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Magnetic field melting of the charge-ordered state of Lg,Ca;;,MnO 3:
A local structure perspective
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The local structure about the Mn site in the half-doped systeppCa ,MnO; was measured in magnetic
fields up 10 T to probe the melting of the charge-ordered state. Examination of the Mn-O and Mn-Mn
correlations reveals three distinct regions in the structure-field diagram. A broad region with weak field de-
pendencgmainly antiferromagnetic phase below 7.5 & narrow-mixed phase region nea8.5 T and a
high-field ferromagnetic phase region with strong field-structure coupling are found. At high field the Mn-O
radial distribution becomes Gaussian and the Mn-Mn correlations are enhanced—consistent with the domi-
nance of a ferromagnetic phase. Comparison of the structural measurements with transport and magnetization
measurements suggests that the exponential changes in resistivity in the first region are dominated by the
reordering of the moments on the Mn sites from CE type antiferromagnetic to ferromagnetic order with only
a weak change in the local distortions of the Mn&tahedra.
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[. INTRODUCTION feature of manganites and other strongly correlated systems
due to the small atomic changes required to move from one
phase to anothéf:?° Intertwined ferromagnetigwith full

earth met@inas invigumg propefies manfesied by complex S2LUralon magnetic moments per Mn 3ad anterromag.
guing prop y PIEX hetic regions have been observed on a nanostale.

phase diagrams which can be tuned by doping, internal In order to explore the nature of the magnetic field in-

and external pressure and electric and magnetic flefds. . -
As a function of these parameters anddoping leve), the ~duced melting of the CO state in ,8Ca,,MnO;, a local

system can be forced between metallic and insulating restructural perspective is needed. X-ray absorption spectros-
gions. For the classic LaCaMnO; system, the reference copy'gnables one to measure the average structure about a
state(x=0) is an antiferromagnetic insulator. Ca doping pro- SPecific atom unbiased by the need to impose a long-rang
duces a ferromagnetic conducting systemxer0.2—~ 0.5 struct_ure. This approach enabled studlt_es of the local distor-
and for x>0.5 antiferromagnetic insulating phases aretions in the MnQ octahedra neax~0.3 in La_.CaMnOs
found. These materials are rich in intriguing phenomena anwhich revealed the loss of the Jahn Tell&T) distortions on
are an excellent test bed for studies of systems in whicigoing into the low-temperature metallic pha3e.
electron-electron and electron phonon interactions cannot be The La,,Ca,MnO; system is characterized by the onset
neglected of ferromagnetism near 225 KI¢) followed by a near col-
The half-dopped system LaCa ;,MnO; is at the bound- lapse of the net magnetization beldw~ 155 K. The low-
ary of the ferromagnetic and charge-orde(€®) insulating  temperature phase has been described as a cfMnjé and
region of the phase diagram. These systems are characterizith**) and orbital ordered state. In order to understand the
by the onset of ferromagnetic orderiigominated by the structural details of the magnetic field melting of the CO
double exchange followed by a significant loss of state, we have performed magnetic field dependent x-ray ab-
bulk magnetization at lower temperature where superexsorption measurements. We have found that the Debye-
change dominates. The delicate balance between superéifaller (DW) factor for the Mn-O distribution is reduced by
change and double exchange can be shifted by applicatiof0% between 0 and 10 T. Examination of the Mn-O and
magnetic fields'*and Mn site doping®In La,,Ca,,,MnO;,  Mn-Mn correlation reveals three distinct regions in the
neutron diffraction measurements found evidence for distincstructure-field diagram—a broad region with weak field de-
structural phases corresponding to ferromagnetic and antifependencgmainly antiferromagnetic phase below 7.5 &
romagnetic regions coexisting at low temperafttr&.Cool-  narrow-mixed phase region neat8.5 T followed by a fer-
ing in high magnetic field is found to stabilize the ferromag-romagnetic phase region with strong field-structure coupling.
netic phase and reverse the volume ratios of the twdhe Mn-O radial distribution becomes Gaussian and the
phaseg®18 Mn-Mn correlations are enhanced in the high field region—
The coupling to magnetic field suggests very closely lyingconsistent with the dominance of a ferromagnetic phase.
energy states of different magnetic structures. Indeed, i€omparison of the structural measurements with transport
Lay;»Ca»MnOs, the coexistence of mixed phases of insulat-and magnetization measurements suggests that the exponen-
ing and metallic region has been found to be a commoriial changes in resistivity in the first region are dominated by

The manganite systefiR;_,AMNO;, whereA is a diva-
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the reordering of the moments on the Mn sites from CE type gl T T T ]
antiferromagnetic to ferromagnetic order with only a weak
change in the local distortions of the Mp@ctahedra. The
more rapid reduction in resistivity at high field is seen to be
the result the delocalization of JT trapped electrons as the
magnetic field destabilizes the local distortions.

k) *K*

II. EXPERIMENTAL METHODS 4+

The polycrystalline sample of LaCa;,MNO; and
CaMnQ; were prepared by solid state reaction in air as de- . , . , , ]
scribed in Ref. 22 and extensive studies of the transport, 4 8 8 10 12 14
magnetic, and zero field structural studies were presented in k(A™)

Ref. 23. The Néel and Curie temperatures of the samples

were 155 and 225 K, respectively. X-ray absorption samples Mn-O Shell Fit
(XAFS) were prepared by grinding the sample to form a 400 ' ' ‘ ' ‘
mesh powder and brushing it onto scotch tape. Layers of tape
were stacked to produce a uniform sample for transmission
measurements with a jumpt~ 1. A custom designed Ox-
ford Instruments 10 T split-coil horizontal field supercon-
ducting magnet was used for the measurem&mdl mea-
surements reported were performed with the x-ray beam
parallel to the magnetic field. Measurements with varying
field were made by cooling the sample to 115+0.01irko

the charge-ordered phasat zero magnetic field. The field
was then stepped up with x-ray absorption measurements
performed at each step with the magnet in persistent current
mode. Temperature dependent XAFS measurements were

(b)
conducted with decreasing temperatures starting at 295 K
(Fig. 3 FIG. 1. (a) Extracted Lg,Ca,MnO; XAFS data for two con-

. . secutive scans at 115 K and zero field are displayed to show the
Spectra were measured at the National Synchrotron I'Igrﬁevel of the noise in the data. The first and second scan are dis-

Sourcel_(NS;g)ggt Brgokhalvlen NatloEaI Lali{)oratocrlyfutlllz!ng played as thick and thin lines, respectively) Typical fit to Mn-O
ea'”.‘d |r|1e . ar;] a @il monocﬁ rofma oran OCUS'”% shell over the range 0.758R< 1.95 A with thin lines corresponding
torroidal mirror with an energy cutoff of 11 KeV were used. to the data and thick lines corresponding to the fit. The dashed and

S_pectlra were taken in tran_smission mode using nitrogegond lines correspond to the magnitude and imaginary parts,
filled ion chambers. A Mn foil reference was employed for yegpectively.

energy calibration. The reduction of the XAFS data was per-

formed using standard procedufé<alibration was accom-
lished be defining the first inflection point in the spectrum R :

gf Mn metal as 65%9 eV. The ionizatior?thresh&@iwag set flatness of the distributiod(R-(R))*)~30"]. The first

at 6554.5 eV based on the zero field spectrum. The hotos—he" coordination number was held fixed at 6. The total
electronn momentum is defined ds=\/p—['(2m/h2)('E—Eo) number of free parameters in the fit was 3, compared to the

heoretical maximum number of independent parameters
kAr/7+2=73! Parameter errors were obtained by deter-
Qwining the stability of the fits with respect to changes in each
parameter.

()

()

Fourier Transform of y(k) * K

representing the width of the distributipand C4[kurtosis

XAFS were extracted from the spectra as the differenc
between the normalized spectra and an adjustable spli
function fit through the post-edge region, the parameter
of which were adjusted to minimize low frequency residuals
in the Fourier transform below=0.75 A26 After compari-
son, two to four individual scans were averagsde Fig.
1(a)]. Measurements were made at 115 K, deep within the CO

Fits to the first shell Mn-O distribution were performed by (Ty~ 155 K) region of this half-doped system. Fourier trans-
Fourier transforming the XAFS data over the rangeform spectra(qualitatively analogous to radial distributions
2.54<k<14.5 A1 to R spac€’ The R-space fitFig. 2 to  with the caveat that the amplitude is scattering atom depen-
theoretical signaf§ based on the low-temperature structfire dent and the peak positions are shifted toward the origin by
of L&, ,Cq,,MnO; were performed over the range the phase of the atomic scattering fagtaf the field-
0.75<R<1.95 A assuming a cumulant expansidof the dependent XAFS data from 0 to 10 T are shown in Fig. 2
radial distribution[Fig. 1(b)]. The simplest model which fit with the Mn-O,Mn-Ca/La, and Mn-Mn/Mn-O-Mn peaks la-
the data well consists of an amplitude reduction fac%)r beled. Note the enhancement of Mn-O peak with increasing
=0.7 variable parameteR (average bond distanger? (the  magnetic field. This indicates that there is a reduction of the
DW factor [((R-(R))? mean squared relative displacenient MnOg octahedral distortion with field.

IlI. RESULTS AND DISCUSSION
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Field Dependence of Structural Changes For comparison we show the temperature-dependent zero
0.14 . . ‘ ; ] » . field XAFS spectra measured on cooliffgig. 3). There are
<~ 1T thermal effects which enhance the amplitudes at low tem-
0.12 . perature. However, the collapse of the Mn-Mn/Mn-O-Mn
Mn-O-Mn and Mn-Mn feature below~180 K (betweenT: andTy) is evident. This
0.1 Mn-O i is the feature which is recovered in the field-dependent mea-

surement. Hence the reduced Mn-Mn correlation signals the
onset of the charge-ordered AF state. Comparison of the
high-field data in Fig. &) with the high-temperature data in
Fig. 3(b) suggests that the gross ferromagnetic/paramagnetic
state structure is recovered by application of a 10 T field at
115 K. The details of this field induced state will now be
addressed.
To quantify the changes in the local structure about the
Mn site we have extracted the DW facfer*=((R<R))?)] or
’ variance of the Mn-O distribution as a function of the mag-
: : : A : : - netic field(Fig. 4). The results are compared with high-field
08 12 16 2 24 28 32 36 4 measurements of the magnetization by Xeta@l® (We note
R (A) that the difference in the magnetization measured at 108 K
(@ and our XAFS measurements at 115 K are within the size of
the solid dotg. The moment at 10 T is 3.2g/Mn site and

0.08

0.06

0.04

0.02

Magnitude of Fourier Transform of (k) * K

<008 . ; i . changes by only 4% between 10 and 18 The saturation

< Mn-O-Mn and Mn-Mn moment of 3.5up/Mn is not achieved even at these high
= 0.07 e i fields. However at low temperatu(below 77 K) the satura-

ra) \ tion moment is achieved over the same field region indicat-
E 006 ing the moment loss is due to thermal disorder of the
S moments’ Since the moment loss is small, we make argu-
g 005 ments concerning the saturation limitéf (H). Note that at

E 0.04 high field the JT distortion is strongly suppressed. The high-
- field values should be compared to the valug

S 003 =0.00254+0.00021 Afound for CaMnQ (at 300 K) with

° octahedral Mn-O distances of 1.895,1.900, and 1.9G3 A.
%S 0.02 The data points are labeled near the region of rapid change in
o amplitude. As mentioned above, the distribution of Mn-O
3 o1 N distances in zero field is non-Gaussian and is described by
= A one additional paramet¢C4=((R<R))% -3 ¢*] character-

é’ 0 izing the flathnesgdue to multiple Mn-O bond lengthsin

Fig. 5 we see that at high field C4 vanishes indicating the
R (A) disappearance of the JT distortigresulting in a narrow
(b) Gaussian distribution of distanges

In Fig. 6 we show the average distance as a function of
magnetic field. The average Mn-O bond distance approaches
1.96 A, the value measured in the optimally ferromagnetic
region of the La,CaMnO; phase diagram nea=0.3333
Again the increase in bond distance above 7.5 T signals the
existence of a mixed phase region occurring before transfor-
mation to the ferromagnetic phase.

In Fig. 7, we plot the DW factofg?) as a function of the

A systematization of the trends with field can be obtainedmagnetization. One can clearly see from this figure that in
by looking at the higher order bond correlations. Note thethe CO region that JT distortion decreases approximately
strong enhancement of the Mn-Mn/Mn-O-Mn shoulderlinearly with the spin polarization. On crossing into the
at high field (above 8.57. In Fig. Ab) we expand the ferromagnetic metalFMM) phase, the decrease in the dis-
Mn-Mn/Mn-O-Mn peak to show that three distinct structural tortion occurs at a rate 100 times higher than in the CO
regions exist. For fields below7.5 T the low-temperature region.
charge-ordered(AF) structure is maintained. Between  The origin of the large decrease in resistivity observed in
~8.5 and ~9.25 T a mixed-phase region exists. Abovethis system can be interpreted with this additional
~9.3 T, a ferromagnetic phase exists with structure similainformation>® The JT distortion on the Mn site traps
to the high-temperature paramagnetic phé2@5 K, solid  the ey electrons and reduces the mobile carrier density. Ap-
dotted ling. plication of a magnetic field first polariz&aligng the Mn

FIG. 2. (a) Fourier transfrom of the field dependent XAFS data
(as in Fig. 3 over the range 2.54k<14.05 A with the Mn-O,
Mn-Ca/La, and Mn-Mn/Mn-O-Mn peaks labelgdh) The expanded
Mn-Mn/Mn-O-Mn peak shows that three distinct structural regions
exist. The zero field 295 and 115 K spectra are shown the dotte
line and dashed lines, respectively.
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Temperature Dependence of Structural Changes
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Field Dependent Debye-Waller Factor and Magnetization
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FIG. 4. The field-dependent Debye-Waller factow?=((R

—-(R))?), open circle} for the Mn-O bond compared with the mag-

0.08 T T y T —e— 180K netization[solid dots taken from Xiaet al. (Ref. 5)].
—*— 160K
0.07 | e 170K La;,CaMnO; (x~0.33 on going from the high-

temperature insulating and paramagnetic state to the low-
temperature ferromagnetic metallic stateTwo additional
factors point to the complete collapse of the CO phase at
high field. The strong suppression of the Debye-Waller factor
in the high-field region(above 9.25 J is characteristic of
behavior found at low fields in optimally dop&terromag-
netic metallig manganite systen?$:3°In addtion, the Mn-O

0.02

0.01 i =

Magnitude of Fourier Transform of y(k) * Kk

distance (Fig. 6) is that of metallic systems and the
Mn-Mn/Mn-O-Mn peak recovers a shape reminescent of the
high-temperature spectra.

Indirect measurements of charge order melting can be
used to place these results into a broader context. The phase

(b)

FIG. 3. Temperature-dependent data at zero fiegkhted in the
same manner as the field-dependent measurejmamtshown for
comparison. In(a) the full spectra are shown. The second peak is
expanded in pangb). Note the collapse of the Mn-Mn/Mn-O-Mn
peak occurs near180 K (betweenT, and Ty). Data were trans-
formed over the useful data range 25k<13.18 A limited by
the reduction in signal to noise with increased temperature.

moments by destroying the CF AF phase leading to an ex-
ponential drop in resistivity. Application of a field beyond the
first critical field then results in the collapse of the JT distor-
tion concomitant with a change in the long-range structure
further reducing the resistivity. At high field theg electrons
become untrapped, with progressively lower binding and are
able to mediate the ferromagnetic interactions between Mn
sites.

of the DW factor in the ferromagnetic phase of Gaussian distribution of distancésee Fig. 4].

Field Dependence of C4 at 115 K

3+ 4
2t i
=
lne 1_ -
3

oL .

-1} .

_2 1 Il 1 1 L 1

4 6
kH (M

_ _ FIG. 5. The field-dependent fourth cumulai@4=((R<R))*
We note that the reduction of the DW factor is of the -3 ¢#) for Mn-O bond. This quantity measures the flatnéasto-

order of 40% when comparing the 0 and 10 T values. Thissis) of the radial distribution. At high field C4 vanishes indicating
value matches well with the temperature-dependent collapsee disappearance of the Jahn Teller distorfi@sulting in a narrow
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Field Dependence of Average Mn-O Distance at 115 K Debye-Waller Factor vs. Magnetization
1907 L | 0.0056 ‘} \ 1
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FIG. 6. The average Mn-O bond distance is seen to approach M (1g/Mn)

1.96 A, the value measured in the optimally ferromagnetic region

of the La_,CaMnO; phase diagram near=0.33. FIG. 7. Debye-Waller factor plotted as a function of magnetiza-

tion. The JT distortion varies linearly in both the metallEfMM)
diagrams for the R;;,Ca,MnO; system with R and charge-orderedCO) regions. The rate of change of the JT
=La, Pr, Nd, and Sm was examined in detail by Respetud distortion is 100 times faster after crossing into the ferromagnetic
al.”'? based on isothermal magnetization measurements imetallic region.
pulsed magnetic fields up to 50 T. The fields required to melt

the CO state at low temperature increases with the degree gfome critical magnetic field will fully align the Mn moments
the JT distortion and the tolerance factdt=d(R- leading to a reduction in resistivity from reduced spin scat-
0O)/V2d(Mn-O)] and inversely with the Mn-O-Mn bond tering. Further increases then significantly reduce the local
angle. Hence, the farther away the Mn-O-Mn bond distancdT distortion of the Mn@ octahedra in the now ferromag-
is from 180° the higher the field required to collapse the COnetic system.
state. This is due to the fact that the Mn-Mn overlap via the
O atom is weakened resulting in reduced double exchange
interactions. IV. SUMMARY
Support for this can be found in the fact that the substrate
strain, which reduces the local JT distortion and increases the The local structure about the Mn site in the half-doped
Mn-O-Mn bond angle, suppresses the field required to melsystem Lg,,Ca,,MnO; was measured in magnetic fields up
the CO state. This has been observed ip.€g,,MNO; 10 T to probe the melting of the charge-ordered state. The
films where the field required to melt the CO state at 100 KDebye-Waller factor for the first shell Mn-O distribution is
changes from~20 T for bulk sample¥ to ~7 T for thin  reduced by~40% between 0 and 10 T. Examination of the
films!4 on SrTi0;,. More dramatic effects are found in the Mn-O and Mn-Mn correlations reveal three distinct regions
case of films of Ng,Sr;;sMnO; on LaAlO; where an opti- in the structure-field diagram—a broad region with weak
mal thicknesgbetween 1500 and 2000)As reached where field dependencgmainly antiferromagnetic phase below
the CO state is completely suppres$é@etailed x-ray dif- 7.5 T (CO region], a narrow-mixed phase region near
fraction and x-ray absorption studies of this system showed-8.5 T followed by a ferromagnetic phase regiviM)
that in the 2000 A metallic films, the substrate induced strairwith strong field-structure coupling. In terms of the magne-
reduced the local JT distortions—increasing the Mn-O-Mntization, the variance of the Mn-O distribution is linear both
bond anglé’ and destabilizing the CO state. Furthermore, thein the CO and FMM regions with a 100-fold increase in
application of pressurgsip ~3 GP3 is found to enhance the slope in the FMM region. At high field the Mn-O radial
Mn-O-Mn bond angles leading to lower resistivity and distribution becomes Gaussian and the Mn-Mn correlations
higher metal insulator transition temperatures in the generalre enhanced—consistent with the dominance of a ferromag-
charge ordered and metallic systefsse Refs. 38—40, and netic phase. Comparison of the structural measurements with
references therejnPressures above3 GPa buckle the Mn- transport and magnetization measurements suggests that the
O-Mn bond angle enhancing the JT distortion of the MnO exponential changes in resistivity in the first region are domi-
octahedra leading to loweF, and MI transition tempera- nated by the reordering of the moments on the Mn sites from
tures. CE type antiferromagnetic to ferromagnetic order with only
Hence the metal insulator transition temperature depends weak change in the local distortions of the MnGxtahe-
strongly on the starting Mn-O-Mn bond angle. The furtherdra. The reduction in resistivity at high field is possibly the
away one is from 180° the higher the required melting fieldsresult of the delocalization of JT trapped electrons as the
The concept generalizes to CO systems at higher dopingsiagnetic field destabilizes the local distortions.
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