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Giant magnetoresistance in the intermetallic compound MgGaC
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We have measured the transverse resistance of an intermetallic compog@a®im 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.

DOI: 10.1103/PhysRevB.63.024426 PACS nunider72.80.Ga

I. INTRODUCTION netic and antiferromagnetic states, the Mn momept, is
much lower than those of3;—4ug observed in many man-
Ternary manganese compounds with a formulagMiX ganese intermetallic compounds. The volume decrease ob-
(M=Ga, Al, Zn, In, and SnX=N and Q have a cubic served afl 5, would be related with the reduction of the Mn
crystal structure of perovskite type. The magnetic Mn atomsnoment at the transition.
are located at the face-centered positions Mhatoms at the In order to investigate the relation between magnetic
cubic corners, and th& atoms at the body-centered posi- states and transport properties, we have measured the trans-
tions. In spite of the simple crystal structure, these comverse magnetoresistance of MBaC in pulsed high magnetic
pounds show a wide variety of magnetic moments, strucfields and the Hall resistance in steady magnetic fields.
tures, and transition's?
Mn;GaC exhibits complicated magnetic phase transitions.
In a previous papet,we reported results of magnetization

measurements of M@aC. The ground state of MGaC is Polycrystalline samples of M@GaC were prepared by a
antiferromagnetic at ambient pressure. At higher temperadirect reaction of the constituent elements. We employed
tures, it exhibits a transition to an intermediate phase with agallium ingots of 4N purity, carbon fine powder of 11N pu-
abrupt decrease in volume &jr,=160.1 K. With increas-  rity, and the manganese grains of 4N purity, which were
ing the temperature further, a transition to a ferromagnetiglegassed before the synthesis. The manganese grains and the
phase is observed dtr=163.9 K and to a paramagnetic gallium ingots were mixed in the desired proportions of 3.00
phase aff=245.8 K. The Curie temperaturg: is deter-  and 1.00, respectively. The carbon fine powder was added to
mined by the conventional Arrott plot. The transition be-them in the excess proportion of 1.05 in order to avoid the
tween the antiferromagnetic and the intermediate phase is @brmation of carbon vacancies. They were sealed in an
first order and the other transitions are of second orderevacuated silica tube whose inner surface was coated with
Mn;GaC exhibits a metamagnetic transition from the antifercarbon. The vacuum degree was about®Torr. The sealed

romagnetic to the intermediate phase accompanied by magube was heated to 800 °C for 7 days in an electric furnace.
netization hysteresis at low temperatutéhe feature of the

Il. EXPERIMENTAL PROCEDURE

sharp transition does not change with temperature, although 25 | | | : |
the transition field decreases with increasing temperature. It MnGaC  _ LB
is quite different from the ordinary magnetic transition ob- 20 . BCdown -
served in antiferromagnets with localized magnetic mo- e mpm;;d fields
ments. We show in Fig. 1 the magnetic phase diagram, ?} 15— —
which is determined in the temperature-field plane. 'S = Tarr Trr
. . . = in steady fields

In the antiferromagnetic and ferromagnetic phases, the g 10 —
Mn moments in a111) plane are uniform along thl11] g
direction? The ferromagnetiq111) planes alternate along 5+ Tc=2458K
the[111] direction in the antiferromagnetic phase. The mag- AF F P
nitude of the Mn momeng,,, is estimated to be 1,8; at 4.2 0 ' ' '

: . X X 60 50 100 150 200 250 300
K in the antiferromagnetic phase and fAgat 170 K in the Temperature (K)

ferromagnetic phase. The intermediate phase has a canted

ferromagnetic structure that is possibly the same as that of FIG. 1. Magnetic phase diagram of MBaC in the temperature-
Mn3ZnC and MRGaG, o3s.° However, in both the ferromag- field plane.
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FIG. 2. p-T curves of MRGaC at zero fieldsolid line). The MOK
markers are aB=24 T. Dashed lines are drawn through the mark- 15 =150
ers for clarity. . 240

g 1230

i a 10 — 220
After quenching the tube, the product was removed from the z | Se——— 200
tube and crushed into fine powder. Furthermore, we annealed ﬁ,\}gg
it again under the same conditions, because one procedure osL Mn,GaC _
did not_homogg_nize the sample perfectly. DifferenFIy, the at high temperatures (b)
magnetic transitions would become broad due to its very 00 | | | |
sensitive properties versus the cher_mcal_ formula. A very 0 5 10 15 20 25
small amount of carbon powder remained in excess after the B (T)
synthesis but had almost no effect on the magnetic and trans- . .
port measurements. From the preparation proces%e's, FIG. 3. Transverse magnetoresistance of313laC n pulsed

MnsGaG _ 5 had to be extremely close to 0.00. The prepared!igh magnetic fields.
sample exhibited very sharp transitions, as reported o o )
previously® which indicates that the quality and the homo- @bruptly at the transition fields. With increasing temperature,

geneity of the sample were good. the absolute value of the change increases _but the relative
The sintered polycrystals were cut into a bar shape fovalue Ap/p decreases. In the ferromagnetic and paramag-
transport measurements and into thin slices for Hall resisbetic phasesp decreases slowly with increasing magnetic
tance measurements. The transverse resistance and Hall fi&ld. The magnetoresistance shows a dip in the vicinity of
sistance measurements were carried out by the standard fodre (se€ Fig. 4
probe method with a dc current perpendicular to magnetic The temperature dependencepodt B=24 T is shown in
fields. In the former case, we produced pulsed magnetiEig- 2 to better understand the above experimental results of
fields up to 25 T with a duration time of about 10 ms, by magnetoresistance. We can see the giant magnetoresistance
using a nondestructive long pulse maghét. the latter, we due to the metamagnetic transition at low temperatures, and
used a superconducting magnet that scans magnetic fields

between—5 and 5 T. By reversing magnetic fields, the di- 0.00 I I I i 3.0x10°
agonal component of the resistivity was eliminated from the B‘E)}W
Hall resistance signal. -

-0.05 |- 5 2.5
lIl. EXPERIMENTAL RESULTS

The temperature dependence of transverse resistivity
Mns;GaC is shown in Fig. 2. Abrupt change in resistivity is
observed at the transition between the antiferromagnetic and
intermediate phases. Except for the hysteresis region of the
transition, thep-T curves coincide in the processes of in- 0.15 - 15
creasing and decreasing temperature. The Curie temperature
TC of this sample is 246 K, determined from the change of
slope in thep-T curve. The value off ¢ is consistent with | :
tmhz;cq tg.etermmed by the previous magnetization measure- 0.2(;}80 200 220 240 260

Figure 3 shows the transverse magnetoresistance of TE®)

MnzGacC in pulsed high magnetic fields. The metamagnetic FIG. 4. Normalized magnetoresistance of J&aC in the vicin-
transition takes place beloW,g, and the resistivity changes ity of Tc.
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0

and ferromagnetic phases are estimated from this result to be
0.2/MngGaC and~ 1/Mn;GaC, respectively.

IV. DISCUSSION

First, we discuss the magnetoresistance in the vicinity of
the Curie temperature. We employ a simple model used by
de Gennes and Friedehased on the following assumptions:

-30 (1) There is a lattice of scattering spif$s at sitesR,; .
-o- 172, 188, 218, 237 K (F) (2) The energy of a conduction electron is expressed by
40x10° ~4- 259,282 K (P) #2k?/2m* , wherefik is the crystal momentum of the electron
0 1 2 3 4 5 andm* is its effective mass.
B (T) (3) The interaction of a conduction electron with the array

of scattering spins is simply described By=GX;s(r
—R;)S;s, wherer ands are the position and spin operators of
the conduction electron, respectively.

(4) Inelasticity is not taken into account so that spin-flip
scatterings are neglected.

(5) The resistivity due to spin scattering gs=m*/ne’r,
heren and r are the density of the conduction electrons and
e relaxation time, respectively.

If we use the first-order perturbation theoffFermi's
golden rule, summing over all final states and employing the
thermodynamical average for the initial states, we can calcu-
late the differential scattering cross section.

FIG. 5. Hall resistance of MjGaC R, X B at several tempera-
tures. The larger markers represent the lower temperatures.

the dip of magnetoresistance in the vicinity of. At B
=24 T, p is large below 140 K compared with what is ex-
pected from above 160 K. This fact indicates the difference
between the intermediate phase and the ferromagnetic on
We can guess that the transition temperature between the
phases is located between 140 and 160 Bat24 T, which

is consistent with the phase diagram in Fig. 1.

Figure 5 shows the Hall resistance,=RyXB of
Mn;GaC at several temperatures, decreases linearly in the
antiferromagnetic phase. However, an anomalous Hall effect do(6) -
is observed in the ferromagnetic phase at low magnetic o) =—Z I'(R)exp(iK-Ry). (&N
fields, where the magnetization is not saturated. The normal To i
Hall coefficientRy, in the ferromagnetic phase is determined Here 7K is the change of the momentum that depends on the
by a linear fitting on the field dependence of the Hall resis-g|astic scattering angle,
tance above 2 T. In the vicinity of ¢, the magnetization

2

curves are not straight lines up to 5°Bo that the normal 1 [m*G
Hall coefficient Ry cannot be determined. We determined o= 7~ pe S(S+1) (2)

the normal Hall coefficient except for the vicinity ®f. The

temperature dependence oRR}/is shown in Fig. 6. The s the total scattering cross section per scattering at high tem-

carriers of MRGaC in the antiferromagnetic and ferromag- peratures where the spin-spin correlations are expected to be
netic phases should be electrons since the normal Hall coefyegjigible, and

ficients are negative. The values Rf; in the ferromagnetic

phase are very small, which causes the d|sper§|onmj .1{ _ (S-So)—(S)-(So)

However, the average ofR/’s in the ferromagnetic phase is I'(Ry)= S(5+1) (©)

about five times larger than those in the antiferromagnetic

phase. The values of carrier density in the antiferromagnetits the static spin-spin correlation function for two spins sepa-
rated byR;. Using the differential scattering cross section,

0 I I we obtain the relaxation time by
s AF " toe . 79 27 (7 do(0) ,
1 — —=— ————(1— cosé)sinfdé. (4)
- T 09 Jo dQ
g
€ LL " Fisher and Langer pointed out the similarity of the for-
g " mula of the relaxation time with that of Heisenberg’'s mag-
- Mn,GaC - netic energy’ For T> T, both are convergent sums of terms
B e #l = containing the saméorce-dependent factor§'(R). There-
- # . fore, they concluded
-4x10° ' ' ' ' P
0 50 100 150 200 pmagoc C (5)
T (K) aT mag

FIG. 6. Inverse of the normal Hall coefficient of MBaC at  in a paramagnetic state, whe,,, is the magnetic heat
several temperatures. capacity andp,,g is the resistivity according as the above-
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mentioned assumptiof®). This formula is not so convenient tained in Fig. 7, we can assume that the effective mass and
in the present case, since the heat capacity due to lattidhe density of carriers of this compound can be well defined
vibrationsC,, is much greater thal .4 in the temperature for the paramagnetic and ferromagnetic phases figaiThe
range that we are interested in. Therefore, we should go bagkormal Hall coefficients in the paramagnetic phase at higher
to their basic idea supposinNgnagUmag- We suppose that temperatures, where the magnetization curves become
the lattice scattering is not so much affected by the magnetigtraight, are required to examine this possibility.
field compared with the magnetic spin motion, so Next, we discuss the giant magnetoresistance by which
9p  Opmag U the magnetic order-order transition is accompanied. The tem-
= 9o — M0 (6)  perature dependence of the Hall coefficient of aC sug-
B B 9B gests that the carrier density in the ferromagnetic phase is
Dividing the thermodynamical equation oBU=T4S about five times larger than that in the antiferromagnetic one.

+BdéM — P 6V by 6B, we obtain There are some reports about the substitution effect on
Mn;GaC®* According to them, if the Mn atoms are partly
(ﬂ) _T ﬂ) B ﬂ) —P(ﬂ) @) substituted by Fe or Céor Cr), which have moreor lesg
B/ aT |, B/, JB T' electrons, the first-order transition temperature decre@ses

. . . . - increasep It is consistent with our experimental result of the
Comparing with the first term of ed7) in the vicinity of T, Hall effect

the second term is estimated to be much smaller than the first
term by a factor of~ —10"1, while the third term is almost
negligible (~ 10" %) in the ambient pressureTherefore, we
expect

Meanwhile, the transition temperature increases if C at-
oms are slightly substituted for N atorhsTherefore, we
consider that this small substitution does not increase carrier
densities, but gives rise to an expansion of the unit-cell vol-
ap oM IM ume. It indicates that the conduction electrons belong mainly
£“Tﬁ+ B (8)  to Mn. In other words, the electrons in the Mn atoms have a
dominant role in the magnetic and transport properties.
Using this relation, {U/dB)1=T(dM/dT)g+B(dM/dB)t Now, we return to the abrupt decrease in resistance of
was calculated from the experimental results at several magbout 80% at 4.2 K. The ratio agrees with that in the Hall
netic fields. The results are shown in Fig. 7. The relaf®n coefficient between the antiferromagnetic and ferromagnetic
is in agreement with the experimental results fgi/JB. phases. Therefore, it can be interpreted that the jump of the
Thus, the magnetoresistance of daC in the vicinity ofTc  resistance simply represents the change of the carrier density
can be well explained by the simple model where the conbetween the antiferromagnetic and the intermediate phase.
duction electrons are scattered by #d exchange interac- The carrier density in the intermediate phase may be nearly
tion potential. It should be noted that the scattering spin irthe same as that in the ferromagnetic phase. Now, we con-
the s-d potential is in fact the difference from its average sider how the carrier density depends on the magnetic states.
value. Thus thes-d potential is nothing but an “additional” Yuasaet alX? reported that the resistance of(Ré, P}
effect, as long as the effective mass and the density of corshanges abruptly due to a magnetic transition of the first
duction electrons are clearly defined. Otherwise, this modedrder, and it could be explained using a mddla which the
is not applicable. Thus, from the good agreement we obs-d exchange interaction potential causes the resistance
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change. In contrast with our discussion above, they considdransport properties. According to band calculation for this
the drastic change in the combination$fs at the magnetic compound-’ the density of states at the Fermi level in the
order-order transition to cause the change in the conductioantiferromagnetic state is larger than that in the ferromag-
band, the effective mass, and the density of conduction eleaietic state. It is not consistent with our present experimental
trons. The assumption of their model is that the magneticesults. Furthermore, the heat capacity of J@a, _,Al,C
order-order transition does not affect the effective mass andias measured for €x<0.4 (Ref. 18 and shows also the
the density of conduction electronsxcept through the s-d opposite tendency; the coefficient of the electronic specific
interaction Obviously, it requires that the conduction elec- heat in the intermediate phasg~30 mJ/Kmol is higher
trons and the scattering spins are distinguished in the stritghany,z~20 mJ/Kmol in the antiferromagnetic phase. The
sense. former value is three times larger than the calculated value in
In the case of MgGaC, however, there is no reason to the ferromagnetic state, whereas the calculated value in the
suppose the magnetic electrons do not contribute to the comntiferromagnetic state is not so different from the latter ex-
ductivity. Furthermore, the amplitude of the magnetic mo-perimental one. Therefore, it is necessary to examine the
ment depends on the magnetic states, so that there iskand calculations in the intermediate and ferromagnetic
prominent difference in the band structure between the antistates. Experimentally, the use of single crystals of,GmC
ferromagnetic and ferromagneti¢intermediat¢ states. is essential for the study of the Fermi surface of the conduc-
Therefore, the model of Yuasat al. does not apply to tion electrons in MpGaC by the de Haas—van Alphen effect.
Mn;GaC. The “magnetic-phase” dependence of the resistiv-
ity in this system should be explained by changes of mag- V. SUMMARY
netic scattering, the carrier density, and the effective mass.

The magnetic order-order transition observed in th ) . S
present experiment is an open question. There have be n3GaQ N pulse_d high magnetic fields up to 25 T. An
r(ftbrupt jump in resistance has been observed at low tempera-

models to describe such transitions. Kittel proposed atures due to the field-induced magnetic transition between
exchange-inversion model, in which two magnetic sublat- 9

tices are coupled by the exchange interaction that varies W"ﬂjhznagtfaetri?;nﬂggeé'Cwﬁenri t}-\heesclgtteer%ecgite mrfalharlwseetic -srhii
increasing volume and changes its sign at a critical péint. 9 Y gs by mag P

Moriya and Usami also proposed another model, in Whichfluctuatmns are r.e_ducgd, IS congstent with .the ratio of the
.normal Hall coefficient in the antiferromagnetic phase to that

the driving force to produce the magnetic order-order tran3|in the ferromagnetic one, so that we can deduce that the giant

tion is the situation that uniform and staggered susceptibili- 1ag . ’ : giar

ties obey the Curie-Weiss law due to spin fluctuations an agnetoresistance Is caused_by the change of carrier density
etween the antiferromagnetic and the intermediate phase.

their signs can be changed depending on temper&tukk. ; . : )
though the former model of Kittel is based on the Iocalized-S'!ﬂ'C.e the amplitude of the_ magnetic molments,.wh|ch may
originate from the conducting electrons in Mn ions, de-

moment picture and the latter of Moriya and Usami is on the . . .
itinerant-electron model, these models have a common matt‘?—endS on magnetic states, the electron scattering by magnetic

ematical description concerning the magnetic free energflSEELE & T T2 B e e e
that is expanded into terms of scalar product of magnetiza- Y 9

tions and the temperature-dependent coefficients of seco ;{Ctr?gdelf:c:tr?on;%ggterﬂ?;?lfén;?dtﬁéisﬁzshgtif srgqt:geig -
order pass zero to drive the system into another magneti ~aled by other means. The ma netores?stance in the para-
ordered state. These models were, however, already criticall y ' 9 P

analyzed. The former model could not explain the negativ agnetic phase nedlc can l_ae exp|a|_ned using a simple
pressure  dependence of the first-order transitio odel by de Gennes and Friedel, which takes into account

temperaturé® The latter model could not describe the first- only the scatterings by magnetic spins. This picture will be

order transition between the antiferromagnetic and interme(-axarnlned by the Hall resistivity measurements in the para-

diate states induced by applying high magnetic filds. magnetic state at higher temperatures and higher magnetic

In the present case, the difference between the antiferrcg—elds’ which will clarify V\_/hether the carrier _density varies
magnetic and the ferromagnefimtermediate phase is not etween the ferromagnetic and paramagnetic states.

only the magnetic moment and the magnetic structure, but
also the carrier density and the effective mass. Information of
the electronic structure for each magnetic state is indispens- One of the authoréK.K.) is most grateful to Professor M.
able to carry out further investigation of both magnetic andKataoka for his advice on the discussion.

We have measured the transverse magnetoresistance of
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