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Elastic properties and phase diagram of the rare-earth monopnictide TbSb

Yoshiki Nakanishi,* Takuo Sakon,† and Mitsuhiro Motokawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

Michiaki Ozawa and Takashi Suzuki
Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

Masahito Yoshizawa
Department of Materials Science and Engineering, Iwate University, Morioka 020-8551, Japan

~Received 15 April 2003; revised manuscript received 19 May 2003; published 21 October 2003!

We have investigated the magnetic and elastic properties of rare-earth monopnictide TbSb by means of
specific heat, high-field magnetization, and ultrasonic measurements. A pronounced anomaly was observed in
the specific heat and elastic constants at an antiferromagnetic transition ofTN515.5 K. A pronounced soften-
ing towards low temperatures in (C112C12)/2 andC44 suggests that a degree of orbital freedom plays an
important role at low temperatures. Furthermore, the high-field magnetization measurement exhibits an unex-
pected metamagnetic transition: clear three sharp steps. This was observed only forH//^111&, while only one
step was observed forH//^100& and ^110&. The established (H-T) phase diagram from the present experi-
mental results consists of mainly four phases. The obtained (H-T) phase diagram is discussed in terms of
magnetic and quadrupolar interactions.

DOI: 10.1103/PhysRevB.68.144427 PACS number~s!: 75.20.Hr, 71.27.1a, 71.70.Ch, 75.30.Mb
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I. INTRODUCTION

The technical progress of both experimental measu
ments and purity of grown samples can advance the inve
gation of solid state physics. They occasionally help us fi
new phenomena in materials which had been studied f
long time. The rare-earth monopnictides, which are
scribed asR-Xp (R5rare earth,Xp5N, P, As, and Sb! are
classified into such materials. They exhibit a wide variety
attractive phenomena as changingR or Xp , such as magnetic
ordering, heavy fermion system, intermediate valence st
and so on, although they crystallize in simple rocks
type.1,2 Thus, they have been studied for almost three
cades. However, the difficulty of growing the single cryst
line prevented the progress of the investigation. Recen
Suzukiet al. succeeded in growing high quality single cry
talline samples and the study of rare-earth monopnicti
began again.

The Tb monopnictide TbXp has not been studied ver
intensively and deeply using the single crystalline sample
far because of the difficulty of the crystal growth. Recen
the de Haas–van Alphen~dHvA! signals were observed an
the Fermi surface was investigated in detail by using
present crystal by our group. This experimental fact ensu
that the samples is of high quality. The details are descri
in a separate article.3 The lattice constant is well fitted by th
rare-earth contraction as Tb13. Furthermore, TbSb is ex
pected to be a well-localized 4f -electron system according t
our dHvA measurement. Therefore, it is considered that
Tb ion in TbXp is trivalent with a 4f 8 configuration. The
neutron inelastic scattering measurements indicate that
ground state with the spin-orbit splitJ56 splits intoG1 ~sin-
glet!, G2 ~singlet!, G3 ~doublet!, G4 ~triplet!, G5

(1) ~triplet!,
and G5

(2) ~triplet! with the G1 ~singlet! as the ground state.4

The interesting feature of this material is that the nonm
0163-1829/2003/68~14!/144427~6!/$20.00 68 1444
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neticG1 ~singlet! ground state of the Tb ion is separated by
small energy gap from the first excited stateG4 ~triplet!.4–6

This gives rise to an induced-moment ordering, which
dealing with the so called ‘‘singlet-ground-state problem
On the other hand, PrSb and TmSb do not exhibit magn
ordering although theG1 singlet ground state is realized2

The reason for this difference is considered to be due to
energy competition between magnetic interactions and
difference of energy between the ground state and first
cited one. That is to say, if the magnetic interaction in t
first magnetic excited state is larger than the energy betw
the G1 singlet ground state and the first excited one th
exhibit a magnetic ordering. The difference of energy b
tween them is estimated as PrSb for 73 K,7 TmSb for 25 K,8

and TbSb for 12 K.5 All of the TbXp compounds actually
exhibit magnetic ordering. TbSb shows antiferromagne
~AF! ordering of type II~MnO-type! with the^111& easy axis
at TN514.2 K.9 The ordered magnetic moment is estimat
to be 8.2mB . This value is almost same as the value of 9mB
expected from thegJ. Furthermore, the structural phase tra
sition from cubic to trigonal occurs atTN514.2 K indicating
that the orbital angular momentum strongly coupled with
spins through the spin-orbit coupling.10 Thus, it seems tha
the quadrupolar moment also plays an important role in
dition to the magnetic moment in this system. Due to t
coexistence of spin and orbital degrees of freedom, the c
plicated magnetic structure is expected in magnetic fie
However, detailed low-temperature properties of TbXp have
not been clarified yet by using the high quality single cry
tals, although some studies had been done about three
cades ago.4–11 In this paper, we report on the detailed low
temperature physical properties of TbSb by means of spe
heat, magnetization, and ultrasonic measurements, and
cussed the physical interpretation of the newly establis
(H-T) phase diagram. Our results indicate that a phase
©2003 The American Physical Society27-1
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duced by the magnetic fields appears and that the obta
results can be explained well by the previously propo
CEF level scheme for Tb13 in TbSb taking into account both
the magnetic and quadrupolar interactions. The prelimin
studies have been published in Ref. 12.

II. EXPERIMENTAL

The single crystalline TbSb sample was prepared
Bridgeman method in a closed tungsten crucible. The m
netization ~M! measurements were performed with a sta
dard pick-up coil system up to 30 T by using the puls
magnetic field and at temperatures down to 0.5 K usin
3He cryostat. The specific heat~C! measurement was pe
formed with a quasiadiabatic heat pulse method in magn
fields along thê 001& direction. The phonon contribution i
subtracted by using the specific heat of LaSb. The ela
constants (ci j ) were measured by an ultrasonic appara
based on a phase comparison method. The plates of q
and LiNbO3 were used for the piezoelectric transducers. T
fundamental resonance frequency of quartz and LiNb3
transducers is 10–30 MHz. The transducers were glued
the parallel planes of the sample by an elastic polym
Thiokol.

III. EXPERIMENTAL RESULTS

A. Specific heats measurement

We first show the temperature dependence of the spe
heatC(T) in zero field in Fig. 1. In zero field, a prominen
sharp peak is observed at 15.5 K. This peak was alre
reported and found it due to antiferromagnetic orderi

FIG. 1. Temperature dependence of the specific heat of Tb
The inset shows the temperature dependence of the magneti
tropy.
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However, the peak is sharp considerably and the peak v
is four times larger than that in the previous result, andTN is
higher than the previous one 14.2 K,6 indicating a good qual-
ity of our single crystal sample. The inset of Fig. 1 shows
estimated entropySby integratingC/T curve with respect to
T. At TN , S reachesR ln 4511.5 J/mol K, which is close to
the expected value ofG1 singlet ground state andG4 triplet
state. This result suggests that the magnetic ordering be
TN is ascribed to theG4 triplet state. Figure 2 showsC(T)
under several fixed fields up to 5 T. With increasing magne
field, the anomaly shifts to lower temperature and becom
smaller and broader.

B. Magnetization measurement

Next, we show the results of magnetization measurem
on TbSb. Figure 3 shows the magnetization (M -H) curves

b.
en-

FIG. 2. Temperature dependence of the specific heat of T
under magnetic fields along the^100& axis.

FIG. 3. Magnetization of TbSb for the principal axes in TbS
The inset shows the differential magnetizationdM/dH for
H//^111&.
7-2
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for the field along principal axesH//^100&, ^110&, and^111&
at 4.2 K. In the low-field region below 4 T,M -H curve
shows such a small magnetic anisotropy. A sharp metam
netic transitionHc is observed belowTN for H//^100&,
^110&. This result is in good agreement with the previo
result.11 However, the present metamagnetic transition
quite sharper than previous one, indicating that present si
crystal sample is of high quality and the magnetization m
surement by using pulsed magnetic field is superior to
serve the transition than that by using static magnetic field
is noteworthy that a sharp three-step metamagnetic trans
is found only forH//^111& at 8, 9, 10 T in turn, although
only one-step transition was observed in the previo
measurement.11 The inset of Fig. 3 shows the differentia
magnetizationdM/dH for H//^111&. All metamagnetic tran-
sition are accompanied by a slight hysteresis indicating
first order nature. In the low-field region, a slight conv
M -H curvature is observed, while in the high-field region
slight concave one is observed for three principal axes
clear three anomaly was observed and guaranteed the in
sic three-step structure in the magnetization curves
H//^111&. The magnetization almost saturated in high ma
netic fields of 30 T with a value of 9.0mB /Tb, which is very
close to the Tb13 free-ion value ofgJ59.0mB /Tb. Further-
more, the observed anisotropy of magnetization in high m
netic fields is in order ofM ^111&.M ^011&.M ^001& reflecting
the ground state split by CEF effect, that is,G1-G4 states.

C. Ultrasonic measurement

Figure 4 shows the temperature dependence of ela
constants. TheC11, CL5(C111C1212C44)/2 with longitu-
dinal modes andC44, (C11-C12)/2 with transverse mode
slightly increase with decreasing the temperature and exh
a softening towards low temperature. BelowTN a hardening
is observed in all of elastic constants. The dotted line in F
4 is the theoretical result based on the followi
formula:13–15

CG~T!5CG
(0)~T!2

NgG
2xG

(s)~T!

12gG8xG
(s)~T!

, ~1!

wheregG8 is the interionic quadrupolar coupling constant a
N is the number of ions in a unit volume.xG

(s) is the single
ion quadrupolar strain susceptibility, which is described i
cubic CEF potential as

xG
(s)~T!5(

ik

exp~2Eik
(0)/kBT!

Z

3S 1

kBT
u^ ikuOGu ik&u222(

jl

u^ ikuOGu j l &u2

Ei2Ej
D ,

~2!

where u ik& represents thekth eigenfunction of thei th CEF
level. CL

0 is the background part of elastic constants. In
present case of TbSb, the Curie term in the single ion q
drupolar strain susceptibility due to theG4 triplet first excited
state with orbital degeneracy gives rise to the elastic sof
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ing proportional to reciprocal temperature at low tempe
tures. The proposed level scheme by other experiments
adopted here, which will be discussed later in detail. Figur
shows the temperature dependence ofCL under several fixed
fields alonĝ 110& axis up to 6 T. The behavior ofCL around
TN is a little bit different from that of others. That is to sa
two distinct anomalies were observed. With increasing m
netic field, the anomaly shifts to lower temperature. T
absolute values of each elastic constant and calcul
bulk modulus CB5(C1112C12)/3 and Poisson ratiog
5C12/(C111C12) from C11 and (C112C12)/2 at both 77
and 4.2 K are listed in Table I.

D. Magnetic phase diagram of TbSb

Figure 6 shows the magnetic field-temperature (H-T)
phase diagram of TbSb forH//^100& and H//^111& deter-
mined by the present results of the specific heat, magne
tion, and elastic constants. One can find that there are ma
two phases as indicated by Roman numerals letters I an
As reported previously, the phase I and II are paramagn
phase and AF magnetic one with type II magnetic structu
respectively.9 Figure 6 also shows the (H-T) phase diagram

FIG. 4. Temperature dependence of the elastic constantsC11,
CL5(C111C1212C44)/2, (C112C12)/2 and C44 in TbSb. The
black dots are the experimental data. The gray dots in the (C11

2C12)/2 andC44 indicates the calculated curves with Eq.~1!. The
insets show the low temperature part of the elastic constant
TbSb.
7-3
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YOSHIKI NAKANISHI et al. PHYSICAL REVIEW B 68, 144427 ~2003!
of TbSb forH//^111& determined by the magnetization me
surement. To the contrary, one can find additional phase
indicated by II-1 and II-2. This is the first finding by prese
studies. The both intermediate metamagnetic phases II-1
II-2 are reduced with increasing temperature and disappe
about 14 K. The magnitude of magnetization forH//^111& is
estimated to be of 4mB /Tb, 5mB /Tb, and 6mB /Tb for the
phases II, II-1, and II-2, respectively. A slight hystere
seems to appear at the three transition temperatures.

IV. DISCUSSIONS

We would like to examine the level scheme of Tb31 ion
split by the crystalline electric field~CEF! effect. Based on

FIG. 5. Temperature dependence of the elastic constantCL in
TbSb under the selected magnetic field along the^110& axis.

FIG. 6. (H-T) phase diagram in TbSb. The closed circle ind
cates the magnetic phase transition points for the field along^100&
axis determined by the specific heat measurement. The opened
bols indicate the magnetic phase transition points for the field al
^111& axis determined by the magnetization measurement.
dashed lines are guides to eyes.
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the obtained specific measurement and corresponding
tropy, the ground state and first excited one are most likel
be G1 singlet and triplet states, respectively. The previo
studies such as neutron scattering, specific heat, mag
susceptibility indicated the level scheme as follow
G1(1)-G4(3)-G5

(2)(3)-G2(1)-G5
(1)(3)-G3~2!, where the num-

ber in parenthesis denotes a degree of degeneracy. An en
splitting D between the ground stateG1 ~1! and the first
excited oneG4 ~3! was estimated as about 12 or 14 K. A
cording to the point charge model calculated by Lea, Le
and Wolf and this proposed level scheme o
can obtain the explicit level scheme of Tb31 manifolds
split by CEF effect as follows:4,5,16 G1(0)-G4(14 K)-
G5

(2)(32 K)-G2(67 K)-G5
(1)(106 K)-G3 ~113 K!. The present

results support the previous level scheme proposed by o
group. By employing this level scheme we obtained the c
culated elastic constants with the parametersgG3510.1 K,
gG38 533 mK for (C11-C12)/2 and gG553.13 K, gG58
530 mK for C44 ~see Fig. 4!. The positive values ofgG38 and
gG58 indicate the existence of ferroquadrupolar interactions
TbSb.

Next, we would like to discuss the obtained (H-T) phase
diagram. The (H-T) phase diagram forH//^100& seems to
be ordinal antiferromagnetic behavior. However,H//^111& is
likely to be ascribed to a change of the magnetic structur
magnetic fields. As pointed out previously, the magnitude
induced magnetic moment in each phase gives us the sig
cant information. The magnetization reaches 4.5mB /Tb at
the first transition alonĝ111& at 4.2 K. It reaches 5.0mB /Tb
at the second transition and finally reaches 6.0mB /Tb at the
third transition. The result of thermal striction gives a signi
cant suggestion for the analysis. It indicated that the cry
structure changes from cubic to orthorhombic symmetry
low TN515.5 K.10 The magnetic moments are aligned fe
romagnetically along thê111& axis in ~111! layers and an-
tiferromagnetically between the adjacent~111! layers below
TN .9 As reported in other rare earth monopnictides such
DySb and HoP, the quadrupolar interactions cause the H
type ferromagnetic structure in which the magnetic mome
couples perpendicularly due to the orbital restriction off
level.17,18 Thus, in the intermediate metamagnetic phase
H//^111&, it is natural to expect that the magnetic momen
of some sites are directed to the^111& direction on consid-
ering the appearance of a large degree of magnetization

m-
g
e

TABLE I. The absolute values of each elastic constant and b
modulus CB5(C1112C12)/3 and Poisson ratiog5C12/(C11

1C12) at both 77 and 4.2 K.

Elastic constants
Mode at 4.2 K at 77 K

C11 31.31 GPa 32.36 GPa
CL5(C111C1212C44)/2 25.49 GPa 25.67 GPa
(C1122C12)/2 11.62 GPa 12.04 GPa
C44 5.16 GPa 5.35 GPa
CB5(C1112C12)/3 15.82 GPa 16.31 GPa
g5C12/(C111C12) 0.205 0.204
7-4
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Here, let us mention the possible magnetic structure
TbSb in magnetic fields. The magnetic unit cell has 14 m
netic ions for the present case TbSb as shown in Fig. 7
mentioned above the magnetization along^111&, e.g., the
easy axis, is exactly 1/2 of the saturation value (M0) at the
first transition (H1), which is compatible with the HoP-typ
spin structure. It reaches about 8/14M0 at the second tran
sition (H2), and about 10/14M0 or 1/A2M0 at the third
transition (H3). Taking account of only their magnetizatio
values, the magnetic structures shown in Fig. 8 can be
sible. Especially, the two magnetic structures can be p
posed for phases II-1 and II-2. On the other hand, the m
netization is about 5mB /Tb for bothH//^100& and^110&. In
the DySb case it shows the strong magnetic anisotropy,
is to say, the magnetization curves except for the easy
are equal to the magnetization projected it on them, in ag
ment with the Ising model.18 The metamagnetic transition
observed in DySb for principal axes also can be explai
well by the Ising model. However, it is impossible to unde
stand the magnetic anisotorpy and metamagnetic transit
of M -H curves of TbSb for principal on the analogy
DySb; the experimental facts such as one transition
H//^100& and ^110&, and three transitions forH//^111&. It
seems that they have their own magnetic structures
H//^100& and^110&, independent of that forH//^111&. The
elastic neutron scattering measurement in magnetic fiel
strongly desired to determine the magnetic structure for p
cipal axes.

Finally, we comment on the magnetic and quadrupo
interactions, quantitatively. The magnetic exchange inte
tions can be estimated by mean field theory. TbSb has
antiferromagnetic type-II magnetic structure in which Tb i
has a rigid 13 valence. The exchange interaction is d
scribed in terms of an interaction of each Tb31 ion with its
12 nearest neighbors and with its 6 next-nearest neighb
The experimental values ofTN and paramagnetic Curie tem
peratureup can be used to evaluate the exchange const
J1 andJ2 with the mean field approximation. In this analys
it is assumed that exchange interactions other than those
tween nearest and next-nearest neighbors are negligible.

FIG. 7. The magnetic structure of TbSb~Type II antiferromag-
net!. The magnetic moments are aligned ferromagnetically in
~111! plane and antiferromagnetically in the adjacent layers,
rected to thê 111& axis.
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equations relatingTN andup for a type-II ordering antiferro-
magnet withJ56 are

kBTN52168J2 , ~3!

kBup5336J11168J2 . ~4!

Using the values ofTN515.5 K andup5214 K,3 the
values ofJ1 and J2 are found to be 0.003 and20.04 K,
respectively for TbSb. Thus the exchange field is estima
by means ofJ1 andJ2 in TbSb,

Hexchange5lM5(
i

zi

g2mBN
JiM534.4T, ~5!

whereg is Lande’sg factor,N is the number of atoms in uni
volume, zi is the number of thei th neighbor’s atom (i
51, 2). M is used as 8.2mB which is the value of magnetic
moment in the ordered state determined by the neutron
fraction measurement.9 Roughly speaking, this value is clos

e
i-

FIG. 8. The proposed magnetic structure of TbSb under fie
for H//^111& in the phase II-1~a1, 2!, phase II 2~b1, 2! and phase
I ~c!. The closed and opened circles indicate the Tb ions wh
moments are fully polarized (9mB) and directed to thê111& axis
and that in reverse, respectively. In~a1!, the gray ones indicate
those whose moment is aligned perpendicular to the^111& axis and
they coupled ferromagnetically one another in the~111! planes as
expected in HoP-type structures. In~a2! and ~b1!, the gray circles
mean Tb ions whose moments are pointing to different^111& axis
as illustrated, which is so-called umbrella or cone structure. T
three Tb ions produce the effective value of one full Tb ion’s ma
netic moment for thê111& direction. In~b2!, the canted antiferro-
magnetic structure is realized, in which magnetic moment~111!
plane angles are 45° as shown in the figures. These magnetic s
tures lead to the same magnetization value as that observed i
present measurement.
7-5
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to that at which the magnetization curve saturates
H//^111&. On the other hand, the quadrupolar interact
was estimated to be 33 mK forG3 and 30 mK forG5, re-
spectively. These estimated values remind us that the im
tant interactions and CEF splitting energy: energy separa
between the singlet ground state and first excited state a
competition one another. The present results of ultraso
measurement indicates that the AF magnetic exchange
the electric ferroquadrupolar interactions are active am
Tb31 in TbSb. The quadrupolar interaction among quad
polar moments is probably not so strong to induce the st
tural phase transition in TbSb. However, the quadrupolar
dering can be stabilized in the magnetic fields, as see
other rare-earth compounds such as CeB6 and TmTe.19–24

The obtained results let us conjecture that the magnetic p
transition causes the quadrupolar ordering. In fact, a shap
the transition at 15.5 K in the specific heat becomes sha
by applying the tiny magnetic fields, indicating the stabiliz
tion of the ordered phase. Furthermore, the first-order-
transition on the boundary between phases I and II sugg
that the AF magnetic ordering and the ferroquadrupolar
dering may occur simultaneously.25–27In particular, the latter
one causes the pronounced structural phase transition
cubic to orthorhombic symmetry below 15.5 K, as seen
thermal striction measurement. This situation is proba
similar to that of TbP reported by Bucheret al.28
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V. CONCLUDING REMARKS

In this paper, we have presented the elastic and magn
properties of rare earth-monopnictide TbSb. From our
periments we obtain the following conclusions. The elas
softening towards low temperatures was observed in all m
sured elastic constants. They are ascribed mainly to the
excited stateG4 ~triplet!, which locates close to the single
ground stateG1. We found that the high-field magnetizatio
measurement exhibited an unexpected metamagnetic tr
tion: the clear three sharp steps only forH//^111& and estab-
lished a new (H-T) phase diagram. We estimated the valu
of magnetic and quadrupolar interactions and proposed s
possible magnetic structures in magnetic fields. Furtherm
we pointed out that the ferroquadrupolar interaction was
tive, and played a vital role at low temperatures. It is nec
sary to clear them by microscopic methods such as neu
scattering or x-ray resonant measurements in magnetic fie
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