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Magnetic and transport characteristics in Gd, g,d-a4 o79VIn,Ge, with two-dimensional alignment
of Mn atoms
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We present our recent experimental results on magnetic and transport properties in intermetallic compound
Gdy god-89 g7gMN,Ge, with the ThCgSi-type layered structure. The results obtained indicate that
G0y 924-89 g7IMIN,Ge, reveals two kinds of first order transitions below the ferrimagnetic Curie temperature
Ti1, from canted ferrimagnetic to noncollinear antiferromagnetic states and from noncollinear antiferromag-
netic to reentrant canted ferrimagnetic state§,aandT,; with decreasing temperature. Betweégp and T3,

a field induced metamagnetism from noncollinear antiferromagnetism to canted ferrimagnetism appears at
relatively lower fields, accompanied with fractal-like multistep transitions, the so called “devil’s stair case.”
Furthermore, a negative giant magnetoresistance effeat~15%) is also observed at the field induced
metamagnetic transition. The mechanism of this negative GMR is discussed on the basis of the results of
comprehensive measurements of the resistivities using single-crystallingdGa o;dVin,Ge, and TbMnGe,.

These unusual features might be characteristic of layered structure, two-dimensional alignment of Mn atoms.
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. INTRODUCTION tance ofR%, \,, is deduced to be-2.85 A; J5, . is antifer-

romagnetic forRy, ya=2.85A, while J§,, \;, becomes fer-

Among a lot of research on magnetism in intermetallic ; a
compour?ds containing manganese ?\/In and rare earth meta;%magnet!c forRiinn>2:85A. In these days, the great
i . vance in the neutron diffraction techniques have brought

R, much attention has been paid to the sys®Mn,Ge,  gome detailed information on magnetic structure of a family
because it revealed some uny;ual behavior, sgch as appegf-rRMn,Ge,, among which especially the light rare earth
ances of metamagnetic transition from noncollinear a”t'fer'compounds have revealed complex magnetic structure char-
romagnetism to canted ferromagnetism reentrant canted acterized by canted Mn moment arrangeméfit¥®such
ferromagnetisn;® and giant magnetoresistaricé accom- a5 a canted ferromagnetic structure with both ferromagnetic
panied by the metamagnetic transition. TREIN,Ge, com-  and antiferromagnetic components in the directions parallel
pounds crystallize in the layered structure of Tfiytype  and perpendicular to the axis, respectively, or a conical
body-centered tetragonal belonging to the space grouptructure composed of both ferromagnetic and helical com-
[4/mmmin which the Mn atoms lie on every forth layer ponents with the propagation vector parallel to the easy di-
stacked along the axis. In this structure, we notice that the rection. On the basis of the above experimental results, Ven-
Mn sublattice forms a simple tetragonal framework and theurini and Welteret al>®4~%%have reported that the Mn-Mn
Mn-Mn interlayer distance along theaxis Ry, v, is @imost  intralayer exchange couplingf,,, namely, the Mn mo-
5.5 to 5.6 A, whereas the Mn-Mn intralayer distance in¢he ment arrangement in the basal plane depends on the
planeRy,, v is nearly 2.8-2.9 A, being only half &, ,-  Mn-Mn intralayer distancdRyy, .\, as well. Therefore, there
Accordingly, we can expect that some interesting featuress a similar critical distance dRy, u,~2.84 A for intralayer
reflecting such a layered structure, in particular, two-Mn-Mn exchange coupling, above which the Mn moments in
dimensional arrangemerigD) of Mn atoms, appear in the intralayer noncollinear ferromagnetically couple to each
magnetism. other, leading to the canting of the Mn moments, but below

Magnetic properties o0RMn,Ge, have been intensively which the Mn moments collinear ferromagnetically couple to
investigated by Shigeokaand Fujii et al**® and Szytula each other within the same Mn sublayer. Here, we call the
et al,'? so far. After the systematic studies on magnetismcritical distance model for the Mn-Mn intralayer coupling
Fujii et al. have proposed a critical distance model for adja-the IRC model.
cent Mn-Mn interlayer couplin§!® Here, we call it the ITC Among the light rare earth compounds with unusual mag-
model, which yields a qualitative understanding of the tenmnetism, great interest has been paid to Srg®®. In this
dency of exchange coupling between adjacent Mn sublayergystem with Rﬁnn-MnNZ-SBA at room temperature, Fujii
According to this model, the Mn moments in the same Mnet al* and Tomkaet al”*® have observed two kinds of the
sublayer ferromagnetically couple to each other, and the adirst order transitions from canted ferromagnetic to noncol-
jacent Mn-Mn interlayer exchange interactidy,, i, de- linear antiferromagnetic states @, below the ferromag-
pends on the Mn-Mn intralayer distan&§,,..;, rather than netic Curie temperatur&,; and from the noncollinear anti-
the Mn-Mn interlayer distanc®},, .- Then, a critical dis- ferromagnetic to reentrant canted ferromagnetic statds;at
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with decreasing temperature. In addition, a giant magnetore-
sistance(GMR) has been observed accompanied by a field
induced metamagnetic transition from the noncollinear anti-
ferromagnetic to canted ferromagnetic states. However, the
origin of GMR is still unknown at present.

In order to clarify the correlation between magnetic and
transport properties of the Mn sublattice in the system
RMn,Ge, in detail, we drew the following research plan. The
Mn moments in GdMpGe, with RY, y,~2.85A at room

Magnetization (up/f.u.)
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temperature orders antiferromagnetically beldy= 365K 0 0.5 1.0
and it undergoes a first order transition Bt=95K with Magnetic field (T)
decreasing temperature, where the antiferromagnetism ®) ' '
changes into ferrimagnetisfit®2°In addition, since Gd is in

a Sstate (S)=1%, (L)=0), the 4 electrons in Gd do not
contribute to the magnetocrystalline anisotropy. On the other
hand, LaMpGe, with R}, y,~2.97 A (Refs. 19 and 21
shows a conical ferromagnetic structure, which consists of a
ferromagnetic component along theaxis and a helical one i
in the ¢ plane® Since we can easily contr&?,, ,,, to have g i
the critical distances for the ITC and IRC models by substi- 0
tuting La for Gd in GdMnGe,, we can expect the appear-

ance of interesting magnetic and transport properties reflect-

ing the layered structure in the system ;Gg a,Mn,Ge, FIG. 1. Plots of(@) magnetization as a function of magnetic field

because the environment of Mn atoms is very similar to thagt 8.0 K (below Ty3), 218 K (betweenT,3 and T,) and 258 K
in SMMn,Ge,. (betweenT,, and T,;) and (b) the magnetization ai=1.0T as a

Recently, Sokolovet al??> and Guanghuzet al?® have  function of the temperature for Gg.d-ag.o7MN.Ge.
studied the magnetic properties of GdlLa,Mn,Ge, under . . ]
similar expectation. Quite recently, they also gave an exp|aCI’UCIb|eS with the samples were sealed into quartz tube under
nation for appearance of the ferrimagnetic to antiferromag#r 9as, where the Ar gas pressure was controlled to become

netic transition with decreasing temperature by applying the~1 atm at the highest temperature, and heated up in a
Yafet-Kittel model?* However, they applied the collinear Bridgeman furnace. The samples were melted at 1633-1643

model in their analysis and neglected the noncollinear MriK just above the melting temperatures for 6 h. After then, the
moment components in this system. Independently, we hajmperature was lowered to 1073 K at a rate~d K per

investigated the magnetic properties of ,Gg.aMn,Ge, ~ Minute, kept at this temperature for 40 h and finally cooled in
with the composition range of9x< 0.2 which gave simi- furnance. The weights of single crystals obtained by this

lar results to those reported by Sokoleval 22 In this work, ~Method were 0.5-0.8 g. o ,
we studied the magnetic and transport properties in Measurements of the magnetization as a function of tem-

Gl 02d-80 07MN,Ge6, to clarify the origin of unusual magne- perature between 4.2 and 480 Kwere performed on a vibrat-
tism and GMR observed in the systeRMn,Ge,. The pre- N9 sample magnetomet€¥'SM) in magnetic fields of 0.05
liminary results have already been reported in Ref. 26. and 1 T. Measurements of the isothermal magnetization as a

function of magnetic fields up to 1.6 T were performed using
VSM in the field sweeping at a rate of 1.5 T per minute and
the measuring temperatures were kept in an accuracy within
Polycrystalline Ggg,d-a, 7dMn,Ge, was prepared by the +0.05 K. The electrical resistivities as a function of tempera-
following procedure. After the binary alloy Gg,dajs7s  ture between 4.2 and 300 K were measured using a home-
was prepared by arc melting under an Ar atmosphere, theade equipment based on a standard four probe method un-
polycrystalline sample was prepared by melting the mixtureder dc current of 50 mA. Magnetoresistance measurement
of stoichiometric amount of Gg,d-a9075 Ge, and about Was carried out using a superconducting magnet in the mag-
5-10% excess Mn than the stoichiometry, for several timeg)etic fields up to 6.0 T.
which was necessary to compensate the loss while melting.
Subsequently, the sample was wrapped in Mo foil, sealed
into evacuated quartz tube and annealed for 1 week at 1173
K to ensure homogeneity. As a result of the powder x-ray
diffraction (CuK,) examination, the sample was confirmed
to be single phase with the tetragonal Th&i-type struc-
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II. EXPERIMENTAL PROCEDURE

IIl. RESULTS AND DISCUSSION
A. Magnetic characteristics in Gdy god-a¢ ¢74VIn ,Ge,

Figures 1a) and 1b) show, respectively, the magnetiza-
tion as a function of magnetic field at various temperatures
ture. and that atH=1.0T as a function of temperature for poly-

Single-crystalline samples of Gegbd-ag079Vin,Ge, and  crystalline Gd gd-a o74MN,Ge,. As is evident from Fig. 1,
TbMn,Ge, were grown by a Bridgeman method. Their poly- it behaves as ferrimagnets with the spontaneous magnetiza-
crystalline samples were set in degassed MgO crucible, thigon at the temperatures of,<T=258K<T;; and T
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=8K<T,3, whereas no spontaneous magnetization is ob-
served at the temperatur@;;<T=218K<T;,. These
features indicate that Gd,d-ag¢7;dMn,Ge, shows unusual
multiple magnetic phase transitions in the sequence of para-
magnetic, ferrimagnetic, antiferromagnetic and reentrant fer-
rimagnetic states accompanied with compensation phenom-
enon with decreasing temperature. We also notice that the
polycrystalline Gg 9,d-a5 7gVIn,Ge, sample obtained in this
work is quite good in quality, judging from the appearance of
extremely sharp transitions at boff,,=244K and T3

=142K. ) ) FIG. 2. Deduced magnetic structures(at T,<T<T, (b
According to the ITC model, the appearance of ferrimag-t ,<T<T,,, and(c) T<T,s for Gd, gp4-0 o7MN,Ge, 0n the basis
netism belowT,; originates in the positive}, ., because of the critical distance ITC and IRC models.
Riin-vin @t room temperature is slightly larger than the critical
distance 2.85 A for the La composition of 0.075. With de-grawn in Figs. 2a), 2(b), and Zc)
creasing temperature, a first order transition from ferrimag— ’ ' ’
netism to antiferromagnetism occurs @, because the N
shrinking of Ry,.u, IS caused by thermal contraction and
Rn.mn becomes smaller than 2.85 ABg,. Here, it should
be noted that the Mn moments in the antiferromagnetic stat
as well as in the ferrimagnetic state order noncollinearly ac

;:r:)rdmg toltggtIRC m;gil'Achi%%IE’\g‘ IS sglllla\;\?_ter: :Chat?] Mn sublattice, and ferrimagnetically couple to the Mn mo-
deecrcer:';\lsﬁﬁ1 tSn'{i1 r]ecreatu.re it ug;lereoes aLn(;)th(;r- firslt orgrer ?r;rrlr]ents[Fig. A3)]. With decreasing temperature, the system
9 P ' 9 reveals unusual multiple magnetic phases, in which the Mn

sition at Ty3, where a canted reentrant ferrimagnetism ap- . . - o
moments in the intralayer still maintains the same noncol-

pears due to enhancement of the antiferromagnetic exchanﬂzne r and ferromaanetic ordering state. but th ling ten-
interaction between the Gd and Mn spins at lower tempera- ear and ferromagnetic ordering state, but tne coupling te

ture. Consequently, this indicates that the reentrantlike bGQency between the adjacent Mn sublayer canted fe_rromag-
havior as observed in SmM@e, is reproducible. Below Nefic ~ moments (;hanges from  ferromagnetic  to
T.s, the compensation phenomenon that the Gd and Mn sutntiferromagnetic afy, v,=<2.85A by lattice contraction.
lattice moments antiferromagnetically coupled to each othefFonsequently, three dimensional spin configuration with an-
is also observable &tcomp. tiferromagnetic character is stabilizedTag<T=<T,,, where

At the lowest temperature, the Mn moment is supposed athe molecular field from the Mn sublattice does not act on
~2.18ug per Mn atom for Ggg,d-ay07Mn,Ge, from the  the Gd one, so that the Gd moments disord&g. 2(b)].
value of spontaneous magnetization if the Mn moments colHowever, the Gd-Mn exchange interaction becomes domi-
linearly align in the intralayer and antiferromagnetically nant at lower temperatures, the interaction of which is anti-
couple to the Gd moments. The deduced value is muclerromagnetic. Therefore, the Gd and Mn sublattice moments
smaller than that in GdAMyGe, even though the lattice con- antiferromagnetically order &t<T,3, since the Gd-Mn in-
stant increases by substituted La for Gd. This also suggesterlayer exchange interaction becomes sufficiently strong to
that the collinear Mn model is not applicable. Therefore, itovercome the Mn-Mn interlayer antiferromagnetic coupling,
seems that noncollinear ferrimagnetism is realized bélgw  leading to reentrant canted ferrimagnetism as in Fig).2
for Gd, god-a5 g7dMIN,Ge,, in which the Mn moments cant Unfortunately it was impossible to determine the mag-
from thec axis in the intralayer. The reentrant behavior ob-netic structures by neutron diffraction studies because of the
tained in this work is quite similar to that deduced by Guan-very large absorption cross-section of the Gd atoms for ther-
ghuaet al,?® However, they claimed that the Mn moments in mal neutron. However, we believe that the deduced magnetic
the intralayer were collinear-ferromagnetically ordered atstructure is acceptable from the fact that the ITC and IRC
any ordering temperatures in GdlLaMn,Ge, with the  models are applicable without any exception in the system
composition range of 0.65x=<0.08. On the other hand, we RMn,Ge,.
obtained somewhat different conclusion from their results; In Figs. 3a) and 3b), are shown the magnetizations in the
namely, the noncollinear Mn moment arrangement is stabinoncolliner antiferromagnetic state as a function of magnetic
lized for all the ordering temperature belowW,; in field in some temperatures near both the first order transition
Gdy god-a9 g7gVIN,Ge,. In addition, we emphasize that the temperatures;, and T3 for Gd, g,d-ay g7Mn,Ge, respec-
noncollinear Mn moment model is also acceptable from extively. The Gg go4-ay 97dMN,Ge, sample used in this work is
perimental results of magnetotransport measurements far polycrystalline. Nevertheless, it is noticed that extremely
Gdy god-a9 g7MN-Ge,, Which will be described later. sharp increases in magnetization appear at the first order

On the basis of the above results, we can deduce magnetmetamagnetic transitions from noncollinear antiferromag-
structures in the temperature ranges TRI<T<T;;, Ti3 netism to canted ferrimagnetism. Most striking feature is that
<T=<T,, and T=T3 in Gdygrd-89¢7gVIN,GE,, Which are  the magnetization process is accompanied by multistep in-

(8 T,<T<T, (b) T,<T<T,

respectively. AtT

T.1, the intralayer arrangement of the Mn moments is non-
collinear but ferromagnetic, in which the Mn moments cant
from the c axis, but the Mn sublayer ferromagnetic compo-

nents couple ferromagnetically to each other alongctheis.

®n the other hand, the Gd sublattice moments align ferro-
magnetically along the axis by the exchange field from the
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FIG. 3. Plots of magnetization as a function of magnetic field at |G 4. Plots of(a) the resistivity as a function of temperature
various temperatures in the noncollinear antiferromagnetic statgyr polycrystalline Gg g,d-aq 074Mn,Ge, and broken line indicates
near the first order transition temperaturesTag and T3 for  the resistivity in the ferrimagnetic state obeying e law and(b)
Gdh.929-80.079MN2G €. excess resistivity in the antiferromagnetic state compared with the

ferrimagnetic statedar— prer) 1N Gty 92d-89 07gMNGe,.
creases in magnetization, the so-called “devil’s stair case,”
which completely differs from that in the oth&Mn,Ge, netic and antiferromagnetic exchange interactions, @d
systems. Furthermore, when we expand an optional part dfeing in an equivalent state, even if we see the spin structure
magnetization curve which looks similar to a straight line,along the any directions, i.e., having the three-dimensional
we can clearly recognize that a lot of small discontinuousdegrees of freedom.
increase in magnetization occurs in the expanded flame. In
addition, the fact that the feature in the expanded curve is
similar to total feature in the original curve reminds us the
word of “fractals.” As far as we know, such a fractal-like ~ Figure 4a) shows the resistivity dtl=0 as a function of
behavior has not been observed in any magnetization prdemperature for the polycrystalline ghd-ag o7 MnGe;
cesses so far. Here, it should be noted that the results shovg@mple. We can see two anomalies at 141 and 256 K, which
in Fig. 3 are those measured in a sweeping field rate of 1.5 Flearly correspond to two kinds of first order transition tem-
per minute. The magnetization curves measured in th@eraturesT,, and T3 from canted ferrimagnetic to noncol-
sweeping rate of 0.15 T per minute also indicated the similalinear antiferromagnetic and from the noncollinear antiferro-
shapes to those in Fig. 3. Therefore, we believe that th@agnetic to reentrant canted ferrimagnetic —states,
fractal-like phenomenon observed in this work is substantiafespectively. The result indicates that the resistivity in the
in the system Gglyod_ag o7dMN,Ge,. antiferromagnetic state is about 10—15 % higher than that in

The appearance of the fractals might be originated in théhe ferrimagnetic states. Except for the anomaly Tat
existence of the Mn atoms with different environments com-=256 K, the p-T curve for Gd ¢pd-a9079VIN,Ge, is quite
ing from statistical fluctuation of the La composition. That is, Similar to that for GdMpGe,.>“° It is of interest that the
we consider that the spin-flip transition of the Mn momentsmetallic behavior, the resistivity decreasing in proportion to
may independently and locally occur in the noncollinear an-T~ 1 with decreasing temperature, is observed over the mag-
tiferromagnet at different magnetic fields in a microscopicnetically ordered temperature regions. Here, the broken line
scale, which leads to not onlfl) a steplike formation of indicates the resistivity in the hypothetic ferrimagnetic state
ferrimagnetic clusters, but alst2) a steplike growth of their  obeying T*® law, which was estimated in the customary
ferrimagnetic clusters with increasing magnetic field. As afashion by plotting the logarithm of ferrimagnetic part by
consequence, the fractal-like multistep metamagnetism masubtracted the residual resistivity from the observed resistiv-
appear. Such a state seems to be caused in the case that therén[ peeri( T) — p(0)] against temperaturé. The excess re-
are innumerable free energy minimum states in this spin syssistivity in the antiferromagnetic state compared with the fer-
tem in the extremely narrow energy width, which occurs byrimagnetic state\ ppr= par— preri IS given in Fig. 4b). The
statistical fluctuation of La composition. In addition, there ishigher resistivity in the antiferromagnetic state than that in
no doubt about that the behavior comes from the this spithe ferrimagnetic state is in good agreement with the behav-
system characterized by the following conditiofk) being  ior of polycrystalline SmMpGe, reported by Braberst al®®
in a negligibly small magnetocrystalline anisotrogg) be-  Accordingly, it is expected that the giant magnetoresistance
ing in a competing state among several kinds of ferromageffect (GMR) at T;3<T<T,, could be induced by the field

B. Transport characteristics in Gdg gpd-ag g7gVIn ,Ge,
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FIG. 5. Plots of the resistivity as a function of magnetic field at Temperature (K)

T~145K for polycrystalline Gglozd-ag.07dMInGe. FIG. 6. Plots of(a) the magnetization atl =0.05T and resis-

tivities along thec axis andc plane as a function of temperature for

induced metamagnetism from noncollinear antiferromagsingle-crystalline Gglg,d-a, o74MiN,Ge, and broken lines indicate
netism to canted ferrimagnetism in &gd ag 7MN,Ge, as  the resistivities parallel and perpendicular to thaxis in the ferri-
well. magnetic state obeying the-> and T*® laws, respectively, anth)

Figure 5 shows the resistivity as a function of magneticexcess resistivities along tleeaxis andc plane in the antiferromag-
field at ~145 K just aboveT 5.2 When the magnetic field is Netic state compared with the ferrimagnetic staige(- prer) in
increased, an abrupt decrease of the resistivity appedats at Single-crystalline Glood ag 073Vin,Ge;.
~4.5T, while, on the decreasing field process, an abrupt _
increase is observed Bit~3.7 T. Because the resistivity was ~ The overall temperature dependence 6 andp®Pa"ejs
measured using short and thick specimen under high currerproportional toT 1% and T~ 18, respectively. The resistivity
the accuracy of measurement is not so good and the meas thec plane is smaller than that along tbexis, suggesting
sured points are scattered. However, it is to be noted thahat the Mn 3l electrons are more movable in tleplane
there is a possibility that the multi-step increase of magnetithan along thec axis, reflecting the 2D arrangement of Mn
zation affects to the scattering of the data points. Definingatoms. As is seen in Fig.(®, a hump appears in tempera-
[p(H)—p(0)]/p(0) as the magnetoresistandg/p, a nega- tures betweernT3~140K and T;,~260K in the p®®=T
tive giant magnetoresistance GMR &p/p=—15% is ob- curve. This obviously indicates that the antiferromagnetic or-
served aff ~ 145 K accompanied by the metamagnetic tran-dering is accompanied by the increment of the resistivity
sition from noncollinear antiferromagnetic to canted along thec axis, which is similar to the behavior of polycrys-
ferrimagnetic state. Recently, Sampathkumaeaal?’ also  talline sample. On the other hand, th&3"¢ T curve reveals
observed the magnetoresistankp/p~—6% at the meta- that a small anomaly occurs @t-250K corresponding to
magnetic transition in Gghday oMn,Ge,, which is some- the first order transition temperatur&;,, whereas no
what smaller than our data. anomaly is observed near the temperature corresponding to

To clarify the origin of negative GMR, we carried out the T;3=140K. The excess resistivitiésp sr= par — pPrerri 2lONY
measurements of magnetization and resistivity using singlethe directions parallel and perpendicular to thexis are
crystalline Gd g2d-ag o,gVIn,Ge; as well. The magnetization shown in Fig. @b). The excess contribution to theaxis
along thec axis (easy directionat H=0.05T and the resis- resistivity due to antiferromagnetic orderingpiE"® was
tivities atH =0 along the directions parallel and perpendicu-evaluated to be-24 u{)cm atT~200K, which is almost
lar to the c axis are shown in Fig. (@) as a function of twice of the value for the polycrystalline. This implies that
temperature. In addition, the resistivities along both the dithe results of overall resistivities for polycrystalline sample
rections in the ferrimagnetic stafieroken lineg are drawn in  mainly reflect the transport properties along thaxis. It is
Fig. 6(a), which were estimated by the same way as used foinferred that the increase in the resistivity due to antiferro-
the polycrystalline. Compared to the result of polycrystallinemagnetic ordering originates in the reconstruction of the
sample, the temperature region where noncollinear antiferrcFermi surface, which is accompanied with the appearance of
magnetism is stabilized becomes narrow due to the broademantiferromagnetic ordering.
ing of the first order transitions corresponding Tg, and Here, we assume that the resistivity due to scattering from
Ti3. The cause of the broadening of both the transitions ishe Mn sublattice is essential and the Mn sublayer moments
because the composition fluctuation of consistent elements iare directed parallel to the axis and ferromagnetically
the single-crystalline sample grown by the Bridgemancouple to each other in the ferrimagnetic state. On the other
method is much larger than that in the polycrystalline sampléand, in the antiferromagnetic state, the adjacent Mn sub-
prepared by arc melting, but not because of an intrinsic belayer moments are assumed to be antiferromagnetically
havior of single-crystalline Ggh,d-ag g7dMN,Ge;. coupled to each other, i.e., the Mn sublayer moment aligns
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with the sequence of — + — along thec axis. Then, the 100 - : - :
magnetic superstructure is formed, where the magegia- e @
rameter is twice as large as the lattice constaaf the Mn 7
sublattice. As a result of development of the antiferromag- j‘/
netic ordering, the band gap along tbhelirection is formed ; “
within the first brillouin zone by a truncation of the Fermi sol i
surface, leading to an effective reduction in the numbers of
conduction electrons and a dramatic increase in the resistiv- l
ity along thec axis. Regardless of the intermetallic com- Collinear V7"
pounds, such a band structure effect frequently plays an im- Femi
portant role in the transport properties in localized or
itinerant spin systems. A layered uranium intermetallics 0
UNiGa??®?° for example, is a typical material showing a
negative GMR for the localized spin system, and in the Cr
and Cr-Mn alloy&® with CsCl-type crystal structure, a dras-
tic enhancement in the resistivity is observed belonelNe
temperaturely, which are known as an itinerant electron
antiferromagnet. P0 50 100 150 200 250
In fact, the Mn moments in Gd,d-ay 974MIn,Ge, do not Temperature (K)
I S.UCh a CO.”inear antiferromagnetic model, but couple FIG. 7. Plots of(a) the resistivity and(b) excess resistivity
noncollmear_ anuferromagngucally to eaph othe_r. The_refor.e( pSplane_ ;e \ithin the ¢ plane as a function of temperature for
the noncollinear and antiferromagnetic configuration  ingjngie crystalline ThMgGe, and broken line indicates the resistiv-
Gt 929-80.078VIN,Ge,  complicatedly ~ contributes o the iy within the ¢ plane in the ferrimagnetic state obeying tHe? law.
c-plane resistivity, judging from the results in Fighé. The
c-plane resistivity in the antiferromagnetic state is slightly , ) , .
larger than that in the ferrimagnetic state in temperature8!2n€ might play an important role in unusual behaviors such
between~240 and~260 K, while it obviously tends to be- @S the lowerc-plane resistivity in the antiferromagnetic state
come lower than the resistivity in the ferrimagnetic state inthan that in the ferrimagnetic state in §gd-ag o7dVIn,Ge,.

Resistivity (p€2-cm)

Collinear
AF

()

(u€-cm)
w

Par ~ Preni

the temperature region of 140KT <240 K. These compli- To clarify the origin of the unusual behavior, we further
cated features imply that some positive and negative contristudied thec-plane resistivity measurement on single crystal-
butions coexist in the-plane resistivity. Van Doveet al!  line TbMn,Ge, in this work. Morellonet a3 and Venturini

have reported that theplane resistivity of single-crystalline et al3? have independently performed the neutron diffraction
SmMn,Ge, becomes 4-8% lower in the antiferromagnetic studies of TbMpGe, and finally verified that TbMyGe, or-
state than that in the ferromagnetic state. Torekal’*®  ders the collinear antiferromagnetism beldy=417 K and
gave a good account for the negative contribution to thet undergoes a first order transition &t;=95K with de-
c-plane resistivity due to the antiferromagnetic arrangemengreasing temperature, at which the magnetic structure trans-
on the basis of magnetic structures of Smlde, determined  forms from collinear antiferromagnetic into collinear ferri-
from their neutron diffraCtion StudieS. As iS described abOVEmagnetiC ConfigurationS. Therefore, |t is Of interest to knOW
the canted Mn moment configurations, namely, noncollineapqy thec-plane resistivity does behave, when the magnetic

magnetic structures, appear in all the ordering temperature§ycture changes from collinear ferrimagnetic to antiferro-
below Ty;~350K for Gdg54-80,07MIN;Ge,. They hypoth-  oanetic states a5, Figure 7a) shows thec-plane resis-

i]stlrf;: g;a;ﬁgeS%';ﬁﬁ??gﬁ:g,‘; C;)smgogce;:evrv':f,h”};:ggrlwo ivity as a function of temperature for a single-crystalline
! Y u uncti Ny bMn,Ge,. The overall temperature dependence is followed

conduction electrons in theplane. In the case of the system 18 . . .
SmMn,Ge,, the antiferromagnetic component within tie to the samd =" law as in Gd.ozd-29.07MNGE,. AS s evi-

plane in the antiferromagnetic state Bk<T<T;, and H f[jent .ftromttms flgutreéan ."’“(‘j‘.’mf?'y I?hS(ta?rT at Ithe f|rst.order
<Hc becomes smaller than that in any other magnetic or:' 21SItoN €Mperature,;, indicating that thec-piane resis-
dered states with ferromagnetic components containing thiV1ty shghtly. Increases by the appearance of F:pllmear anti-
field induced ferromagnetic state @;<T<T,, and H ferromagnetic ordering along tleeaxis. The positive excess

>Hc. This results imz,'a:l?ne<p%planeirrespective of whether C-Plane resistivity in the antiferromagnetic state is about 3—4

magnetic field is applied for the system. Thus, the origin of{} €M coming from magnetic structure change alongdhe
the anomalous behavior in the-plane resistivity of 2aXIS- Hencg, itis _deduced that the ungsual_behawor of the
SmMn,Ge, could be understood in terms of the Mn spin- C-Plane resistivity in Gglg>d a9 079VIn,Ge, is attributed to the
valve scattering mechanism. competition between the positive and negative contributions
The hypothesis of Tomkat al”*® leads us to the con- to the resistivity due to the antiferromagnetic orderings along
clusion that the canted Mn moment configurations are stabithe ¢ axis and in thee plane, respectively, and different tem-
lized at all the magnetically ordered temperature belqyw  perature dependence of the both contributions.
=348K in Gdgydagg7Mn,Ge, in  analogy with Finally, it is noteworthy that the appearances of both the
SmMn,Ge,, and the antiferromagnetic structure in tee temperature induced negative and positive magnetoresistance
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effects in thec-plane resistivities in Ggh,d-a o7dMN.Ge, (4) As a result of the resistivity measurement as a function
and TbhMnGe, strongly supports that the noncollinear Mn of magnetic field at T~145K for polycrystalline
moments configurations are stabilized at any magneticallyzd, ¢,d a, o;aMN,Ge,, a negative giant magnetoresistance
ordered states belol; in Gdy god-a0 074VINGE,. This gives  (Ap/p=—15%) is observed, which is accompanied with a
a quite reasonable agreement with the conclusion we obmetamagnetic transition.

tained according to the ITC and IRC models. (5) From the measurements of resistivities along the di-
rections parallel and perpendicular to thaxis as a function
IV. CONCLUSION of temperature for single-crystalline Gghdag o7Mn,Ge,, it

We have studied the magnetic and transport properties ¢¥as deduced that the increment of 20-30% occurs in the
layered compound Gg,d a, o7Mn,Ge,. The results ob- resistivity along _thec axis at the magnetlc phgse transition
tained are summarized as follows. from canted ferrimagnetic to noncollinear antiferromagnetic

(1) In Gdygd-apo7dMn,Ge,, multiple magnetic phase States. N o
transitions below the ferrimagnetic Curie temperaflireap- (6) In addition, from the results of resistivity measure-
pear with decreasing temperature in the sequence of parfent in thec plane as a function of temperature for single-
magnetic, canted ferrimagnetic, noncollinear antiferromagcrystalline ToMnGe,, it was found that not only the tem-
netic, reentrant canted ferrimagnetic states. Consequentlperature induced positive magnetoresistance effect due to the
the reentrantlike behavior is reproducible in this system simichange of the-axis moment component from ferrimagnetic
lar to that reported in SmMf®e,. Here, it is deduced that all to antiferromagnetic ordering, but also the temperature in-
the magnetically ordered states observed in this work arduced negative magnetoresistance effect incthane coex-
characterized by three-dimensional noncollinear magnetitst in Gd, 5,485 7dMN,Ge,, but the former contribution is
structures with the Mn moment components alongdfais  much larger than the latter one, which result in a negative
and in thec-plane. o GMR in polycrystalline Ggg,d-ag g7dVIn,Ge.

(3) In the isothermal magnetization curves for polycrys-
talline Gd, god-ag g7gMN,Ge,, extremely sharp field induced
meta_magnetism appears r!élag anc_i T3 where _the phase ACKNOWLEDGMENTS
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