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Fermi surface in LaRhSi; and CeRhSi;
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We report on de Haas-van Alphen (dHvA) effect measurements at ambient pressure and band-structure
calculations for LaRhSi; and CeRhSi;, whose crystal structures lack space-inversion symmetry. For LaRhSis,
dHVA frequencies up to ~11 kT with effective masses up to ~1.6m,, where m, is the free-electron mass, are
observed. The observed and the calculated Fermi surfaces are in satisfactory quantitative agreement. The
energy splitting of bands due to the spin-orbit coupling is estimated to be of the order of 10> K. For CeRhSij,
dHvVA frequencies up to ~12 kT with effective masses up to ~19m, are observed. The dHVA frequency
branches are definitely different from those observed in LaRhSi; and are difficult to explain with the LaRhSi;
Fermi surface. This leads to the conclusion that the Ce 4f electrons in CeRhSij are itinerant in the antiferro-
magnetic state at ambient pressure. The Fermi surface resulting from a band-structure calculation in which the
Ce 4f electrons are treated as itinerant can provide a plausible explanation for the observed frequency
branches, although the quantitative agreement is rather limited. The comparison of the calculated density of

states with the Sommerfeld coefficient gives the mass enhancement factor of 8.
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I. INTRODUCTION

CeRhSi; crystallizes in a tetragonal structure with the
space group I4mm (No. 107),'3 which lacks space-inversion
symmetry. It orders antiferromagnetically with an incom-
mensurate wave vector at the Néel temperature of Ty
=1.6 K at ambient pressure.*> The small ordered moment of
~0.1up is aligned in the ¢ plane. It is a moderately heavy
fermion with the Sommerfeld coefficient of vy
=110 mJ/mol K? measured in the antiferromagnetic state.®
As pressure P is applied, Ty first goes up and then decreases
for P=8 kbar.” Superconductivity emerges under pressure.’
The superconducting transition temperature 7. increases
with pressure and becomes comparable to Ty at ~24 kbar.”3
T,. peaks at 1.1 K near 26 kbar, and the initial slope of the
upper critical field vs temperature curve, i.e., —dB,/ dT|Tsc’
for the field B parallel to the ¢ axis takes a maximum at the
same pressure.® This strongly suggests that the antiferromag-
netic phase terminates at this pressure. The upper critical
field B,, for Bllc is anomalously large; B,(0) at 29 kbar may
reach 30 T.® Intriguing superconducting properties of
CeRhSij; (see Ref. 9 for a brief review) have been stimulat-
ing theoretical studies'®'® on noncentrosymmetric supercon-
ductivity originally initiated by CePt;Si.!” Subsequent to
CeRhSi;, superconductivity has also been found in the Ir-
substituted compound CelrSi;.?

We here concentrate on the Fermi surface. The initial de
Haas-van Alphen (dHvA) effect study showed that dHvA
frequency branches in CeRhSi; were very different from
ones in LaRhSi;.?! This strongly suggests that the Fermi sur-
face in CeRhSijy is different from that in LaRhSi; most likely
because of the participation of the Ce 4f electrons in the
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Fermi surface (La is next to Ce in the periodic table and has
no f electron). A recent dHvA study under high pressure has
shown that the Fermi surface and effective masses of elec-
trons in CeRhSi; evolve continuously with pressure up to 30
Kkbar, exhibiting no jump as a function of pressure.?” This is
in sharp contrast to what was observed in CeRhIns>® in
which it is believed that the Ce 4f electrons transform from
localized to itinerant as the antiferromagnetism disappears
with pressure. It is, on the other hand, exactly the behavior
expected when the Ce 4f electrons are itinerant already in
the antiferromagnetic phase. Whether the Ce 4f electrons are
localized or itinerant in antiferromagnetic phases of heavy
fermions is the key to the nature of the heavy fermion quan-
tum criticality and hence is one of current focuses of re-
searches in this area.?*?> In this paper, we perform dHvA
measurements on CeRhSi; and LaRhSi; and also band-
structure calculations for them. We will present further evi-
dence that the Ce 4f electrons in CeRhSi; are itinerant in the
antiferromagnetic phase at ambient pressure.

II. EXPERIMENTS AND BAND-STRUCTURE
CALCULATIONS

Single crystals of LaRhSi; and CeRhSi; were grown by
the Czochralski method as described in Ref. 21. Residual
resistivity ratios larger than 100 were observed in grown
crystals, indicating their high quality.

dHvA oscillations were measured in a top-loading dilu-
tion refrigerator (base temperature: ~35 mK) equipped with
a 20 T superconducting magnet. The field-modulation tech-
nique was employed,’® and the detection was made at the
second harmonic of the modulation frequency. Most mea-
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surements were carried out with a modulation frequency of
67 Hz and an amplitude of 0.01 T, but for the determination
of effective masses in CeRhSi; a smaller frequency of 17 Hz
or a smaller amplitude of 0.004 T were chosen to reduce
eddy-current heating of a sample. For angular studies, a
sample placed in a pickup coil was rotated together with the
pickup coil. We basically performed two field sweeps at each
field direction: one from B=7 to 13.9 T and the other from
14 to 17.5 T. In the case of LaRhSi;, one crystal was used
throughout. Its ¢ axis was set parallel to the pickup coil axis
for measurements in the (010) plane, while its a axis was set
parallel to the coil axis for measurements in the (001) plane.
In the case of CeRhSis, two crystals were used for measure-
ments in different planes: one was used for (010)-plane mea-
surements with its ¢ axis parallel to the coil axis, while the
other was used for (001)-plane measurements with its a axis
parallel to the coil axis. Effective masses (m”) and Dingle
temperatures (x,) associated with dHvVA frequencies (F)
were determined from temperature and field dependences of
dHvVA oscillation amplitudes as usual,?® and electron mean-
free paths () were calculated from observed F, m*, and xJ,.
The temperature ranges used for the mass determinations
were up to ~2 K for LaRhSi; and ~0.2 K for CeRhSis.
The same experimental setup as the dHvA one can be used to
measure ac magnetic susceptibility.

The electronic band structures of LaRhSi; and CeRhSij
were calculated by using a full potential linearized aug-
mented plane wave (FLAPW) method with the local-density
approximation (LDA) for the exchange-correlation potential.
We used the program codes TSPACE (Ref. 27) and KANSAI-03.
The scalar relativistic effects were taken into account for all
electrons, and the spin-orbit interactions were included self-
consistently for all valence electrons in a second variational
procedure. For LaRhSis, the unoccupied 4f levels of La were
shifted upward by 0.2 Ry by hand to improve the agreement
between the calculated and the experimental Fermi
surfaces.”®%

The lattice parameters used for the calculations were a
=4.277 A and ¢=9.760 A for LaRhSi; and a=4.237 A and
¢=9.785 A for CeRhSi;.>* The atomic coordinates were as-
sumed to be the same as those in LalrSi; (Ref. 2): La or Ce
(2a site) being at the origin, z=0.6553 for the 2a sites of Ir,
7z=0.4112 for the 2a sites of Si(1), and z=0.2615 for the 4b
sites of Si(2). The muffin-tin (MT) radii were set as 0.3603a
for La or Ce and 0.2478a for Rh and Si. Core electrons (Kr
core plus 4d'° for La and Ce, Ar core plus 3d'° for Rh, and
Ne core for Si) were calculated inside the MT spheres in
each self-consistent step. The 5s25p°® electrons on La or Ce
and the 45%4p® electrons on Rh were treated as valence elec-
trons by using a second energy window. Note that in the
calculation for CeRhSi; a paramagnetic state was assumed
and the 4f electrons of Ce were treated as itinerant. Hence
CeRhSi; is an uncompensated metal, whereas LaRhSi; is a
compensated metal.

The LAPW basis functions were truncated at [k+Gjl
=5.1 X2/a, corresponding to 615 LAPW functions at the
I' point. The sampling points were uniformly distributed in
the irreducible (1/8)th of the Brillouin zone (IBZ); 369 k
points (divided by 16,16,8) were used both for the potential
convergence and for the final band structure. Note that be-
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FIG. 1. (Color online) Fourier spectra of dHVA oscillations in
LaRhSi; for [(a) and (b)] BII[001] and [(c) and (d)] BII[100]. For
each field direction, low-field and high-field data are shown. For
BII[001], the field range of the high-field sweep (11<B<17.5 T)
was made longer than usual (14<B<17.5 T) to resolve closely
spaced frequencies. Fundamental frequencies are labeled with
Greek letters and “2&,” “3¢,” etc., indicate the second and the third
harmonics of & and so on.
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TABLE I. Experimental and calculated Fermi-surface parameters of LaRhSij.

Experiment Calculation
Field
direction Branch F (kT) m*/m, x5 (K) [ (um) Orbit* F (KT) mpga/m, m" Myang
[001] £ 023 023(2) 42(5 0.1193) Tl 0.27 0.14 1.6
& 027 023(2) 44(5) 0.1273) T 0.31 0.15 1.5
(0) Fl 0.31 0.52
v 0.84 ~06 r 0.90 0.41 ~15
v 0.87 ~0.6 rl 0.95 0.44 ~1.4
B 7.17 Zh 7.38 0.92
Al 7.53 1.58
B> 738 1.25(5) 74 7.75 0.99 1.3
Bs 755 1.18(4)  6(2) 0.09(2) AL 8.01 1.20 0.98
a 1098  1.47(5) 3.8@8) 0.15(3) e, 10.72 1.03 1.4
a 11.11
ay 1123 146(5) 43(6)  0.13(1) Ty, 11.00 1.00 1.5
[100] 0, 036 0.46(5) (F! 0.29 0.44 1.1)
6 041 03722) 7.3(7) 0.057(3)  Fl 0.29 0.44 0.91
O 098  0.57(3) Fl 1.00 0.79 0.72
O 1.00  0.45(3) (F" 1.00 0.79 0.57)
613 1.02 (Fh 1.00 0.79)
Ops 107 0.70(4) (Fl 1.00 0.79 0.89)
“w 268  092(8) 6.7(8)  0.065(3) 5 2.65 0.69 1.3
‘ 2.95 1.13
‘ 2.98 0.67
K 334 1.1(1) ‘ 3.21 0.67 1.6
‘ 5.19 2.02
[110]° 0, 0.50 2pis 0.43 0.60
6, 0.53 (ephe 0.43 0.60)
6, 0.55 (ephe 0.43 0.60)
0, 0.57 (eply 0.43 0.60)
65 0.59 (ephe 0.43 0.60)
& 0.81 AS, 0.73 0.61
& 0.82 A4 0.77 0.65
e 6.53 A4, 6.14 1.33
5 7.05 A4, 6.61 1.43

“The orbit assignments are denoted by orbit center, band number, and orbit character, i.e., electron or hole.

“gp” is an abbreviation for a general point.
PThe experimental data for BI[110] are from Ref. 9.

cause of the space-group symmetry, all electronic bands re-
main doubly degenerate along the A line in the Brillouin
zone.

III. RESULTS AND DISCUSSION
A. LaRhSi;

Figure 1 shows Fourier spectra of dHVA oscillations in
LaRhSi; for BII[001] and BII[100]. The spectra of the low-
field sweeps have a higher frequency resolution because of
the wider 1/B range used, and also low-frequency oscilla-
tions are generally easier to see in low-field regions because

of the experimental Bessel factor.”®3! On the other, the high-
field spectra show high-frequency oscillations more clearly.
Most of the frequencies appear as doublets or multiplets. We
basically follow Ref. 9 in labeling the frequencies; however,
the frequencies \,, A, and €, in Ref. 9 are renamed as &, &,
and v, and the frequency €, is assigned to the second har-
monic of v. Table I lists the frequencies, associated effective
masses, Dingle temperatures, and mean-free paths. Table I
also shows dHVA frequencies for BIl[110] taken from Ref. 9.
The angular dependence of dHVA frequencies are depicted in
Fig. 2; both low-field and high-field data are shown together.
The frequency branches «, B, v, &, k, and 6 are noticeable.
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The data in the (110) plane are taken from Ref. 9. Since a
different sample was used in Ref. 9, the [110]-axis data on
the left side of Fig. 2 (taken from Ref. 9) differ from those on
the right side (from present measurements). The fact that a
larger number of frequencies has been observed in Ref. 9
may suggest that the sample of Ref. 9 is better than the
present one. For the [001] direction, there is a much better
correspondence between the present data and those in Ref. 9
except that the 6 frequencies are not observed for this field
direction in the present measurements.

Figures 3(a) and 3(b) show calculated energy-band struc-
ture and total and partial densities of states of LaRhSi;. The
density of states at the Fermi level is estimated at 23.9
states/Ry f.u. This corresponds to the Sommerfeld coefficient
of y=4.13 mJ/mol K2, which is compared with the experi-
mental value of y=5.1 mJ/mol K2 The partial densities of
states indicate that the La d, Rh d, and Si p states contribute
to energy bands near the Fermi level but that the sum of
these partial densities of states accounts for less than half of
the total density of states. Hence, conduction electrons are
extended well to the interstitial region. Six bands, 3742,
cross the Fermi level, although band 37 does not cross the
Fermi level along the symmetry lines shown in Fig. 3(a). The
resultant Fermi surface, consisting of three pairs of
inversion-asymmetry-split sheets, is shown in Fig. 3(c),
where some of possible extremal cyclotron orbits are indi-
cated. Theoretical dHVA frequencies predicted by this Fermi
surface are shown in Fig. 2 and Table I. In the latter, calcu-
lated band masses (my,,q) are also listed. Low frequency
branches (F<100 T) due to band-37 hole surface are ne-
glected.

By comparing the experimental and theoretical frequen-
cies (Fig. 2), we can identify cyclotron orbits responsible for
the frequency branches «, 3, &, k, u, and 6 as shown in Fig.
3(c). Although not shown in the figure, orbits for the v, ¢,
and ¢ branches are found on the band-41 and -42 electron
surfaces. v is assigned to a I'-centered orbit circuiting the
interior of the surfaces, { to an orbit centered at a point on
the [110] line traversing two of the four lobes of the surfaces,
and ¢ to an orbit around a thin part between the lobes of the

surfaces centered at a point on the [110] line. Frequencies

between ~1 and ~5 KT observed near [110] in the (110)
plane are probably harmonics of the 6 frequencies. Their
oscillation amplitudes decrease approximately but not ex-
actly exponentially with the harmonic number. This is a char-
acteristic of harmonics when the spin-splitting factor is not
negligible, i.e., both spins contribute to dHVA oscillations.?
The « and @ branches exhibit finer splitting than theoretically
expected. In the case of a, we assume that «; and aj are
ascribable to Fermi surfaces 41 and 42, respectively. The
origin of a,, in the middle of the two, is not clear at present,
but this might possibly be explained by magnetic breakdown
between the two orbits. Regarding the splitting of 6, a pos-
sible explanation is that band-37 hole surface is larger than
calculation and support an orbit similar to €. This can explain
well the doublet structure of 6, in the (001) plane. However,

the finer splitting of ), and especially that of 6 in the (110)

plane need some more reasons; magnetic breakdown may
need to be involved.
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FIG. 2. (Color online) Angular dependence of dHVA frequencies
in LaRhSij;. The circles and diamonds denote experimental frequen-
cies determined from the high-field (14<B<17.5 T) and the low-
field (7<B<13.9 T) sweeps, respectively. Frequencies ascribed to
harmonics are shown by open symbols. The sizes of the symbols
are based on the amplitudes of dHVA oscillations. The squares in
the (110) plane are data points by Kimura et al. (Ref. 9). The Greek
letters indicate the names of frequency branches. The dots and small
+ and X marks show frequencies predicted by the band-structure
calculation, which yields the Fermi surface shown in Fig. 3(c).
Low-frequency branches (F=<100 T) due to band-37 hole surface
are neglected.

We can estimate the strength of the spin-orbit coupling
from the inversion-asymmetry splitting of dHvVA frequencies.
We follow the notation of Ref. 32. The spin-orbit coupling in
a noncentrosymmetric crystal splits a doubly degenerated un-
perturbed energy band €,(k) into two: € (Kk)=¢€y(k)
+\|a(k)|, where A== is the band index. Assuming the
Rashba model,** a(k)=a, (k,X—k.¥). The energy splitting of
the two bands 2|a, |k is related to the splitting of the dHvA
frequencies AF for BI[001] as 2|« |kp=(he/c)AFIm |,
where kr and m | are the Fermi wave number and the effec-
tive mass in the (001) plane, respectively. From the fre-
quency differences between «; and a3, B; and 3,, v; and v,
and & and &, we obtain the energy splittings of 2|a, |k
=23X10% 23X10% 54, and 2.8X10? K, respectively.
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FIG. 3. (Color online) (a) Calculated electronic band structure along the high-symmetry directions near the Fermi level Ep, (b) total and
partial densities of states, and (c) Fermi surface of LaRhSis. In the calculation, the unoccupied 4f levels of La were shifted upward by 0.2
Ry. The Fermi surface consists of band-37, -38, -39, and -40 hole surfaces and band-41 and -42 electron surfaces. Cyclotron orbits
responsible for some of the dHVA frequency branches are also indicated. The points of symmetry (black circles) and the lines of symmetry
(lines marked by white circles) in the Brillouin zone are explained in the top left figure of (c).

Here we have used the average of the two effective masses
as m, for each pair except for 8. For B, we have used the
effective mass of 3, since that of 8; could not be determined
(Table I).

LaRhSis, LalrSis,** and LaTGe; (T=Co, Rh, and Ir)3>-%
have very similar Fermi surfaces. We here compare the
Fermi surface of LaRhSi; with those of the two closest com-
pounds LalrSi; and LaRhGes. In the case of LalrSis, band 37
does not cross the Fermi level and band 38 hole surface is
smaller than the corresponding one in LaRhSi;. On the other
hand, in the case of LaRhGe;, the four pieces of each of
band-37(65) and -38(66) hole surfaces merge into one (the
band numbers are different for LaRhGes, and the numbers in
the parentheses refer to the band numbers for LaRhGej;). For
band-39(67) and -40(68) hole surfaces, the necks at I disap-
pear in LalrSis;, and these surfaces become closed. In the
case of LaRhGejs, the necks barely remain but are very much
thinner than those in LaRhSi;. For band-41(69) and -42(70)
electron surfaces, the basic shape, a tetragonally distorted
torus, is the same for the three compounds, although details

A s

:0.23K

=~ 0.59 K
< 1.11K

AC susceptibility

» 1.52K

1,97 K
2 2.36 K
<3.01 K

1.6 1.8 20 22 24 26

FIG. 4. (Color online) Magnetic-field dependence of ac mag-
netic susceptibility along the [100] direction in CeRhSis. The dotted
and solid lines show up- and down-field data, respectively. The
lines are vertically shifted for clarity. The measurement tempera-
tures are indicated in the figure. Spike noises, especially frequent in
the up-sweep data below 2 T, are due to flux jumps in the super-
conducting magnet and have nothing to do with the sample.
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vary among them. The cross sections normal to [001] are
smaller in LalrSi; and LaRhGe; than in LaRhSi;.

The inversion-asymmetry splitting of energy bands may
also be compared with those found in analogous compounds.
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TABLE 1II. Experimental Fermi-surface parameters of
CeRhSi;.
Experiment
Field
direction Branch  F (kT) m"/m, xp (K) [ (um)
[001] 0.64
1.52
b, 1.84 7.0(7)
by 1.90
b3 2.04
o 3.74 10.8(9)  0.18(3) 0.24(2)
443
4.93
5.52 18.6(8)
6.13
[100] 0.76
b1 1.37
b, 1.45 4.1(3)
&3 1.49
[N 1.53 5.8(2)
b5 1.57
Y 3.96 16.5(4)  0.087(7)  0.34(2)
b2 4.28
V3 4.40
Vs 4.60
B 5.86
B> 6.58
B3 6.92
Ba 7.24
Bs 7.75
[110]* 0.38
2.01
222
2.30
4.30
4.95
€ 6.25

aThe experimental data for BlI[110] are from Ref. 21.

In the order of LalrSiy and LaTGe; (T=Co, Rh, and Ir),34-3¢
2|a, |kr=1100, 461, 511, and 1090 K for the & branches and
2|, |kp=1250, 416, 505, and 1066 K for the B branches.
The large splittings in the Ir compounds may be explained by
the large atomic number of Ir and the large 5d-electron popu-
lation close to the nucleus.>® While the splittings are similar
between LalrSi; and LalrGe,, the splittings in LaRhSi; are
less than half of those in LaRhGe;. This difference can
mainly be explained by the differences in the effective
masses in the four compounds. Note that 2|a, |ky is inversely
proportional to m ;. While the relevant effective masses are
30%—-40% smaller in LalrSi; than in LalrGe,, they are 40%—
50% larger in LaRhSi; than in LaRhGe;.34-36
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FIG. 6. (Color online) Angular dependence of dHVA frequencies in CeRhSi;. The circles and diamonds denote experimental frequencies
determined from the high-field (14<B<17.5 T) and the low-field (7<B<13.9 T) sweeps, respectively. Frequencies ascribed to harmon-
ics are shown by open symbols. The sizes of the symbols are based on the amplitudes of dHVA oscillations. The squares in the (110) plane
are data points by Kimura er al. (Ref. 21). The Greek letters indicate the names of frequency branches (or rather frequency bands in some
cases), which are marked by thin lines or shadings. The dots and small + and X marks in (a) show frequencies predicted by the band-
structure calculation for LaRhSi3, which yields the Fermi surface shown in Fig. 3(c). On the other hand, the small + and X marks in (b) show
frequencies predicted by the band-structure calculation for CeRhSi; with the itinerant 4f electrons, which yields the Fermi surface shown in

Fig. 7(c).

B. CeRhSi;

We first consider whether CeRhSi; remains in the antifer-
romagnetic state during dHVA measurements when magnetic
fields up to 17.5 T are applied. Specific heat measurements
have shown that T hardly changes even when 8 T is applied
along the a or c axis.® ac susceptibilities measured up to 17.5
T along the a and ¢ axes in the present study show no sign of
a metamagnetic transition or an entrance to a paramagnetic
state, i.e., a field-induced ferromagnetic state except for a
tiny anomaly described below. Magnetization measurements
at T=1.85 K (>Ty) show that magnetizations increase al-
most linearly up to 7 T for the a and ¢ axes and that the
induced moment is only about 0.1ug (0.04up) for the a (c)
axis even at 7 T.>3 This indicates that CeRhSij is not easily
polarized and is in line with the absence of a metamagnetic
transition or field-induced ferromagnetic state up to 17.5 T.
According to these observations, we can safely assume that

the present dHVA measurements were performed in the anti-
ferromagnetic state.

The above mentioned tiny anomaly in the ac susceptibility
is found around 2 T for BII[100] (Fig. 4). The anomaly is
observed not only below T but also above Ty. The suscep-
tibility peak is largest and sharpest at around 1 K rather than
at the lowest temperature. No clear hysteresis is observed.
Since the present setup is not calibrated for susceptibility, the
absolute values of the susceptibility peak heights are not
known, but the observation that the heights are comparable
to dHVA oscillation amplitudes at high fields indeed indi-
cates that the anomaly is weak. The anomaly may be attrib-
uted to the rotation of the magnetic-moment direction in the
¢ plane. It is interesting to note that CelrSi; also exhibits a
nonlinear magnetization curve for BII[100], although in this
case the nonlinearity appears only below Ty.3*

Figure 5 shows Fourier spectra of dHvVA oscillations in
CeRhSi; for BII[001] and BI[100]. A spectrum for a field
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FIG. 7. (Color online) (a) Calculated electronic band structure along the high-symmetry directions near the Fermi level Ep, (b) total and
partial densities of states, and (c) Fermi surface of CeRhSi3. The Ce 4f electrons are assumed to be itinerant. The Fermi surface consists of
band-39 and -40 hole surfaces and band-41 and -42 electron surfaces. Some of expected extremal orbits are indicated in (c).

direction of 3° off the [001] axis toward [100] is also shown
in the inset to Fig. 5(b), where the « frequency can be seen.
We basically follow Ref. 21 in labeling frequencies. We
however rename &; in Ref. 21 as ¢, and regard 6, and &, in
Ref. 21 as arising from ¢, owing to the magnetic breakdown
or magnetic interaction effect. ¢, and the next four higher
frequencies are almost equally spaced [Fig. 5(b)], which
strongly suggests that the magnetic breakdown or magnetic
interaction effect is involved and &, and &, are the lowest
two of the four frequencies. For the B and vy frequencies
[Fig. 5(d)], we have given subscript numbers in ascending
order of frequency as opposed to descending order in Ref.
21. Table II lists the frequencies, associated effective masses,
Dingle temperatures, and mean-free paths. The frequencies
for BI[110] are extracted from Ref. 21. For the effective
masses, the magnetic-field dependence was examined for
BII[100] but no appreciable dependence was found. The an-
gular dependence of the frequencies is shown in Figs. 6(a)
and 6(b). The theoretical frequencies calculated for LaRhSi;
and those calculated for CeRhSi; with the itinerant Ce 4f
electrons are shown in (a) and (b), respectively, for compari-

son. Note that the data points in the (110) plane are taken
from Ref. 21 and that the three different samples were used

for the three planes (110), (010), and (001). Because of the

different samples, the [110]-axis data on the left sides of
Figs. 6(a) and 6(b) (taken from Ref. 21) and those on the
right sides (present measurements) are not identical. The fact
that a larger number of frequencies has been observed in Ref.
21 may suggest that the sample of Ref. 21 is better than the
present one used for the (001) plane. For the (010) plane, the
present data resemble those in Ref. 21 more closely.

If the Ce 4f electrons in CeRhSij are localized, the Fermi
surface in a paramagnetic state of CeRhSi; will be essen-
tially identical to that of LaRhSis;. Since CeRhSiy orders an-
tiferromagnetically at ambient pressure, the Fermi surface
will be truncated by antiferromagnetic energy gaps. Those
gaps are usually small and magnetic breakdown can occur.
Therefore, in the antiferromagnetic state of CeRhSis3, we will
see two kinds of dHVA frequencies, i.e., frequencies that are
essentially the same as ones in LaRhSi; and frequencies that
are smaller than original ones in LaRhSi; because of the
truncation. However, we cannot expect frequencies that are
larger than the largest ones in LaRhSi;. With this in mind, we
compare Fig. 6(a) with Fig. 2. We can hardly see any resem-
blance between the frequency branches in CeRhSi; and those
in LaRhSi;. Although the « frequencies are similar in size
between the two compounds, their angular dependences are
quite different. While « in LaRhSi; is nearly constant for
field directions near [001], « in CeRhSi; increases apprecia-
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bly as the field is tilted from [001]. In addition, « in CeRhSij,
is not observed when the field is aligned close enough to
[001] [Fig. 5(b)] in contrast to @ in LaRhSi;. Thus the «
branches have different origins in the two compounds. The
frequencies (B, v, and ¢ are observed clearly for field direc-
tions around [001] in LaRhSi;, whereas no corresponding
frequencies exist in CeRhSi;. Further, the 8 frequencies ob-
served near [100] in CeRhSi; are distinctly larger than the
largest theoretical frequencies for those field directions in
LaRhSi; (F~5.2 kT from the X5, orbit; see Table I). They
are difficult to explain with the Fermi surface of LaRhSi; and
strongly suggest that the Fermi surface of CeRhSij are larger
including the Ce 4f electrons.

We now turn to the Fermi surface of CeRhSi; with the
itinerant Ce 4f electrons. Figures 7(a) and 7(b) show energy-
band structure and total and partial densities of states derived
from the band-structure calculation. The total density of
states at the Fermi level is 79.1 states/Ry f.u., corresponding
to the Sommerfeld coefficient of y=13.7 mJ/mol K2. By
comparing this value with the experimental one of vy
=110 mJ/mol K? in the antiferromagnetic state,® we may
deduce a moderately large specific-heat mass enhancement
factor of 8. The partial densities of states indicate that elec-
tronic states near the Fermi level in CeRhSi; are predomi-
nantly of Ce 4f character; about 70% of the density of the
states at the Fermi level is ascribed to the Ce 4f character.
Four bands, 39-42, cross the Fermi level, resulting in the
Fermi surface shown in Fig. 7(c), where some of expected
extremal cyclotron orbits are indicated. Theoretical dHvA
frequencies predicted by this Fermi-surface model are de-
picted in Fig. 6(b) and are listed together with calculated
band masses for the symmetry directions in Table III. Be-
cause of the band degeneracy along the A line, hole surfaces
39 and 40 touch each other on the A line and hence a middle
frequency may exist between frequencies due to orbits Zé'g
and Z!, for field directions in the (001) plane. The same
argument can be applied to the pair of electron surfaces 41
and 42. However, those middle frequencies are not shown in
Fig. 6(b) or Table III.

This Fermi-surface model [Fig. 7(c)] seems as a promis-
ing starting point for the real Fermi surface in CeRhSis. The
« frequency may be attributed to the orbit P%, or P4, [see Fig.
6(b) together with Table IIT]. The B frequencies near [100]
may be ascribed to the orbits 3%,, Fl,, Z},, and Z!,. The ¢
frequencies might be explained by the orbits Zgg and ZZO,
although surfaces 39 and 40 would have to be largely de-
formed to explain the ¢ frequencies near [100]. If we can
assume that the frequencies ¢, and ¢, at [001] are inversion-
asymmetry-split pairs, then the energy splitting will be esti-
mated as 2|« [ky=1.4% 10> K. Finally, we add that the fre-
quencies of F=22.2 and 15.3 kT observed for BlI[001] at a
pressure of 29.5 kbar (Ref. 22) might be ascribed to the
orbits I'y, and I'y,.

The quantitative agreement between experiment and
theory [Fig. 6(b)] is however much worse than that for
LaRhSi; (Fig. 2). In the first place, this can be attributed to
that the large intra-atomic Coulomb interaction of the Ce 4f
electrons cannot properly be dealt with by the local-density
approximation. Improvement may be achieved by use of the
LDA+U method with appropriate shift of the f level,>’ as
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TABLE 1III. Calculated Fermi-surface parameters of
CeRhSij.
Calculation

Field

direction Orbit? F (kT) Mpang/ Me

[001] AL 0.96 4.83
Al 0.96 4.47
zk 2.00 5.59
zh 3.45 2.33
wh, 7.07 2.68
Pl 7.09 2.64
P, 8.25 2.37
rs, 17.75 5.22
s, 23.20 14.28

[100] Fio 0.41 5.79
Fl, 0.53 2.59
Fl, 2.28 5.52
zh 2.70 4.27
Zh 3.21 3.30
5 5.40 2.66
Fl, 5.76 6.66
zh 6.32 3.51
zk, 7.15 2.77

[110] Uty 1.90 5.43
zh 2.01 3.74
ul 2.04 6.52
ul, 2.82 3.63
VAN 3.33 4.48
ul, 4.16 373
u, 4.21 3.29
A4, 7.96 4.23
rs, 8.38 5.08
s, 9.16 5.22

#The orbits are denoted by orbit center, band number, and orbit
character, i.e., electron or hole.

has recently been applied to Celn;.3® The truncation of the
Fermi surface by the antiferromagnetic order would also
have to be considered.

IV. SUMMARY

We have performed angle-resolved dHVA measurements
and FLAPW band-structure calculations for LaRhSi; and
CeRhSi;. The dHvA frequency branches observed in
LaRhSi; can quantitatively be explained by the calculated
Fermi surface, which consists of three pairs of inversion-
asymmetry-split sheets. From the observed inversion-
asymmetry splittings of the Fermi surface, the strength of the
spin-orbit coupling is estimated to be of the order of 10* K,
which is rather smaller than that reported for LalrSiy.3* The
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dHvA frequency branches observed in CeRhSi; are decid-
edly different from those in LaRhSi; and are difficult to ex-
plain with the LaRhSi; Fermi surface. This leads us to con-
clude that the Ce 4f electrons in CeRhSi; are itinerant,
contributing to the Fermi surface, in the antiferromagnetic
state, in line with our previous work.2!:?? The band-structure
calculation assuming the itinerant Ce 4f electrons indicates
that the electronic states near the Fermi level are mainly of
Ce 4f character and yields the Fermi surface consisting two

PHYSICAL REVIEW B 78, 205107 (2008)

pairs of sheets. This calculated Fermi surface seems to pro-
vide plausible origins of some of the observed frequency
branches, although the quantitative agreement between the
experimental and the theoretical frequencies is poor.
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