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Zero-field and in field electrical resistivity, magnetoresistivity, and magnetization measurements have been
performed in the temperature range of 4.2 K to 300 K and in the fields up to 60 kOe on amorphous
Fey_xMn,Zro (0=x=<16) alloys. Unusual properties such as a broad resistivity minimum in the higher-
temperature region and a resistivity minimum close to Curie temperature were observed for alloys with a
certain Mn content. An analysis of the resistivity data using existing theories reveals the actual functional
dependencies of resistivity on temperature in different temperature ranges. The enhancement of spin fluctuation
with Mn concentration has been observed from resistivity data and is further supported by the magnetization
data. A comparative study of magnetic and transport properties indicates that remarkable effects due to mag-
netic ordering are present in both resistivity and magnetoresistivity. The observed composition dependence of
the spontaneous resistive anisotropy is explained in terms of the two-current-conduction model. The deter-
mined values of composition dependence of spin-up and spin-down residual resistivity provide conclusive
evidence of weak itinerant ferromagnetism over the entire composition range of the present investigation.
These results are further supported by the high-field dc susceptibility data obtained from magnetization mea-

surements.
DOI: 10.1103/PhysRevB.68.104425 PACS nuni®er75.30.Kz, 75.40.Cx, 75.50.Kj, 75.50.Lk
. INTRODUCTION ture of these alloy3-1* On the theoretical front, calculations

have been done on alloys near the percolation threshold and

Magnetism in amorphous transition-metdlM) alloys  have suggested that FM order coexists with SG ordering in
has been extensively investigated from both fundamental anithese limitsi? Since the reentrant SG behavior is connected
technological points of view. In particular, randomly diluted with a rearrangement of the spin structure at low tempera-
magnetic systems with short-range interactions have capgures, it is expected that the existence of the reentrant phe-
tured the attention of scientists in recent yezr¥he random nomenon may lead to an unusual magnetic contribution to
addition of antiferromagnetiCAFM) exchange interactions the electrical resistivity. In fact, the observed broad minimum
in a ferromagnetidFM) Heisenberg spin system leads to ain resistivity at a temperaturel(,;,) is close toT. and this
loss of FM order through the effects of exchange frustrationindicates a correlation between magnetic and electrical trans-
In the ultimate case, a spin gla&G) is formed with random  port properties:>*® Therefore, it is important to investigate
isotropic spin freezing with neither net magnetization norwhether the magnetic properties of these alloys are correlated
long-range FM order. At lower levels of exchange frustra-to electrical transport, particularly near the magnetic phase
tion, the system displays characteristics of both extremes asansitions. There have been some attempts to understand the
long-range FM order coexists with SG order. On warmingvarious contributions to the resistivity by studying the effects
such a system from low temperature the SG order first meltef pressuré, magnetic field and temperaturéand by ana-
at a temperatureT(sg) followed by the loss of FM order at lyzing the temperature dependence of resistivity data using
the Curie temperatureT(). Although such behavior has different models:***°
been observed in a number of systems, the amorphous alloys The low-temperature galvanomagnetic properties of
are found to be the most suitable for the systematic study aimorphous alloys and nanocrystals dispersed in an amor-
these phenomena. phous matrix have become a subject of renewed inféré&t

Amorphous @-) FeyZrqg, for example, shows a double due to the observation of giant magnetoresistance in some
transition(reentrant behavior below room temperature, i.e., mixed interaction systems. The presence of structural disor-
as the temperature is lowered a transition from paramagnetider gives rise to two major effects:
to FM order occurs at about 230 K'{) and on further cool- (i) An increase in the localization of the electron wave
ing another transition from FM to the SG regime occurs affunction. If the disorder is sufficient, a transition occurs from
about 35 K {Tsg). There have been extensive studies onthe metallic to the insulating state. Weak localization occurs
a-FeZr and related systems to understand the magnetic struig-the disorder is not sufficient to give rise to the completely
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localized states, but is high enough to influence the transpottansport properties. In the present paper, we report the zero-
properties. field and in field electrical resistivity measurements, magne-
(ii) Diffusive motion of the electrons. toresistivity measurements, and the magnetic behavior of
Since both of these mechanisms are directly affected bpmorphous Fg_,Mn,Zr;, (x=0-16) alloys in the tempera-
the magnetic field, new contributions to the magnetoresistiviure range of 4.2 K to 300 K. From these measurements, we
ity are expected in such alloys. The magnetoresistalié) have .attempted to obtain _complgmentary information on
of magnetic alloys is predicted to be sensitive only toelectncql tranqurt and to investigate whether or not the
changes in the magnetic correlation on a scale of the order ghagnetic properties of these alloys are correlated to electron-
the electron mean free path, whereas the magnetization d&cattering mechanisms. Particular emphasis is placed on the
pends on both the short- and the long-range FM orders d€9ions near magnetic phase transitions with an idea to im-
well as on the rotation of the FM domains as a response tgrove our understanding of _the effects pf magnetic interac-
the applied field. Therefore, the study of MR not only pro-tions on the electron-scattering mechanisms.
vides a unique way to obtain several important and funda-
mental parameters that are related to the electron-transport Il. EXPERIMENTAL METHODS

properties, but also provides complementary information Amorphous Fg,_,Mn,Zr;o (x=0 to 16 alloy ribbons
about the microscopic magnetization and can aid in undefygre prepared by arc melting high-purity elemental compo-
standing the relationship between magnetic interactions anglents followed by quenching from the melt onto a single
electron-scattering mechanisms. copper roller in an argon atmosphere. The amorphous nature
Another interesting area of research is the thermal criticajf the samples was confirmed by x-ray diffraction using Cu-
behavior of the partially frustrated systems near the magnetiga radiation and by scanning electron microscope studies.
order-disorder phase transition. Careful analysis of the datgne resistivity measurements under zero field and in field
from various magnetic measurements have, in some casegere performed at a constant current of 10 mA in applied
yielded values of the critical exponengsand y larger®?° fields of up to 40 kOe over the temperature range of 4.2 K to
than those theoretically predicted for the ordered threesgg employing the standard four-probe-dc method. Con-
dimensional3D) nearest-neighbor isotropic Heisenberg fer-sjgerable care was taken to ensure that the current-voltage
romagnet, while in other cases these values are in agreemegfintacts were collinear so that no Hall voltage component
with the 3D Heisenberg model. Substantially diverse resultgontriputed to the magnetoresistive anisotropy. The magne-
for critical exponents for these materials continue to appeajyresistance measurements were performed over the field
in the literature. In general, the exponents are obtained frorpange 0 to 40 kOe at various temperatures in both longitudi-
ac susceptibility and/or dc magnetization measurements. Ifa| and transverse geometries. The temperature for in field
some systems, where magnetic and transport data are intgfreasurements was monitored with a calibrated Lakeshore
related the exponents can be evaluated and verified by ind@arbon-glass sensor while a Lakeshore silicon-diode sensor
pendent methods. Although there are some reports on elegas ysed for zero-field measurements. The magnetic
trical transport behavior of binary FeZr amorphous alloys,.characterizatioft of the samples were done by low-field ac
there is no clear consensus as to whether there is any imeéusceptibility(ACS) measurements and high-field dc magne-
relation between the magnetic and electrical properties. Fa§zation measurements, performed in the field range 0 to 60

example, Plazat al.” suggested that the resistivity behavior 0e and for temperatures from 4.2 K to 300 K.
was dominated by structural, rather than magnetic, effects.

On the other hand, transport studies under pressure and ap- [ll. RESULTS AND DISCUSSION
plied magnetic field suggest a significant spin-dependent
contribution to the resistivity. Recently Suzut al*® attrib-
uted the spin-dependent scattering to the destruction of FM The temperature dependence of the normalized electrical
order (due to increase in AFM interactionsn FeZrCuRu resistivity [r(T)=p(T)/p(4.2 K)] for a-Fey,_ ,Mn,Zr;o (X
alloys. =0, 4, and 8 samples is shown in Fig. 1. This method of

In the a-Feygp- Zr.(7<c<12) system, rapid changes in presenting the data helps to eliminate uncertainty in the mea-
magnetic character occur over a narrow range of compossurement of sample dimensions, especially thickness of the
tions and the reentrant SG behavior vanishes at about 6-at. ¥ample. A comparison of magnetic and transport parameters
Zr, making investigations on melt spun samples rather diffi-obtained from ACS and electrical resistivity measurements,
cult. Replacement of Fe by many other TM or metalloid respectively, are summarized in Table I. The following im-
elements destroys reentrant SG behavior. It has been foungbrtant observations can be made from the results presented
that substitution of Mn for Fe decreasés almost linearly in Fig. 1 and Table I:
and the reentrant behavior is preserved ux#ol6 in the (i) The change in(T) is about 3% forx=0 and 1% for
amorphous phase. Therefore, Mn-substituted samples are x=8.
most suited to investigate the development of the reentrant (ii) The resistivity decreases continuously with decreasing
SG behavior and its consequences on transport over a largemperature from 300 K t@,,;, and increases with further
concentration range. Magnetit™ and electrical transpdrt  decreasing temperature. For all samples the variation of re-
studies have been reported on Mn-substitteeZr alloys.  sistivity is characterized by a resistivity minimum close to
However, these studies do not address the questions concethe magnetic ordering temperatuiadicated by the arrow in
ing the interrelationship between magnetic and electricaFig. 1).

A. Temperature dependence of resistivity
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FIG. 1. Normalized resistivity; (T), as a function of tempera-
ture for amorphous kg ,Mn,Zr;, (x=0, 4, and §; Inset: (a) En-
larged portion of low-temperature regiofin) The temperature de-
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respectively. These observations are similar to those for bi-
nary FeZr alloyd and suggest that the resistivity minimum
around T, is closely correlated to the magnetic behavior.
Such behavior is further supported by pressure-dependent
studies ofa-FeZr alloys®!’ Low-field magnetization data
show that the substitution of Mn atoms in place of Fe in-
creases the magnetic disordért!

In order to further substantiate these results, we have per-
formed temperature-dependent resistivity measurements in
applied magnetic fields of 7 kOe and 40 kOe. The tempera-
ture dependence of resistivity data taken under different ap-
plied external fields is depicted in Fig. 2 for
a-Fey,_yMn,Zrio (x=0 to 12 alloys. The relevant param-
eters are listed in Table Il. Although the shape of the resis-
tivity curves is not significantly affected by the application of
an external magnetic field, a clear suppression of the magni-
tude of the resistivity minimum is observddee Table I\
Since the observed resistivity minimum is broad for higher
Mn substitution, the uncertainty in determinifg,;, is cor-
respondingly large. However, a definite shiftTh,;, is ob-
served on application of an external magnetic field in con-
trast to the behavior observed in earlier studies on binary
alloys! A similar behavior has been observed in other
crystalliné? and amorphoufs systems with mixed exchange
interactions. Both composition dependence and in field resis-

tivity studies suggest the presence of significant magnetic
contributions to the resistivity.

Certain features of the resistivity minimum, such as the
observation of a nearly logarithmic temperature
dependencd just belowT ., and the suppression of the re-

rivative of resistivity is plotted against reduced temperature withSiStivity minimum upon the application of a magnetic field,
respect to the Curie temperature for thedwn,Zr, alloy.

(iii) Tmin decreases with increasing Mn concentration.
(iv) Forx=0 and 4, a small anomaly in th€T) curve at

have similarities with the Kondo effeé. However, the
Kondo-like scattering model could not describe the existence
of a positive MR(Ref. 26 in binary a-FeZr alloys. On the
other hand, the observed positive MR in other amorphous

low temperature is observed whereasxXer8 a clear second alloys has been explained using quantum interference effects,

minimum (T,,) is observed at low temperatufsee Fig.

i.e., weak localization theof/,and also by electron-electron

1(a)). Although there is no obvious discontinuity in the re- interaction (EEI) thi?Ofy-zs The localization phenomenon
sistivity curve neaiT,, the temperature derivative of resis- gives either a negative MR or a positive MR case of the
tivity (Fig. 1(b)) shows an distinct anomaly at a temperaturepresence of strong spin-orbit scattejing/hile EEI theory

close toT, indicating the existence of a phase transitfon.
As shown in Table I, botlT. and T,,;, decrease mono-
tonically with a rate of 5.3 K ath 7 K per at.% of Mn,

TABLE |. Magnetic and electrical resistivity parameters for
amorphous Fg_,Mn,Zry, alloys; Tgg (spin-glass freezing tempera-
ture), T, (Curie temperatune T i, (temperature at which minimum
appears in resistivity curyeT,, (low-temperature minimum in the
resistivity curve, and p(5 K) and p(300 K) (resistivities at 5 K
and 300 K, respectively Ar=[p(max)—p(min)]/p(min) (maxi-

mum change in the resistivity curye

shows a positive MR and & /T dependence of the resistiv-
ity at low temperatures. As shown in Fig(aB the low-
temperature resistivity data could be fitted-ta/T behavior.
However, strong deviations can be noticed at higher tempera-
tures.

Spin fluctuations play an important role in thermal varia-
tion of magnetization in weak itinerant magnets. These ef-
fects can significantly alter the temperature variation of the
electrical resistivity® in these systems. In fact, in the model
proposed by Ueda and Moriya based on Moriya and
Kawabata® the effect of spin fluctuations is shown to play

an essential role. This theory provides more realistic infor-

X ng Te Toin T p(5 K) p(300 K) Ar . . .
mation on the temperature dependence of the electrical resis-
K) (K) (K (K) wOcm uQcm (%) L e . . ,
tivity and the magnetization behavior. Since there is no
0 36 227 251 180 174 3.13 theory that describes the temperature and field dependence of
4 46 211 226 194 192 1.45 resistivity over the entire temperature range of the present
8 54 185 195 19 213 215 1.11 investigation, we have made an attempt to bring out the exact
12 65 154 173 237 236 1.65 functional dependence of resistivity as a function of tempera-

ture in different temperature ranges so as to identify the
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dominant scattering mechanism responsiblerfdr) in the term in Egs.(1)—(3) arises from WL effects. These three
specified temperature ranges. Assuming the validity of Matexpressions provide the best least-squaregidsed on the
thiessen’s rule, the(T) data forT>30 K have been ana- minimum in szit valued! listed in Table 1) to ther (T) data
lyzed in terms of following expressions, in the temperature ranges OR3<T<0.73T;, 0.74T . <T
<0.93T;, and 1.05.<T<1.29T., respectively. The tem-

— _ 3/2 2
r(T)=r(0)—aT"*+bT", @) perature ranges over which the above expressions clearly de-
N ar3I2 I3 scribe ther(T) data[Figs. 3b) and 3c)] and the optimum
r(T)=r(0)=a’T**+b’T>% 2 values of fitting parameters are given in Table Il. A different
. 31 i -
F(T)=r"(0)—a"T+b"T5:, 3) theoretical treatmeft®! has predicted the temperature de

pendence of inelastic scattering time;) in the form of
In the theoretical model proposed by Ueda and Mdriyar 7ie=AT P (whereAis constantfor T<T, with the value of
weak ferromagnets, the various contributions that arise fronp varying from 2 to 5 depending on the temperature range
the scattering of conduction electrons by spin fluctuationsandp=1 for high temperatures. If we assume the valug of
(SFs) vary withT aspgex T2 for T<T, andpgex T3 for T is 3 then the interpretation is consistent with expectations,
just above and below.. The third term in Eqs(1)—(3) i.e., the rate of increase of inelastic-scattering time with tem-
represents the SF contribution t§T), while the second perature decreases frofit to T? as the temperature is in-

TABLE Il. Results of the theoretical fitthased or)(fill [i=1, 2, and 3 for Eqs(1), (2), and(3), respectively values to r(T) data with
external field for amorphous kg ,Mn,Zr,, alloys based on Eq$1)—(3).

X H  Tu Tnin Ar a b X a' b’ X a’ b” Xt
(kOe (K) (K) (%) (10°K™%3) (107°K™3?) (10*5) (1074 K™%3) (1075 K~ (1o*§) (1004 K™Y (1075 K™5B) (10*3)
0 251 3.13 2.402 9.689 0.136 1.343 4.667 0.079 9.801 1.439 1.136
0o 7 263 2.72 1.180 8.251 0.210 0.310 2.009 0.046 6.349 1.331 2.221
40 281 2.57 0.573 6.004 0.276 0.139 1.795 0.098 7.321 1.296 1.857
0 226 1.45 2.402 10.608  0.321 6.532 4.607 1.236 7.112 3.499 0.471
4 7 228 0.99 2.323 08.231  0.613 5.684 4.325 1.649 6.856 3.210 0.967
40 236 0.95 1.998 06.534  0.463 4.956 4.301 2.892 6.231 3.102 0.740
0 19.3 195 1.11 5.735 13.208  0.512 9.352 7.861 2.316 9.801 5.596 4.368
8 7 19.8 168 091  4.671 11.130  0.451 8.654 7.521 4.786 8.752 4.869 3.462
40 17.6 151 0.72 3.945 08.121  0.873 8.524 7.231 5.115 8.231 4.201 1.965
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FIG. 3. The normalized resistivity plotted agaifat T in the low-temperature regiort(-0, A-4, andx-8), (b) intermediate region, and
(c) close to but abov@ . for amorphous Fg_,Mn,Zr;, alloys withx=0 and 4. The continuous line passing through the data is the best fit

to (@ VT, (b) Eq. (1), and(c) Eq. (3).

creased towards the Debye temperature. Therefore, the secation. This reduction in MR could be attributed to the for-
ond term in Egs(1)—(3) has its origin in the destruction of mation of zero-field regions in the sample due to an increase
phase coherence by the electron-phonon scattering, which, in antiferromagnetically coupled spins. In fact, the effect of
the present case, is the dominant scattering process at int&fompeting interactions could be clearly observed in the form
mediate temperatures. In order to bring actual physicabf a zero-field tail in a hyperfine field distribution by means
meaning to Egs(2) and (3), we have compared all the pa- of Mossbauer studies. The observed MR is smaller in the
rameters. From this comparison, we conclude that the secongls region than in the FM region and aboVg it becomes

term in Eqs(2) and(3) is mainly responsible for the dephas- rogressively smaller and takes on an approxintéfede-

ing mechanism, while the third term indicates the dominangendence. The composition dependence of the spontaneous
contribution of SF to the resistivity. Moreover the increase mmagnetization and spontaneous LMR show similar behavior

1 !/ n 1
s betiin. St s e e {2 FG & ThS o suggsts i he magnetc and clecr
Y : : . cal properties are interrelated in these random magnets. On
previous magnetic measuremetftsThe important param-

eters of interest obtained from magnétiand electrical re- the other hand, the TMR is negativepen circles in Fig. b

sistivity measurements are compared in Fig. 4, where simila,t low field and crosses over to positive values at higher

and systematic trends were observed for both magnetic fiel lds resuIFing in a minimum'in MR. The mag.nitude of TMR
and concentration. changes with Mn concentration and shows different trends at

high and low temperatures, while LMR shows a consistent
increase with field at all temperatures. The steep decrease
B. Magnetoresistance (increase¢ of TMR (LMR) seems to be related to the FM
In order to further investigate the magnetic contribution tocharacter of the sample as it disappears above the Curie tem-
resistivity, the field, temperature, and composition depenPerature. In order to further investigate the MR behavior in
dence of the MR have been studied as discussed in the sd@e€ critical region the temperature dependence of the MR has

tions below. been studied and is discussed below.
1. Field dependence of magnetoresistance 2. Temperature dependence of the magnetoresistance
Figure 5 shows the longitudinal MRLMR) and trans- The temperature variation &p/p for the reentrant SG

verse MR(TMR) as a function of applied fiel(H) for all the  alloys (x=0, 4, 8, and 12from 4.2 K to 300 K and in fields
samples at selected temperatures:Tgg, Ts<T<T., and of 7 kOe and 40 kOe is shown in Fig. 7. The temperature
T>T.. The MR calculated in the present investi- dependence of the MR seems to be similar for all concentra-
gation is defined as Xp/p) . y(y=1p(H,T)—p(0T)]/ tions. Some of the salient features are as follows:
p(0.T)})q » Wherep(H,T) is the resistance of the sample (i) Low-field MR curves at low temperatures show large
under the magnetic field at a particular temperaturelafjf) negative values of the MR and these cross over to positive
indicates the field applied in the transvetlmngitudina) di-  values close td@ ., while the high-field MR shows this cross-
rection. In all cases, it is seen that LMR is positigsolid  over even at lower temperatures. Both curves exhibit maxi-
circles in Fig. 5 and decreases with increasing Mn concen-mum values in the vicinity off ;.
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(i) As the Mn concentration increasesp/p tends to be  coupling® This phenomenon, obviously, makes it difficult to
more positive belowT . interpret the observed results by the homogeneous exchange
(iii) On close observation, the MRit 40 kO@ shows a frustration mode?* where the decrease of the magnetic or-

steeper rise at low temperature and a broad maximum can kering temperaturel() is mainly attributed to a reduction in

seen in the case of=8 sample. . the FM interaction strength. Therefore, we deem that in field
(iv) In all the cases\p/p decreases above the Curie tem- muon spin relaxation and Msbauer measurements would
perature. shed some light on the microscopic spin structure of the

These results are quite consistent with the field-dependerﬂ,tresem system and identify the model that could best explain
data. A small hump observed at lower temperature and thg,q presently observed results.
existence of a maximum in MR close Tq for various Mn SenoussF has derived a linear dependence of MR versus
concentration samples suggest that there is a close Correlﬁ'based on the quadratic dependence of MR on magnetiza-

tion between the magnetic and transport properties. The temg, , A ¢cording to Balberd? the field dependence of MR at
perature dependence of MR may be explained as follows: high fields is given by &p/p)ocH@ 9B provided

(i) Below T, and above technical saturation, the MR is 11 : ,
primarily due to the scattering of electrons from spin-wave"”_”KT>|(1 TITo)|, whereu is the magnetic moment of

excitations, which is found to decrease with increasing Mnthe ion ande, B, andd are the traditional critical exponents.

: 8
concentratiort! As a result of a reduction in electron- 1€ €xperimental data on ¥Mnj; of Senousst however,

magnon scattering with temperature, this contribution to thél® not show the claimed behavior since the expomefr{tl

MR decreases. —a)l(B6)=0.63 is clearly less than unity. Our MR data
(i) The reduction in the MR at temperatures below 50 Khear the critical regiofabove and belojhave been fitted to

is much more rapid and fox=8 a broad hump could be the above equatio(Fig. 8 and result in the exponent values

seen. The observed hump in MR is well below Thg value ~ m=0.56(0.71) below(above the critical temperature. These

of that particular composition. critical exponents are in close agreement with the magneti-
The SG transition temperature occurs due to the lowekration dat& and the exponents predicted for the 3D Heisen-

level of frustration of spin systems, i.e., the increase of AFMberg ferromagnetd¢= —0.115, 3= 0.3645, and>=4.8 yield

coupling sites. It is well known that Mn couples antiferro- m=0.63).

magnetically to Fe. As the Mn concentration increases, it

causes more frustration which would, in turn, lead to an in-

crease inTgq. Similarly, this phenomenon can be attributed

to various models including the homogeneous exchange frus- The composition variation of the TMR for

tration modefP* the FM-AFM cluster model® the FM-FM  a-Fey,_,Mn,Zry, alloys is shown in Fig. 9. The MR is ob-

cluster modef® and the transverse spin-freezing motlel. served to increaséecreasgat lower temperaturegabove

However, recent Mssbauer studies indicate the developmeniT.) with increasing Mn concentration. These results are

of a low-field peak in the hyperfine field distribution with similar to the composition dependence of the dc susceptibil-

Mn concentration, attributed to an increase in AFMity and the local magnetic anisotropyWithin the frame

3. Composition dependence
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work of the band model, the observed results can be undescattering from different sites gives an additional contribu-
stood as follows: The effect of increasing the Mn concentration to the MR that may be either positive or negative. In the
tion should decrease the exchange splitting of the spin-uPM and FM states the magnetic field increases the effective
and spin-dowrd subbands and shift the Fermi levél{) to  field acting on the localized spins and suppresses the spin
lower energies. This implies th&t lies within thed, andd, fluctuations, leading to a negative MR. On the other hand, in
subbands for the entire composition range of the preserthe AFM state the applied field may suppress the spin fluc-
study. According to the itinerant model, the applied externatuations on one site while increasing them on another site
field increases the splitting between the spin-up and spinand the total MR, which is sum of the contributions from the
down subbands and hence, by analogy to the influence dfvo sites, may be positive. It is known thatfeMnZr alloys
increasingA E with an applied field, the MR decreases below possess mixed magnetic interactions and the resulting MR
the magnetic ordering temperature. Calculations of the magwill be the sum of contributions from the various magnetic
netoresistivity of antiferromagnets using the molecular-fieldstates. The magnetization curves of the present series of
approximatiofit have shown that the MR is positive for the samples show that magnetic saturation is not obtained even
AFM state and negative for the FM state. In general, theup to a 6-T applied field** The presence of both FM and
suppression of spin-flip scattering by an external field givesAFM interactions leads to a frustration and guides the system
rise to a negative contribution to the MR, and coherent spirinto a noncollinear spin state at low temperature.
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low-temperature resistivity minimum in the higher Mn
sample again corresponds to the maximum observed in the
imaginary part of the ACS and this occurs close to the SG
freezing temperature. The features observed in the MR near
145 specific temperatures are reflected in the behavior of the ACS
100 | as well. This fact demonstrates that the MR as a function of
temperature can also be used for characterizing the transi-
tions in weak itinerant magnetic materials. It is indeed pre-
dicted from the spin-correlation model that the MR should
sl have a strong temperature dependence centered around the
magnetic transitions and the measured MR in the present
work is consistent with this picture.

120 P J20

o, (emu/g)
(4p/p), (107)

L L L L L C. Spontaneous resistive anisotropy
2 4 6 8 10 12

X (at. % of Mn) _ The spontaneous re_,-s.istive an.isotrc(BRA) measures the .
difference in the resistivity of a single-domain ferromagnetic
FIG. 6. The composition dependence of spontaneous magnetinetal in zero induction, when the magnetization is parallel or
zation and spontaneous magnetoresistance in longitudinal geometperpendicular to the current direction, as shown by
for amorphous Rg_,Mn,Zr,, alloys.

60 L
0

(AP) _(Plspls) (4)
Finally, a comparison of the temperature dependence of po/ 0o '

magnetic and electrical transport characteristics are presented

in Fig. 10. The temperature dependence of the stéittd It is important to comment on the procedure used to obtain
cooled and zero-field coolg¢dhagnetization, ACS;(T), and  the SRA as a function of temperature and composition. There
MR are shown. The FM transition =180 K is marked has been earlier discussféron whether the extrapolation
by a sudden increase in the real component of the ACS. Afrom a magnetically saturated regime, necessary to determine
lower temperatures the ACS decreases, indicating a decreatee SRA from Eq(4), should be based on applied field)

in the relative importance of FM interactions. Né&y, the  the internal field uoH; ; whereH;=H—NM/(4)], or sim-
resistivity exhibits a minimum, which is reflected quite well ply ignored owing to its inherent errors. We have adopted the
in the temperature derivative of resistiviffFig. 1(b)). The  extrapolation procedure down td=0 mainly due to the
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reason that for the Mn-doped FeZr and FeZr samples extwo-current-conduction model, the spin-up and spin-down
trapolation from a magnetically saturated state is not possiblelectrons conduct in parallel and the SRA is a consequence
since the saturatidh®” is achieved only in applied fields of of the anisotropicd,-d, mixing caused by the spin-orbit
more than 6 T, far in excess of those available in the presennteraction®® Calculations based on this model yield the fol-
experiment. As shown in Fig. 5, the MR shows a weak posi{owing expressions for the SR%:

tive dependence on field for both orientations above the Cu-

rie temperature and this weak dependence decreases as the (APS) <p?_p?) 0P

Mn concentration increases. Above 10 kOe, the MR in- +38— L 5 (5
creases almost linearly with field and the slope of the pyt+pt

straight-line region decreases substantially with increasing _ )

Mn concentration. Moreover, we have not observed any non¥here 8= —0.08(\'/A)*(1—4 coz)sir’n,, \' is the lo-
zero SRA above the Curie temperature. This is expecte@al spin-orbit coupling constand is the virtual bound-state
since the system is far from its FM state and the applied fieldvidth, andp?, p? are the residual resistivity for spin-up and
is not adequate to induce any appreciable changes in ttgpin-down electrons, respectively. The valuedfis esti-
polarization of spins at this temperature. By contrast, a nonmated to be 0.01 from a large amount of experimental data
zero SRA is observed below the Curie temperature. The tectpn the SRA of Fe- and Ni-based alloys. For trebtBansition
nical saturation for the LMR is achieved at lower-field valuesmetals,\' <A and hence the second term in Ef) can be
than that for the transverse case. Moreover, the SRA is olsafely neglected for the present alloys, i.e., Exj.becomes

served to decrease not only with increasing Mn concentra-

0

Po Py

tion, but also with temperature for a particular concentration. Apq p(f— p?
The physical parameters obtained from Fig. 5 are listed in ( ): ! 5 (6)
Table 1l and also depicted in Fig. (d. According to the Po Py
—o— 44kOe T=4.2K T=24K
—0—20kOe
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—v—2kOe
—o—0.2kOe <&
Q
£ .00} [ % .
<
-0.003} L // ]
: . . . . FIG. 9. Composition dependence of the
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Feyo_yMn,Zry, alloys.
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FIG. 10. () Magnetoresistancéb) resistivity, (c) real (y'), and
imaginary (") components of ac susceptibility ad) magnetiza-
tion [field-cooled(o) and zero-field-cooled) curveq as a func-
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tion of temperature for the amorphousgféngZr,, alloy.

This provides a criterion for determining whether a given
alloy is a strong or a weak ferromagriatstrong ferromagnet

has holes only in theli band while a weak ferromagnet has or weak itinerant#°
holes and electrons in both andd, bands as follows: pl

PHYSICAL REVIEW B 68, 104425 (2003

In order to obtain information about the electronic struc-
ture, the contributions of spin-up and spin-down electrons to
the resistivity are calculated with the help of the following
expressions:

1 Apg
p0(x)= pol)| ppix) 2], )
1Aps<x> o
p00=pf00| — == ®

wherep, is the residual resistivity. The composition depen-
dence of the SRA obtained at different temperatures is used
to calculate the subband contribution to the resistivity as
given in Egs.(7) and(8) and the determined values are plot-
ted as a function of composition at 4.2 K in Fig.(&jl The
observation of decreasing SRA with increasing temperature
can be understood in the following general terms: As the
temperature is increased, thermal fluctuations compete with
the exchange splitting, leading to equalization in the subband
occupations, i.e., the difference between the two terms in the
numerator of Eq(6) decreases. This process evolves con-
tinuously until T is reached, at which point the static ex-
change splitting collapses and the SRA vanishes. The de-
crease of the SRA with increasing Mn concentration
indicates that the exchange splitting decreases as the Mn
concentration increases. The SRA and high-field susceptibil-
ity calculated at 4.2 K is plotted as a function of Mn concen-
tration in Fig. 12a). The large value of the high-field suscep-
tibility, caused by the flipping of weakly coupled AFM spins

in high field, is a characteristic feature of the Invar effect.
From the above discussion, it is tempting to suggest the pos-
sible existence of a noncollinear spin structure in the present
series. Particularly, beloW,, the variation of the high-field
susceptibility for all samples shows behavior that is typical
ferromagnets. Finally, we focus our
attention on the relation between the SRA and magnetization,

and pT possess comparable values for a weak ferromagnefefined as 4 p/py)s=z0", where o is the magnetization,

since vacant states are available in bathandd, for s
electrons to make transitions, whereas the valueSp(bf
greatly exceed that qu in a strong ferromagnet becausel

andz andn are constants. The value ofis taken from the
magnetization data. Figure @ shows the relation between
the SRA and magnetization far-FeggMn,Zryg alloys at dif-

scattering is allowed only for spin-down electrons since therderent temperatures. The value mfincreases from 2 in the

are no vacand, states at the Fermi level.

intermediate-temperature range and has a peak value of ap-

TABLE Ill. Estimation of spontaneous resistive anisotrd@RA) from extrapolation techniqug p” ) and technical saturatiotiq” ) for
amorphous Fg_,Mn,Zr;, (x=0, 4, 8, and 12alloys at different temperatures. All the entries for SRA must be multiplied by*.10

X 4.2 K 24 K 90 K 200 K 280 K

p q p q p q p q p q
0 59.3 58.56 55.81 56.23 42.34 41.01 5.52 5.33 3.36 3.16
4 35.1 34.24 38.58 36.95 28.87 26.79 2.90 2.84 1.26 1.25
8 21.8 21.25 21.02 19.98 15.33 14.68 1.45 1.23 0.33 0.21
12 08.4 08.13 07.05 06.78 06.54 06.63 0.55 0.42 0.02 0.08
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proximately =) 5 atT=T,.. One may understand this be- netic ordering has a considerable influence on both the
havior by considering that ag; is approached from either resistivity and magnetoresistivity. This shows that the mag-
above or below, the effect of the magnetic field on transporhetoresistivity can be used to identify reentrant spin-glass
properties such as resistivity that are dominated by the shorbehavior in these random ferromagnets. The resistive anisot-
range order would be different than those such as magnetiopy measurements show that the SRA first appears at a tem-
zation that are determined by long-range behavior. perature very close to the FM ordering temperature and con-
firms the emergence of an exchange field at that temperature.

The observed SRA is explained on the basis of the two-

current-conduction model. The high-field susceptibility data
IV. CONCLUSIONS obtained from the magnetization measurements indicate that

Electrical transport, magnetotransport, and magnetizatithe alloys investigated in the present work are weak itinerant
studies of amorphous Fg Mn,Zr;, alloys have been car- ferromagnets.
ried out in the temperature region of 4.2 K to 300 K. The
electrical resistivity of all alloys shows a minimum close to
the Curie temperature and the higher Mn content alloys show
a second minimum at lower temperature. Diffusion associ- ACKNOWLEDGMENTS
ated with longitudinal spin fluctuations of the magnetization
is responsible for the electrical resistivity at low tempera- The authors would like to thank the Council of Scientific
tures, while the electron-electron interaction effects accounand Industrial ResearotCSIR), New Delhi, India, for pro-
for the resistivity behavior in the temperature range 10 to 3Widing financial support for this work. Work conducted at
K. Detailed analysis of resistivity data indicates enhanceDalhousie University has been funded by the Natural Sci-
ment(suppressionof spin-density fluctuations with Mn con- ences and Engineering Research Council of Canada and the
centration(magnetic fielgl These results indicate that mag- Killam Fund.
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