage and that the physics involved in the I-M
sionE=4 +Dg- expected for a FM. Note the drastic change in thetransition is far more complex. One possible scenario of the
slope O coefficienj atH~3.5 T, when the I-M transition occurs. e s .

I-M transition in the CMR materials could involve the per-
colation of insulating clusters in conjuction with an underly-
ing first-order transition. It is known that random quenched
disorder may or may not produce rounding of a first-order

the §~40 A clusters are suppressed. , . phase transition. This was first studied by Imry and Wettis
The sharp threefold change i suggests either a drastic 5,4 more recently by Moreet al%° This is a challenge to the
change in the magnitude of the spins or a drastic change g, rent theoretical approaches of CMR.

the strength of the spin interactions at the PCMO30 field-

induced I-M transition. The first possibility can be ruled out . comparable in size to those observed in other CMR ma-
from Fig. 3a) as the magnitude of the small change in theyeriais ahove and at their FM transition temperatéféd:>2

FM component cannot account for the magnitude of the obrpe fielq dependence of the nano-size FM clusters of Fig.

;erved change iD. Our'findings'thus'fa'vor a d_rastic change 3(a) seems to imply that these nano-size clusters do play
in the strength of the microscopic spin interactions at the I-Mgy 14 role in the I-M transition.

transition. We note that the high SW stiffnefs= (140

+5) mevA? is comparable to that of other FM metallic  This work was supported by the U.S. DOE under Contract
manganites near thg=0.30 doping’* where double ex- No. DE-AC05-000R22725 with UT-Battelle, LLC, by NSF
change seems to be the dominant magnetic interaction. It iGrant No. DMR-0139882, and by JRCAT and CERC of Ja-
tempting to attribute the low SW stiffneBs~50 meV A? to pan. This work was performed under the U.S.-Japan Coop-
the effect of the nano-size clustgishort-range FM clusters erative Program on Neutron Scattering. We acknowledge
mentioned aboveobserved in the insulating phase, the ideahelpful discussions with R. Fishman, E. Dagotto, S-W.
being that the propagation of spin waves in these small clus€heong, and N. Furukawa and the expert technical support
ters could be—in principle—different to that in the larger provided to us by R. G. Maples, S. Moore, and G. B. Taylor.
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+5) meV A? is only recovered when the I-M transition is
induced atH~3.5 T[see Fig. &)], at the same time when

Finally, we note that the nano-size FM clusters of Fig. 2
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