
PHYSICAL REVIEW B 15 FEBRUARY 1999-IVOLUME 59, NUMBER 7
Effect of quasi-two-dimensional Fermi surfaces on electronic properties in YbSb2
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~Received 1 October 1998!

We have measured the electrical resistivityr(T), magnetizationM (H), and the de Haas–van Alphen
~dHvA! effect of YbSb2 which is a type-I superconductor having a layerd crystal structure. We have also
performed a band structure calculation, and its comparison with observed dHvA signals indicates that there
exists a quasi-two-dimensional Fermi surface~FS!, reflecting the anisotropic crystal structure. The dHvA effect
was also detectable by a commercial SQUID magnetometer, which directly measuresM (H) and allows us to
determine its absolute value. We have observed an excellent agreement in an amplitude ofM (H) with a
formula derived from the so-called Lifshitz-Kosevich theory, but a departure in a phase from it. The latter may
be ascribed to the two-dimensional nature of the FS. AT2 law of r(T) observed at low temperatures has been
attributed to phonon scatterings of carriers having the cylindrical FS with a small diameter.
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I. INTRODUCTION

Rare-earth diantimonidesRSb2 ~R5rare-earth element!
crystallize in the orthorhombic SmSb2 type crystal structure
for a light rare-earth element and in the orthorhombic Zr2

type for a heavy rare-earth element.1 Light rare-earth dianti-
monides show a variety of physical properties including
perconductivity, antiferromagnetism, and metamagnetis2

Ytterbium diantimonide YbSb2 is also of ZrSi2 type, in
which two kinds of sheets consisting only of Sb atoms and
both Yb and Sb atoms are stacked along theb axis.3 The
lattice constant of theb axis exceeds 16 Å, which is fou
times as large as that of thea andc axis. The layered crysta
structure may remind us of that of highTc cuprates. So far it
has been claimed that YbSb2 is a type-I superconductor with
a superconducting transition temperatureTc;1 K.4 How-
ever, detailed investigations on YbSb2 have been rarely re
ported and its electronic states remain unclear,5 probably be-
cause it is difficult to grow a crystal which contains no oth
phases such as Sb, YbSb, and oxides. Thus one of the
poses of the present study is to prepare a single crysta
good quality, which is sufficient to observe the de Haas–
Alphen ~dHvA! effect, to reveal intrinsic electronic prope
ties of YbSb2 .

Quantum oscillations in a strong magnetic field appea
many physical quantities, such as magnetizationM (H),
electrical resistivityr(T), specific heatC(T), etc.6 From an
analysis of these oscillatory behaviors we can obtain di
informations about the anisotropy of the Fermi surface~FS!.
For detection of oscillations ofM (H), i.e., the dHvA effect,
there are several well-known methods. The field modulat
~FM! method has been most thoroughly developed, in wh
a sample is put into one of a balanced pair of pick-up co
andM (H) is made to vary periodically with time by supe
imposing a small periodic fieldh0 cosvt, and then an in-
duced electromotive force~emf! at the same frequencyv ~or
at a higher frequency! is examined. A pulsed field techniqu
PRB 590163-1829/99/59~7!/4714~6!/$15.00
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is another dynamical method. If the field is varied with tim
a sample placed in pick-up coils gives the emf voltage p
portional to dM /dt. This method needs no periodic modul
tion fields, but it may require a rapid variation of the puls
field, and thus it seems to be inadequate for low tempera
experiments. However, this difficulty was overcome by S
et al. by utilizing a high sensitivity of a superconductin
quantum interference device~SQUID!.7 These dynamical
methods detect a voltage proportional to dM /dH, whereas a
static method measures the magnetizationM (H) directly.
Recent progress in a~commercial! SQUID magnetometer
which should be distinguished from the above mention
technique using SQUID, enables us to easily detect
dHvA oscillation. In this method a voltage in a coil syste
induced by moving a sample with respect to the fixed c
system is in proportion toM (H) and is picked up by the
SQUID. The static method is of great advantage to deter
nation of the absolute value ofM (H), which may give more
detailed information about FS in comparison with the d
namical methods, as will be explained in a following sectio

In the present paper, we will present the experimental
calculated results of FS, which show the existence of a qu
two-dimensional~2D! FS of YbSb2 . We will suggest the
effect of such a FS on the dHvA oscillatory behavior. Fu
thermore scattering mechanisms ofr(T) will be discussed
on the basis of the obtained FS.

II. EXPERIMENTAL AND CALCULATION METHODS

Single crystals were prepared using a usual Bridgm
method. The appropriate amount of constituents, 99.9%~3N!
pure Yb and 5N Sb, were melted in ‘‘double-sealed’’ qua
tubes at about 900 °C, and then they were cooled do
slowly, typically at a speed of a few Kelvins per hour. A
obtained ingot was about 12 and 20 mm in diameter and
length, respectively, and it was found to consist of seve
single crystals, the typical dimensions being several millim
4714 ©1999 The American Physical Society
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PRB 59 4715EFFECT OF QUASI-TWO-DIMENSIONAL FERMI . . .
ters along thea andc axis and 0.5–3 mm along theb axis. It
was easily cleaved at theb plane (a-c plane! reflecting the
layered crystal structure. A powder x-ray-diffraction meth
confirmed the ZrSi2-type crystal structure, and a electro
probe microanalyzer indicated a single phase of YbSb2 , al-
though we found a few ingots to contain thin layers of
phase which were sandwiched between the YbSb2 phases.
The single crystals were cut by a spark erosion cutter
r(T) andM (H) measurements. The electrical resistivity w
measured by a conventional four probe method, and
magnetization measurements were made by a comme
SQUID magnetometer in external magnetic fields up to 5
in a 4He cryostat and by the FM technique (v;1.3 kHz! in
a 3He cryostat with an 8 T superconducting magnet.

Band structure calculations are carried out using a f
potential linear augmented-plane-wave~FLAPW! method
with the local density approximation~LDA ! for the exchange
correlation potential. However, we adopted a constant po
tial for Yb-4f electrons to obtain proper Fermi surfaces
will be mentioned later. For the LDA, the formula propos
by Gunnarsson and Lundqvist8 is used. For the band struc
ture calculation, we used the program codes;TSPACE~Ref. 9!
andKANSAI-94. The scalar relativistic effects are included f
all electrons and the spin-orbit interactions are included
valence electrons as a second variational procedure. MT
are set as 0.3575a for Yb and as 0.3093a for both Sb, where
a is a lattice constant of thea axis. Core electrons~Xe core
except 5p6 for Yb and Kr core for Sb! are calculated inside
the MT spheres in each self-consistent step. 5p6 electrons on
Yb and 4d10 electrons on Sb are calculated as valence e
trons with the second energy window.

The LAPW basis functions are truncated at (uk1Gi u
<4.35(2p/a), corresponding to 575 LAPW functions at th
G point. 70 samplingk points in the irreducible Brillouin
zone~BZ! are used for potential convergence. To give fin
band structures, eigenenergies are calculated at 473k points
for the irreducible BZ.

For Yb compounds, Yb-4f bands occasionally lie very
close to the Fermi level to affect Fermi surfaces due to
insufficient treatment of 4f electrons in the LDA. In fact, we
find that the Yb-4f j 57/2 level is situated around only 0.01 R
below the Fermi level, while the photoemission spectr
indicates that the Yb-4f states lie about 0.05 Ry belowEF .10

This implies that the Yb-4f states are fully occupied, an
thus that the Yb ion is of the Yb21(4 f 14) ground state. Then
we have carried out another self-consistent calculation w
the 4f -level artificially shifted downward by 0.2 Ry, whic
gives the Yb-4f j 57/2 level 0.1 Ry below the Fermi level afte
the self-consistent step. In this paper, we show the re
given by such a treatment.

III. RESULTS AND DISCUSSION

A. Experimental and calculated results of FS

Figure 1 shows the crystal structure of YbSb2 , which is of
the orthorhombic ZrSi2 type. The unit cell is prolonged alon
theb axis, and lattice constants area54.561 Å,b516.72 Å,
and c54.268 Å at room temperature. In this structure tw
kinds of layers are stacked along theb axis; one consists only
of Sb ~I! atoms and the other of Yb and Sb~II ! atoms.
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Figure 2 indicates typical dHvA oscillations, which we
detected by the conventional FM method atT50.5 K for
external magnetic fields applied along theb axis. A period of
oscillation in an inverse field space,F, corresponds to a cros
section of extremal area of FS perpendicular to the field
rection, A, which can be related toF through the equation
F5(c\/2pe)A. The fast Fourier transform~FFT! given in
the inset shows that there are several extremal areas pe
dicular to theb axis. We show the angular dependence oF
together with the calculated one in Fig. 3, in which one m
see a rather good agreement between them except a d
ence in the absolute value by a factor of 1–2.11 We notice
that there exist several branches which have a minim
about theb axis; for instance, thea branch~depicted in the
inset to Fig. 2! shows an angular dependence which is a
proximated byF0 /cosu, in which u denotes an angle of th
external field from theb axis andF052.363106 Oe. This
branch may correspond to the calculated one which is
ferred to asa having a frequency of 3.03106 Oe indicated
in Fig. 3. In Fig. 4 we show the calculated FS, two electr
surfaces and one hole surface, and we suggest that thes
are derived mainly from Sbp states. The coexistence of ele
tronlike and holelike carriers may be consistent with prelim
nary results of the Hall effect experiments which show

FIG. 1. Crystal structure of YbSb2 . Note the layered structure.

FIG. 2. Typical de Haas–van Alphen oscillations detected b
conventional field modulation method. The inset shows its fa
Fourier-transformed spectrum.
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change of the sign at a low temperature. Thea-branch cor-
responds to an orbit circulating on the cylindrical FS illu
trated in Fig. 4~c!, in which one may find the two-
dimensional-like feature. Very recently a similar angu
dependence of the frequency was claimed as an indicatio
a quasi-2D FS for SmSb2.12 Thus this nature is considered
originate from the layered crystal structure, although
crystal structure of these two compounds is slightly differe

Figure 5 indicates the calculated energy bands, in wh
the Yb-4f bands artificially shift downward as mentione
above. This band structure suggests the nonmagnetic Y21

state, in coincidence with the experimental results of
magnetic susceptibilityx(T) which is small (21.431024

emu/mole! and nearly temperature independent~above about
100 K!.

We determined an effective cyclotron massm and the
Dingle temperatureTD from the temperature and field
strength dependence of the dHvA signal amplitude, resp
tively. For thea branch, we havemexp50.118m0 and TD
52.3 K for H//b axis, wherem0 denotes the cyclotron mas
of a free electron. The corresponding calculated cyclot
mass ismcal50.08m0 . The effective cyclotron masses of th
other observed branches are in the range of 0.1–0.4. T
small effective masses may be compatible with a small e
tronic specific heat coefficientgexp5561mJ/K2mole ~not
shown here!, which is twice as large as that estimated fro
the calculated density of states atEF ,gcal52.1 mJ/K2mole.
The ratio ofgexp to gcal looks to be larger thanmexp/mcal .
Sinceg corresponds to an average over the whole FS,
difference in the mass enhancement betweeng and m may
suggest that there should be other branches having he
cyclotron masses which could not be observed in the pre
experiment. It may be possible to assume that the mass
hancement of about 2 is due to a nontrivial contribution fro
the Yb-4f states in the electronic state atEF .

FIG. 3. Angular dependence of the measured and calcul
cross sectional area.
r
of

e
t.
h

e

c-

n

se
c-

e

ier
nt
n-

B. Quantum oscillations ofM „H … detected by the static method

As mentioned in the Introduction, a SQUID magnetom
ter is able to directly measureM (H). The so-called Lifshitz-
Kosevich theory yields a standard formula for the oscillato
part of M (H) as follows,6

ed

FIG. 4. Fermi surfaces of YbSb2 ; ~a! a hole surface derived
from the 26th band,~b! an electron surface from the 27th band, a
~c! a cylindrical electron surface from the 28th band.
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M̃5AmpsinS 2pF

H
1f D , ~3.1a!

Amp522.631022S 2p

A9
D 1/2

GFT

AH

exp~2aTD /H !

sinh~aT/H !
,

~3.1b!

where

A95U]2S

]k2U
k50

,

G5cosS p

2
g

m

m0
D ,

and

a51.473105~m/m0!

in CGS units.~For simplicity, we consider only the funda
mental and omitted summation over different frequenc
F.) Here,Sdenotes the cross section at an arbitraryk which
is a component of the wave number vector in theH direction,
g is a spin-splitting factor, andf is a phase constant. On th
other hand, the e.m.f. voltagev produced by the FM tech
nique is proportional to dM̃ /dH and is given by the follow-
ing:

v522cvAmp(
k51

`

kJk~l! sinS 2pF

H
1f2

kp

2 D sinkvt,

~3.2!

wherec is an appropriate coupling constant,Jk(l) is thekth
Bessel functions ofl52ph0 /DH, andDH5H2/F denotes
the field interval of one dHvA oscillation. As may be se
from Eq. ~3.2!, Bessel functions make it rather complicat
to determineAmp experimentally, in contrast to Eq.~3.1!.

We found the low-T magnetization isothermM (H) to
show a rapid oscillation which is demonstrated in Fig. 6. W
also illustrated the calculated curve in terms of Eq.~3.1! with
a following set of parameters;F52.363106 Oe, m/m0
50.118, TD52.3 K which were obtained by the FM
method, as mentioned above. This excellent coincide
clearly shows that the oscillation is really the dHvA effect13

We determined the absolute value ofM̃ , which will lead to
uGu/AA950.732. Here, the sign ofG depends on the choic

FIG. 5. Electronic band structure of YbSb2 , where the occupied
4 f bands on Yb are artificially shifted downward.
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e

e

of the phasef ~see below!. Since FFT of the present dHvA
oscillation produces only one component of frequency,
field interval between adjacent peaks should become s
monotonically as the field is decreased. The discrepa
from this expected behavior which is particularly obvious
H; 15 kOe is probably ascribed to an experimental con
tion that the measurements were performed at an interva
50 Oe, which is comparable to the period of the oscillati
DH;100 Oe atH515 kOe.~The calculation was also mad
at the same fields as the experiment, and the points w
connected by the solid line.!

In this calculation we added a termx0H(x0513.7
31027 emu/cm3) to include a contribution from a nonosci
latory part ofM (H), in addition toBJ(H) which denotes the
Brillouin function to take into account of a magnetic imp
rity contribution. If we assume a free Yb31 ion as the impu-
rity, then the concentration was estimated as 260 ppm. H
one may notice that the above value ofx0 is positive in
contrast to the negative high-temperature susceptibility m
tioned above. This implies that there may be an intrin
weakly temperature-dependent paramagnetic componen
the total magnetic susceptibility, in other words, a rise
x(T) observed at low temperature is partially of intrins
origin. Unfortunately, we are not able to discuss the m
netic susceptibility on the basis of the calculated band str
ture, because it was impossible to extract the band-elect
contribution from the measured magnetic susceptibil
which contains core-electrons contribution.

The cylindrical shape of the 28th band FS shown in F
4~c! implies thatk dependence in the cross section of the
is weak along theb* axis. The significant feature of such
surface is that the curvature factorA9 becomes vanishingly
small and higher termsA(n) need to be considered. As th
actual FS exhibits complicated structures,A9 is nonvanish-

FIG. 6. Quantum oscillations of the magnetization detected b
commercial SQUID magnetometer. The solid line depicts the c
culated result in terms of the so-called Lifshitz-Kosevich theo
Note the excellent agreement between them. The inset shows
results in an expanded scale, in which the phase in the calcula
indicated by the solid line is shifted by260° from the conventional
value 3p/4.



ic

a

e

b
c
e

b
th
er
n
m
th

er
in
n

eld

th

y
nt
tic

le

.

e

le
u
d

ti
o
b
el

ro

e to

er
he

f

an
a-

ient

ies.
stal

be
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ing, but it is still so small that the exact value ofA9 is hardly
obtained by the band-structure calculation, which pred
A9<0.1. For such a case modifications may be required
the standard formula, which givesf52p(2g06 1

8 )5
22pg06 1

4 p, where6 indicates whether the extremal are
is minimum ~1! or maximum ~2!, and g is the Onsager
phase factor, normally expected to be close to 1/2.6 Note that
the band structure calculation shows that thea-branch has a
curvature corresponding to the maximum, as may be s
from Fig. 4~c!, thus we would expectf5(3p/4)12np,
where n 5 integer. However, the fitting producesf
55p/12. This shift inf ~by 260 degrees! is possibly as-
cribed to the quasi-2D feature of the FS.~See Appendix 5.2
in Ref. 6 for fully comprehensive discussions.!

The estimation off leads to the minus sign ofG, and thus
we haveG520.23. Here, we assumedA950.1. This even-
tually yields g059.7, whereg0 is the smallest~positive!
value ofg factor among a possible set of values.6 This con-
siderable departure from a free electron value of 2 may
due to the spin-orbit coupling and/or many-body intera
tions, the former being particularly important in small piec
of FS.6

Briefly we comment on the comparison of the results o
tained by the FM and static method. As shown in Fig. 2,
FFT spectrum obtained by the FM method shows sev
frequency components, whereas the static method give
Fig. 6 provides only one component. Thus, the latter see
to have a poorer sensitivity. But this is not true, because
difference in those spectra is simply attributed to the diff
ence in field windows of the FFT; the spectrum shown
Fig. 2 was obtained by FFT in the region of 60–75 kOe, a
if we made Fourier transform of this signal in the same fi
region as the static method, i.e.,H<50 kOe, then we obtain
a similar spectrum consisting of one component. On
other hand, the oscillation ofM (H) in Fig. 6 does not fall off
with H in comparison with that in Fig. 2. This may impl
that the static method is useful for high-field measureme
although shieldings of the SQUID from strong magne
fields may not be easy.

C. T2 dependence ofr„T… at low temperature

Figure 7 shows the temperature dependence of the e
trical resistivity. The electrical current flowingI was directed
along the principal crystallographic directions,a, b, and c
axis, andr(T) for the I ib axis,rb , was largest among them
We found that the resistance ratio,r(300)/r(4.2), amounts
to about 120 for all directions, implying a good quality of th
sample. An in-plane anisotropy~i.e., an anisotropy within the
a-c plane! was small, while the anisotropyrb /ra,c ranges
from 8 to 10 at room temperature, which is slightly samp
dependent. This large anisotropy preferring the electrical c
rent flowing in thea-c plane probably reflects the layere
crystal structure.

The inset demonstrates an onset of the superconduc
transition atTc;1 K, which also varied from sample t
sample. The magnetic susceptibility measurements ena
us to determine a superconducting critical magnetic fi
Hc(T) ~not shown here!, which was found to be isotropic
and follow a usual T2 law; Hc(T)5Hc(0)@12(T/
Tc)

2#@Hc(0)566 Oe andTc51.37 K#. By using these val-
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ues of Hc(0) and g, we estimated an energy gap at ze
temperature asD(0)52.2 K, leading to 2D(0)/kBTc53.5,
which is a typical BCS value.

We observe aT-linear dependence ofr(T) in a wide tem-
perature range above about 50 K. There was a sampl
show a break of the slope around;240 K, similarly to
PrSb2 .2 However, since no anomaly was observed in oth
physical quantities even in the ‘‘anomalous’’ specimen, t
origin of the anomaly remains unclear. The fitting ofr(T) at
high temperatures to the so-called Bloch-Gru¨neisen formula
produced a Debye temperatureuD;170 K, which may be
compatible withuD5140 K deduced from the coefficient o
the T3 term of the specific heat,b50.65 mJ/K4mol. This
relatively small Debye temperature is considered to be
origin of the aboveT-linear dependence in the wide temper
ture range below room temperature.

It is interesting to note aT2 dependence ofr(T) at tem-
peratures lower than about 45 K~see Fig. 8!, and let us
discuss the scattering mechanism. We obtained a coeffic
of the T2 term as Ab57.531023mV cm/K2 (Aa,c59.2

FIG. 7. Temperature dependence of the electrical resistivit
Note the large anisotropy possibly reflecting the layered cry
structure. Inset indicates an onset of superconductivity belowTc

;1 K.

FIG. 8. T2 dependence of the electrical resistivity, which may
ascribed to the carrier-phonon interaction. See text for details.
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31024mV cm/K2) for I ib axis (I ia and c axis!. At first
insight, it reminds us of the carrier-carrier collision mech
nism, which is often observed in heavy fermion compoun
However, this may not be the case, because the ratio ofAb to
g2 reachesAb /g2;300, which is much larger than the ex
pected value of the order of 10 for heavy Fermi liquids a
other strongly correlated metals.14 ~Even if we useAa,c in-
stead ofAb , then the ratio is still as large as 37.! Alterna-
tively, it may be possible to ascribe it to the carrier-phon
interaction. As is well known, the phonon contribution
r(T) shows aT5 dependence at low temperatures, and th
this possibility could be discarded. However, it should
remembered that for a small cylindrical Fermi surface th
may exist an intermediate temperature intervalTp<T<Tk in
which the resistivity varies purely asT2. According to a
theory by Kukkonen,Tp andTk can be determined from th
size of the FS through the relationsTp52\spF /kB and Tk
52\skF /kB , respectively, wheres is the sound velocity,
and 2pF (2kF) is the diameter~height! of the cylindrical
Fermi surface.15 If we make a rough estimation for them,s
523105 cm/s, 2pF51.73107 cm21, and 2kF53.8
3107 cm21, then we obtainTp525 K and Tk556 K.16

Here we modeled the FS of the 28th-band as the cylin
which has an areappF

2(2pe/c\)F0 and the height given by
the dimension of the Brillouin zone along theb* axis. These
values ofTp andTk seem to explain the experimental resul
suggesting that the electrical currents are carried mainly
the quasi-2D FS shown in Fig. 4~c!.
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IV. CONCLUSIONS

We have measured the dHvA effect and construc
Fermi surfaces~FS! of YbSb2 and showed the existence o
the FS of a quasi-two-dimensional nature. From an exp
mental point of view, we stress that the dHvA effect w
detectable by means of a commercial SQUID magnetome
which allows us to determine the absolute value ofM (H).
The direct comparison ofM (H) with the formula derived
from the Lifshitz-Kosevich theory showed the excelle
agreement in the amplitude. On the other hand, we obse
the phase-shift from the expected value for a usual thr
dimensional case, and we ascribed it to the quasi-2D na
of the FS. Such an anisotropy of the FS may cause the
isotropic electrical resistivity. We also estimated the sp
splitting factorg059.7, which is considerably deviated from
the free electron value of 2. This difference may be attribu
to the spin-orbit coupling in the cylindrical FS with the sma
diameter. Finally we have suggested that theT2 dependence
of r(T) at low temperatures is ascribed to the carrier-phon
scattering mechanism in the quasi-2D FS.
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