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Effect of magnetic fields on the Kondo insulator CeRhSb:
Magnetoresistance and high-field heat capacity measurements
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The compound CeRhSbh is a mixed valent Ce-based compound which shows a gap in the electronic density
of states at low temperatures. The gap manifests by a rise in electrical resistivity—belav8 &bfrom which
the gap energy is estimated to be about 4 K. We have carried out heat capacity measurements on this
compound in various applied fields up to 9.85 T. The magnetic contribution to the heat cap&xiti, found
to have a maximum iAC/T vs T at 10 K, below whichAC/T is linear withT. This is attributed to the fact
that below this temperature, in the gapped state, the electronic density of states decreases linearly with de-
creasing temperature. On application of a magnetic field, the electronic specific heat coeffinitre gapped
state increases by 4 mJ/molK?. The maximum iMAC/T vs T is observed in all fields, which shifts to lower
temperatures-1 K at 5.32 T and raises again at 9.85 T to about the same valuedHas@T. This suggests
that the gap exists for all fields up to 9.85 T. Above 10 K, in the mixed-valent X&£T vs T decreases with
increasing temperature in zero field. There is hardly any effect of application of field in the mixed-valent state,
since the applied fields are too small to change the already large density of states at the Fermi level. We have
also carried out magnetoresistance measurements on CeRhSb up to fields of 5.5 T at 2, 4.5, 10, 20, and 30 K.
The magnetoresistance in CeRhSb is positive at temperatures of 4.5 K and above, in applied fields upto 5.5 T.
At 5.5 T, the magnetoresistance is maximum at 4.56K) and decreases with increasing temperature. The
observation of the maximum is consistent with the observation of a maximukCifT vs T and is due to a
change in the density of states. At a temperature of 2 K, a negative magnetoresistance is observed for magnetic
fields greater than-3.5 T which suggests reduction in the gg$0163-18207)15517-3

INTRODUCTION transfer between thef4level and the conduction band is
possible(as observed in mixed-valent systenmithe Kondo
Many lanthanide intermetallic compounds show interestresonance in such mixed-valent systems, then splits into two
ing properties, such as the Kondo effect, heavy fermion bepeaks and hencgat T=0K) a gap forms in the electronic
havior, mixed-valent behavior, et(see, for instance, Refs. 1 density of states, at the Fermi level. This gap, however, ex-
and 2. This has been attributed to the hybridization betweerists only atT=0 K and is therefore called a pseudogap. With
the lanthanide # electrons and the conduction electrons. Inincreasing temperature, the electronic density of states in-
the single impurity Kondo model, it has been shown thatcréases linearly and the gap develops into a minimum. This
due to this hybridization, a Kondo resonance develops at thBlinimum in the electronic density of states finally disappears
Fermi level below a critical temperaturdy, called the at the critical temperaturd,,,, due to increase in the inco-

Kondo temperature. This implies that beldw, the density herent scattering. Abo.v-éwh’ a Loren_tzian dens_ity of states
of states at the Fermi level is enhanced. The developmentJd(gevempS at the Fermi level, the height of which decreases

the Kondo resonance is manifested by a minimum followe garithmically with increasing temperature as in n_ormal
S : o . ; ondo systems. Thus the electronic density of states in such
by a rise in the electrical resistivity with a decrease in tem-

. ._mixed-valent, gap-forming compounds shows a maximum at
perature. Such a resonance also forms in a Kondo lattic gap 9 b

taini hiah trat f fic | : =Teon, Since both above and below this characteristic tem-
(containing a high concentration of magnetic impuriies o o re the electronic density of states decreases with tem-

However, in the case of the Kondo lattice, there exist tWOheratyre. Such systems, the so-called Kondo insulators, are
temperature scales: one is the usual Kondo temperature adl great theoretical and experimental interest. As of now,
the other is the coherence temperatdfgy, whereTeonis  only a few such systems have been reported—some of the
smaller thanTK. At Ty, the usual minimum followed by a Ce-based mixed-valent, gap_forming Compounds being
rise in resistivity is observed with decreasing temperatureCe\,)Bi4|:>t3,3 CeNiSn? and CeRhSB.

until at a characteristic temperaturé.,, the resistivity The compound CeRhSb forms in the orthorhombic
shows a drop with decreasing temperature. This drop resul&TiNiSi type structure. Earlier observatiotfsof a lattice
from the development of a coherent state in the Kondo latvolume anomaly and a broad shallow maximum in the oth-
tice, due to the periodic arrangement of magnetic impuritiegerwise weakly temperature dependent magnetic susceptibil-
resulting in a coherent scattering by Kondo impurities. Fority place this material in the class of mixed valent cerium
such a coherent lattice, if the hybridization is strong, chargéased compounds. Its electrical resistivity is similar to that of
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metallic systems at 300 K and decreases with decreasing 25 : . :

temperature between 300 and K. However, the most in- CeRhSb
teresting feature in resistivity occurs between 2 and 8 K, '/\\‘-.,
where it rises suddenlyThe temperature where the resistiv- S '0..
ity minimum occurs is somewhat sample dependefhe 23F Y 1
low temperature rapid rise in resistivity has been interpreted e o
in terms of opening of a gap in the electronic density of ®
states. The resistivityp, largely follows the behaviop '..
= po exp(~A/kgT) in the temperature interval 2—8 K from 21 *
which the energy gapA, is estimated to be about 4 K. —_ 2.40 ; . 1
Thermoelectric power measurements on CeR({#8H. 8 re- g’ o
veal a broad maximum at-10 K, below which there is a € .ol 23y ot 1 ]
sharp drop down to low temperatures. Hall effect measure- 7, 230 [ o’ _
ments also show a large positive upturn below 19 Al of = ) o’
these results reveal a sharp decrease in carrier concentration™ g 225} .o' ]
below 10 K, which is consistent with the above interpretation 17t {1 200 & 1
of opening of a gap. The heat capacity of CeRhSb in a zero Cl .."
magnetic field was earlier reported in Refs. 10 and 11. The 245} s ]
study of the influence of 14 T magnetic field on a low tem- V..
perature T<8 K) heat capacity of CeRhS(Ref. 10 was 15 210} 1
inconclusive. 2.05 ! . !

In order to further understand the nature of the ground 0 10 20 30 40
state of CeRhSb, we have carried out heat capacity measure- Temperature (K)
ments on this compound and its La analog in various applied 1-30 5'0 1(')0 150 2(')0 50 200

fields from 0 to 9.85 T in the temperature range of 1.8 to 30

K. The results of this study are presented below. Temperature (K)

FIG. 1. Plot of the magnetic susceptibility, vs temperature.
EXPERIMENTAL DETAILS The inset shows the magnetic susceptibility at low temperatures.

The samples of CeRhSb and LaRhSb were prepared by
melting together stoichiometric amounts of the constituent RESULTS AND DISCUSSION

elements in an arc furnace under purified argon. High purity Figure 1 shows the plot of magnetic susceptibility as a
(99.9+ wt. %) Ce and La metals were obtained from the fynction of temperature on the present sample prepared using
Materials Preparation Center, Ames Labor_atory. The Rh an@mes LaboratoryAL) high purity cerium. The general fea-
Sb metals were purchased from commercial sources and hagres of the susceptibility are the same as reported efrlier,
a stated purity of better than 99.9 wt. %. The alloy ingotsn‘—imay a broad maximum in the susceptibility, a0 K
were melted several times to ensure proper homogeneity angharacteristic of mixed-valent Ce-based compounds and a
then were wrapped in tantalum foils for annealing in vacuunyise at low temperatureis-3 K, inset Fig. 1) In the present

at 950 °C for one week. X-ray diffraction studies Showedsample, however, the low temperature rise is less pro-
that, within a 5% resolution, the samples were single phasgoynced than for the earlier sampl&he temperature depen-
materials crystallizing in the orthorhombieTiNiSi struc-  gence of resistivity of the AL sample is shown in Fig. 2. The
ture (space groufPnma. Metallographic examination also featyres are again similar to those reported eatlignere is
revealed the single phase nature of the samples with an uppgfyroad maximum in the resistivity at150 K followed by a
limit for any extraneous phase of 1%. The lattice parametersyinimum at~8 K and a sharp rise at low temperatutsse
obtained from a least squares fit of the observed/@ues jnset Fig. 2. Below 8 K, resistivity largely follows the acti-

are (within an error limit of +0.005 A): vated behavior mentioned earlier in the Introduction, from
which the energy gap), is obtained and calculated to be 4
LaRhSb: a=7.541 A, b=4.658 A, ¢=7.924 A, K. However, there are slight deviations from the activated

behavior suggesting the presence of a residual density of
CeRhSb: a=7.420 A, b=4.619 A, ¢c=7.859 A. states in the gap and/or the anisotropic nature of the gap, i.e.,
the density of states at the Fermi level is not zero as in an
The samples were further characterized by magnetic susdeal insulator. Hence the gap is not a true gap but is a
ceptibility measurements using a SQUIBuperconducting pseudogap as described above. This observation is corrobo-
guantum interference devicenagnetometer and by the four rated by heat capacity measurements, as will be described
probe electrical resistivity measurements. Heat capacity medelow.
surements were carried out in an adiabatic heat pulse calo- Figure 3 shows the plot of heat capaci§, vs tempera-
rimeter in the temperature range of 1.8 to 30 K both in zerdure, T, for CeRhSb and LaRhSb in the temperature range
field as well as in the presence of various applied fields rang1.8—20 K. A linear least squares fit of the LaRhSb heat ca-
ing up to 9.85 T:? Magnetoresistance measurements werepacity data in the form ofC/T vs T2 plot for T?
made in applied fields up to 5.5 T with the field applied <50 KAT<7K) gives an electronic specific heat constant,
parallel to the direction of the current. of 7.2-0.3mJ/mol ¥ and a Debye temperature)y, of
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FIG. 2. Plot of the resistivityp, vs temperature. The inset shows FIG. 3. Plot of heat capacityC, vs T for CeRhSb in various
the resistivity at low temperatures. magnetic fields, and for LaRhSb at zero magnetic field.

240+9K. The heat capacity of CeRhSb in various applied4(@] gives an interceptelectronic specific heat coefficient,
fields is also presented in Fig. 3. It is observed that in ally) of 30 mJ/mol K, which is about four times larger than
fields, theC vs T curves for CeRhSb vary smoothly from that of LaRhSb implying an enhanced value of the density of
~1.5 to 20 K, with no anomalies evident, unlike the resis-States at the Fermi level. The nonzero valueygfrobably
tivity (Fig. 2 and magnetic susceptibilit§Fig. 1) results. implies that the Fermi level is not in the gap. Above 10 K
We will first discuss the zero field heat capacity results.@lso AC/T is quite large (ranging from 75 to
The magnetic contribution to the heat capaciyG, for 105 mJ/mole K), which is understandable, since the com-
CeRhSb is obtained by subtracting the lattice contributionpound is in the mixed-valent state, so that the density of
which is approximated by the heat capacity of the isostrucstates is large.
tural, nonmagnetic analog LaRhSb. A plot AC/T vs T We now discuss the effect of magnetic field on the heat
[Fig. 4a)] shows a broad maximum at 10 K. Such a maxi-capacity of CeRhSh. As seen from Figsasand 4b), the
mum in the heat capacity has been observed in other nofaximum in theAC/T vs T (~10 K for the zero field curve
magnetic Kondo lattice systems at low temperatures, lik&urve is found to shift towards lower temperatures with an
CeAl;, and has been attributed to the effect of coherencencrease in the applied field up #d=7.53 T and then it
(This feature is in striking contrast to the single ion KondoStarts to decrease back towardstits:0 T value. In order to
effect, where no such maximum is obseryeBoth above understand the observed behavior, two temperature regimes

and below this temperaturdC/T decreases with tempera- have to be considered—one below 10 K—where the com-
ture. Thus the coherence temperature in this Compoungound is in the Kondo insulator regime and the second above

should correspond to about 10 K. Beldl=10K, in the 10 Kwhere itis in a mixed-valent state. In the mixed-valent

gapped stateAC/T shows a nearly linear variation witi  State, the density of statedg, at the Fermi level is large. As
[Fig. 4@)]. This is consistent with the prediction that the gapin the resonance level model of Schotte and Scottes
develops as a result of the mixed-valent nature of the latticedensity of states can be assumed to be of the fotm
splitting the Kondo resonance into two peaks with a dip in=I[7(E?+13)], whereI'4=KkgTy is the peak width. The
between, showing a clear minimum with decrease in temmagnetic field broadens the peak, which is evident in Fig.
perature. Thus the density of states varies linearly with tem4(b), i.e., compare the solid linéH=0T data with the
perature so that the heat capacity also shows a linear behagashed-dotted lingH=7.53 T data, and the field dependent
ior from ~2 to ~7K at all fields [Fig. 4a]. The width, T, is given by I'’=T'3+u3B2 The compound
nonactivating behavior cAC/T is consistent with the slight CeRhSb being a mixed-valent compound, is a high
deviation from activated behavior seen in the resistivity sug{~100 K) system, so that the applied fields up to 9.85 T are
gesting some residual density of states or anisotropy in thaegligible compared td';. An estimate of the change in the
gap. On extrapolating to 0 K, the plot &fC/T vs T [Fig.  electronic density of states due to an applied field can be
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FIG. 4. The differenc@ C/T=Ccernsd T— CLarnsé T as function of temperature and magnetic field shown as the raw experimental data
(a) and as smoothed curves for clarity). Each smoothed curve represents the actual experimental data fitted using a sixth order polynomial
with accuracy better than 1.5—1.8 mJ/mdLK

obtained by assuming &y of about 100 K whenl',
=10Ckg. In a field of 10 T,I'?=(10*+50)k3. Thus the CeRth
effect of the applied field is negligibly smak<1% changg
and hardly changes the density of states. o T=2K
Below 10 K, it is expected that the temperature at which o T=4.5 K
the coherence sets ithe position of the maximum in the 006 & T=10K o
AC/T vs T curve should be shifted to lower values with ~ve T=20K e
increasing in applied field and for a critical value of field, o T=30K o
Heor(=KgTcon/ ), N0 maximum should be observed. Our '
measurements clearly show the shift of the linear portion of
AC/T vs T line below the peak to lower temperatures with
an increase in applied field: compare the solid line in Fig.
4(b) (H=0 T) with the solid line with dot§H=9.85 T). The
limited data reported by Andrak&at 0 and 14 T are consis-
tent with our results, especially below 5 K. The actual peak,
however, shifts from 10.5 K aH=0 T to 9.5 K at
H=5.32 T and then increases to 10.2 KH#=9.85 T As- .
suming T.,,=10 K as obtained from the position of the o Booig
r_naX|mum,Hc0h is estimated to be about 13.5 T. The applied 0.00 | 3%33@‘?_5:6,6,5‘5;5:' R
fields up to 9.85 T are not high enough to suppress the gap
formation, and hence the maximum. Gap formation contin- »
ues to be observed though over smaller temperature regimes o
with increasing field. It would be interesting to carry out high '
field heat capacity measuremefitsl5 T or morg using the -0.02 ' ' : ' :
same alloy to look for gap suppression in this compound. 0 1 2 3 4 5 6
The y value is found to increase from a value of Applied magnetic field (T)
30 mJ/mol ¥ in zero field to 35.5 aH =5.32 T and then fall
off to a value of 33 mJ/mol Kin a field of 9.85 T, showing FIG. 5. Plot of magnetoresistanakp/p, for CeRhSb at various
the increase in the density of states in the gap due to field.temperatures.
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The results of magnetoresistance measurements quarallel toc. The magnetoresistance in CeNiSn also showed
CeRhSb at various temperatures are shown in Fig. 5 as a platstrong field dependence along thelirection.
of Aplp vs field at several temperatures. At 2 K, a small
positive magnetoresistance is observed for small fields up to CONCLUSION
35T. This is due to the coherent state of the Iatticg. Asign  |n this paper we have presented an extensive set of heat
change is observed at around 3.5(tfie magnetoresistance capacity measurements over a wide temperature range as a
becomes negatiyeindicating the disruption of coherence fynction of magnetic fields up to 10 T, plus the magnetore-
(and hence the gapNo such sign change in magnetoresis-sjstanceup to 5 T) and the low field magnetic susceptibility
tance is observed at the higher temperatures. The magnetoign a single, well characterized sample of CeRhSb. As a re-
sistance is positive for all temperatures 4.5 K and abovesult we find that the magnetic contribution to the heat capac-
Furthermore, the percentage of magnetoresistance at 5.5ifly, AC, shows a maximum at around 10 K in zero field.
(highest available field in our measuremergslargest at 4.5 This maximum is due to the coherence effect in the lattice
K and decreases with increase in temperature. The measuradhich also leads to gap formation in this compound. Both
magnetoresistance is about 6% at 4.5 K, 3% at 10 K, 0.5% atbove and below 10 KAC/T decreases with temperature.
20 K, and negligible at 30 K. Thus at 5.5 T, both above andBelow 10 K, in the gapped stat&,C/T decreases linearly
below 4.5 K, the magnetoresistance decreases with tempergith decreasing temperature due to linear decrease in the
ture. Since magnetoresistance measurements also are serf§insity of states with temperature. The electronic specific
tive to the density of states at the Fermi level, it is quite cleaheat coefficienty in the gapped state C/T extrapolated to
that these results are consistent with the observed heat capdc=0 K) increases by 3 to 4 mJ/moFkon application of a
ity behavior which also shows a maximum, but the tempera®-32 T field or greater. Magnetoresistance measurements
tures of the two maxima are quite different4.5 and 10 K. shovy a positive behawpr at temp(_aratures above 4.5 K. ltis
The influence of the applied magnetic field on CeRhsgnaximum at 4.5 K(6%) in a 5.5 T field. A 2 K the magne-
indicates that a field of 9.85 T is not strong enough to Sup;qre5|s'§ance is negative in high fields ab.ove' 3.5 T due to
press the gap. This may be contrasted with the situation iﬁilsruptlon of coherence and hence reduction in the gap.
the isostructural Kondo insulator CeNi&h®where studies
on single crystal have shown suppression of the gap with the
application of magnetic field along certain crystallographic The Ames Laboratory is operated for the U.S. Department
directions which result in large values. It was observed that of Energy by lowa State University under Contract No.
in a field of 12 T, the value o€/T is strongly enhanced for W-7405-ENG-82. This work was supported by the Office of
H parallel toa direction and is almost unchanged fefr  Basic Energy Sciences, Division of Material Sciences.
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