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First-order transition and phase separation in pyrochlores with colossal magnetoresistance
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TI,Mn,O;, pyrochlores present colossal magnetoresistaf@4dR) around the long-range ferromagnetic
ordering temperatureT(). The character of this magnetic phase transition has been determined to be first
order, by purely magnetic methods, in contrast to the second order character previously reporteddtyaZhao
[Phys. Rev. Lett83, 219(1999]. The highest CMR effect, as in {{Cd, ,Mn,0,, corresponds to a stronger
first order character. This character implies a second type of magnetic interaction, in addition to the direct
superexchange between the Mrions, as well as a phase coexistence. A model is proposed, with a complete
Hamiltonian (including superexchange and an indirect interagtiovhich reproduce the observed phenom-
enology.
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Very large values of colossal magnetoresistafC¥R) magnetic interactions in this system.
have been described for ,Mn,O;-related pyrochlores, Polycrystalline samples of IMn,O,, Tl ¢Cdy-Mn,0O,
around the ferromagnetic ordering temperatufe)( The  and TLMn, ¢Sk, ,0; pyrochlores were prepared under high
TI,Mn,O; compound (undoped systejn contains only  pressure conditions, from stoichiometric amounts of the cor-
Mn“*. Therefore CMR is not related to the Jahn-Teller effectresponding oxides 305, MnO,, CdO, ShO;. All the de-
nor to the double exchange mechanism, associated with thails of the sample preparation and structural characterization
mixed valence M#"-Mn** in manganese perovskites. Ini- (x-ray and neutron diffractionare given elsewher€'°The
tial data analysis* attributed the long-range ferromagnetic magnetic susceptibility was measured with a commercial su-
ordering to a direct superexchange interactionperconducting quantum interference devis®UID) magne-
Mn**-O-Mn**. Later on, the critical exponents were mea- tometer, in the range from 2 to 300 K and magnetic fields up
sured by Zhacet al® indicating a second order character of to 5 T. Transport and magnetotransport measurements were
the magnetic transition. These exponent values were vergerformed by the four-point contact technique inside a physi-
close to those predicted for a near-neigh@N) Heisenberg cal properties measurement syst¢RPMS cryostat from
three-dimensional3D) system. Hence, the system was con-Quantum DesigriSan Diego, USAin the range from 2 to
sidered as a well known NN Heisenberg system and a simpl850 K and magnetic fields up to 9 T. The specific heat was
and coherent picture was established. Subsequently, the dereasured inside the same cryostat using a quasiadiabatic
crease ofT on hydrostatic pressure déta TI,Mn,O,, as  heat pulse relaxation method. The thermopower measure-
well as the big difference i between the isomorphous ments were done using a standard constdhtmethod, in a
systems TIMn,0O,, In,Mn,0O;, Lu,Mn,0O,, and Y,Mn,0-, temperature range from 5 to 400 K.
Tc=130, 129, 15, and 16 K, respectivélpointed out to a The possibility of considering the magnetic phase transi-
more complex system than assumed until then. Recentlyion as a first-order one was first explored theoretically by
Nunez-Regueiro and Lacrdbmade a careful calculation, us- Bean and Rodbelf For that purpose they considered a com-
ing a perturbation expansion in the Mn-O hopping term,pressible material with an exchange interaction strongly de-
which reproduces either the differenceTig, depending on pendent upon the interatomic spacing. They found that in
the different ions(Tl, In, Lu, and Y), as well as the low such case, for an hypothetical second-order transition, the
pressure dependence B . In order to explain the increase expansion of the Gibbs free energy in terms of magnetization
of T¢ at much higher hydrostatic pressiréa new indirect  should have, at the Curie temperature, a null quadratic term
interaction between the Mrt4) localized band mediated by and a positive quartic one. Banerjéeletected the essential
the TI(6s)-O(2p)-Mn(ey) correlated bands is taken into ac- similarity between this result and the Landau-Lifshitz
count. criterion'® and condensed them into one that provides a tool

There were several reports on theMh,O; family that,  to distinguish first-order magnetic transitions from second-
from the theoretical point of view, proposed to explain theorder ones. It consists on the analysis of the sign of the
long-range ferromagnetic ordering as a more complexjuartic term of the Gibbs free enertfywhich is quite simple
system"®10-12|n that sense the character of the magneticto obtain graphically, simply observing the slope of isotherm
transition is a very important issue because only a simple N\plots of H/M vs M?2. A positive or negative slope indicates
Heisenberg 3D system is compatible with a second ordethe second- or first-order character of the transition, respec-
character of the magnetic phase transition. The purpose dively. It is worth mentioning that this procedure allows the
the present letter is mostly to study in detail the character oidentification of the character of the transition by purely
the long range ferromagnetic transition, in different samplesnagnetic methods, in a very effective way, as sucessfully
of the TLMn,O, family, with different ordering temperatures proved by Mira etal. in  Lay3(Ca,Sr)y,MnO;
and CMR effects, as a fundamental issue to understand thgerovskites2°

0163-1829/2002/68.0)/1044124)/$20.00 66 104412-1 ©2002 The American Physical Society



P. VELASCOet al. PHYSICAL REVIEW B 66, 104412 (2002

200 l l I I \ d 6 | T I
ThMn, ¢Shy,0; 6 T T ‘
IR /s 5 170K 5 o 170K - 7
150 — TILMn,0,; |
. LI 160 K 2T |
g Tl 3Cd 4 ,Mn,0, § 160 K 3 Covvs vy o 150K 7
Z100 13, " T I
@ ® 150K L < L
= ee o b .o 4 o e 120K 310K
E 2 0 01 02 03 04 05
50— _ I o 140K . . . . .
L I B 130K 120 K N
| | | | = .o e rK
0 1 | TR IR I L < o lo ¢ snoolo o o 5@
0 S I d . b o - o |
0 S0 100 150 200 250 300 350 400 0 1 2 3 4 5
Temperature (K) M? (emulg)®

FIG. 1. Temperature dependence of the thermopower for FIG. 3. H/M vs M? isotherms of TJ/Mn,O; aroundT.. Note
TI,Mn,0;, Tl {Cdy Mn,O;, and TLMn; Sk, O, these later data the onset, at low fields, of a negative slope at a temperature near the
are 20 times smaller. Strong variation ®fs observed aroundlc . critical point. Inset: Detail data for smaller values of magnetization.
The lines are a guide to the eye.

o The temperature dependence of the thermopoiBeiis
The dc-magnetization measurements, performed at 10Qiesented in Fig. 1. The value & is negative in all the
8S’d3ho.w ‘ZTC of 1?;_) KiolrltgeKundogegbrgatgrlal_, whereas temperature range for the three samples, what suggests that
) oping decreasd (= ), an 15 OpINg INCIeases ,q charge carriers are electrofmegative Hall resistange
it (Tc=190K). As already reportéd° the resistivity The value ofS for TI,Mn, Shy,O; is almost 20 times

changes strongly between the three compounds with values
at 300 K of 200 cm, 0.20cm. and 30 Rcm for Smaller than for the other two compounds. The large value of

TI,MN,0;, TI,Mn, ¢Shy,0;, and Th ¢Cch MN,0,, respec- S for TI,Mn,O, and Tl Cd, ;,Mn,0O; is consistent with the

tively. In all cases the ferromagnetic ordering is accompanieimaII carrier density observed in these . compounds
by a sudden drop in resistivity, suggesting the onset to 40-005€ /u.c. and 0.0002 /u.c., respectively19. In all
metallic state. From the bulk magnetization and the transpof{!€ cases a linear behavior is observed far fign(low and

data we could associate a larger valueTef with a more  high temperaturgs but a sharp increase & aroundTc is
metallic character, and a lower value of the CMR eff&it- noticeable in the three compounds. This is specially strong in
doped sample On the other hand, Cd doping leads to athe case of TlgCdy ,Mn,O7, where a sharp peak is observed
sharp metal-insulator transition with a variation of 7 ordersaroundTc, which implies a big change in the slod&/dT.

of magnitude of the resistivityat zero magnetic field The  This could be related to a sharp variation of the charge car-
ferromagnetic ordering temperature is almost the same withiers density around .

respect to the pure compound, and presents a large CMR The specific heat data for the three compounds were mea-
effect up to 99.99%for Tl ¢Cd, ;Mn,0), under an applied sured in a wide temperature range arodipd We are inter-

magnetic field of 9 T. ested in the magnetic part of the specific heat, so that we
need to remove the strong phononic component from the

0.16 . ' T T total specific heat. In order to calculate the phononic compo-
0.14 T, Cd MnO_ - nent, we use an Einstein model with three oscillators cen-

G o1z i tered at three frequencie€l20, 250, and 575 K The

—E 010 i phononic component is rather large at this temperatures, and
s could acount up to 80% of the signal at the peak position.
2 0.08 ] The subtraction of the phononic component from the total

TLMn_Sb O, (measurell specific heat is presented in Fig. 2 as the mag-
netic and electronic specific heat aroumd for the three

compounds. At this temperature range the electronic compo-
nent of the specific heat is considered to be very small, and
only the magnetic one is significant. The data clearly show
100 150 200 250 the magnetic transition although they do not assess on its

T " .
emperature () character as first or second order.

FIG. 2. Temperature dependence of the magnetic and electronic !N order to study the character of the magnetic phase tran-
specific heat divided by for TI,Mn,O,, Tl; g Cdy,Mn,O,, and  Sition we will apply pure magnetic methods, as the Banerjee
TI,Mn, ¢Shy ,O,. The phononic componefinodeled by three Ein- ~ Criterium, explained above. Initial magnetization isotherms
stein oscillatorsis already substracted as explained in the text. Thewere measured around the respeciive’s. Before each iso-
lines are a guide to the eye. thermal run, samples were heated up to 300w€ll above

0.06
0.04
0.02

(ACIT)

0.00

104412-2



FIRST-ORDER TRANSITION AND PHASE SEPARATION . .. PHYSICAL REVIEW 86, 104412 (2002

6000 ; . ; 05 T T T T | T T T T T T T T
800 ¥ — - P
_III|\III|IIII|IIII_ -
00 & "t = L L 2 - 4
L....170 K ;00 L—".moK Tly 4CdoMn;0; | = = Pl i
500 - - n El -7
5 160 K i X ] S 7 - A
g 4000 Loooooo ;gg L etk 4 0.4 — 3 - o7
0 .0‘ | - - bl -~ - -
< 150 K 200 ket o - b -7 -7
g L“‘““‘ 103 IR =~ L] - : ATITIT T - //’// ,:
-~ 140 K 0 200 400 600 800 1000 0 L /—-’44/ ’,// //,/ i
% 2000 LWVVVV vy v v v é 0.3 7J"'T_= 170 K ,///// //// _
F - -7 A
iDIE\E\DD Do o D130KD o o —__/’”"”T: 160 K ,'//, ////_
o s 8 2 = s 120'-< sta [ ,_T’£/1’50 K -7 :
0 e o o S . S . 110K ~ 0.2 r“"'”’_‘~/ ,,/‘// |
0 10 20 30 40 50 g - _---FEloK
o I - 1
M* (emu/g) A ’/,,,T—f’IS K s
FIG. 4. Detail of theH/M vs M? isotherms of TJ ¢Cdy ,Mn,O;. 0.1 pF—~""77° - P ’—’ié(; K]
As in the undoped system, the negative slope starts figaiThe f T T T _]
inset showsH/M vs M2 isotherms for temperatures closerTg. T =T
i -T2 110 K |
[t Ronltee Bl el it et A RN | | | ) |
their Tc’s) _and cooled to the measuring temperature under OO 0.1 0.2 0.9
zero field, in order to ensure perfect demagnetization of the
M/Msat
samples.
Figure 3 shows the results for ;Mn,O;. At 130 K FIG. 6. Calculated values di/M vs M? for the model dis-

(=T¢), the curves show a small negative slope, indicatingcussed in the text. Inset: Comparison with the results Tor
according to Banerjee’s criterion, a first-order character of=110 K and 120 K in Fig. 4. Full curves are the experimental data,
the transition. This negative slope, found at low fields, con-and broken curves are the fittings by the model.
tinues above this temperatufgee inset This fact is prob-
ably causing the “unusual characteristics” found by Zhaojike coupling between the Mn spins and the conduction elec-
et al. in the analysis of the critical behavior of the system. trons J'.810-1221The Hamiltonian can be approximated as
The same happens for the Cd-substituted pyrochlige 4), 5> o , > >
with a negatisg slope starting from 110 KE)(/I'C), ar% for H:Ek«iekclysckys_‘]EiiMi'Mi_‘] Sicls7ssCioMi and
the Sb-substituted orig. 5), where the negative slope ap- €«=%7k|?/2mey. The magnetization of the Mn ion at site
pears at 190 K. From the above experimental data we cons denoted a8/; ands == ¢/ C/ (055 Ci ¢ i the polarization
clude that the magnetic phase transition for the three comof the carriers at unit cell This Hamiltonian is characterized
poundS is firS'F order. In the case 0f2"7|ﬂ207 the transition by three parameters with dimension of enemy’, and the
is weakly first order, but for Tl€Cdy,Mn,O; and  pandwidthW. The later can be written in terms iz and
TI,Mn, Sy JO is clearly first order. , the lattice constara asW= (%272)/(2mea?). In addition,

‘We assume th+at_ magnetization of the pyrochlores is detefze have to specify the number of conduction electrons per
mined by the MA" ions, Wh'c.h interact with a Q|Iut_e bapd of unit cell n or, alternatively, the position of the chemical po-
qonducuon electrons. There is a fgrromagneuc direct mterac[-emiam. In the following, we will assume thatcan change
tion between the spins of the Mn ionk,and a local Kondo- . o .

as function of temperature and applied field, whilés con-
stant, as suggested in recent experiménts.

5000 ! 1°°°°L“! L The above Hamiltonian can be analyzed by a variety of
200 K soo0 [ttt TiMng Sy ;07 methods. It can be shown, that, in the limit of a highly di-
_ 4000 o L) SERELL 1] luted conduction bantf. polarons will be formed in the para-
g B N magnetic phase. The same arguments can be used to proof
33000 190 K ] S L S I that the stability of isolated small polarons imply the ten-
8 . R R e dency towards phase separation in the presence of a finite
= 2000 ' 1BOK . 7 carrier density! This result, in turn, implies that the mag-
I Lot 170K, © netic transition becomes first order. This transition arises
1000 et oo from the feedback of the carriers on the Mn sgihdhe
** o0 9097 °° coupling of the spin of the conduction electrons to the Mn
g oo oloo0oo ' ‘ ' ions induces an effective interaction between the Mn spins,
0 o220 30 40 50 80 which goes as-J'M-S(M). If S(M) changes fast enough,

M? Ig)° : . . ; :
(emulg) this coupling leads to a negative quartic term in the free

FIG. 5. H/M vs M2 isotherms, aroundc, of Tl,Mn, ¢Shy,0,.  €nergy of the Mn spins. The relative strength of this term
The negative slope starts at about 190 K. Inset: Detail of soméncreases as the carrier density is reduced and, when the

isotherms at higher temperatures and expanded values of magnegarrier density is small enough, it overcomes the usual posi-
zation. tive quartic term, which arises from the entropy of the Mn
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ions, leading to a first order phase transittén. We conclude that the character of the magnetic phase
In the following, we use the mean field approach devel+transition in TbMn,O; CMR pyrochlores is first order, in
oped in Ref. 21 to study the properties of a system describegbntrast to previous studi@sThis first order character is
by the above Hamiltonian in the presence of a magnetic fieldGgompatible with a complex ordering mechanism composed
and at constant chemical potential. The results are plotted igf a direct superexchange interaction between Mn ions, and a
Fig. 6. The parameters used dre W/9 andJ’=W/3. We fit  |ocal Kondo-type indirect coupling between Mn ions medi-
the value ofW=0.4 eV, so thaflc~110 K. The chemical ted by the low density of conduction electrons. The ordering
potential isu= —0.03W, and the carrier density at low tem- temperature seems to be diretly related to this density of
peratures is=~0.05 per unit cell. We keep the chemical po- conduction electroné.e., the highefT¢, the higher density
tential fixed. The inset shows a fitting to the results for thepf carriers, as is the case for,Mn, ¢Sh, ,0;). Moreover,
two lowest temperatures in Fig. 4. Note that the model inthe CMR effect seems not to be related to the first order
cludes only the bare essentials of the magnetic interactiongnaracter of the magnetic transition, since CMR is rather
and it ignores effects such as disorder and spatial fluctugyeak for TLMn, ¢Sh,,O,, which presents a clear first order
tions. Nevertheless, it seems to reproduce qualitatively thgparacter. The higher CMR is obtained when the charge
main features of the experimental data. Finally, in real matesayriers density is very low, and it seems to vary strongly
rials, phase separation at long scales will be prevented by thgound T, (i.e., the case of TlCdyMn,O,). All these

electrostatic energy associated with the displaced electrigiementgfirst order character, variation of CMR and density
charges. This effect has been studied in the mangafiités, of carriers are obtained from a simple Hamiltonian solved

where the expected domain sizes are not much larger thaR 3 mean field approximatioft, which reproduces all

the unit cell. In the pyrochlores, on the other hand, the locaht the above mentioned effects and also predicts a phase
carrier density is at least one order of magnitude lower thaReparation.

in the manganites. The Coulomb energy scales as the square
of the induced charge inhomogeneities. Hence, fluctuations We thank the financial support of MCyT through Project
on scales much larger than the unit cell can be expected. Nos. MAT99-1045 and MAT2001-0539.
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