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Narrow-gap signature of FexCol_xSi single crystals 
a • a,b A. Lacerda a, H. Zhang b, P.C. Canfield a, M.F. Hund ley ,  Z. Flsk , J.D. Thompson a, 

C.L. Seaman b, M.B. Maple b and G. Aeppli c 
"Los Alamos National Laboratory, Los Alamos, NM 87545, USA 
bDepartment of Physics, University of California San Diego, La Jolla, CA 92093, USA 
~A T & T Bell Laboratories, Murray Hill, NJ 07974, USA 

Heat capacity, resistance, and magnetic susceptibility have been measured on FeSi, Feog0Coo loSi, Feo ~oCo090Si, and 
CoSi single crystals. From resistance experiments, the activation energy (A) shows a small variation from A = 310 K in FeSi 
to A ~ 325 K for the Fe0.90Co0 loSi compound. For the 90% Co compound the gap signature disappears completely. Heat 
capacity experiments performed in the temperature range 1.5 K < T < 20 K reveal an increasing Sommerfeld coefficient 
(3') with increasing Co content. A comparison is made with the hybridization gapped material Ce3Bi4Pt 3. 

1. Introduction 

Many years have elapsed since the discovery of 
anomalous magnetic behavior in the small gap semi- 
conductor FiSi (see ref. [1] and references therein). 
This intermetallic compound presents an unusual be- 
havior of the magnetic susceptibility x(T) which ex- 
hibits a pronounced maximum in the vicinity of 500 K. 
Furthermore, neutron diffraction studies [2] show no 
ordering at low temperatures. A semiconducting band 
model [1] has been proposed , with a narrow gap, to 
describe the temperature dependence of x(T) and 
heat capacity. However, the gap model is not com- 
pletely accepted to describe the thermal properties of 
FeSi. The possibility of having a temperature-induced 
paramagnetic moment has been pointed out theoreti- 
cally [3], and experimentally [4] on the basis of neu- 
tron-scattering measurements. In the case of Fe x- 
C O l _ x S i  alloys, weak itinerant ferromagnetism, with a 
helical spin structure (long period >300/~), has been 
reported [5] for 0.3 < x < 0.90. 

In view of the controversy surrounding an interpre- 
tation of the physical properties of FeSi, we have 
investigated the gap formation as a function of Co 
content. Here we present an account of thermo- 
dynamic and transport measurements in a wide tem- 
perature range for FexCol_xSi single crystals. 

Correspondence to: Dr. A. Lacerda, National High Magnetic 
Field Lab., Pulsed Field Facility, Los Alamos Nat. Lab., 
MSE536, Los Alamos, NM 87545, USA. 

2. Materials and experimental techniques 

Single crystals were grown via chemical transport. 
Approximately 1 g of starting material and 60 mg of 
iodine were sealed in a quartz tube. The tube was 
placed in a gradient furnace with starting material at 
the hot end (900°C) and samples growing a the cold 
(750°C) end. Samples of a few mm 3 grew over the 
course of one week. Resistance was measured using a 
conventional AC four-probe method in the tempera- 
ture range 4.2 K < T < 300 K. Magnetic susceptibility 
measurements were performed on a SQUID magneto- 
meter between 2 and 350K. Finally, heat capacity 
experiments were carried out using a quasi-adiabatic 
thermal relaxation technique in the temperature range 
1 . 5 K <  T < 2 0 K .  

3. Results and discussion 

Figure 1 shows the temperature dependence of the 
resistance of FeSi, Feo.9oCoo.10Si , Feo.mCoo.9oSi and 
CoSi between 4.2 and 300 K. The resistance of FeSi 
and the 10% Co alloy increase as the temperature 
decreases from room temperature to the lowest tem- 
perature investigated. The rapid rise in the resistance 
for these two compounds can be interpreted as a gap 
formation in the electronic density of states. The 
activation energy A can be estimated by plotting In R 
as a function of 1/T; a linear regime is observed from 
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Fig. 1. Resistance as a function of temperature for (a) FeSi 
and Feo~oCo ..~Si, and (b) for CoSi and FeoloCOo~0Si 
(inset). 
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Fig. 2. Magnetic susceptibility, x(T), as a function of tem- 
perature for FeSi, CoSi and FeogoCoo ,jSi. 

holder. Increasing the Co content moves the minimum 
in x ( T )  towards higher temperatures. 

Heat capacity measurements have been performed 
in a wide temperature range. In fig. 3 we plot C~ T as a 
function of temperature for FeSi, Fe090Co010Si, 
Feo.~oCoo 90Si and CoSi. The FeSi compound presents 
the lowest heat capacity compared with all alloys and 
the CoSi compound. By increasing the Co content an 
upturn in C/T  at low temperature appears. Corre- 
spondingly an upturn at low temperatures was also 
observed in the magnetic susceptibility. The C/T rise 
with decreasing temperatures is drastically suppressed 
for the CoSi compound. Using a Debye and electronic 
(C : TT + ]3T 3) fit for the FiSi and CoSi data gives 
3' = 1 mJ mol ' K 2, /3 = 0.035 mJ m o l i  K 4 ( ~ D  = 

33 to 167K for FeSi and from 33 to 167K for the 
Fe09oCo0.1oSi compound. The gap energy (2A) esti- 
mated from the linear regime is ~620 and 650 K for 
FeSi and Feo.9oCoo 10Si, respectively. The low- 
temperature feature is attributed to impurities incor- 
porated during sample growth. In fig. l (b)  we show 
the resistance of CoSi and Feo.10Coo.9oSi (inset); 
metallic behavior is observed for both in the tempera- 
ture range investigated. 

We show in fig. 2 the magnetic susceptibility as a 
function of temperature for FeSi, CoSi and 
Feo 9oCoo ,~Si. A very pronunced rise in x (T )  is ob- 
served for the 10% Co compound at temperatures 
below 57 K. This rise is consistent with moment for- 
mation with increasing Co content. For FeSi a consid- 
erable background signal is observed in our suscep- 
tibility experiments. This appears to be due to the low 
sample contribution compared with that of the sample 
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Fig. 3. Heat capacity divided by temperature as a function of 
temperature for FeSi, Feo 9oCo o loSi, Fe o ,oCoo.9oSi and CoSi. 
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480K) and 3 , = 2 m J m o l - ~ K  -2 and /3=0.056 
mJ mol ~ K - 4  (¢9 D = 410 K) for the two compounds. 
In our temperature range, a large variation is observed 
in the heat capacity of both dilute and highly concen- 
trated Co materials as compared to 'pure' CoSi and 
FeSi. It is possible that magnon excitations in a 
helimagnetic phase could be present, since we are 
close to the known phase boundary for magnetic order 
[5]. However, we see no evidence for this is our 
magnetic susceptibility measurements. 

In addition to substitutions of Fe and Co, we have 
substituted P for Si. The advantage of this substitution 
is that there is no disruption of the Fe sublattice, and 
phosphorous has no magnetic moment. Figure 4 shows 
the temperature-dependent electrical resistance and 
magnetic susceptibility of FeSi:_xp ~ with nominal x = 
0.05. These samples were grown using a flux (Sb) 
growth technique [6]. The magnetic susceptibility is 
qualitatively similar to that of Feo.9oCoo.,oSi. This 
supports the hypothesis that the low-temperature 
Curie tail in this compound is not due to the Co 
moment,  but associated with the disrupted FeSi lattice 
itself. The resistance, on the other hand, is very 
different from the 10% Co substitution. The phos- 
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Fig. 4. Resistivity and magnetic susceptibility of FeSi09sPo o 5. 

phorus substitution (x = 0.05) leads to a virtual metali- 
zation of the temperature-dependent electrical resist- 
ance, although a maximum is observed around 100 K. 

FeSi shows striking similar properties to the group 
of rare earth and actinide compounds known as hy- 
bridization gap materials, in which the gap is roughly 
one order of magnitude smaller. The similarities ex- 
tend to details of the x(q,  oJ) as measured via neutron 
scattering. Dilution studies we have reported [7] on 
the Ce3Bi4Pt 3 material in this class show quite similar 
behavior with doping in both rare earth and non-rare 
earth sites. The comparison of these results further 
supports our contention that the underlying physics in 
the rare earth on the transition metal materials are 
closely similar. 

Work at Los Alamos was performed under the 
auspices of the US Department of Energy. Part of the 
research of one of us (MBM) was supported by Na- 
tional Science Foundation, grant No. DMR87-21455. 
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