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Magnetism and electrical resistance as a function of magnetic field, temperature, and chemical composition
are studied in Cu oxides intercalated with metal phthalocyani®s, whereM is Fe or Ni, and Pc is
CgHigNg. An unusually large positive magnetoresistafieiR) of ~1200% is observed in FePc-intercalated
Bi,Sr,Ca,_1Cu,0,,, 4 samples with two Cu-O layers in the unit ceth€2). The magnitude of the MR
decreased to 40% and0% in the FePc-intercalatet=3 andn=4 samples, respectively, and t6300% in
the NiPc-intercalated=2 sample[S0163-18207)07846-9

. INTRODUCTION =2 with metal phthalocyanine$) Pc (whereM is Fe or Ni,
and Pc is @H;¢Ng) has been shown to give rise to two new

An unusually large magnetoresistan@dR) defined as  crystal structures with the axis expanded by 0.305 or 0.431
MR=R(H)—-R(0)/R(0), where R is the sample’s resis- nm in (MPc),BISCO with x=0.05 or 0.1, respectively A
tance andH is an external magnetic field, was observed incombination of x-ray powder diffraction, scanning tunneling
metallic multilayer films and Mn-based oxides with perov- microscopy and spectroscopf$TM/STS, optical absorption
skite crystal structurésee Ref. 1 for a recent revigwPhysi-  and reflection, Fourier transforiT) infrared (IR) and far
cal mechanisms, as well as typical values of a large MR inR, micro-Raman scattering, and electron spin resonance
multilayers and in Mn oxides are believed to be different,(ESR data has indicated thal Pc molecules were inserted
and the phenomenon is called either GMftant magnetore- between the double Bi-O layers, forming organic monolayers
sistancg or CMR (colossal magnetoresistancehen refer-  separating the unit cell blocks of the host oxfdé Accord-
ring to multilayers or Mn oxides, respectively. Both GMR ing to the STM/STS data, the intercalat®tPc layers were
and CMR are attracting great attention due to interestinglectrically insulating, but they have been shown to play an
basic physics as well as the highly promising technologicalmportant role in determining magnetic properties of the in-
applications, e.g., in magnetic recording. tercalated samplés.

In this work, we report the observation of a large MR on  Hence, using intercalation, one can create crystal struc-
the order of 1200% in a new system, that is, the intercalate¢lres where electrically conducting layéssich as Cu-O lay-
high-T; Cu oxides. The effects of chemical composition, aserg are alternating with magnetic laye(such as the FePc
well as temperature and magnetic field on dc magnetizatiomolecular layer. Electronic coupling between the Cu-O lay-
and dc resistance are investigated and discussed. In contrast along the axis will be strongly dependent on scattering
to most multilayer and Mn-oxides samples, where with ap-of conduction electrons in thigl Pc layers which, in its turn,
plication of a magnetic field the resistivity idecreasing depends on the sign and magnitude of both intralayer and
(negative MR, in our system the resistivity ifncreasing interlayer exchange between transition metal ions contained
(positive MR. Another important feature of our system is in the intercalatedV Pc molecules. The exchange interaction
that the magnetic layers are created through vapor phase ifs a complex function of concentration, intralayer geometry
tercalation(diffusion) of organic molecules containing mag- and the particular type of magnetic ion MPc, distance
netic ions into a preexisting nonmagnetic metallic h@ut-  between the intercalatell Pc layers, as well as electronic
oxide crystal. We believe that this work may open up a new structure of a host Cu oxide. In this work, we attempted to
approach to creating large MR materials by intercalatingstudy the effect of varying some of these factéesy., par-
other preexisting metallic layered host solids with magnetigicular M in MPc, number of layers in the unit cell of host
guest species. Cu oxides on magnetic and electrical properties of the

High-temperature superconducting Cu oxides have a laysamples.
ered crystal structure and some of them, such as BISCO
(Bi,SKCa,—1Cu,0,, 14, Wheren=1, 2, or 3, is the number Il. SAMPLE PREPARATION
of Cu-O layers in the unit celican be intercalated with vari- AND EXPERIMENTAL DETAILS
ous atomic and molecular species bringing about a dramatic
modification of the superconducting and normal-state The BISCO(n=2, n=3) and CuBaCa&Cu;0495(n=4)
properties® In particular, intercalation of the BISC® samples withT.~94, 108, and 115 K, respectively, were

0163-1829/97/5@1)/137204)/$10.00 56 13720 © 1997 The American Physical Society



56 BRIEF REPORTS 13721

prepared by the standard solid-state reaction. A BISCO Uk = L B L L RS LN IR IR R
=2 powder was exposed to vapors of FePc at 820 K in a .‘No. ..... -

102 Torr vacuum for several days to produce intercalated tescevesed by
FePg¢(BISCOnNn=2) sample. The fact of intercalation could '
be established from the x-ray powder diffraction, elemental
analysis, and weight uptake ddiee Ref. 4 for the detajls
The x-ray diffraction patterns of the intercalated pressed pel-
lets indicate that the desirex=0.1 (c=1.971 nm) phase
was formed only within~10 uwm layer of the surface, while
the interior part was the nonmagnetic insulatig0.05 (c
=1.845 nm) phase. The energy dispersive x-ray spectros-
copy (Hitachi) results indicated a fairly homogeneous distri-
bution of Fe, Bi, Sr, Ca, and Cu over the surface of the
pellets. To obtain a pure= 0.1 phase for magnetic studies, a

0.15
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finely grounded powder of BISC@=2 with grain size be- ] A ]

low ~10 um was used for the intercalation. The same treat- 005 00k ™01 e

ment procedure as described above was used to produce 0 100 200 300
MPc-intercalated BISCOn=3 and CuBaCaCuwOigs 000 ‘ . . . T[Kll ]
samples with three and four Cu-O layers in the unit cell, B T T T
respectively. The commerciall§Aldrich) available samples

of MPc (M=Fe, Ni, Pb, or H) were purified by vacuum TEMPERATURE ()

sublimation before use. The mixed-metal (M _,)Pc FIG. 1. Magnetization vs temperature curveé$=0.1T) for
samples were prepared by vacuum cosublimation of corre=ePc-intercalated BISC=3 (diamond$ and n=2 (circles
sponding amounts of purified FePc akidPc. samples. Open and closed symbols refer to ZFC and FC values of

Measurements of dc magnetization were carried out withmagnetization, respectively. The inset shows sharp increase of the
a Quantum Design SQUID magnetometer. dc resistaRe ( coercive fieldH; below 130 K in then=2 sample.
of the samples was measured by attaching four copper wires
to the surface of a pressed pellet bar with a silver paste,-125 K whenH was increased from 1§ to 1 T. Also, T,
arranged linearly at equal distances from each other. Resigyas virtually the same for the FePc-intercalated2, n=3
tivity (p) was calculated ap=(wt/In2)R, wheret is the  (Fig. 1), andn=4 samples, as well as in the=2 andn
thickness of the conducting surface layer. The longitudinal=3 samples intercalated with mixedPc (such as
MR was measured using the same four-probe arrangemenfi, ,Fe,Pc, Cu,FePc, or Ph,FeyP0. However, the
and a superconducting 12 T magnet. The measuremenfgansition could not be observed in either of the purely NiPc-,
taken with the reversed polarity of the magnets have showpppc-, or CuPc-intercalatéthat is, not containing any sig-
that the response was symmetrical with respect to the diregificant amount of FeBcsamples.
tion of the external magnetic field.

B. Electrical resistivity
Ill. RESULTS AND DISCUSSION

. . In contrast to the magnetism, the dc resistivity appeared to
A. Magnetic properties be very much dependent on the host syst€igs. 2 and R
Before intercalation, the superconducting BIS@&2  For then=3 andn=4 hosts,p decreased with cooling in a
samples exhibited weak, almost temperature-independefgarly linear fashion, similar to the normal-statevs T
paramagnetism in the normal state. The superconductivitpurves of the nonintercalated superconducting Highex-
was totally suppressed upon the intercalation, but instead, tHees (Fig. 3). The specific type of intercalatéd Pc had very
(FePc), (BISCO n=2) samples exhibited complex mag- little if any effect on thep vs T curves of then=3 and 4
netic properties. A sharp drop of the zero-field-coqlgEC) samples. However, for the=2 system,p generally had a
magnetization and concomitant sharp increase of a divetendency to increase with cooling, and thevs T curves
gence between the ZFC and the field-coolE€) magneti-  exhibited a complicated shape depending on the type of in-
zations were observed @t~ 130 K (Fig. 1). The magneti- tercalatedMPc. In particularp in the FePc intercalate was
zation vs field curves were ferromagnetlike with saturationslightly decreasing upon cooling from 300 down to 200 K, as
magnetization~0.5 emu/g. They retained the ferromagneticwell as below 40 K, in contrast to the monotonously increas-
character up to about 750 K, and became linear upon furthéng p in the NiPc intercalatéFig. 2).
heating, indicating transition to a paramagnetic state. These Finally, it is interesting to note that both the dc magneti-
curves were almost identical at 140 and 280 K, but theyzation and resistance curves revealed a superconducting tran-
changed notably below 130 K. In particular, both remanensition in both the FePc- and the NiPc-intercalatee 3
magnetization and coercive field exhibited a sharp increassamples. The onset transition temperature w&s5 K and
(inset, Fig. 1, and the FC values of magnetization becamethe p vs T curves, in general, were also almost identical for
strongly dependent on the thermomagnetic history of thdoth samples, indicating that the particular metal in interca-
sample. lated M Pc had little effect on resistivity. Similarly, the vs
It is interesting to note that the transition temperature wagd curves did not exhibit notable differences in FePc- and
only weakly sensitive to HT, shifted from~130 down to  NiPc-intercalatech=4 samples, in contrast to the=2 sys-



13722 BRIEF REPORTS 56

030 T T l T T 17T I T T 1T°7 I LB | TT T T [vr7 T _l_ 1 2
0.25 [ TR ]
C % ]
r b ]
T O % ]
S 20l " 0, "
g 0 % ~ o
s | % ] i3
£ P ] <
E I ° ] =
r o1 % %%tq% E o
= - % ]
Z [eTeXe] i
7 [ XRGH0N0000 O O O ~
2 ot ]
2 [ I+ V+V-LI N
L © NiPc-BISCOn=2 ]
005 ]
- o FePc-BISCOn=2
0.00 :l" v g Ly s byoyov by v by r o by "}:
0 50 100 150 200 250 300 Magnetic Field (T)
TEMPERATURE [K]

FIG. 4. MR vs applied field in the FePc-intercalated- 2

FIG. 2. Resistivity vs temperature curves for the NiRigrcles sample.

and the FePc-intercalate@iamond$ n=2 samples. The inset
shows four equally spaced electrical probes attached linearly to thg

surface of the pellet. The filled and the shaded areas represent t?gse of Mn axides, the CMR was observed to peak near the

. : . ; erromagnetic to paramagnetic transition temperattir
conductingx=0.10 and the insulating= 0.05 phases, respectively. The r%agnitudé) of Mngas found to be ve?y sensitive to

tem. However, only thea=3 samples have been found so far 1€ Nost oxide: "in particular, it dropped t040% in the

to exhibit superconductivity. The fact of the coexistence oft €PC-intercalatedi=3 and~0% n=4 samples. We have
superconductivity with a relatively large MR in the FePc- also found that the values of MR decreased significantly if

intercalatedn=3 system is intriguing, even though at this FePc(as an intercalaptvas replaced, either partially or com-

stage these two phenomena do not seem to be related.  Pletely, with otheMPc, such as NiPc, CuPc,Pc, or PbPc.
In particular, the MR values for tha=2 system dropped

down to 850% and 300% in the cases of mixed-metal

Niy/sFe,sPc (prepared by a cosublimation of one part NiPc
Very large positive values of MR1200% were obtained and two parts FePc; see Fig. &nd pure NiPc, respectively.

at ~130 K in the FePc-intercalated BISCO=2 samples This result correlates with the decreased saturation magneti-

(Fig. 4. These MR values exceed those obtained typically irzation values, measured at 10 K, in the NiPc-containing

GMR multilayer film$~°and are comparable to the CMR samples(~0.30 and~0.03 emu/g, respectively The MR

values observed in Mn oxidé$ ' In terms of a crystal (as well as the saturation magnetizationlues dropped vir-

structure, our system is also different from multilayers, buttually down to zero in the cases if either CuPc,Pd, or

close to Mn oxides. It should be noted, however, that in botrPbPc were used as an intercalant, independent of the host

above systems MR is usually negative; that is, resistance igxide.

decreasingwith applied field, in contrast to our samples,

where R is increasing with applied field. The MR vsT D. Discussion

curves exhibit a distinct maximum around the magnetic tran- . . .

sition temperatureT,~ 130 K (Fig. 5). This is a strong indi- The physical mechanism responsible for the observed

cation that the anomalous large MR exhibited by oursample@llnomalous large MRh[n the intercalated Cu o>|<ides his not
may be related to the magnetic transition. Similarly, in theClear at present. At this stage, one can speculate that MR

C. Magnetoresistance
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FIG. 3. Resistivity vs temperature curves for the FePc- FIG. 5. Temperature dependence of M®) at 10 T in the
intercalatedh= 3 (circles andn=4 (diamond$ samples. FePc- and the mixed-metal N\e,sPc-intercalatech=2 samples.
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depends on interactions between the transition medabi3  tercalation and attendant changes in the Bi-O layers adjacent
bitals of the intercalatedMPc molecules and conduction to intercalatedMPc molecules. Hencg vs T curves can be
electrons of the host oxide. These interactions will be deterstrongly influenced by intercalation in=2 host, while in
mined by important material-related factors. The first factorn=3 and 4 hosts metallic character is retained. Also, MR
is electronic configuration of@orbitals, in particular, avail- yajues were observed to drop dramatically with increasing
ability of unpaired electrons in the orbitals withcompo-  that is, increasing ratio of “interior” to “external” Cu-O
nent, 3,2, 3d,,, and 3y,, which can be expected to inter- |ayers, indicating that it is the charge transport in “external”
act with the adjacent Bi-O layers of the host oxit®g.,  Cy-O layers that is most sensitive to the applied magnetic
oxygen P, orbitals. The NP ions in the NiPc-intercalated  figld. From this point of viewn=1 host seems interesting as
n=2 system were shown to be in a high-spss1 state  the single Cu-O layer will be exposed to influences from
with two unpaired spins occupyingdg® and 3,2 y2  poth sides.
orbitals’ while in the case of CuPc, there is only one un-  Tq further explore and optimize MR in the intercalated
paired spins=1/2, and it is located in &2 orbital with  Cy-oxide system, other potentially promising host materials,
no density along direction. A more favorable configuration sych as BISC= 1, or magnetic metalsuch as Ni, Co, or
is achieved in the case of FePc, wheré'Fions are in in-  Mn)-based oxides, could be intercalated wittPc. Another
termediate spin states{=1) with unpaired spins in two im-  dimension worthy to be explored is the central metal in
portant orbitals: 8,2 and twofold degenerated3, ,,. Fer-  MPc. So far, the FePc proved to be the best choice, but other
romagnetic ordering of Fé ions intercalated intd=2 host  candidates such as Mn, Cod 4nd X transition metaM Pc
would give rise to a saturation magnetization moment ofand their combinations may be interesting.
~0.45 emu/g, close to the experimentally observed value |n summary, an anomalous large MR of over 1200% has
(~0.5 emu/g. been observed in the intercalated Cu oxides. We relate the
Another important factor is the number of electrically possible mechanism responsible for the observed MR to a
conducting(Cu-O) layers in the host oxide. In the case of magnetic transition at-130 K, and believe that this work

n=2 host, both Cu-O layers in the unit cell block are “ex- may open an avenue to creating large MR materials.
ternal” and can be directly influenced by changes in Bi-O

layers which are considered to be a charge reservoir. How-
ever, in then=3 andn=4 hosts, there are respectively one
and two “interior” Cu-O layers which are screened from
Bi-O layers by the “external” Cu-O layers. The charge bal- L.G. acknowledges financial support from the AlSJa-
ance in these “interior” Cu-O layers is less sensitive to in- pan and DARPA(U.S.A).
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