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4f instability and elastic properties in the metal system TmS in high magnetic fields
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We have made an investigation of the elastic properties of TmS in high magnetic fields. A pronounced
softening was observed in elastic constadtsand (C1,— C1,)/2 at low temperatures, while no softening was
observed irnC,,. An analysis based on crystalline electric field splitting of Tm ions indicates that ferroelectric
quadrupolar interactions among quadrupolar moments M4teymmetry developed at low temperatures. Two
distinct anomalies i€, were found in magnetic fields. We propose &h T) phase diagram based on present
and former results. This phase diagram implies that a field-induced ferromagnetic quadrupolar transition may
occur in addition to an antiferromagnetic transition. Furthermore, the bulk mo@glexhibits a softening at
low temperature, implying an instability of thef &tate in the Tm ions.
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[. INTRODUCTION broader and the #3 level shifts more toward the higher
energy side than those in TmSe. One electron which occu-
Tm monochalcogenides (TXnX=S,Se,Te), which crys- pied the 43 level moves into the & conduction band. This
tallize in the simple NaCl structure, have attracted much atsequential change in valency from ¥mto Tm®* can be
tention because of their rich variety of magnetic and transseen in the lattice parameter and Curie constant of these
port properties depending oX. These various phenomena compound$:512All of TmX shows the magnetic ordering at
such as metal-insulator transition, Kondo-like behavior in redow temperatures. TmTe has an antiferromagnetic type Il
sistivity, metamagnetic transition in magnetization, and so orstructure belowTy=0.4 K,'* moreover, an antiferroelectric
are mainly ascribed to the different degrees of instability ofquadrupolar ordering seems to occuTat=1.8 K observed
the 4f state in Tm iong:? This instability causes a change of by specific heat measureméntmSe has an antiferromag-

the valence of Tm ions is written as follows: netic type | structure belowy=3.5K,'* whereas below 6.5
K, TmS has an incommensurate modulated structure with a
Tm? =Tm3" +5d. (1.))  commensurate propagatids,,3) and an(—7,7,0) incom-

mensurate vector, where=0.075 at 1.5 K
The valence of Tm ion is related closely to the radius of the TmS has been studied intensively so far because it shows
X'ion as well as a lattice constant of Krafter crystalliza- the following attractive phenomena. The resistivity exhibits
tion. TmTe is a magnetic semiconductor with predominantlyanomalous behavidr.That is to say, it follows mostly
divalent Tm ions’~® The 4f*2 level is located in the energy Kondo-like InT dependence in the high temperature region,
gap between p valence band andds conduction band™®  shows a maximum around 10 K, and a small jumat It
The higher valence band is mainly composed of chalcogenpeaks around 25Qu()cm) and remains constant at lower
ide and thed conduction band mainly of Tm. The difference temperatures. However, this constant resistivity decreases in
in energy between thedbconduction band and thef#* level  magnetic fields. The specific heat of TmS shows a sharp peak
is estimated to be 0.35 €JAs the lattice constant of Ti  at Ty,.2 This peak shifts to the lower temperature side with
decreases, the crystalline electric fi¢ldEF) effect on % increase of magnetic fields. The corresponding entropy re-
conduction band becomes larger and making thednduc-  leases mostlyR In 2 at Ty, and then increases monotonously
tion band broader. At the same time th&'#level shifts to  with increasing temperature. The plateau has not been seen
the higher energy side until the % level touches the bottom because of the CEF splitting off 4state in Tm ions. Some
of 5d conduction band, at which point they hybridize. This models of the CEF energy scheme have been propdéed
situation is realized in TmSe. Tm ions are considered to fluchut the clear CEF splitting energy scheme has not been de-
tuate between two magnetic configurations®fnand Tnf*  termined so far. The high temperature part of the thermal
in TmSe! Actually, it shows a homogenous intermediate- expansion of TmS indicates that CEF effects similar to those
valence (V) state' Furthermore, in TmS, which has the observed in TmSb might be presénThey imply a CEF
smallest lattice constant in Ty the 5d conduction band is  splitting of the lowest two levels to b&,—I", of 25 K.
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However, it seems that the total CEF splitting energy is small ¢ x 10"}

enough not to exhibit an anomaly in susceptibility 2.8k Jff—— ]
measurement® Furthermore, the instability of Tmf4state :

is considered to make it difficult to determine the explicit 226 - ]
total CEF energy scheme. iz 3

In order to understand the nature of thé gtate in rare
earth compounds, it is very important to determine the CEF
level scheme of the state in rare earth ions. Furthermore,
again, a recent study on TmTe reveals that the quadrupolar
moment plays an important role. Ultrasonic measurements
are a powerful method to elucidate the ground state multiplet
of rare earth ions split mainly by CEF effect, and the char-
acter of quadrupolar moments irf devel.

Thus, a knowledge of the elastic properties measured by
ultrasound is essentially important for understanding the
4f-electronic state in TmS and helps to explain the unusual
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features observed in TmS as mentioned above. In this paper, amel T T
i in fi i ) C,,-mode
we report ultrasonic measurements under magnetic fields in 2.69F 4 E
the unusual metal TmS on a high quality single crystal 2.68¢
sample. Brief reports have been published in Ref. 16. 2.67F
2.66F
2.65F
Il. EXPERIMENTS 2,64k RN L
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The single crystal of TmS used in this study was grown Temperature (K)

by the Bridgeman method in a tungsten crucible. Detailed .
. . . . FIG. 1. Temperature dependence of the elastic constapts
information about the specimens are explained elsewitere. , . : . ,
. . C11—C19)/2, andC,, in TmMS in zero field.
Each specimen used for the present ultrasonic measurement

was cut into a rectangular along thB00 direction. For the state has a de ;
generate quadrupolar moment Wjteymme-
meas:Jrement Olf t;‘f}n—_Clz]Z./z modt()e, thedplané110)dof @ try. To obtain information about the kind of quadrupolar in-
samrp])e wasdpo ISI €d using fine carborun umf pow der.. H, o leractions, the softening observed i8,(—C;;)/2 is ana-
The sound velocity measurement was performed with a o sing second order perturbation theory as discussed
uI_trasonlc qpparatus based on the phase comparison meth low. Moreover, the bulk modulu€g associated with a
Piezoelectric transducers of quartz and LiNb@ere used. | o straine = (s, + syy+ezz)/\/§ calculated fronCy,

The fundamental resonance frequency of the quartz angnd (C11— C1»)/2 using the relatiorSg = (Cy,+ 2C1,)/3 ex-

LINDO; is 10-30 MHz. The absolute velocity was obtained, ;- pronounced softening aroumg as shown in Fig. 2.
by measuring the delay time for a sequence of ultrasonic
echoes with an accuracy of a several percent. The elastic

constanC = pv? could be calculated from the sound velocity

(><1o“) S I L L O L LA L I

v and the densityp of the crystal,p was estimated by the 820 ]
lattice constants of TmSaE5.42A) 2 The measurement b 3
was carried out down to the temperature of 1.5 K and under 810 — ]

magnetic fields up to 13 T using a superconducting magnet.
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Ill. EXPERIMENTAL RESULTS g 79:§§ e
m 193 82F 1 7
A. Temperature dependence of the elastic constants Q H s1F 1
at zero field 780 3 %2 80F r“""/—-—: 3
o [ s S 79E 3 ]
We have measured the longitudinal as well as transverse roe g’ 78F R
ultrasonic modes. Figures 1 and 2 show the temperature de- 7'7:‘ 2 & 77k El
pendence of the elastic constai@s,, (C1;—C12)/2, Cua, - i 765 VA
andCg in TmS. The transvers€,, mode increases monoto- (Rl R S - c
perature (K)

nously with decreasing temperature and shows a small dip C 1
around the antiferromagnetic ordering B{=6.5K. How- T o
ever, theC,, shows an upward curvature. On the other hand,
the longitudinalC; mode exhibits a softening of 4.5% from
50 K down to the magnetic ordering pointBy. The trans- FIG. 2. Temperature dependence of bulk modulgsin TmS.
verse C1;—C1,)/2 mode also exhibits a softening of 4.5% The inset shows the temperature dependen@yan an expanded
from 100 K down toTy . This indicates that the CEF ground scale.

Temperature (K)
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TABLE |. Expression of the quadrupolar operators, the normalized, symmetrized strains and the corre-
sponding elastic constants for the cubic symmetry.

81".}/ OF‘}/ Cr
r, e=(exut eyt €)/\3 Og=J2+32+J2 Cy1+2C1,=3Cg
I3 81= (28, £ 8yy) [ 6=2, 03={33-3(3+1)}/\3 (Cuu—Cy)
el= (Sxx_syy)/\/zzsv og:‘]i_‘]s
T's e5=12ey, 0y,=3,3,+3,J, 2Cy4y
SSZ \/Eszx Ozx:‘]z‘]x+JxJz
e5=\2eyy Oxy=Jxdy+3,J,
This result may suggest that volume instability occurs o NgZA;
aroundTy in this system. We will discuss about the volume Cr(M=CH(T)— =——+—, (3.3
. . T—9grAr
effect in detail later.

Here, we consider the quadrupolar interaction betwégn where A, is the Curie constant of the quadrupolar
type quadrupolar moment associated with the softening obsusceptibility'® The solid line of C1;— C;,)/2 shown in Fig.
served in the transvers€(;—C;,)/2 mode. The interaction 3 is a fit with parameters dﬂg%Ar=005,ngr=5-5- This
between the quadrupolar moment of thieelectron and the means that C,,—Cyp)/2 is almost governed by the Curie
elastic strain leads to elastic softening reflecting the CEFRerm in the elastic constant due to the ground state degener-
level scheme. ated with the quadrupolar mome®® or O3. If I'; doublet is

The Hamiltonian between the interaction of the quadrupothe CEF ground state, the fitting curve gives us the
lar momentOr-,, in 4f—eI7ec2tOronic state and the local strain —» gak andg/-=0.266 K. Thermal expansion of TmS is
ery is shown as follows: positive along the fourfold axis afy. Therefore, the

09-type ferroquadrupolatFQ) interaction is considered to
Hqs:Z 9rOr(i)er, 3.1) be dominant at lower temperatures.

B. Temperature dependence of the elastic constants under
whereOr, (i) is the equivalent quadrupolar operator at the magnetic fields
ith rare earth site angl- is the coupling constant. The suffix

. . . . Next, we would like to show the longitudinal elastic con-
of I' stands for the irreducible representation. The relation Ogtant under magnetic fields up to 12 T along ¢he0 direc-

the elastic strains, quadrupolar operators and correspondiq%n Fiqure 4 shows the temperature dependend®.ofun-
elastic constants in cubic symmetry are summarized in Tabl er. mggnetic fields along R[hélOO) ax?s in Whli?)h a

I. From the second derivative of the free energy with respec S . .
. ronounced softening is observed at zero field. The softening
to er,, the temperature dependence of the elastic constant¥

is given by the following equation:

(x10") e
o Ngfxr(T) 11 ]
Cr(T)=Cp(T) 1= g (1)’ (3.2 ~ : (____,

g 11.0- —
wheregy is the coupling constant between the quadrupolar = ]
moments and is the number of ions in a unit volume is 3 [ 1
the background elastic constant derived from fion- o r 7
electronic partC? varies mainly because of anharmonic ef- "o i
fects. The second term of EB.2) gives the effect of the @ lesf ]
localizedf electrons in CEF level scheme. In the case of the g ro o Ex eriment:
ground state, which is degenerate with respect to the quadru- r % o Ca{)culation 1
polar momentOr,,, the corresponding elastic constant ex- 10.7 - B
hibits a softening in the nonzero Curie term. As mentioned in L3
the Introduction, the explicit CEF energy level scheme of L 1
TmS has not been established yet. Thus, it is impossible to e T S—t

analyze our results in terms of E@.2), explicitly.

According to our results it is expected that the ground
state degenerates with respectad or O3. The Curie term FIG. 3. Temperature dependence of the elastic cons@mpt (
should be dominant at low temperatures. Together, they pro- C,,)/2 in TmS aroundry . Dotted line is a theoretical fit in terms
duce a pronounced softening. In this sense, therefore by usf the formula (3.3) in the text. We obtain the parameters of
ing xr=Ar /T, Eq. (3.2 is rewritten as follows: NgZAr=0.05,g;-Ar=5.5, andC®=11.07x 10" (erg/cn?).

Temperature (K)
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Temperature (K) FIG. 6. Magnetic field dependence @f,in TmS at 1.5 and 4.2

K. Arrow indicates the phase transition point.

FIG. 4. Temperature dependence®f; in TmS aroundTy at
various magnetic fields along te01) axis. phase transition occurs around 2 T accompanied with hyster-
esis. This result is consistent with a suppression of the soft-

observed around is gradually suppressed with increasing €Ning under fields above 2 T as shown in Fig. 4.

magnetic fields. Figure 5 shows the detailed corresponding
low temperature region in expanded scale. One anomaly C. (H-T) phase diagram
aroundT), is observed in zero field. However, by applying a

magnetic field, this anomaly is split into two anomalies as h The H-T) ph?se d:;agrham Of_ Tm_S was r:establishehd fro(rjr_]f
shown in Fig. 5. The lower transition temperature shifts toth€ present results and shown in Fig. 7. There are three dif-
%::rent regions. An unusual feature of this phase diagram is

lower temperatures with increasing fields and disappear he bound ¢ oh | di duall
around 2 T. While, the higher transition temperature shifts tg"at the boundary of phase | seems to disappear gradually

higher temperatures up to 6 T and then shifts to lower tem\_/vith increasing magnetic fields. In our previous experiments,

peratures above 6 T. The higher transition temperature bdl© a@nomaly could be detected by careful magnetization mea-

comes lower and gradually disappears with increasing ma _lrJ]reme_nt.T:_in g?_gr?]etig fielgs upbto 30T a|§ thislklnougdar:y as
netic fields. Both anomalies are considered to be related g °W" In Fig. 8. The boundary between phase Il and phase

the shift of the quadrupolar moment as will be discussed!! corresponds to the field where the softening is suppressed

later.

Figure 6 shows the magnetic field dependenceCef W AR RARRS RARAS RARS T ]
along the(100) direction at 1.5 and 4.2 K. The first-order F b
12 - N 3
AN NARAARSAA RSN IAASE _ 10;_ | ]
e o s 127 | ) : ]
z = | 5 _
g 3 s . 3
2 g Y I
3 ‘5 6 II ‘s -
- §e r Y
= a \\
‘g = 4:— 3 ]
£ r b
[5] \ 4
2 20 P, *
& r 11 S
= 0 P IR VSN N
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Temperature (K)
- FIG. 7. Phase diagram of TmS in magnetic fields along the
2 3 4 5 6 7 8 9 10 (001) axis. The darkness of closed circles represent the sharpness of
Temperature (K) anomalies irC,4-T measurement. Th& represents the anomaly in

the C,;-H measurement. Phase | is a paramagnetic phase. Phase III

FIG. 5. Low-temperature behavior of tl@®,; mode of TmS in is the antiferromagnetic phase. We propose that phase Il might be a

magnetic field on an expanded scale. Arrows indicate the transitionombined antiferromagnetic phase and field induced ferroquadrupo-
temperatures. lar ordering phase.
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J4prrr T T T T T T can exhibit a magnetic structure with a wave veajer[ 3
ak H//<001> ] + 7,5— 7n,3] at low temperatures.
i ] Next, we consider theH-T) phase diagram determined
. 10:_ ] by the present results. There are three distinct phases. We
= expect that phase Il may l@é’—type FQ ordering induced by
= 82_ ] magnetic fields because of the following reasons. Present
& r I ] results indicate that th@%—type FQ interaction is dominant
-§ 62_ iy ] at low temperatures. The crystal stretches along (i)
£ 1 axis at low temperaturésThe rapid hardening occurs at the
S i S e e, . 1 transition between Il and Ill. We made thEl{T) phase dia-
= a4l o » ] . A\
; . 4 gram of TmS, using the results of magnetization, magnetore-
i I . ; sistance, and specific heat measurements as shown in Fig.
L < ] 82124251t would be worthwhile to compare the twdH¢T)
. T s ] phase diagrams of TmS: Figs. 7 and 8. One can recognize the
Okt corresponding boundaries. The | phase boundary is deter-

mined by a well-defined elastic and specific heat anomaly.

However, a small kink in magnetization is observed. There is
FIG. 8. The H-T) phase diagram fo//{001) determined by aﬂgg;e[)goﬁgg?%g pg:ﬁﬁlllé:ésinggls:fgdbg “tﬁgig;e t

the former resultsx: specific heatRef. 21), A, 4: magnetization P u y W u y up

(Ref. 25, A, ©: magnetic resistand®ef. 25, ®, C: M/H-T (Ref decrease of magnetoresistance and the small anomaly in
25)_' B A " magnetization. However, this boundary has never been ob-

served in the elastic constants. While the phase boundary
between Il and IIl is observed as an abrupt change in elastic
‘constants and as a small anomaly in magnetization that it is
recognized bydM/dH. In this system, we propose that both
the magnetic and quadrupolar phases coexist. As described in
a separate article of TmS, the exchange field was estindated.
The degree of the exchange field corresponds well to the
From the analysis of the observed softeningdp, and ~ boundary between Il and’liphase. Furthermore, we never
(C11;—C1p)/2, the CEF ground state of Tm ions in TmS hasobserved the anomaly corresponding to this boundary via
degenerate quadrupolar moments wity symmetry and €lastic constants. Thus, this boundary seems to be a magnetic
with a quadrupolar interaction among them. No softening ha§oundary. On the other hand, at the phase boundary between
been observed i€ 4, however, it exhibits upward curvature ! and Il the softening of the elastic constant is suppressed
as a function of temperature. The same behavior has bedly magnetic fields. This implies that a kind of phase transi-
observed in CeA&> Our present results also suggest that ~ tion occurs. . .
doublet is plausible as the CEF ground state of Tm ions in However, we cannot conclude that this phase is ferroqua-
TmS. Actually, as mentioned in Introduction, the entropy re-drupole ordering, because some of the softening are not so
leases mostiRIn 2 at Ty indicating the CEF ground state to 1arge compared to conventional materials in which ferroqua-
be doubletI'; ground state may bring a quadrupolar order-drupole ordering OCC_U'Jéf ~ Moreover, in TmS there is no
ing. However, it is difficult to conclude at this moment that "emarkable lattice distortion observed in such matetfals.
the CEF ground state B; doublet becausE, has no mag-  1his may be related to the fact that the AF magnetic ordering
netic moment. IfT'5 is the CEF ground statg,, I'("), or ~ Occurs and the #state tends to be unstable around a transi-
filion temperature of 6.5 K, deduced from the temperature
nqependence ofZg presumably originating from the state
With both configurations of TR and Tnt*. These facts

Temperature (K)

rapidly by magnetic field. Also small anomaly has been ob
served in the magnetization at this point.

IV. DISCUSSION

ng) as an excited state will be needed to bring the magne
ordering by the same story as a singlet-ground-state proble
where the interaction between thermally induced magneti ) :

moments brings about the magnetic ordizr. HoweveF,frjg rlway a/ffzect tge magnitude of the softening @, and (Cy

or I'? is chosen as the first excited state a softening must be Hlé)re n\;lz Ziss'cuss magnetic ordering. The AF magnetic
observed inC4.4.. Thi; is inconsistent with our pre'sent re- transitio,n occurs affy=6.5K.14 However, it is not clear
sults. The explicit excited CEF energy scheme is still an Opefhether FQ ordering occurs or not in zero field. If both mag-
problem. Nevertheless, our results suggest fhatloubletis  atic and quadrupolar ordering occur simultaneously at the

plausible as the CEF ground state. , same point, it should be a first order phase transfiof®

As mentioned above, TmS has an AF magnetic structurgs is not consistent with the results of specific heat mea-
with q=[3+ 7,5 7,3], wheren is 0.075 at 1.5 K* The  surements in magnetic fields. The obtained boundary be-
magnetic moment is directed along one of the fourfoldstween | phase and others seems to be second dfti@ghe
axes?® This configuration is favorable for the ground state obtained results let us conjecture that the magnetic phase
with I'5 symmetry. We expect that the FQ interactionlaf  transition causes the quadrupolar ordering.
symmetry(Og-type) may cause the structural change. This Next, we must consider magnetic domain walls. The ro-
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tation of a domain wall by magnetic fields also influencesexhibit in C;; and (C;;— C1,)/2, while monotonic increase
elastic constant. However, the softening cannot follow arof elastic constants has been appeared nwith decreasing
analysis based on the Curie term of a quadrupolar strain sugsmperature. The present results imply that the CEF multiplet
ceptibility. In a thesis on TmS we suggest that ®§type  ground state has degenerate quadrupolar momentsTiith
FQ interaction plays an important role in an anisotropy obsymmetry. We have found remarkable transitions in the elas-
served in magnetization curves, that is to say, @etype  tic constantC,, under magnetic fields. TheH¢T) phase
FQ interaction would be preferable to explain thénThis  diagram has been established by our results. We propose that
consideration also leads the phase [l ariddlbe due to the the phases are Composed of the AF magnetic phase and FQ-
O%-type FQ ordering induced by magnetic fields. ordering phase. However, there remain unexplainable fea-
Finally, we comment the origin of a softening observed intyres associated with the boundary between | and others. We
Cg. The charge fluctuation of Tm ions seems to influenceyrgpose that AF interactions ar@S-type FQ interactions
strongly Cg because it is related closely to a change of totalygeyists at low temperatures under magnetic field. In low
volume as seen in the mixed valence system SHEFrom  fic|4s the former is dominant, whereas above 2 T the latter is

the viewpoint of basic magnetism, it is very interesting howdominant and)g-type FQ ordering may occur, induced by
the valence changes below a magnetic transition temperature

in intermediate-valencélV) system. Especially, in TmS, magnetic fields.

both Tn?* and T have a magnetic moment originated Note that the bulk modulu€g associated with the vol-
from the 4 state different from Ce or Yb compounds. The UMe dependent strain exhibits anomalous softening as well

IV state cannot be described by the usdahultiplet. The @S (€11~ C12)/2 presumably because of the valence instabil-
observed softening o€ may be related to the change of a ity Of the 4f state. Aroundry=6.5K magnetic ordering, the
total volume of the crystal at low temperatures. The decisiorflevelopment of quadrupolar interactions betwegi and a

of a valence of Tm ions below 6.5 K will provide us crucial valence instability occurred. The relatively small softening of
information to understand our result 6. The small mag- Ci; and (C11—C;5)/2 may be caused by valence fluctua-
nitude of softening irC;; and (C,;— C1,)/2 may be ascribed tions between Trh? and Tm"3.

to the intermediate-valencef 4ystem. The electronic struc-  However, there still remains the fundamental question
ture of TmS was determined by resonant photoemissiolow the unstable #state produces the quadrupolar moment.
studies’®~3* These results confirmed that the photoelectronWe plan to measure the elastic constants of TmSe under
spectra of TmS originates mostly from trivalent Trh dlec-  magnetic fields. These results, especially to determine the
trons with a small surface component of mions. How-  (H-T) phase diagram, will help us to understanidptoper-
ever, no information about the bulk nature of TmS was redies in TmS and how the intermediate-valence state can bring
ported. It is very difficult to remove the surface contributionsabout magnetic ordering as well as quadrupolar ordering of
in photoemission measurements. However, the magnetic suitis material.

ceptibility and recent neutron inelastic scattering measure-

ments reveal that Tm ion has a valence-e2.9, not rigid

+3.03% These results confirm that TmS has an ACKNOWLEDGMENTS
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