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Giant magnetoresistance in the intermetallic compound Mn3GaC
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We have measured the transverse resistance of an intermetallic compound Mn3GaC in pulsed high magnetic
fields up to 25 T. Giant magnetoresistance is observed due to the field-induced magnetic transition from the
antiferromagnetic to the intermediate phase at low temperatures. The temperature dependence of magnetore-
sistance shows a dip at the Curie temperature. The dip can be explained using a simple model of de Gennes and
Friedel based on magnetic critical scatterings. The normal Hall coefficient is found to show a striking change
at the transition, suggesting that the giant magnetoresistance is caused by the change of the carrier concentra-
tion.
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I. INTRODUCTION

Ternary manganese compounds with a formula Mn3MX
(M5Ga, Al, Zn, In, and Sn;X5N and C! have a cubic
crystal structure of perovskite type. The magnetic Mn ato
are located at the face-centered positions, theM atoms at the
cubic corners, and theX atoms at the body-centered pos
tions. In spite of the simple crystal structure, these co
pounds show a wide variety of magnetic moments, str
tures, and transitions.1,2

Mn3GaC exhibits complicated magnetic phase transitio
In a previous paper,3 we reported results of magnetizatio
measurements of Mn3GaC. The ground state of Mn3GaC is
antiferromagnetic at ambient pressure. At higher tempe
tures, it exhibits a transition to an intermediate phase with
abrupt decrease in volume atTAF-I5160.1 K. With increas-
ing the temperature further, a transition to a ferromagn
phase is observed atTI-F5163.9 K and to a paramagnet
phase atTC5245.8 K. The Curie temperatureTC is deter-
mined by the conventional Arrott plot. The transition b
tween the antiferromagnetic and the intermediate phase
first order and the other transitions are of second ord
Mn3GaC exhibits a metamagnetic transition from the antif
romagnetic to the intermediate phase accompanied by m
netization hysteresis at low temperatures.3 The feature of the
sharp transition does not change with temperature, altho
the transition field decreases with increasing temperatur
is quite different from the ordinary magnetic transition o
served in antiferromagnets with localized magnetic m
ments. We show in Fig. 1 the magnetic phase diagr
which is determined in the temperature-field plane.

In the antiferromagnetic and ferromagnetic phases,
Mn moments in a~111! plane are uniform along the@111#
direction.4 The ferromagnetic~111! planes alternate alon
the @111# direction in the antiferromagnetic phase. The ma
nitude of the Mn momentmMn is estimated to be 1.8mB at 4.2
K in the antiferromagnetic phase and 1.2mB at 170 K in the
ferromagnetic phase. The intermediate phase has a ca
ferromagnetic structure that is possibly the same as tha
Mn3ZnC and Mn3GaC0.935.

5 However, in both the ferromag
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netic and antiferromagnetic states, the Mn momentmMn is
much lower than those of 3mB–4mB observed in many man
ganese intermetallic compounds. The volume decrease
served atTAF-I would be related with the reduction of the M
moment at the transition.

In order to investigate the relation between magne
states and transport properties, we have measured the t
verse magnetoresistance of Mn3GaC in pulsed high magneti
fields and the Hall resistance in steady magnetic fields.

II. EXPERIMENTAL PROCEDURE

Polycrystalline samples of Mn3GaC were prepared by
direct reaction of the constituent elements. We employ
gallium ingots of 4N purity, carbon fine powder of 11N pu
rity, and the manganese grains of 4N purity, which we
degassed before the synthesis. The manganese grains an
gallium ingots were mixed in the desired proportions of 3.
and 1.00, respectively. The carbon fine powder was adde
them in the excess proportion of 1.05 in order to avoid
formation of carbon vacancies. They were sealed in
evacuated silica tube whose inner surface was coated
carbon. The vacuum degree was about 1026 Torr. The sealed
tube was heated to 800 °C for 7 days in an electric furna

FIG. 1. Magnetic phase diagram of Mn3GaC in the temperature
field plane.
©2000 The American Physical Society26-1
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After quenching the tube, the product was removed from
tube and crushed into fine powder. Furthermore, we anne
it again under the same conditions, because one proce
did not homogenize the sample perfectly. Differently, t
magnetic transitions would become broad due to its v
sensitive properties versus the chemical formula. A v
small amount of carbon powder remained in excess after
synthesis but had almost no effect on the magnetic and tr
port measurements. From the preparation processes,d in
Mn3GaC12d had to be extremely close to 0.00. The prepa
sample exhibited very sharp transitions, as repor
previously,3 which indicates that the quality and the hom
geneity of the sample were good.

The sintered polycrystals were cut into a bar shape
transport measurements and into thin slices for Hall re
tance measurements. The transverse resistance and Ha
sistance measurements were carried out by the standard
probe method with a dc current perpendicular to magn
fields. In the former case, we produced pulsed magn
fields up to 25 T with a duration time of about 10 ms,
using a nondestructive long pulse magnet.6 In the latter, we
used a superconducting magnet that scans magnetic fi
between25 and 5 T. By reversing magnetic fields, the d
agonal component of the resistivity was eliminated from
Hall resistance signal.

III. EXPERIMENTAL RESULTS

The temperature dependence of transverse resistivityr of
Mn3GaC is shown in Fig. 2. Abrupt change in resistivity
observed at the transition between the antiferromagnetic
intermediate phases. Except for the hysteresis region of
transition, ther-T curves coincide in the processes of i
creasing and decreasing temperature. The Curie temper
TC of this sample is 246 K, determined from the change
slope in ther-T curve. The value ofTC is consistent with
that determined by the previous magnetization meas
ments.

Figure 3 shows the transverse magnetoresistance
Mn3GaC in pulsed high magnetic fields. The metamagn
transition takes place belowTAF-I and the resistivity change

FIG. 2. r-T curves of Mn3GaC at zero field~solid line!. The
markers are atB524 T. Dashed lines are drawn through the ma
ers for clarity.
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abruptly at the transition fields. With increasing temperatu
the absolute value of the changeDr increases but the relativ
value Dr/r decreases. In the ferromagnetic and param
netic phases,r decreases slowly with increasing magne
field. The magnetoresistance shows a dip in the vicinity
TC ~see Fig. 4!.

The temperature dependence ofr at B524 T is shown in
Fig. 2 to better understand the above experimental result
magnetoresistance. We can see the giant magnetoresis
due to the metamagnetic transition at low temperatures,

-

FIG. 3. Transverse magnetoresistance of Mn3GaC in pulsed
high magnetic fields.

FIG. 4. Normalized magnetoresistance of Mn3GaC in the vicin-
ity of TC .
6-2
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the dip of magnetoresistance in the vicinity ofTC. At B
524 T, r is large below 140 K compared with what is e
pected from above 160 K. This fact indicates the differen
between the intermediate phase and the ferromagnetic
We can guess that the transition temperature between t
phases is located between 140 and 160 K atB524 T, which
is consistent with the phase diagram in Fig. 1.

Figure 5 shows the Hall resistancerH5RH3B of
Mn3GaC at several temperatures.rH decreases linearly in th
antiferromagnetic phase. However, an anomalous Hall ef
is observed in the ferromagnetic phase at low magn
fields, where the magnetization is not saturated. The nor
Hall coefficientRH in the ferromagnetic phase is determin
by a linear fitting on the field dependence of the Hall res
tance above 2 T. In the vicinity ofTC, the magnetization
curves are not straight lines up to 5 T,3 so that the norma
Hall coefficient RH cannot be determined. We determin
the normal Hall coefficient except for the vicinity ofTC. The
temperature dependence of 1/RH is shown in Fig. 6. The
carriers of Mn3GaC in the antiferromagnetic and ferroma
netic phases should be electrons since the normal Hall c
ficients are negative. The values ofRH in the ferromagnetic
phase are very small, which causes the dispersion of 1/RH .
However, the average of 1/RH’s in the ferromagnetic phase i
about five times larger than those in the antiferromagn
phase. The values of carrier density in the antiferromagn

FIG. 5. Hall resistance of Mn3GaC RH3B at several tempera
tures. The larger markers represent the lower temperatures.

FIG. 6. Inverse of the normal Hall coefficient of Mn3GaC at
several temperatures.
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and ferromagnetic phases are estimated from this result t
0.2/Mn3GaC and;1/Mn3GaC, respectively.

IV. DISCUSSION

First, we discuss the magnetoresistance in the vicinity
the Curie temperature. We employ a simple model used
de Gennes and Friedel,7 based on the following assumption

~1! There is a lattice of scattering spinsSj at sitesRj .
~2! The energy of a conduction electron is expressed

\2k2/2m* , where\k is the crystal momentum of the electro
andm* is its effective mass.

~3! The interaction of a conduction electron with the arr
of scattering spins is simply described byV5G( jd(r
2Rj )Sjs, wherer ands are the position and spin operators
the conduction electron, respectively.

~4! Inelasticity is not taken into account so that spin-fl
scatterings are neglected.

~5! The resistivity due to spin scattering isr5m* /ne2t,
wheren andt are the density of the conduction electrons a
the relaxation time, respectively.

If we use the first-order perturbation theory~Fermi’s
golden rule!, summing over all final states and employing t
thermodynamical average for the initial states, we can ca
late the differential scattering cross section.

ds~u!

dV
5

2p

s0
(

j
G~Rj !exp~ iK•Rj !. ~1!

Here,\K is the change of the momentum that depends on
elastic scattering angleu,

s0[
1

4p S m* G

\2 D 2

S~S11! ~2!

is the total scattering cross section per scattering at high t
peratures where the spin-spin correlations are expected t
negligible, and

G~Rj ![
^Sj•S0&2^Sj&•^S0&

S~S11!
~3!

is the static spin-spin correlation function for two spins se
rated byRj . Using the differential scattering cross sectio
we obtain the relaxation time by

t0

t
5

2p

s0
E

0

p ds~u!

dV
~12 cosu!sinu du. ~4!

Fisher and Langer pointed out the similarity of the fo
mula of the relaxation time with that of Heisenberg’s ma
netic energy.8 For T.TC, both are convergent sums of term
containing the sameforce-dependent factorsG(R). There-
fore, they concluded

]rmag

]T
}Cmag ~5!

in a paramagnetic state, whereCmag is the magnetic hea
capacity andrmag is the resistivity according as the abov
6-3
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FIG. 7. The left- and the right-
side values of Eq.~7! are plotted
at B50.3 ~a!, 1 ~b!, 4 ~c!, and 8 T
~d! in the vicinity of TC .
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mentioned assumption~5!. This formula is not so convenien
in the present case, since the heat capacity due to la
vibrationsClat is much greater thanCmag in the temperature
range that we are interested in. Therefore, we should go b
to their basic idea supposingrmag}Umag. We suppose tha
the lattice scattering is not so much affected by the magn
field compared with the magnetic spin motion, so

]r

]B
.

]rmag

]B
}

]Umag

]B
. ~6!

Dividing the thermodynamical equation ofdU5TdS
1BdM2PdV by dB, we obtain

S ]U

]B D
T

5TS ]M

]T D
B

1BS ]M

]B D
T

2PS ]V

]BD
T

. ~7!

Comparing with the first term of eq.~7! in the vicinity of TC,
the second term is estimated to be much smaller than the
term by a factor of;21021, while the third term is almos
negligible (;1023) in the ambient pressure.3 Therefore, we
expect

]r

]B
}T

]M

]T
1B

]M

]B
. ~8!

Using this relation, (]U/]B)T5T(]M /]T)B1B(]M /]B)T
was calculated from the experimental results at several m
netic fields. The results are shown in Fig. 7. The relation~8!
is in agreement with the experimental results for]r/]B.
Thus, the magnetoresistance of Mn3GaC in the vicinity ofTC
can be well explained by the simple model where the c
duction electrons are scattered by thes-d exchange interac
tion potential. It should be noted that the scattering spin
the s-d potential is in fact the difference from its averag
value. Thus thes-d potential is nothing but an ‘‘additional’’
effect, as long as the effective mass and the density of c
duction electrons are clearly defined. Otherwise, this mo
is not applicable. Thus, from the good agreement we
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tained in Fig. 7, we can assume that the effective mass
the density of carriers of this compound can be well defin
for the paramagnetic and ferromagnetic phases nearTC. The
normal Hall coefficients in the paramagnetic phase at hig
temperatures, where the magnetization curves bec
straight, are required to examine this possibility.

Next, we discuss the giant magnetoresistance by wh
the magnetic order-order transition is accompanied. The t
perature dependence of the Hall coefficient of Mn3GaC sug-
gests that the carrier density in the ferromagnetic phas
about five times larger than that in the antiferromagnetic o

There are some reports about the substitution effect
Mn3GaC.9,10 According to them, if the Mn atoms are partl
substituted by Fe or Co~or Cr!, which have more~or less!
electrons, the first-order transition temperature decrease~or
increases!. It is consistent with our experimental result of th
Hall effect.

Meanwhile, the transition temperature increases if C
oms are slightly substituted for N atoms.11 Therefore, we
consider that this small substitution does not increase ca
densities, but gives rise to an expansion of the unit-cell v
ume. It indicates that the conduction electrons belong ma
to Mn. In other words, the electrons in the Mn atoms hav
dominant role in the magnetic and transport properties.

Now, we return to the abrupt decrease in resistance
about 80% at 4.2 K. The ratio agrees with that in the H
coefficient between the antiferromagnetic and ferromagn
phases. Therefore, it can be interpreted that the jump of
resistance simply represents the change of the carrier de
between the antiferromagnetic and the intermediate ph
The carrier density in the intermediate phase may be ne
the same as that in the ferromagnetic phase. Now, we c
sider how the carrier density depends on the magnetic sta

Yuasaet al.12 reported that the resistance of Fe~Rh, Pt!
changes abruptly due to a magnetic transition of the fi
order, and it could be explained using a model13 in which the
s-d exchange interaction potential causes the resista
6-4
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GIANT MAGNETORESISTANCE IN THE . . . PHYSICAL REVIEW B 63 024426
change. In contrast with our discussion above, they cons
the drastic change in the combination ofSj ’s at the magnetic
order-order transition to cause the change in the conduc
band, the effective mass, and the density of conduction e
trons. The assumption of their model is that the magn
order-order transition does not affect the effective mass
the density of conduction electrons,except through the s-d
interaction. Obviously, it requires that the conduction ele
trons and the scattering spins are distinguished in the s
sense.

In the case of Mn3GaC, however, there is no reason
suppose the magnetic electrons do not contribute to the
ductivity. Furthermore, the amplitude of the magnetic m
ment depends on the magnetic states, so that there
prominent difference in the band structure between the a
ferromagnetic and ferromagnetic~intermediate! states.
Therefore, the model of Yuasaet al. does not apply to
Mn3GaC. The ‘‘magnetic-phase’’ dependence of the resis
ity in this system should be explained by changes of m
netic scattering, the carrier density, and the effective ma

The magnetic order-order transition observed in
present experiment is an open question. There have b
models to describe such transitions. Kittel proposed
exchange-inversion model, in which two magnetic sub
tices are coupled by the exchange interaction that varies
increasing volume and changes its sign at a critical poin14

Moriya and Usami also proposed another model, in wh
the driving force to produce the magnetic order-order tran
tion is the situation that uniform and staggered susceptib
ties obey the Curie-Weiss law due to spin fluctuations a
their signs can be changed depending on temperature.15 Al-
though the former model of Kittel is based on the localize
moment picture and the latter of Moriya and Usami is on
itinerant-electron model, these models have a common m
ematical description concerning the magnetic free ene
that is expanded into terms of scalar product of magnet
tions and the temperature-dependent coefficients of sec
order pass zero to drive the system into another magn
ordered state. These models were, however, already critic
analyzed. The former model could not explain the nega
pressure dependence of the first-order transit
temperature.16 The latter model could not describe the firs
order transition between the antiferromagnetic and inter
diate states induced by applying high magnetic fields.3

In the present case, the difference between the antife
magnetic and the ferromagnetic~intermediate! phase is not
only the magnetic moment and the magnetic structure,
also the carrier density and the effective mass. Informatio
the electronic structure for each magnetic state is indisp
able to carry out further investigation of both magnetic a
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transport properties. According to band calculation for t
compound,17 the density of states at the Fermi level in th
antiferromagnetic state is larger than that in the ferrom
netic state. It is not consistent with our present experime
results. Furthermore, the heat capacity of Mn3Ga12xAl xC
was measured for 0<x<0.4 ~Ref. 18! and shows also the
opposite tendency; the coefficient of the electronic spec
heat in the intermediate phaseg I'30 mJ/K2mol is higher
thangAF'20 mJ/K2mol in the antiferromagnetic phase. Th
former value is three times larger than the calculated valu
the ferromagnetic state, whereas the calculated value in
antiferromagnetic state is not so different from the latter
perimental one. Therefore, it is necessary to examine
band calculations in the intermediate and ferromagn
states. Experimentally, the use of single crystals of Mn3GaC
is essential for the study of the Fermi surface of the cond
tion electrons in Mn3GaC by the de Haas–van Alphen effec

V. SUMMARY

We have measured the transverse magnetoresistanc
Mn3GaC in pulsed high magnetic fields up to 25 T. A
abrupt jump in resistance has been observed at low temp
tures due to the field-induced magnetic transition betw
the antiferromagnetic and the intermediate phase.
change ratio at 4.2 K, where the scatterings by magnetic
fluctuations are reduced, is consistent with the ratio of
normal Hall coefficient in the antiferromagnetic phase to t
in the ferromagnetic one, so that we can deduce that the g
magnetoresistance is caused by the change of carrier de
between the antiferromagnetic and the intermediate ph
Since the amplitude of the magnetic moments, which m
originate from the conductingd electrons in Mn ions, de-
pends on magnetic states, the electron scattering by mag
moments is not the only mechanism causing the chang
the carrier density at the transition between the antiferrom
netic and ferromagnetic~intermediate! states. It is required
that the electronic structure of these magnetic states is
vealed by other means. The magnetoresistance in the p
magnetic phase nearTC can be explained using a simp
model by de Gennes and Friedel, which takes into acco
only the scatterings by magnetic spins. This picture will
examined by the Hall resistivity measurements in the pa
magnetic state at higher temperatures and higher magn
fields, which will clarify whether the carrier density varie
between the ferromagnetic and paramagnetic states.

ACKNOWLEDGMENT

One of the authors~K.K.! is most grateful to Professor M
Kataoka for his advice on the discussion.
n
.

u-

.

*Present address: RIKEN~The Institute of Physical and Chemical
Research!, Wako, Saitama 351-0198, Japan.

†Present address: Hitachi Central Research Laboratory, Kokubu
Tokyo 185-8601, Japan.
1D. Fruchart and E. F. Bertaut, J. Phys. Soc. Jpn.44, 781 ~1978!.
2T. Kaneko and T. Kanomata, inRecent Advance in Magnetism of

Transition Metal Compounds, edited by A. Kotani and N. Su-
2

ji,

zuki ~World Scientific, Singapore, 1993!, p. 103.
3K. Kamishima, M. I. Bartashevich, T. Goto, M. Kikuchi, and T

Kanomata, J. Phys. Soc. Jpn.67, 1748~1998!.
4D. Fruchart, E. F. Bertaut, F. Sayetat, M. Nasr Eddine, R. Fr

chart, and J. P. Senateur, Solid State Commun.8, 91 ~1970!.
5D. Fruchart, E. F. Bertaut, B. L. Clerc, L. D. Khoi, P. Veillet, G

Lorthioir, M. E. Fruchart, and R. Fruchart, J. Solid State8, 182
6-5



Sc

ls

. J

c.

ho-

l.

K. KAMISHIMA et al. PHYSICAL REVIEW B 63 024426
~1973!.
6S. Takeyama, H. Ochimizu, S. Sasaki, and N. Miura, Meas.

Technol.3, 662 ~1992!.
7P. G. de Gennes and J. Friedel, J. Phys. Chem. Solids4, 71

~1958!.
8M. E. Fisher and J. S. Langer, Phys. Rev. Lett.20, 665 ~1968!.
9T. Kanomata, T. Harada, and T. Kaneko, inProceedings of the

International Conference on Physics of Transition Meta
Darmstadt, 1992~World Scientific Press, London, 1993!, p. 875
@Int. J. Mod. Phys. B7, 875 ~1993!#.

10T. Harada, K. Nishimura, T. Kanomata, and T. Kaneko, Jpn
Appl. Phys., Suppl.32-3, 281 ~1993!.
02442
i.

,

.

11Ph. l’Heritier, D. Boursier, and R. Fruchart, Mater. Res. Bull.14,
1203 ~1979!.

12S. Yuasa, T. Akiyama, H. Miyajima, and Y. Otani, J. Phys. So
Jpn.64, 3978~1995!.

13R. J. Elliott and F. A. Wedgwood, Proc. Phys. Soc. London81,
846 ~1963!.

14C. Kittel, Phys. Rev.120, 335 ~1960!.
15T. Moriya and K. Usami, Solid State Commun.23, 935 ~1977!.
16J. P. Bouchaud, R. Fruchart, R. Pauthenet, M. Guillot, H. Bart

lin, and F. Chaisse, J. Appl. Phys.37, 971 ~1966!.
17M. Shirai, Y. Ohata, N. Suzuki, and K. Motizuki, Jpn. J. App

Phys., Suppl.32-3, 250 ~1993!.
18H. Wada~unpublished!.
6-6


