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Magnetic properties of Fg_,Co,Si alloys
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The solid solution between nonmagnetic narrow-gap semiconductor FeSi and diamagnetic semimetal CoSi
gives rise to interesting metallic alloys with long-range helical magnetic ordering, for a wide range of inter-
mediate concentrations. We report various magnetic properties of these alloys, including low-temperature
reentrant spin-glass like behavior and an inverted magnetic hysteresis loop. The role of Dzyaloshinski-Moriya
interaction in the magnetic response of these non-centro-symmetric alloys is discussed.
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The narrow-gap semiconductor FeSi has drawn the atten- The polycrystalline samples of FgCaoSi, X
tion of condensed-matter physicists repeatedly since the late 0.1, 0.15, 0.35, 0.45, and 0.65 were prepared by argon arc
1930 The revival of strong interesin FeSi during the last melting from high-purity starting materials. The samples
decade is mainly due to its similarities with those of narrow-were annealed for 90 h in vacuum at 900 °C to improve the
gap rare-earth intermetallics popularly known as “Kondohomogeneity. Magnetization measurements were performed
insulators*? This comparison gives rise to the possibility of using a commercial superconducting quantum interference
the study of complex many-body phenomena associated witBevice magnetometeQuantum Design, MPMS)5A scan
Kondo-lattice systems. Doping with Al in FeSi leads 10 @jength of 4 cm with 32 data points in each scan was used for
heavy fermion metal through a metal-insulator transitionyye measurements. However, all the important results were
with strong similarities to that for Si:RRef. 4 with the  checked by varying the scan length from 2 to 8 cm, to rule
exception of a strongly renormalized effective carrier massy, 4y possible role of the small field inhomogeneity of the
The Fg_,CqSi alloys are also remarkable in that they aresuperconducting magnéwhich is actually scan-length de-

magnetic for almost all of the intermediate concentration . . .
egime: T uie the end compounds FeS, and CoSyare nonber 7L 7, 1 observed magnetc popertes, o befoe
magnetic, the latter being a diamagnetic seminfetdie re- P y P

cent discovery of unusual positive magnetoresistarioe heated to 200 K_and_ flushed with helium; this is to get r?d of
these supposedly helimagnetic ;FeCo,Si alloy$ along any oxygen leaking into the sample chamber over a period of
with the suggestion of the interplay of quantum coherencdMe- o )
effects at relatively high temperature are quite exciting. The " Fig. 1(@ we plot magnetizatior(M) and inverse dc
unusual square-root field-temperature dependence of electgusceptibility (™) versus temperatur€l) for Fe,_,Co,Si

cal conductivity and the positive nature of the magnetoresiswith Xx=0.15 and 0.35. Estimated Curie temperaturég)(
tance are correlated to square-root singularity in the densit@gree well with those reported in the literatdri Figs. 1b)

of states probably associated with “enhanced electronand Xc) we plot M vs field (H) plots for these alloys at
electron interactions” in a disordered ferromagnet with lowvariousT both below and abov&.. Data also exist fox
carrier concentratioh.These results suggest a possible mi-=0.1 and 0.45 but are not shown here for the sake of clarity
croscopic mechanism of magnetoresistance that could lead @nd conciseness. The almost singular behavidd (i) near

the development of magnetic materials of technologicaH=0 for T<T. as reported in Ref. 7 is quite evident in
importance’ In light of these findings, we became motivated Figs. 1b) and Xc). We shall now concentrate on the Idw-

to closely scrutinize the magnetic properties of E&€0,Si  magnetic response of these alloys. In Fig. 2 we prelens
alloys, especially in the low-field and low-temperature re-T plots for thex=0.35 alloy obtained both in the zero-field-
gimes. There exist already some hints of unusual low-fieldcooled(ZFC) and field-cooledFC) modes in various applied
magnetic properties of Fe,CqoSi alloys in the form of an H. We observe two distinct features <500 Oe, namely,
almost singular behavior in magnetization and a cusplikdi) a peak inMzec(T) and a sharp change in slope in
minimum in magnetoresistance nedre=0 (Ref. 7). In this  Mgc(T) at a temperatur@p(<Tc), and(ii) a distinct ther-
paper we report results of high-resolution magnetizatiormomagnetic irreversibility TMI), i.e., Mzgc#Mgc for T
measurements in Fe,Cq,Si alloys highlighting (i) low- <Tp. The same qualitative features have also been observed
temperature low-field reentrant spin-glass-like behavior andor x=0.1, 0.15, and 0.45. Both these features, which disap-
(i) thermomagnetic history effects including an “inverted pear withH>500 Oe, have not been reported so (farour
hysteresis loop“ with negative remanence. The observatioknowledge for these(Fe,CgSi alloys.

of this latter effec{which was so far considered to be limited  The low-T low-H magnetic response described above has
to thin-film types of magnetic materidfs') in relatively  an appreciable resemblance to the reentrant spin gl&sses.
simple alloys such as the presdife, CoSi is interesting. To investigate more in this regard we have studied khe
We shall argue that the occurrence of Dzyaloshinski-Moriyadependence of magnetization in detail in two different
interaction in the present non-centro-symmetric cuBR0  T-regimesi(i) T<Tp, and(ii) Tp,<T<T. In Fig. 3 we plot
Fe,_,Ca,Si alloyS plays an important role for the observed M vs H for the x=0.35 alloy at 4.5 K highlighting the fol-
magnetic properties. lowing striking features:
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FIG. 1. (@ M and (y~%) vs T plots, and(b) and(c) M vs H plots FIG. 2. M vs T plots for (Fes:C0y.39Si obtained both in the

for (Fe,_Ca,)Si, x=0.15 and 0.35. In@ M is obtained with a ZFC and FC modes withi =200 Oe, 500 Oe, 2 kOe, and 20 kOe.
field of 2 kOe andy ! from magnetization obtained withi

=200 Oe. curve and the associated positive hysteresis are not observed.

However, inverted hysteresis loop behavior continues to ex-
ist at H<Hg,) even forT>Ty. And as before, theM-H
curves remain reversible fad>Hg,. All these features of
the M-H curve are also observed i=0.1, 0.15, and 0.45

1. There is a distinct bulge in the virgid-H curve ob-
tained after zero-field cooling the sample fram» T . This
feature takes the virgitM-H curve in a limitedH regime
outside the field descendirtgscendingM-H curve obtained alloys in the same qualitative manner.
after field cycling to 50 kOe {50 kOe). The observed peak ikl ;-c(T) and TMI in M-T plots in

2. In the field cycling process if the maximum field of Fig. 2 with H=<500 Oe can naively be interpreted in terms
excursionH,,., goes beyond the technical saturation pointof the hindrance of domains’ motion in a ferromagnetic
Hea(=1 kOe atT=4.5 K), theM-H curve takes the shape system:> However, even if the various anomalous aspects of
of an inverted hysteresis loop, i.e., the descending field leg ahe M-H curves described above are ignored, the estimated

theM-H curve lies below that of the ascending field leg with coercivity field |Hc| of the order of 15 Oe in ouk=0.35

positive coercivity and negative remanen@ee the lower alloy atT=4.5 K rules out such a simple explanation in our
inset of Fig. 3.4

measurements with applied of 500 Oe which is much

3. If Hpa is limited to H<Hg,, M remains perfectly larger than|Hc|. Moreover the distinct change in slope in
reversible. However, ad ., enters theH regime where the Mgc(T) cannot be associated with any domain-related phe-
virgin M-H curve starts showing nonlinear behavior in thenomena. These results suggest that there exists probably a
form of a bulge, a small but distinct positive hysteresis isreentrant spin-glass-like magnetic phidder T<Tp in these
observedsee the upper inset of Fig).3This hysteresis dis- alloys. This lowT phase appears to be quite fragile and can
appears asl approaches#i =0 in the descending field cycle easily be erased with moderate applied magnetic field. It is
andM merges with the virgirM-H curve. WithH,.,.>Hs,:  interesting to note here that the anomalous bulge in the virgin
this positive hysteresis changes sign giving rise to an “in-M-H curve is observed beloWy only, and it is quite clear
verted hysteresis loop* in the low-field regiméd KHg,) from the above arguments that it is not associated with any
while the M-H curve remains perfectly reversiblavithin domain-related phenomenon either. We suggest that this non-
our experimental resolutignin the high-field regime K linear behavior in the virgitM-H curve probably represents

>Hga- a field-induced transition from a low- magnetic state to a
In the T regimeTp<T<T the bulge in the virgirM-H high-H one. The bulge in the virgiM-H curve has been
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3 AL A NN B LR NP~ interaction>® The non-centro-symmetric cub&20 structure
o owemie X J 1  of (Fe,C9Si alloys supports the existence of DM interaction.
B 20l o ma o e / 0,0_ . Can this competition between these two types of interactions
[ ffoHLfromeooG/( & ] in (Fe,CgSi alloys give rise to a reentrant spin-glass-like
behavior? DM interaction apparently plays an important role
in metallic spin glasses and reentrant spin glas$#s.this
context the occurrence of a reentrant spin-glass-like phase in
(Fe,CaSi alloys is not entirely unexpected, especially with
the presence of inherent disorder in tire,C9 sublattice. In
fact hints of repartition of the magnetic moments in the helix
IH | <Id | i due to alloying effects exist in early neutron studie3atel-
o - T=43K| lites due to both clockwise and counterclockwise helices
] were observed in neutron measurements in zero-field-cooled
. samples. After excursion to a high, the single clockwise
v | helix was stabilized to the field direction with no satellites
0.4~ B Envelope from 50 kOe 11 observed in any other directi6nOn reduction ofH to zero
2r X Enveloperom 50 kO 7 the helix does not come back to a specific egnilibrium direc-
tion. This is in contrast to the case of isostructural ordered
compound MnSi where also the helix follows the field, but
comes back to thé111) direction in lowH (Ref. 6. It was
] argued that the disorder in tliee,C9 sublattice caused local
14 fluctuations of the coefficient dd-M interaction to produce
1 two kinds of domains consisting of either a clockwise or
| counterclockwise helix in the zero-field-cooled state. The lo-
H.. ! >H.1 19 cal fluctuation of magnetization might play the role of a pin-
-40°-30 -20 10 0 10 20 30 40 ] ning effect for the magnetic impurity preventing the propa-
et e ey, O, 4  gation vector from pointing to the equilibrium directifn.
-1000 -500 0 500 1000 The observed “inverted hysteresis loop,” however, does
H (Oe) not fin(_j a simple explar_lation within the above framevyork.
Such “inverted hysteresis loops” have been observed in re-
FIG. 3. M vs H for (Fe,Cay3)Si at T=4.5 K highlighting ~ cent years in specific exchange-coupled multilayers such as
various anomalous features of th-H curve: (i) Below H, the Co/Pt/Gd/Pt and epitaxial Fe films &ki(001) (Refs. 10 and
M-H loop is inverted in nature, i.e, the ascending fisleH curve ~ 11). In such materials their thin-film structure apparently
(diamond$ is lying above the descending fielM-H curve  plays an important role and hence it is considered that the
(squares This gives rise to a negative remanence which is high-“inverted hysteresis loop” is probably a phenomenon limited
lighted in the lower inset. Abovelg,; the M-H curve is reversible.  to thin-film type of magnetic materials. However, there is a
(i) In certainH regimes the virginM-H curve (circles is lying  very recent report of “inverted hysteresis loops” in a bulk
outside the envelope curves. Minor hysteresis lodpslL) drawn  magnetic material comprising cyanide-bridged multimetal
from the nonlinear regime of the virgin curvbut the maximum  complexes.’ The observed “inverted hysteresis loop” in this
field of excursionH ma, being lower tharHg,) show positive hys-  pulk material is explained by “the competition between the
teresis but merge with the virgin curve again before reaching gyplattice magnetization rotation due to the spin-flip transi-
=0. MHL drawn from th(_a low field Iinear_regime of the virgin  tion and the trapping effect due to the uniaxial magnetic
curve are perfectly reversiblgee the upper inset anisotropy:” While there exists a signature as discussed
above of spin-flip transition in the presefite,CgSi alloys
reported earlier foFe,CoSi in passing;’ and in the ab- and also the suggestion thBt-M interaction can cause a
sence of a detailed magnetization study it was attributed térapping effect for domains especially if spins are canted
domain-related effects in a ferromagfiek similar anoma-  within the domains? it is a bit premature to apply the simi-
lous behavior of the virginM-H curve in CeFgbased lar picture here. More experimental information, especially
pseudobinary alloys has been associated recently with thée microscopic kind, such as neutron-scattering measure-
first-order nature of a field induced metamagneticments, is required to form even a qualitative model to ex-
transition®® plain the “inverted hysteresis loop” in the present system.
One might question now how to rationalize the magnetic We note in Figs. @) and Xc) that while the technical
properties of(Fe,CgSi within the framework already devel- Saturation point is reached in thé-H curves belowT ¢ for
oped for these alloys. Small-angle neutron-scatteringc=0.15 and 0.35 alloys at fairly low fielddHg,~=1 kOe),
measuremenishave suggested the magnetic ordering inM actually continues to increase beyoHd, even up to the
(Fe,CqSi alloys to be of long period helimagnetic in nature. highest field of our measurement, i.e., 50 kOe. This two-
A model to explain such long period helimagnetic order carstage magnetization process indicates that after the initial
be based on a competition between a Dzyaloshinski-Moriydow-H alignment, the local spins, which are probably canted,
(DM) interaction and a Heisenberg-type exchangdine up slowly with a further increase id beyondHg,. We
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can actually make a reasonable fit of tleH curve in the ~ Careful neutron measurements in various,T) regimes
regimeH ,<H<50 kOe to aH2 behavior. Similar behav- With different thermomagnetic historics will be useful to
ior has also been observed for=0.1 and 0.45 alloys. Man- Settle this issue. The high-high-H magnetic state of these
yala et al” have earlier reported that magnetoresistance ir‘T"”O}/,‘;’ has magnetic-field dependence in the formNof
some of these alloys also varied BH¢” in the H regime «H>4 Also, the magnetization response is reversible above

beyond technical saturation. This clearly indicates that thdn€ field for technical saturatiof s, and produces a narrow

behavior of these alloys is quite different from a conven-f‘mvert(ad hysteresis I_oop” below s, A proper undgrstand—
tional ferromagnet even in the high-regime ing of these magnetic responses and their possible correla-

In conclusion, our present dc-magnetization measuret-Ion to_technologically promising magnetotranspdruil

; . ) . : help in the search for newer magnetic materials tunable for
ments in conjunction with the results of earlier neutron

studie§ suggest that there exists a lowlow-H magnetic practical use.

state in(Fe, C9gSi alloys which resembles a lot of the reen-  We would like to acknowledge Dr. K. J. Singh for the
trant spin glasses. With the increaseliandH, it transforms  help in sample preparation and Dr. P. Chaddah for useful
to a presently recognized hidh-high-T helical FM state. discussions.
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