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Colossal negative magnetoresistance in an antiferromagnet
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The magnetization and resistivity of single crystals of the Zintl compoundMnBi,; are measured as
functions of temperature and applied magnetic field. The magnetization data show an apparent antiferromag-
netic transition afl =32 K even though the high-temperature susceptibility suggests that the exchange cou-
pling is ferromagnetic in nature. The zero-field resistivity is approximately independent of temperature above
32 K. Below 32 K the resistivity increases slightly and peaks at about 20 K before decreasing as the tempera-
ture is decreased. This temperature dependence is fairly normal for an antiferromagnetic metal. On the other
hand, in contrast to other antiferromagnets, the single-crystal magnetoresistance is large and negative at all
temperatures below aboufg. In addition, the dependence of the resistivity upon the magnetization is quite
similar to the colossal-magnetoresistance materi&8163-182@08)51214-3

Several types of materials have recently been variouslyRefs. 16 and 19 M is either Mn or a nonmagnetic main
categorized as having either “giant” or “colossal” magne- group elementAl, Ga, or In (Refs. 20—2R These com-
toresistancdGMR or CMR).1~® The application of a mag- pounds crystallize in the space grolgy, /acd and have a
netic field to these materials decreases the resistivity by detragonal unit cell with eight formula units in the cell. The
least a few percent and as much as several orders of magmirain group analogs of this structure belong to a class of
tude. Conventional metals and ferromagnets typically exhibitompounds called Zintl compounébin Zintl phases elec-
changes in resistivity of less than a percent in a modefate tropositive ions donate electrons to the more electronegative
T) field so it is clear that CMR materials are quite unusual.components which usually form covalently bonded units or
The extreme field sensitivity of these CMR materials offersnetworks(large anionsbut may also exist as simple closed
the potential for technological advances, for example, irshell anions. Because Zintl compounds are salts, main group
magnetoresistive read heads in the magnetic recordingintl phases are all expected to be insulatgrsssibly with
industry® The precise nature of both the insulating and thesmall band gaps in particular, the main group compounds
conducting states in the various sets of materials which showgostructural to EyMnBi;; are all known to be
CMR is not settled but remains a matter of intense currensemiconducting®2® Since all these phases are isostructural,
investigation:®~1*However, generically these materials con- one might expect the Mn compounds to be semiconductors
tain localized spins and are nearly insulating so that disordewith local moments on the Mn. However, most of the com-
in the local spins is an important factor in localizing the pounds containing the transition metal Mn are conducting,
charge carriers. The application of a magnetic field to any ohave ferromagnetic exchange coupling, and display an inti-
these materials in the appropriate temperature range de&ate connection between the conductivity and the
creases the spin disorder and so decreases the resistivitpagnetisnt> The conductivity is unexpected because the
This leads to a magnetoresistance which is largest near materials are salts made up of isolated cations and isolated
phase transition from a state of low magnetization to a statanion complexes and conducting paths are not apparent. In
of high magnetization and is quite dependent on temperaturgddition, magnetic transition temperatures as high as 100 K
in this region. Indeed, most of the CMR compounds orderre unexpected because the ¥rons, which are tetrahe-
ferromagnetically and have a magnetoresistance which dalrally coordinated with fouPn’s, are quite isolated from
pends strongly on temperatuf@® This observation is in their neighboring Mn ions, about 1.1 nm interionic spacing
contrast to the GMR in layered thin films for which the mag- for the Mn.
netoresistance does not depend strongly on temperatime. The importance of the Mn to both the magnetism and the
this paper we show that the compound, 8nBi;;, which  conductivity is illustrated in an examination of the gross
appears to order antiferromagnetically at 32%as a nega- properties of the series, of which the alkaline earth contain-
tive magnetoresistance at @l and T. In contrast to the ing compounds have been studied in the greatest détil.
ferromagnetic CMR materials, the magnetoresistance in thi$here is a metal-insulataiM-1) boundary between thEn
compound is quite largévaries between 5 and 70% Bt =As compounds (semiconductors with resistivityp(T
=5T) over the entire range of temperatures below 100 K. =300 K)>few thousandu() cm and negativelp/dT) and

Eu;sMnBi,; is a member of an isostructural group of the Pn=Sb compound$semimetals witho(T=300 K) of
stoichiometric compounds with the formuld;sMPn;;  order 1000u{) cm, butdp/dT still slightly negativg.'® The
wherePn=P, As, Sb, or Bi and\ is either an alkaline earth Pn=Bi compounds are the most conductifg(T= 300 K)

(Ca, Sr, or Ba(Refs. 17 and 1Bor a divalent rare earttEu)  of order 10010} cm anddp/dT positive]”?’ of all, but may
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still be considered to be near a M-I boundary. Near-neighbor T
Mn spins in the conducting compounds all have fairly strong DDDD o 005T| -
. . 0
ferromagnetic exchange coupling and order at temperatures 3 x 01T |+
. . . e

between 10 and 100 K% The Mn spins in the semicon- o s..\ 4 05T
ducting As compounds have an exchange coupling whichis - ...-‘ . =T
quite weak(Curie-WeissO < 0.5 K); however, under hydro- § 2 \ q vt

. < A ‘D a 3T
static pressureven thesés compounds have Mn moments & L 0 :%JD% o 7

. . . 28 = AAA . % 0 e 4T
which are coupled ferromagnetically with>10 K.“® The g & A h%qlAA 0, o ost
Curie temperatures of the alkaline earth series of compounds § R ++AAA:'..DGDD
can be accounted for within the Ruderman-Kittel-Kasuya- z e . *quAA'.,?:DD
Yosida (RKKY) (Refs. 29 and 30modet®23but, given the g | . ,"%,5"-_ ety % D |

. w . . L
unknown origin of the conductivity, one should probably not e s " +++++A s . 7 s
draw strong conclusions from such a fit. Recently, the el AA‘ ¢t "'-,'. L LA
Eu;,MnPny; (Pn=Sh, B compounds have been prepared W yf %Ozxx ‘nh“'-. . oy
with an aim towards raising the magnetic ordering tempera- e T T
ture in these compound®.Eu is +2(4f7) in these com- 0
pounds and affects the ordering temperature. However, the 0 20 40 60 80 100
T(K)

Mn-Mn exchange energy still controls the magnetic energy

scale. For example, §MnShy; has only Mn magnetic ions FIG. 1. Magnetization of single-crystal EMnBi;; as a func-
and aT =45 K (Ref. 18§ compared to E4MnShy; which is  tion of temperature in eight magnetic fields applied parallel to the
much more magnetically dendghe magnetic moment of crystallinec axis.

EwMnSb; is 25 times the magnetic moment of

SrMnShyy) but hasT =92 K, only a factor of 2 highet’  tant. In addition, the data do not have any history depen-
We note that EyMnShy, is similar to the CMR materials dencei.e., zero-field cooled data are the same as field cooled
with a peak magnetoresistance ratio of 369@at=92 K.3!  data.
Here we present a summary of the magnetoresistance The magnetizatioM at various magnetic fields is shown
p(H,T) and the magnetizatioM (H, T) of a single crystal of in Fig. 1 as a function of temperature for a single crystal
a related compound ExMnBiy;. parallel to the applied magnetic field. There is an apparent
The measurements of EMnBi;; were made on needle- antiferromagnetic phase transition at a temperafiy#hich
shaped (0.04 mx0.04 mmx0.64 mm) single crystals with decreases ad is increased. The low-field N temperature
the needle long axis coincident with the tetragooaxis. is Ty=32K and byH=5T, Ty has been reduced to about
These needles were grown from the elements by loading0 K. A Curie-Weiss fit of the paramagnetic susceptibility of
stoichiometric quantities of the elements into Ta tubes in @& sample of polycrystalline ELMnBi,; provides a positive
drybox. The tubes were welded shut and then sealed i9=35 K,'® which, for a nearest-neighbor magnetic model
quartz tubes under vacuum. The sample was then placed instiggests ferromagnetic exchange interactions. Presumably
zone furnace in a temperature gradient of about 10 °C/cm ane or more of the magnetic sublattices have ferromagnetic
an averagel =1000 °C for several days. The sample wasintrasublattice coupling which is stronger than the antiferro-
examined in a drybox and appropriate needles were removatglagnetic intersublattice coupling. The -Eu coupling is
for measurement. Unlike the alkaline-earth containing comexpected to be antiferromagnetic and wégk,,InSb,; or-
pounds, the Eu compounds are apparently not very airders at about 15 KRef. 16]. A weak Eu-Eu coupling is also
sensitive (as determined by powder x-ray diffraction and consistent with that seen in Eu-Bi binary pha§?e§hus we
magnetization measurements attribute the relatively strong ferromagnetic coupling to the
The magnetization data were acquired with a quantunMn-Mn exchange interactions.
design superconducting quantum interference device This type of magnetic order and the proximity of this
(SQUID) magnetometer with a temperature range of 2 Kcompound to a M-I transition have a significant effect on the
<T<350K and a magnetic field range 6f5 T<H<5T. magnetoresistance. Figure 2 shows the resistpffly,H) as
A single needle-shaped crystal was mounted at the center af function of temperature and magnetic field for some of the
a drinking straw with apiezon grease. Its axis was orientedame fields as the data provided in Fig. 1. At zero field and
either parallel to the applied magnetic fieldl {,) or per- high temperature, the resistivity is nearly independent of
pendicular Hpe). The electrical resistivity measurements temperature as expected if spin disorder scattering were the
were performed in the same instrument in the same orientadominant scattering mechanism. Beldly, the resistivity
tion of the crystal with the same ranges of temperature andses to a maximum upon cooling and then decreases upon
field. Four leads were attached along the length of the crystdlrther cooling. This is common behavior for the magnetic
with silver paint for the resistivity measurements. Because opart of the resistivity in metallic magnets with periodic non-
the geometry of the crystal, the curreht,is always applied collinear spin structures such as observed in several of the
along thec axis of the tetragonal cell but magnetic field may rare earth element§:>*The rise in the resistivity is the result
be applied either parallel or perpendicularitoThe magne- of the change in the effective number of conduction
tization and the resistivity data did not depend significantlyelectrond®3¢ due to the change in the Fermi surface caused
on the orientation of the fieltH ,,,0r Hper) €Xcept at fields by the new periodicity(the spin order periodicijy which
H<0.1 T when demagnetization effects may become imporappears on top of the crystalline periodicity for temperatures
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FIG. 3. Magnetoresistancko(H=0)—p(H,T)]/p(H=0) vs

FIG. 2. Electrical resistivity of a single crystal of EMnBi,; as ) '
M< for several temperatures with greater thar, .

a function of temperature and applied field.

below Ty . In the presence of an increasing magnetic field
the sharp kink at 32 K is slowly shifted down to 20 K for 4 ajine-earth compounds in this series and a fit to the

H=5T. This matcheg the shift obsgrved in .ﬂﬁﬁ.for the RKKY theory gave the estimate & used above. The mag-
M(T,H) data. The point of greatest interest in Fig. 2, how-petgresistance in the paramagnetic state shifip lowest
ever, is the large negative magnetoresistance which appeasijer, he proportional to the square of the magnetization. In
upon_coolmg beIovy temperatures of ordéln@ The magne- Fig. 3 the data from Figs. 1 and 2 are replotted[ aéH
toresistance  ratio,  MR([p(H=0)—p(H)/p(H=0)]  —0)— y(H)]/p(H=0) as a function oM2. One sees that the

X100%), is as large as 67% at 20 K aht=5T. This large  4gnetoresistance is, in fact, proportionalMd, for all T

negative magnetoresistance is clearly not a critical-point efz {1y 45 expected for smalfi2, It may be that the magne-

fect. We suggest that the negative magnetoresistance is dygesistance is unusually large in this material for the same

to ferromagnetic spin fluctuations in this material, & conclueason that the high-temperature spin disorder resistivity is
sion which is consistent with the relatively strong ferromag-|arge. namely, strong-d interactions. We are then led to
netic 'Vr|1n"\/|n ﬁXthlange-f F|gureﬁ can be.comEared to data 0y iy de that the Ml orbitals are strongly hybridized with
amorphous thin films of amorphot® ,Si, (R=Tb or Gd  {he conduction electron wave functions. Alternatively, one
(Ref. 7) where the magnetoresistance is also large over f’hight propose a picture, similar to the double exchange

wide range ofT and there is no curie temperature. model, where some of the Mhelectrons are the conduction
The fact that EyMnBi,, has a large negative magnetore-

sistance over a wide range ofis quite unusual. Since the
physics behind this effect may be of importance in designing
materials that work at room temperature, it seems useful to 0.9 —o— 6K

‘Mn-Mn exchange coupling previousf/in discussing the

=0)
&
7

p(M) / p(M

discuss the effect in more detail. First, it is possible that the 08 | A - T;’E
magnetic part of the resistivity can be explained by spin N

disorder scattering of the conduction electrégesnericallys 07 NN

electrong by the magnetic electrongenericallyd electron$ ’

via ans-d type exchange. If the magnetic scattering of the 0.6

conduction electrons is much larger than that due to phonons \

then the zero-field resistivity should look like the=0 data 05 | -

of Fig. 2. For a highf resistivity of 400u() cm, and assum-

ing a spherical Fermi surface wiltg=0.05 nnm%,*® we find AN

that the conduction electron mean-free path is about 1 nm o4 \

which is the distance between Mn-Mn nearest neighbors. If

these Mn moments are the important scatterers then they AN
scatter conduction electrons much more efficiently than in NN

most d-electron systems where a mean-free path for mag- 03 - ‘ :

netic scattering in the paramagnetic state is of order 20 or 0 1 2 3 4
more near-neighbor distanc&sThe locals-d exchange also Raw Moment (10 emu)

leads to an indirectl-d exchange via the conduction elec-

trons which is known as the Ruderman-Kittel-Kasuya- FIG. 4. Resistivity of single-crystal EyMnBi;; vs M for three
Yosida(RKKY) exchangé® We have suggested this type of temperatures witff less thanTy .
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electrons and that a simp¢ed interaction model with sepa-
rates andd electrons is not appropriate.

A major problem with the simple-d exchange picture is
seen in the magnetoresistance at [®wTheory predict®
that the magnetoresistance of this type of system is efther
positive varying a$i2(~M?) if the magnetic field is applied
along the easy axis, dii) negligible if the applied field is

whereM is a reference magnetization. The exponential de-
pendence in the manganites may be expldihed the result
of hopping of polarons whose hopping integral is dependent
upon M. It is interesting that the resistivity in EAMNnBI ;4
has a similaiM dependence even though the magnetization
in this material is the difference of the component sublattice
magnetizations.

In summary, we have found that EMnBi; has a low-

perpendicular to the easy axis. In contrast to these eXpECt"E’émperature ordered magnetic state, Tor Ty, without a

tions, the magnetoresistance in the antiferromagnetic state
Eu;,MnBiy; is not positive, does not vary ad?, and is
certainly not small. Shown in Fig. 4 is the resistivity, nor-
malized by itsM=0 value, as a function oM for three
temperatures less thahy. One sees that the resistivity is
very simple in that it depends exponentially ugdrnwith the
form of the exponent being slightly dependent uganwe
note that some investigat8tshave found that the resistivity
of the CMR compoundé¢La,CgMnO; in the ferromagneti-
cally ordered state depends uplbhasp=p,, exp(—M/My)

gbontaneous magnetizatidih is probably an antiferromag-
ned. This low-T ordering occurs despite predominantly fer-
romagnetic Mn-Mn exchange. The result of this magnetic
state is a negative magnetoresistance which is large for a
wide range of temperatures, 3Ty .
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