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Elastic properties and phase diagram of the rare-earth monopnictide TbSb
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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 transiflqdf5.5 K. A pronounced soften-
ing towards low temperatures irC¢;— C;,)/2 andC,, 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 éhli 1drl), while only one
step was observed fdid//(100) and(110). The establishedH-T) phase diagram from the present experi-
mental results consists of mainly four phases. The obtaiitd ) phase diagram is discussed in terms of
magnetic and quadrupolar interactions.
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I. INTRODUCTION neticl'; (singley ground state of the Th ion is separated by a
small energy gap from the first excited stdtg (triplet).*~®
The technical progress of both experimental measureThis gives rise to an induced-moment ordering, which is
ments and purity of grown samples can advance the investdealing with the so called “singlet-ground-state problem.”
gation of solid state physics. They occasionally help us findon the other hand, PrSb and TmSb do not exhibit magnetic
new phenomena in materials which had been studied for ardering although thd’; singlet ground state is realizéd.
long time. The rare-earth monopnictides, which are deThe reason for this difference is considered to be due to the
scribed asR-X,, (R=rare earthX,=N, P, As, and Spare  energy competition between magnetic interactions and the
classified into such materials. They exhibit a wide variety ofdifference of energy between the ground state and first ex-
attractive phenomena as changRgr X,, such as magnetic cited one. That is to say, if the magnetic interaction in the
ordering, heavy fermion system, intermediate valence statgirst magnetic excited state is larger than the energy between
and so on, although they crystallize in simple rocksaltthe I'; singlet ground state and the first excited one they
type? Thus, they have been studied for almost three deexhibit a magnetic ordering. The difference of energy be-
cades. However, the difficulty of growing the single crystal-tween them is estimated as PrSb for 73 KmShb for 25 K8
line prevented the progress of the investigation. Recentlyand ThSb for 12 K All of the TbX, compounds actually
Suzukiet al. succeeded in growing high quality single crys- exhibit magnetic ordering. TbSb shows antiferromagnetic
talline samples and the study of rare-earth monopnictidegaF) ordering of type I((MnO-type with the(111) easy axis
began again. at Ty=14.2 K® The ordered magnetic moment is estimated
The Tb monopnictide TX, has not been studied very to be 8.2:5. This value is almost same as the value pfz9
intensively and deeply using the single crystalline sample sexpected from thgJ. Furthermore, the structural phase tran-
far because of the difficulty of the crystal growth. Recently, sition from cubic to trigonal occurs &= 14.2 K indicating
the de Haas—van AlphefdHvA) signals were observed and that the orbital angular momentum strongly coupled with the
the Fermi surface was investigated in detail by using thepins through the spin-orbit couplif@ Thus, it seems that
present crystal by our group. This experimental fact ensureghe quadrupolar moment also plays an important role in ad-
that the samples is of high quality. The details are describegition to the magnetic moment in this system. Due to the
ina separate articl%'.rhe lattice constant is well fitted by the coexistence of Spin and orbital degrees of freedom, the com-
rare-earth contraction as Th. Furthermore, TbSb is ex- plicated magnetic structure is expected in magnetic fields.
pected to be a well-localizedf4electron system according to  However, detailed low-temperature properties oKJthave
our dHVA measurement. Therefore, it is considered that th@ot been clarified yet by using the high quality single crys-
Tb ion in ThbX, is trivalent with a 4° configuration. The tals, although some studies had been done about three de-
neutron inelastic scattering measurements indicate that theades ag8:'! In this paper, we report on the detailed low-
ground state with the spin-orbit split=6 splits intol’; (sin-  temperature physical properties of ToSb by means of specific
glet), ', (singley, T'5 (doubley, T, (triplet), TS (triplet),  heat, magnetization, and ultrasonic measurements, and dis-
and ng) (triplet) with the T'; (singled as the ground stafe. cussed the physical interpretation of the newly established
The interesting feature of this material is that the nonmag{H-T) phase diagram. Our results indicate that a phase in-
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N A N I P R FIG. 2. Temperature dependence of the specific heat of TbhSb
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-~ However, the peak is sharp considerably and the peak value
FI_G. 1. Temperature dependence of the specific heat of T_bsqS four times larger than that in the previous result, Znds
The inset shows the temperature dependence of the magnetic q’?l‘gher than the previous one 14.26l'mdicating a good qual-
tropy. ity of our single crystal sample. The inset of Fig. 1 shows the

timated ent by int ti /T ith tt
duced by the magnetic fields appears and that the obtain?egf imated entrop by integratingC/T curve with respect to

results can be explained well by the previously propose
CEF level scheme for T in TbSb taking into account both
the magnetic and quadrupolar interactions. The preliminar
studies have been published in Ref. 12.

. At Ty, SreacheRIn4=11.5 J/mol K, which is close to

he expected value df; singlet ground state and, triplet
state. This result suggests that the magnetic ordering below
)1'N is ascribed to thd', triplet state. Figure 2 showS(T)
under several fixed fields up to 5 T. With increasing magnetic
field, the anomaly shifts to lower temperature and becomes
Il. EXPERIMENTAL smaller and broader.

The single crystalline ThSb sample was prepared by
Bridgeman method in a closed tungsten crucible. The mag- B. Magnetization measurement

netization (M) measurements were performed with a stan- et we show the results of magnetization measurement

dard pick-up coil system up to 30 T by using the pulsed,, thgp Figure 3 shows the magnetization-H) curves
magnetic field and at temperatures down to 0.5 K using a

3He cryostat. The specific heé€) measurement was per-

wFr———Trr 7T

formed with a quasiadiabatic heat pulse method in magnetic i s
fields along the/001) direction. The phonon contribution is t T=42K " tios
subtracted by using the specific heat of LasSh. The elastic s} o N .
constants ¢;;) were measured by an ultrasonic apparatus - <100>

based on a phase comparison method. The plates of quar_ | '
and LiNbO; were used for the piezoelectric transducers. The&

S

fundamental resonance frequency of quartz and LiNbO £ [
transducers is 10-30 MHz. The transducers were glued o1z 4
the parallel planes of the sample by an elastic polymer

Thiokol.

H//<111>

dM/dH (arb.)

[ 4 6 8 10 12 14 16 18 20
Ill. EXPERIMENTAL RESULTS i Magnetic field (T)

. o4 vy e e e e e e
A. Specific heats measurement 0 5 10 15 20 25 30

Magnetic field (T)

We first show the temperature dependence of the specific
heatC(T) in zero field in Fig. 1. In zero field, a prominent  FIG. 3. Magnetization of ThSb for the principal axes in TbSh.
sharp peak is observed at 15.5 K. This peak was alreadyhe inset shows the differential magnetizatiatM/dH for
reported and found it due to antiferromagnetic orderingH//(111).
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for the field along principal axed//{100), (110, and(111) 3245
at 4.2 K. In the low-field region below 4 TM-H curve .
shows such a small magnetic anisotropy. A sharp metamag- 3200
netic transitionH, is observed belowTy for H//{100), }
(110. This result is in good agreement with the previous L6

result!’ However, the present metamagnetic transition is
quite sharper than previous one, indicating that present single
crystal sample is of high quality and the magnetization mea-
surement by using pulsed magnetic field is superior to ob- 25.6
serve the transition than that by using static magnetic field. It '
is noteworthy that a sharp three-step metamagnetic transition
is found only forH//(111) at 8, 9, 10 T in turn, although
only one-step transition was observed in the previous
measurementt The inset of Fig. 3 shows the differential
magnetizatiomd M/dH for H//(111). All metamagnetic tran-

31.2f

25.4f

25.2 :

Elastic constant (GPa)

sition are accompanied by a slight hysteresis indicating the 12'0:

first order nature. In the low-field region, a slight convex AL

M-H curvature is observed, while in the high-field region a ’

slight concave one is observed for three principal axes. A [

clear three anomaly was observed and guaranteed the intrin- WOEN [ (€2 mibsstintennd
sic three-step structure in the magnetization curves for —_—
H//(111). The magnetization almost saturated in high mag- [

netic fields of 30 T with a value of 905 /Tb, which is very 5_23_

close to the TH® free-ion value ofgJ=9.0ug/Tb. Further-

more, Fhe ol_ase;rved anisotropy of magnetization in high mag- sob Fod ]
netic fields is in order oM (%> M©1> M0 reflecting 2 BCH T
the ground state split by CEF effect, thatI5, T, states. T T T

Temperature (K)
C. Ultrasonic measurement

. . FIG. 4. Temperature dependence of the elastic cons@yts
Figure 4 shows the temperature dependence of eIastEL:(CllJrCler2C44)/2’ (Cu—C1p)/2 and Cy, in ThSb. The

CQnStantS' Th&,;, C =(Cyyt Copt 2_C44)/2 with longitu- black dots are the experimental data. The gray dots in @g (
dinal modes andC,4, (C1-C12)/2 with transverse modes _c 15 andc,, indicates the calculated curves with E@). The
slightly increase with decreasing the temperature and exhibjhsets show the low temperature part of the elastic constants of
a softening towards low temperature. Beldyy a hardening  Tpsp.

is observed in all of elastic constants. The dotted line in Fig.

4 is the theoretical result based on the following;,, oionortional to reciprocal temperature at low tempera-

formulal®-1® ¢ :
ures. The proposed level scheme by other experiments was
N2y d(T) adopted here, which will be discussed later in detail. Figure 5
Cr(T)=C{O(T)— L, (1)  shows the temperature dependenc€pfnder several fixed
1-gxS(T) fields along(110) axis up to 6 T. The behavior &, around

. S . Ty is a little bit different from that of others. That is to say,
wheregy- is the interionic quadrupolar coupling constant andtwo distinct anomalies were observed. With increasing mag-
) o : S - )
N is the number of ions in a U_”'.t_Vf’lum_Q-(F ). is the single  petic field, the anomaly shifts to lower temperature. The
ion quadrupolar strain susceptibility, which is described in agpsojute values of each elastic constant and calculated
cubic CEF potential as bulk modulus Cg=(C;;+2C;,)/3 and Poisson ratioy
_E(o)/k T) :Clzl(C11+C12) from Cll and (Cll—Clz)IZ at bOth 77
&)= exp(—EickeT) and 4.2 K are listed in Table I.
xr(T) — Z

ik|Op|jI)|? D. Magnetic phase diagram of TbSh

1 K
X | —=|(ik|Or|ik}|?—2>, ————",
kBT|< [Orlikl % Ei—E; Figure 6 shows the magnetic field-temperatuk¢-T)

@) phase diagram of ThSb fdd//(100 and H//(111) deter-
mined by the present results of the specific heat, magnetiza-
wherelik) represents th&th eigenfunction of theth CEF  tion, and elastic constants. One can find that there are mainly
level. CE is the background part of elastic constants. In thetwo phases as indicated by Roman numerals letters | and II.
present case of ThSb, the Curie term in the single ion quaAs reported previously, the phase | and Il are paramagnetic
drupolar strain susceptibility due to tig triplet first excited phase and AF magnetic one with type Il magnetic structure,
state with orbital degeneracy gives rise to the elastic softerrespectively. Figure 6 also shows theH-T) phase diagram
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T T L B i TABLE I. The absolute values of each elastic constant and bulk
- H//<110> 3T 1 modulus Cg=(C;;+2C;,)/3 and Poisson ratioy=C;,/(Cyy
~ - +C;, at both 77 and 4.2 K.
L . Elastic constants
L . Mode at4.2 K at 77 K
| | Cy 31.31 GPa 32.36 GPa
< i ] CL=(Cy3+Cypt+2Cy0)/2 25.49 GPa 25.67 GPa
s | | (C11—2Cy)/2 11.62 GPa 12.04 GPa
Sl | Cua 5.16 GPa 5.35 GPa
| | Cg=(Cy;+2C)/3 15.82 GPa 16.31 GPa
| 1 y=C12/(C11+C1p) 0.205 0.204
I ] the obtained specific measurement and corresponding en-
I | tropy, the ground state and first excited one are most likely to
;_ o _‘ be I'; singlet and triplet states, respectively. The previous
0 5 studies such as neutron scattering, specific heat, magnetic

susceptibility indicated the level scheme as follows:
['1(1)T4(3) TP (3)T,(1)T(3)T'5(2), where the num-

ber in parenthesis denotes a degree of degeneracy. An energy
splitting A between the ground stafé; (1) and the first
excited onel’, (3) was estimated as about 12 or 14 K. Ac-
of TbSh forH//(111) determined by the magnetization mea- cording to the point charge model calculated by Lea, Leask
surement. To the contrary, one can find additional phases ag;h\d Wolf and this proposed level scheme one
indicated by 1I-1 and II-2. This is the first finding by present can obtain the explicit level scheme of 3'b manifolds
studies. The both intermediate metamagnetic phases II-1 anghlit by CEF effect as follow&>® I';(0)-T',(14 K)-

II-2 are reduced with increasing temperature and disappear )32 K)-I',(67 K)-T'{Y(106 K)T'3 (113 K). The present
about 14 K. The magnitude of magnetization Fof/(111) is  results support the previous level scheme proposed by other
estimated to be of A4g/Tb, 5ug/Tb, and Gug/Tb for the  group. By employing this level scheme we obtained the cal-

phases II, Il-1, and II-2, respectively. A slight hysteresiscylated elastic constants with the parametgrg=10.1 K,
seems to appear at the three transition temperatures. g73=33mK for (C;-C;»)/2 and grs=3.13K, g

=30 mK for C,, (see Fig. 4. The positive values dj.; and
grs indicate the existence of ferroquadrupolar interactions in
ThSh.
Next, we would like to discuss the obtainedT) phase
diagram. The [-T) phase diagram foH//{100) seems to
be ordinal antiferromagnetic behavior. Howeugf/{111) is
likely to be ascribed to a change of the magnetic structure in
magnetic fields. As pointed out previously, the magnitude of
induced magnetic moment in each phase gives us the signifi-
cant information. The magnetization reachesugbTb at
the first transition along111) at 4.2 K. It reaches 5/05/Tb
at the second transition and finally reachesu.0Tb at the
third transition. The result of thermal striction gives a signifi-
cant suggestion for the analysis. It indicated that the crystal
structure changes from cubic to orthorhombic symmetry be-
low Ty=15.5 K.1° The magnetic moments are aligned fer-
romagnetically along th€111) axis in (111 layers and an-
tiferromagnetically between the adjacdtil) layers below
Tn .2 As reported in other rare earth monopnictides such as
DySb and HoP, the quadrupolar interactions cause the HoP-
FIG. 6. (H-T) phase diagram in ThSb. The closed circle indi- tYP€ ferromagnetic structure in which the magnetic moments
cates the magnetic phase transition points for the field ajangy ~ couples perpendicularly due to the orbital restriction éf 4
axis determined by the specific heat measurement. The opened sykgvel.”** Thus, in the intermediate metamagnetic phase for
bols indicate the magnetic phase transition points for the field alondl//(111), it is natural to expect that the magnetic moments
(111) axis determined by the magnetization measurement. Th@f some sites are directed to th&l1) direction on consid-
dashed lines are guides to eyes. ering the appearance of a large degree of magnetization.

Temperature (K)

FIG. 5. Temperature dependence of the elastic con€ann
TbSb under the selected magnetic field along{thk0) axis.

IV. DISCUSSIONS

We would like to examine the level scheme of*Thion
split by the crystalline electric fieldCEF) effect. Based on

10}

II (AF-type II)

Magnetic field (T)

o F
~
S

6 [ 10 12 14 16 18
Temperature (K)
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FIG. 7. The magnetic structure of Th$bype Il antiferromag- @ ")
ney. The magnetic moments are aligned ferromagnetically in the 1 ﬁ@
(111) plane and antiferromagnetically in the adjacent layers, di- b-2 2 i.h:)
rected to thg111) axis. 111>
77
Here, let us mention the possible magnetic structure of F
TbhSb in magnetic fields. The magnetic unit cell has 14 mag- c % "ZJ
netic ions for the present case TbSb as shown in Fig. 7. As 7

mentioned above the magnetization alofidl1), e.g., the
easy axis, is exactly 1/2 of the saturation vallyj at the

flrs_t transition {,), which is compatible with the HoP-type for H//(111) in the phase II-1al, 2, phase Il 2(b1, 2 and phase
spin structure. It reaches about 8/, at the second tran- | (¢) The closed and opened circles indicate the Tb ions whose
sition (Hy), and about 10/1M, or 14/2M, at the third  moments are fully polarized (@) and directed to thé111) axis
transition H3). Taking account of only their magnetization and that in reverse, respectively. (al), the gray ones indicate
values, the magnetic structures shown in Fig. 8 can be poshose whose moment is aligned perpendicular to(fHiel) axis and
sible. Especially, the two magnetic structures can be prothey coupled ferromagnetically one another in th&l) planes as
posed for phases II-1 and 1I-2. On the other hand, the magexpected in HoP-type structures. (a2) and (bl), the gray circles
netization is about fig/Tb for bothH//(100) and(110). In  Mean Tb ions whose moments are pointing to diffextl) axis
the DySb case it shows the strong magnetic anisotropy, th |IIustra_1ted, which is so-calleq umbrella or cone strqcthre. The
is to say, the magnetization curves except for the easy axt?re.e Tb ions produce the effective value of one full Tb ion's mag-
' . ; . . etic moment for th€111) direction. In(b2), the canted antiferro-
are equal to the magnetization projected it on them, in agreg;,

) i g . o nagnetic structure is realized, in which magnetic momritl)
ment with the Ising modef: The metamagnetic transitions pjane angles are 45° as shown in the figures. These magnetic struc-

observed in DySb for principal axes a_|50 can be explaine@res lead to the same magnetization value as that observed in the
well by the Ising model. However, it is impossible to under- present measurement.

stand the magnetic anisotorpy and metamagnetic transitions

of M-H curves of TbSb for principal on the analogy of equations relatind’y and ¢, for a type-Il ordering antiferro-
DySb; the experimental facts such as one transition fomagnet withJ=6 are

H//{1000 and(110), and three transitions fdd//{111). It

FIG. 8. The proposed magnetic structure of TbSb under fields

seems that they have their own magnetic structures for kgTn=— 16805, (©)
H//{100 and(110), independent of that fad//(111). The

elastic neutron scattering measurement in magnetic field is kg6, =3360;+168J,. (4)
strongly desired to determine the magnetic structure for prin-

cipal axes. Using the values offy=15.5 K and #,= —14 K,® the

Finally, we comment on the magnetic and quadrupolaivalues ofJ; andJ, are found to be 0.003 anet0.04 K,
interactions, quantitatively. The magnetic exchange interaccespectively for ToSb. Thus the exchange field is estimated
tions can be estimated by mean field theory. TbSb has aby means ofl; andJ, in TbSb,
antiferromagnetic type-ll magnetic structure in which Tb ion
has a rigid +3 valence. The exchange interaction is de- Z;
scribed in terms of an interaction of each®Thion with its Hexchange= AM :Ei 2, N JiM=34.4T, (5)

12 nearest neighbors and with its 6 next-nearest neighbors. g ke

The experimental values dfy and paramagnetic Curie tem- whereg is Lande’sg factor,N is the number of atoms in unit
peratured,, can be used to evaluate the exchange constaniglume, z; is the number of theth neighbor's atom i(

J1 andJ, with the mean field approximation. In this analysis =1, 2). M is used as 8,2g which is the value of magnetic

it is assumed that exchange interactions other than those beoment in the ordered state determined by the neutron dif-
tween nearest and next-nearest neighbors are negligible. Thection measuremenitRoughly speaking, this value is close
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to that at which the magnetization curve saturates for V. CONCLUDING REMARKS
H//(111). On the other hand, the quadrupolar interaction

was estimated to be 33 mK fdt, and 30 mK forl's, re- In this paper, we have presented the elastic and magnetic

- . : . roperties of rare earth-monopnictide ThSb. From our ex-
spectively. These estimated values remind us that the impol- _~: ) : . .
. : o . ._periments we obtain the following conclusions. The elastic
tant interactions and CEF splitting energy: energy separatio . .
softening towards low temperatures was observed in all mea-

between the singlet ground state and first excited state are in

competition one another. The present results of ultrasoni(S:’ured elastic constants. They are ascribed mainly to the first

o . éxcited statd’, (triplet), which locates close to the singlet
measurement indicates that the AF magnetic exchange andf(ound statd™;. We found that the high-field magnetization

the electric ferroquadrupolar interactions are active amon easurement exhibited an unexpected metamadanetic transi-
Tb®* in ThSb. The quadrupolar interaction among quadrus, P 9

polar moments is probably not so strong to induce the stru fion: the clear three sharp steps only /(111 and estab-

tural phase transition in TbSb. However, the quadrupolar or-"ghed anew Ki-T) phase diagram. We estimated the values

dering can be stabilized in the magnetic fields, as seen iﬂf mggnetic and 'quadrupolar .interactior)s a_md proposed some
other rare-earth compounds such as CeRd Trr’1T 924  possible magnetic structures in magnetic fields. Furthermore,

The obtained results let us conjecture that the magnetic phaV\ée pointed out that the ferroquadrupolar interaction was ac-

transition causes the quadrupolar ordering. In fact, a shape Ve, and played a vital role at low temperatures. It is neces-

the transition at 15.5 K in the specific heat becomes sharpesrary to clear them by microscopic methods such as neutron

by applying the tiny magnetic fields, indicating the Stabiliza_scatterlng or x-ray resonant measurements in magnetic fields.
tion of the ordered phase. Furthermore, the first-order-like
transition on the boundary between phases | and Il suggests
that the AF magnetic ordering and the ferroquadrupolar or-
dering may occur simultaneouslz?’In particular, the latter The measurements have been performed in the Cryogenic
one causes the pronounced structural phase transition froBivision of the Center for Instrumental Analysis, Iwate Uni-
cubic to orthorhombic symmetry below 15.5 K, as seen inversity. This work was supported by a Grant-in-Aid for Sci-
thermal striction measurement. This situation is probablyence Research from the Minister of Education, Culture,
similar to that of TbP reported by Buchet al?® Sports, Science, and Technology of Japan.
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