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The electrical resistivityp), magnetoresistancép/p), heat capacity€), and magnetization\) behavior
in a number of Gd alloys are reported. Particular attention is paid tp e A p/p behavior at temperatures
just above respective long-range magnetic ordering temperatliggs I some compounds, e.g., GgRn,
and GdP4Ge,, there is an enhancement@prior to long-range magnetic order over a wide temperature range
which can be highlighted by the suppressiompafaused by the application of a magnetic field. However, such
features are absent in many other Gd compounds, e.g., &£ uGdAgSi, GdAWSI,, GdP4dGs,, and
GdCaSi,. Attempts to relate these features to magnetic precursor effe€sare made. We observe inter-
esting features in th€ data, like shoulders and additional transitions in the magnetically ordered state and
peak values oC at T varying from one compound to the other. The implications of these observations are
discussed. In addition, variousp/p anomalies, including large positive values at low temperatures in some
cases, and the sensitivity of magnetoresistance to field-induced magnetic transitions in comparison with the
isothermalM data, are also brought ou§0163-182@08)03438-9

[. INTRODUCTION sense that Gd does not exhibit any complications due to
double-exchange, crystal-field, Jahn-Teller, and Kondo ef-
One of the points of debate in the field of giant magne-fects.

toresistance is the origin of negative temperature coefficient We therefore consider it worthwhile to get more experi-
of resistivity (p) above the Curie temperatur@{) and the mental information on Gd compounds in order to arrive at an
resultant large negative magnetoresistancg.atRefs. 1,2. overall pict.ure. of magnetic precursor effects. With.this pri-
Keeping such trends in the field of magnetism in recent year§'@7y motivation, we carried oufp, magnetoresistance
in mind, we have been carefully investigating the magnetorel2p/p), heat capacity ¢), and magnetizationM) mea-
sistance behavior of some of the Gd alloys in the vicinity ofsurements in a number of other Gd alloys crystallizing in the
respective magnetic ordering temperaturgg)( in order to same (or closely relatef structure. Among the Gd alloys

address the question whether such features can arise froqu]vestlgated, interestingly, many do not exhibit such resis-

some other factor. We have indeed noted an extra contribt}fmce anomalies; in addition, we find that there is no one-to-
. T . one correspondence between then)observation of excess
tion to p over a wide temperature range aboV¥g in

. . . p and a possible enhancement of heat capa€iydboveT,
GdP§Si,, GdPdIn, GdNi,Si; (Ref. 3, GdNi (Ref. 4, and  j; jhese Gd alloys. The compour@sinder investigation are

Gd,PdS; (Ref. 9, as a result of which the magnetoresistanceGchhGez(TN: 12K), GAAgSk(Ty=17K), GdPdGe,

is negative just abovd,, attaining a large value af,, (Ty=18K, Ref. 13, GACaSi, (Ty=44 K), GdAWSi, (T
similar to the behavior in manganites. In fact, in one of the_ 1o K), GANpS, (Ty=7K), and GdPiGe,(Ty=7 K).

Gd compounds, G#dS§, the temperature coefficient pfis  The crystallographic and some of the magnetic properties of
even negative just above BletemperatureTy), with a dis-  these compounds have been kndtg our knowledge with
tinct minimum at a temperature far aboVg . Similar resis-  the exception of GdBGe,. We have chosen this set of com-
tance anomalies have been noted abbyeven in some Tb  pounds, since all of these compounds are crystallographi-
and Dy alloys’ Since critical spin fluctuations may set in as cally related: most of these form in ThSi,-type tetragonal
one approaches,, the natural tendency is to attribute thesestructure, while GANSn, and GdPiGe, appear to form in a
features to such spin fluctuations extending to unusuallyelated structure, viz., CaBBe, or its monoclinic
higher temperature range. In our opinidfi,there exists a modification'*'S It may be added that the transition-metal
more subtle effect, which is yet to be understood. In the caspns, except Mn, are known not to carry any moment in these
of manganites, there is a proposal that a decrease in mobiligfystal structures; in the case of the cobalt alloy, the ob-
of the carriers are primarily responsible for negativeserved effective moment in the paramagnetic moment is
temperature coefficient ofp above Tc and large marginally higher(by about 0.3g) compared to that ex-

magnetoresistancé® pected for trivalent Gd ion, presumably due to the polariza-
The results on the Gd alloys mentioned above are alsgon of the conduction band induced by &d.

important to various developments in the field of heavy fer-

mions anq Kondo Ia_lttlces, as dlsc_:ussed in Refs. 3—5, 9-11. Il EXPERIMENT

Thus, the investigation of magnetic precursor effects in rela-

tively simple magnetic systems is relevant to current trends The samples were prepared by arc melting stoichiometric
in magnetism in general; the Gd systems are simple in thamounts of constituent elements in an arc furnace in an at-
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mosphere of argon and annealed at 800 °C for 7 days. The 16 T

samples were characterized by x-ray diffraction. The electri-
cal resistivity measurements were performed in zero field as
well as in the presence of a magnetic fieldl)(of 50 kOe in

the temperature interval 4.2—300 K by a conventional four-
probe method employing a silver paint for electrical contacts
of the leads with the samples; in addition, resistivity was
measured as a function ¢1 at selected temperatures; no
significance may be attached to the absolute valugsdafe

to various uncertainties arising from the brittleness of these
samples, voids and the spread of silver paint. Thenea-
surements were performed by a semiadiabatic heat-pulse
method in the temperature interval 2—70 K in order to look
for certain correlations with the behavior 5 respective
nonmagnetic Y or La compounds have also been measured 0
so as to have an idea on the lattice contribution, though it is
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~
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not found to be reliable at high temperatutés aboveT). S
In order to get further information on the magnetic behavior, E 0.4
the magnetic susceptibilitf{y) was also measured in a mag- E
netic field of 2 kOg2—-300 K employing a superconducting S
guantum interference device; the data are shown only in the 0.2

vicinity of Ty, as the high-temperature data are featureless
agreeing with the results known in the literature; the behav-
ior of isothermalM was also obtained at selected tempera-
tures.

Ill. RESULTS AND DISCUSSION

The results ofpo measurements in the absence and in the
presence of a magnetic field are shown in Fig) below 45
K for GdPtGe,. The C data are shown in Fig.(fh). The x
data in the same temperature interval are shown in K. 1
to establish the value &fy . The magnetoresistance, defined
as Ap/p=[p(H)—p(0)]/p(0), as afunction of H at se-
lected temperatures are shown in Figd)l From the com- H (kOe)
parison of the data infa), (b), and(c), it is clear that this
compound undergoes long-range magnetic orderinglgt ( FIG. 1. (a) Electrical resistivity in zero field and in the presence
=7 K), presumably of an antiferromagnetic type, consider-of a magnetic field of 50 kOdp) heat capacity €), lattice contri-
ing that the Curie-Weiss temperaturé,f obtained from  bution toC and the magnetic contributiorC(;) to C and (c) the
high-temperature Curie-Weiss behavior f is negative magnetic susceptibility below 45 K as well as the isothermal mag-
(—8K) and the isothermal magnetizatiom | at 4.5 K does netization (inse) at 5 K for GdP}Ge,. The magnetoresistance,
not show indication for saturatiopand, in fact, varies lin- Ap/p, as a function of magnetic fieldd) at various temperatures
early withH, Fig. 1(c), insel. There is an upturn ip below is shown in(d). The lines drawn through the data points serve as
7 K, instead of a drop, presumably due to the development cduides to the eyes.
magnetic Brillouin-zone boundary gaffsHowever, with the

Ap/p (%)

described in Refs. 9,17. It appears that this may not be the

application of a magnetic field, say 50 kOe, this low- oL
telomp erature upturn i Y ets de ressedy the point to be notedp-erfeCt way of determination -Cﬁ:m aboye 30 K as the de-
P ptunip g P » the p rived lattice part does not coincide with the measured data

i_s that there is a significant depress?onpoivith th_e applica-  for the sample, though the magnetic entrapptained by
tion of H even above 7 K, the magnitude of which decreasegytrapolation ofC,, to zero Kelvin reached its highest value
with increasing temperature. Thus, there is a S|gn|f|cantR In 8) around 40 K; there may possibly be a different de-
negative magnetoresistance not only beldy, but also gree of crystallographic disorder between Gd and Y alloys,
above it over a wide temperature range. This point can bevhich is responsible for this discrepancy. Clearly the feature
emphasized more clearly when one measukgdp as a is rounded off at the higher temperature sidd Qf, resulting
function of H at various temperaturg&ig. 1(d)]. There is a in a tail extending to higher temperature range and this fea-
guadratic variation wititH (up to about 50 kOkat all tem-  ture is free from the error discussed above. The data basi-
peratures mentioned in the plots, attaining a large value atally provide evidence for the fact that the full magnetic
higher fields, and these are characteristics of spin-fluctuatioantropy R In 8) is attained only in the range 30—40 K and it
systems. In order to explore whether any such magnetic prés exactly the same temperature range until which we see an
cursor effects are present in tiiedata, we show the mag- enhancement gb, depressing with the application éf. In
netic contribution C,,) to C in Fig. 1(b) after subtracting the short, this compound exhibits magnetic precursor effects
lattice contribution(derived from theC data of YP}Ge,) as  both inC andp data.
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4 ca | ' ' FIG. 3. (a) Electrical resistivity in zero field and in the presence
.;“' """ R S . - 45 K of a magnetic field of 50 kOdb) Heat capacity C), lattice con-
SLe .o T Se, i tribution to C and the magnetic contributiorC(,) to C and(c) the
9 . (d) '. magnetic susceptibility below 60 K as well as the isothermal mag-
: g netization(insey at 4.5 K for GdCgSi,. The lines drawn through
3 Ose the data points serve as guides to the eyes.
<
_ say, at 10 and 15 K. Thug and C data show magnetic
0 precursor effects for this alloy as well.

We now present the results on a series of Gd alloys in
which the excess resistan@ia the sense described abgie
FIG. 2. (a) Electrical resistivity in zero field and in the presence not observable abové,. These alloys are GdG8i, (Fig.
of a magnetic field of 50 kOdb) heat capacity €), lattice contri-  3), GdAW,SI, (Fig. 4), and GdP¢Gs, (Fig. 5. Itis clear from

bution toC, and the derived magnetic contributiof ) to C and  Figs. 3-5 that the resistivity in the presence and in the ab-
(c) the magnetic susceptibility for GdpBr, below 32 K. The mag-

netoresistance) p/p, as a function of magnetic fieldH) at various . 0 ; T

temperatures is shown ifd). The lines drawn through the data 94l PR
points serve as guides to the eyes. The isothermal magnetization & (a) H=0_ .. .t
behavior at 4.5 K is plotted in the inset ¢f) and the low field © g2 L 00.33,‘:3.3 ------ |
linear region is shown by a continuous line. Ci 50 kCe

\;: 90 f:::. GdAUZSiz |

As in the case of GdR&e, the results obtained from
various measurements for G@iSn, are shown in Fig. 2 be- : | |
low 35 K. It is clear from the features i C, andy that this

compound orders magnetically at about 7 K; from the re- ) 20 (b)
duced value of peakc,, (lattice contribution derived from S i
the values of YNiSn,) (Ref. 17 and negatived,(— 13 K), E
. . . 4 ~
we infer that the magnetic structure is of an amplitude- — 10
modulated(AM) antiferromagnetic type. The main point of O f o |
emphasis is that there is an excess resistivity until about 15 o , Ro0R040000090%5920 0% 00

K, which is highlighted by the depression pfwith the ap- 0
plication of H. Though there are problems similar to

GdPtGe, in deducing precise lattice contribution at higher
temperature, we are confident th@t, data (qualitatively FIG. 4. (a) Electrical resistivity in zero field and in the presence
exhibit a tail until about 15 K and the total magnetic entropyof a magnetic field of 50 kOe, anth) heat capacity €), lattice

is released around the same temperature. The magnetoresigntribution toC, and the magnetic contributiorC(,) to C for
tance appears to vary nearly quadratically witraboveT,, GdAu,Si, below 30 K.
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FIG. 5. (a) Electrical resistivity in zero field and in the presence
of a magnetic field of 50 kOdp) heat capacity €), lattice contri-
bution to C, and the magnetic contributiorC(,) to C and(c) the
magnetic susceptibility below 35 K for Gdiele,. The magnetore-

sistanceA p/p, and isothermal magnetization as a function of mag-
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FIG. 6. (a) Electrical resistivity in zero field and in the presence
of a magnetic field of 50 kOd)) heat capacity €), lattice contri-
bution to C and the magnetic contributiorC(,) to C and (c) the
magnetic susceptibility below 30 K for Gdgee,. The magnetore-
sistanceAp/p, and isothermal magnetization as a function of mag-
netic field (H) at 4.5 K are plotted ifd). The lines drawn through

netic field () at 5 K are shown irid). The lines drawn through the the data points serve as guides to the eyes.
data points serve as guides to the eyes in all the plots except for the

M versusH plot, in which case the straight line represents the low

field linear region.

sence oH are practically the sam@vithin 0.1%9 above their

to the cases discussed in the previous paragraph, it appears
that there is no correlation betwe€nandp behavior prior to
long-range magnetic order. Y@Be, and LaAgSi, have
been used as references to obtain lattice contribution, to

respective ordering temperatures, thereby establishing thespectively. The finding of interest is that the magnetic con-

absence of an additional contribution gdbefore long-range

tribution to C appears to exhibit a prominent tdilvithout

ordering sets in. It is to be noted that even in Co alloy inany doubt in GACyGe,), at least until 10 K above respective

which excess effective moment has been repdftéalso
confirmed by uj the excesg is absent. In order to look for
the tail in C,, aboveT,, we attempted to obtain respective
lattice contributions (employing the C values of
YCo,Si,, YAU,Si, and YPdGe, respectively. We can
safely state that the continuous decreaseCjnjust above
Ty, if exists, does not proceed beyond T2 see Figs. &),

Ty This behavior is similar to that noted for GdQi,
earlier!*7

We have also made various other interesting findings.
Bouvier et all” and Blancoet al1®1° have elegantly shown
for Gd alloys how the peak,, value atT, can be used to
derive information on magnetic structure. According to these

reports, for an equal momentEM) magnetic structure

4(b), and 8b)]. Thus, it appears that the magnetic precursor(simple antiferro, ferro or helimagneticthis value for Gd

effects inC, if present, are negligible, thus tracking the be-

havior of “excess resistance.”

In GdCuyGe, and GdAgSIi, as well, clearly there is no
excess resistivity abovEy, as the application dfl does not
suppress the value @f(Figs. 6 and }. However, in contrast

should be 20.15 J/mol K and the amplitude modulatiai)

is expected to reduce this value. This guideline to infer the
magnetic structure appears to be superior even to neutron
diffraction in some respects, particularly for Gd considering
that Gd is not very convenient for neutron-diffraction stud-
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20 - | - | - ing to a Schottky-like anomaly in the ordered state involving
(a) . :°3°'°-:° " quantum levels of (29 1)-fold degenerate multiplet the en-
16 - *Toaoraomonshemem o ergy positions of which depend on the temperature through
e o HEO the thermal variation of the exchange fiéfd® Clearly, the
12 . . ) 50 kOe n C behavior in the ordered state can be very complex. In light
o GdAg,Si, of these ideas, we now look at the features in @hdata of
8 - o . 7 the present compounds. The most prominent behavior is seen
20 L ' ' ' ' i for GdAQ,Siy; there are two prominent magnetic transitions,
’ (interestingly a discontinuous one near 17 K and the other at
11 K [see the features i€ and y in Figs. 7b) and 7c)].
There are additional shoulders at about 6 and 8 K. Due to
such a complexC versusT behavior, we avoid inferring
magnetic structure from the peak value@f, for this com-
. , , pound. At the 17 K transition in this compound, there is a
- o . sudden upward jump i€, and at the same temperatyse
(c) /\o\ shows a sudden upturn instead of a decréksp 7), possi-
N bly due to the formation of antiferromagnetic energy gaps. It
/ would be interesting to probe whether the transition is first
/ ™~ order in nature. There are very prominent shoulders at about
Bl ~. 10 and 14 K for GdPg5e, and at 5 K for GANjSn, well
0.13 | ©o° ~ . X ;
: . below respectivel,. There are relatively less intense, but
clearly visible shoulders below, for GdCgSi, (at about 20
Temperature (K) K), GdAWSi, (at about 7 and 10 Kand GdCyGe, (around
10 K and below as well; such features are apparently
80 rounded off for GdRGe,. It is to be noted that the additional
magnetic transition in GdG8i, around 20 K can be inferred
from the upturn in the susceptibility al§&ig. 3(c)]. Thus,
the C behavior of these Gd alloys in the magnetically or-
dered state is quite rich in features.
o We now compare the field dependence of magnetoresis-
tance with that of isotherma¥l. For GdNpSn, [Fig. 2(d)],
H (kOe) Aplp as a function ofH at 4.5 K exhibits a sharp rise for
initial applications ofH with a positive peak near 8 kOe.
FIG. 7. (a) Electrical resistivity in zero field and in the presence While the positive sign may be consistent with antiferromag-
of a magnetic field of 50 kOeb) heat capacity ), lattice contri-  netism, corresponding anomaly in the isothermal magnetiza-
bution toC, and the magnetic contributiorC(,) to C and(c) the  tion at 4.5 K is not very prominent; the plot & versusH,
magnetic susceptibility below 30 K for GdA§i,. The magnetore-  however, is not perfectly linear at 4.5 K, showing a weak
sist_an(_:eAp/p, and isothermal mag_netization_as a function of mag'metamagnetic tendency around 30 k{®ég. 2(c), insed. It
netic field (I-_I) at 4.5 K are plotted ifd). The lines drawn through appears that the peak in the magnetoresistance is a result of
the data points serve as guides 1o the eyes. significant changes in the scattering effects from a weak
metamagnetism. Even in the case of GgBig there is a
ies. On the basis of such ideas, we look at@hbehavior of  weak feature in the plot dfl vsH at 4.5 K in the field range
our alloys. The peak values of, for GdPtGe, and 20-40 kOe due to possible metamagnetic trans(see Fig.
GdNi,Sn, are much smaller than that expected for EM mag-7(d)], which is pronounced in the magnetoresistance beyond
netic structures and the fact that the value is reduced by &0 kOe. In the case of GdR@e,, at 5 K, Ap/p shows a
least a factor of about 1/3 shows that the magnetic structurpositive value until 20 kOe, beyond which the value is nega-
is modulated. The situation is somewhat similar fortive exhibiting a nonmonotonic variation with [Fig. 5d)];
GdPdGe,. However, for GdCgSi, and GdAySi,, the peak the plot of M versusH shows only a small deviation from
values ofC, are very close to the expected value for EM linearity around this field. Thus there are very weak meta-
magnetic structures, thus suggesting that (Br&iferromag- magnetic effects which have subtle effects on the scattering
netic) magnetic structure is not modulated. Interestingly, forprocesses in the magnetically ordered state in these com-
GdCuyGe,, the corresponding value is unusually higtibout  pounds. The plot of magnetoresistance vetduand that of
25 J/mol K), the implications of which are not clear at the isothermal magnetization look similar for Gdgs, [Figs.
moment. 6(d)], with a very weak metamagnetic tendency near 35 kOe,
In addition, Blancoet al!®'° also derive that the exact as reflected by nonlinear plots. These results suggest that the
shape of theC versusT curves belowT, strongly depends magnetoresistance technique is a powerful tool to probe
on the details of the exchange coupling; sudden jumps in metamagnetism, even the weak ones, which may not be
well below T, due to a transition from an AM- to EM-type clearly detectable by magnetization measurements. Addi-
structure or additional shoulders due to an evolution to a fultional points to be noted in the magnetoresistance daté)are
antiphase structure also can appear inGheersusT plots.  the value of magnetoresistance is very latgleout 80% at
In addition, a hump arises arouffdTy=0.25, correspond- high fields at 5 K[see Fig. 7d)] for GdAg,Si,; the corre-
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sponding values are reasonably large for Gg&y as well in this investigation are of the layered type suggests that
(Fig. 6). It may be added that sufficiently large positive val- possible onset of magnetic correlations within a layer before
ues of magnetoresistance have been reported by us in layerkhg-range magnetic order sets in cannot be offered as the
compounds of this type, not only on antiferromagrf@tsut  sole reason for excess resistivity selectively in some cases.
also on isostructural paramagnéticand ferromagneti®  One is tempted to attribute the observation of exqese
compounds, which prompts us to believe that the magnetorezritical spin fluctuations extending to higher temperature
sistance mainly originates from nonmagnetic layers similarange, as inferred from the tail i@, aboveT,. If so, the
to the interface effect reported for Cr/Ag/Cr trilayéfslter-  conclusions of several reports in the literature assuming the
natively, the role of granularity to give rise to such large yalidity of the Ginzburg criterion of critical point effects re-
values cannot be excluded) an inspection of Fig. @) and  sricting such effects to a narrow temperature range aligve
Fig. 5@ suggest that the magnetoresistance changes sigte questionable. However, one does not get a consistent
from positive to negative at a temperature well beloyas  piciyre, the reason being that, in some of the class Il alloys,
the tempfarature Is raised from 4.2 K for Gg8i, and  ihere s a distinct tail inC,, (in which we are confident,
tGe?nF;)%(r;a?L;réﬁﬁzﬁc;nda)éhgﬁggil?rge'g]et?n;g?\e(t:izasigjcstulrgsthe[hough unambiguous determination of absol0tgvalues is
" found to be difficult in general in most of the present com-

pounds. It is therefore clear that there must be more physical
meaning for the appearance of excess class | alloys. If

To summarize, on the basis of our investigations on Gdhe speculative idea proposed in Refs. 5 and 6, viz., “mag-
alloys, we divide the Gd compounds into two classes: Classetic disorder-induced localization of electrons” before the
I, in which there is an excess contributiondgrior to long-  onset of long-range order in some alloys is confirmed, one
range magnetic order over a wide temperature range, assiould explore various factors determining the presence or
result of which the magnetoresistance is large and negativéhe absence of the possible “magnetic-localization” effects;
e.g., GdNi, GdNjSi,, GdPtSi,, GAPtGe,.  GdNiL,Sm, possibly, the relative magnitudes of mean free path, localiza-
GdPgIn, Gd,PdSk; Class II, in which such features are ab- tion length’ and short-range correlation length, in addition to
sent, e.g., GdG®i, GdCyGe,, GAAQSi,, GAAWSI,, the strength of polarization of the conduction baad mea-
GdCqgSi,, GdPdGe,. (At this juncture, we would like to sured, say, by the excess effective momemiay be some of
add that we performed similar studies on compounds such dke deciding factors. The results imply that there are concep-
GdCu, GdAg,, GdAW,, GdCoSj, and GdNiGa and we do tually open gquestions in understanding the magnetic behavior
not find any magnetic precursor effect§he present study of even relatively simple compounds like those of Gd. Fi-
on isostructural compounds establishes that there is noally, this paper also brings out interesting features in the
straightforward relationship between the observation of thdneat capacity and magnetoresistance in the magnetically or-
excessp, on the one hand, and the crystal structure or thelered state as well in these Gd compounds. It is worthwhile
type of transition metal and-p ions present in the com- to probe carefully the magnetic phase diagréiald- and
pound, on the other. The fact that all the compounds studiettmperature-induced magnetic phades these compounds.

IV. CONCLUSIONS
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