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189Tm Ma ssbauer-spectroscopy study of the magnetic superconductor Tmj,C
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The magnetic properties of TmpB,C were measured wit*Tm Mossbauer spectroscopy at temperatures
from 0.3 to 700 K. A clear transition in the quadrupole splitti@S) near 1 K isobserved, which might be due
to magnetic ordering or to quadrupole ordering. Although a possible small magnetic Tm momehi(f) ug
is found below~1 K, the change in QS is larger than expected due to magnetic ordering only. Therefore the
nature of the transition is unclear at this moment. From the temperature dependence of QS is deduced that the
crystal-field ground-state level most likely equals the singlet4)+b|0)+al+4).
[S0163-182606)02746-4

Over the past few years, th&®Ni,B,C compounds X-ray diffraction showed the desired crystal structure com-
(R=rare earth have been the subject of different studiesbined Wif[h a Second_unknown phaseﬂm%. _Thi_s _second
including magnetization, specific heaf, inelastic neutron phase did not contain Tm and is therefore invisible to the
scattering and x"SR*~® In some of these compoundR 9Tm Mossbauer technique. A superconducting quantum in-

=Tm, Er, and Ho these studies revealed the coexistence oférference deviceSQUID) measurement showed the super-

o : conducting transition af ,=10.3 K.
superconductivity and magnetism. As the strength of the ex The 1%%Tm Mossbauer spectra were recorded on an

change interaction betwedR atoms increaseDe Gennes cceleration-type spectrometer in sinusoidal mode, the mea-
scaling the transition to the supgrconductmg state occurs af oy spectra being plotted on a linear scale. An absolute
lower temperatures, due to the increase of magnetic COOpgk|qity calibration was obtained with a laser Michelson in-
pair br_eakmg7. For TmNLB,C it is believed that the Tm o farometer. Thé®®Tm Mossbauer effect was measured us-
sublattice orders magnetically &,=1.525) K (Ref. 2 with jng 8.4 keV y rays emitted by'**Er obtained after neutron
the Tm moments aligned along theaxis” The Tm moments  jrradiation of *5%€rAl, grains in an Al matrix.
are ferromagnetically coupled in the TmC plane and antifer- The °rm Mossbauer spectra of TmH,C were re-
romagnetically between the TmC plarfeSuch a magnetic corded at various temperatures between 0.3 and 773 K. Be-
structure produces an approximately zero magnetic field atause the Ni atoms partially absorb the 8.4 keVays (K
the superconducting NiB layers and is therefore able to coabsorption edge the °°Tm Massbauer effect is rather small
exist with the superconducting phase of the compounand therefore long measurement times were needed for rea-
[T.=10.8 K(Ref. D]. sonable spectra statistics. All spectra showed a quadrupole
Surprisingly, » "SR measurements on TmyB,LC (Refs.  doublet, including the spectra recorded at low temperatures,
4-6) reveal that a spontaneous internal field is present untind were analyzed on the basis of a single subspectrum. Two
~30 K which is far aboveTy . This spontaneous field satu- Spectra, measured @t=0.45 and 8 K, are plotted in Fig. 1.
rates below~2.5 K. If this internal field is caused by only The quadrupole doublet is due to the electrostatic interaction
the Tm moments, the saturation value corresponds to a Tretween the quadrupole moment of the Tm nucled &nd
moment of~0.1us . As superconductivity is believed to be the electric-field gradient caused by the asymmetficHell
concentrated in the NiB layérand even small magnetic Ni (Vzz) and the crystal field of the lattice/7). If there is also
moments would tend to destroy the correlations between th%local magnetic field present at the Tm nucleus, the hyper-

Cooper electrons, magnetism caused by the Ni atoms is ndf'® interaction gives rise to Six. absorption lines in {ﬁ%m
very likely. Furthermore, no antiferromagnetic correlations™0SSPauer spectrum. Atfirst sight there are no clear signs of

between the Ni atoms have been observed in,B)C ° magnetic ordering in the 0.45 K spectrum. However, a pre-
In order to obtain more information about the magneticClse analysis of this low-temperature spectrum shows a

i . . . 6 slightly broadened left Mssbauer absorption lin€Fig. 1)
properties of this compound, Tmj#,C is studied by**Tm which is likely due to a small magnetic moment of the Tm

Méssbauer spectroscopy. This technique uses tiem atoms. In that case the hyperfine interaction is a small per-

nucleus as a probe and its quadrupole splitting is very sensy,hation on the electric quadrupole splitting. We were able
tive to the behavior of the electronicf4shell of the Tm {5 deduce from the 0.45 K spectrum a Tm moment of

atom. Since the properties of the conduction electrons arg 1(1),,,.

screened by the core electrons, $8bauer spectroscopy is Figure 2 shows the deduced quadrupole splitting

not sensitive to the superconducting properties. In this papgsxV,,) as a function of temperature. We observe a clear

we present the results of this study. change in QS at 1 K. A transition from a paramagnetic phase
The polycrystalline sample of TmbB,C was prepared by to a magnetically ordered phase is usually accompanied by a

arc melting from starting materials of at least 99.9% purity.change in QS because the exchange interaction influences
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transition observedtdl K is indicative of quadrupole order-
ing as observed in, for example, TmZfJahn-Teller
transition.’° Specific-heat measuremehshow a magnetic
transition at 1.5 K and no signs of quadrupole ordering at
lower temperature. As small differences in sample quality
might be responsible for the difference in transition tempera-
ture the precise transition temperature of our sample will be
determined by specific-heat measurements in the near future.
This experiment might show the nature of the transition.

Above the transitiontal K line broadenindgFig. 1(b)] is
observed which decreases with increasing temperature and
persists up to about 40 K. At present, its origin is not yet
obvious. It might correspond to the phenomenon seen in
"SR studie$® where theu* precession frequency persists
up to high temperatures compared witfy. Magnetic relax-
ation of the Tm moments abovig, could explain our Mes-
bauer spectra as well as the SR data if the relaxation is
sufficiently slow(>107° s). In that case the Tm moments
appear to be static to the muon and a precession signal will
be observed.

From the temperature dependence of @8). 2) it is, in
principle, possible to determine the crystal-field parameters
of the Tm 4f shell. QS can be decomposed into two compo-

nents, Q8" and Q3"
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with (), indicating the thermal average over the erystal-
FIG. 1. Two spectra recorded beld®.45 K) and aboveg8 K) field levels and]{‘.]Z’ the total angular mqmentum and #s
the transition temperature of 1 K. The 0.45 K spectrum shows &omponent. ng is constant and determined b,y the crystal
slightly broadened left Mesbauer peak indicative of a small Tm structure of the compound. Thg _Second _term Is temperature
moment i the order of Oz . Note that the QS at 0.45 K is clearly dépendent and becomes negligible at high temperature be-
larger than at 8 K. Abow 1 K a broadening of the quadrupole cause(3J;—J(J+1)) 4 “=0. Using this high-temperature
doublet lines is observed. approximation Q" is found to be equal te-22(4) mm/s.
QS s related toV'®" by
the relative position of the energy levels of the crystal-field
split 2J+1 manifold of the 4 shell. As the change in QS is QSt=1|e|VRlQ, 2)
abrupt and rather large it is not obvious that this change is
related to magnetic ordering. Another possibility is that theyhere e is the electronic charge an@ is the quadrupole
moment of the Tm nucleus. With E(R) V2" is calculated to
S — be equal to 1(®)x10?* V/m? which is in good agreement

10k _ E with V3= 11.9x 10?* V/m? obtained with'>Gd Mossbauer
t TmNi,B,C ] spectroscopy on GdpB,C'* whereV /=0 because the Gd
0 Qs —j 4f shell is spherical.
g 30 F 3 Although the crystal-field paramet&} is related to the
E _oF E electric-field gradient experienced by thé ghell andv'2" is
& 3 3 measured at the nucleus, there is an empirical relation be-
=50 | s tween the two. Using this relationship V=
0 F | 40 j —4cBY ay(r?) with c=185!? a, the second-order Stevens
. $% % ] parameter andr? the radial integral of the # electron
vl il el ' cloud, we calculated®9=—2.85) K. The sign ofBJ corre-

1 10 100 1000

sponds to a-axis anisotropy as also observed by suscepti-
Temperature (K)

bility and » "SR measurementé®ts strength, however, is

twice as large as the value derived from the susceptibility
FIG. 2. The quadrupole splitting Q91/2)eV,Q as observed measurements. The reason for this discrepancy will be dis-

by **°Tm Mossbauer spectroscopy as a function of temperatures,ssed later.

The sudden changé & K is related to magnetic or to quadrupolar The crystal-field Hamiltoniark,; for the tetragonal point

ordering(see gexl The solid cgrve is obtaiiged froT the crystal field symmetry (4/mmn) of the Tm 4f shell can be written as
parametersB5=—1.16 K, B;=4.61x10 ° K, B;=-0.173 K,

B@=—1.44x<10"° K, and Bg=—1.11x10"2 K but can be consid- 00 . OO . odmd OO . mdd
ered only as a guide to the eysee text Her=B305+ B30, +B40,+BgOg+BgOg, )
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whereB|" are the crystal-field parameters a@q" represent w SR established the magnetic-axis anisotropy in
Stevens operators. This Hamiltonian describes the splittingmNi,B,C.*~® The temperature dependence of @B@lso
of the J=6 ground multiplet. The thermal population of the indicates thatB) is negative, that is approximately1 to
different crystal-field levels of this multiplet determines —1.7 K. This value is smaller thaB3=—2.8(5) K as it is
(832-3(J+1))4 and therefore Q. calculated above. Most likely, the empirical relativt!'=
Because there are five crystal-field parameters involved in. 4cBY ay(r?) with =185, is not valid in this compound
the calculation of QSI), there are different sets of param- gy 1o the carbon atoms which are interstitially present in the
eters which describe the data presented in Fig. 2. One set gfystal nearby the Tm atoms. We therefore believe that the
B|" corresponds to the solid curve in Fig. 2 but because thes@mpirical constantc equals approximately 1% in
parameters do not describe the inelastic neutron-scatteringmNizBZC_
data of Gasseet al.? it can be considered only as a guide to The small magnetic moment of Tm along theaxis as
the eye. The crystgl-field parametgrs determined from inelasyell as the maximum in the temperature dependence of QS
tic neutron scatte.nr‘fgdo not describe the QS data. Still, we 4t 140 K (Fig. 2 both indicate that crystal-field effects play
believe that a unique set of crystal-fleld parameters may bﬁn important role in TmNB,C. Strong crystal-field effects
found which describes both experiments as well as magnetis,e a1so observed in ErdB.,C, where they cause a change in
zation and specific-heat resutt$.Although until now this magnetic anisotropy at 150 K4 Although a negativ? is
goal was not achieved, some conclusions can be drawn frorf‘ésponsible forc-axis anisotropy at high temperature in
the temperature dependence of QS. _ ErNi,B,C, a basal plane anisotropy is observed at low tem-
First, the crystal-field ground-state level most likely perature due to higher-order crystal-field parameters. We be-
equals the singlet| —4)+b|0)+a| +4). If this ground state jieye a more detailed analysis of Qi§(combined with fur-
is in energy only a few Kelvin separated from a magnetiCiyer specific-heat measurements might resolve the nature of
crystal-field level, say a doublet with the eigenfunctionsine transition observed 4 K in in TmNi,B,C.
c|=5)+d|*1)+e[+3), this explains the small magnetic |, summary, we have presented results 6f%m Moss-
moment of Tm in the antiferromagnetic state, which is theny g er study on TmNB,C. Although we are not yet able to
induced_ by the magnetic crystal—field doubl_et into the NON+yly understand our data we have observed remarkable fea-
magnetic ground state. It also might explain the saturationres First, a possible small Tm moment is observed below 1
moment of~5ug observed in an external field 5 T by Cho g ¢ 0.1(1)ug Which corresponds with the.* SR result of
et all In that case, the magnetic field changes the relativ%_lﬂB_ Second, an abrupt change in QS is observed at 1 K.
position of the magnetic crystal-field level and a Tm momentyyig change may be indicative of magnetic ordering as well

of ~5ug Will be observed. Furthermor%, it explains the 55 of quadrupolar ordering. Although the small Tm moment
© SR deipolarlzatlon_dat_a of Amatet al,” where an en- 4 |ow temperature indicates a magnetic transition, the
hancedu.” SR depolarization rate is observed when a smalphange in QS is larger than expected from magnetic ordering
external field(up to 0.7 7 is applied. The applied field will only. A detailed analysis of Q3), combined with specific-
influence the relative position of the magnetic crystal-fieldpaat measurements, may turn out to be conclusive. Third,
levels) and will enlarge the Tm moment. This, in turn, will };,e broadening is observed above 1 K, persisting up 40
increase the muon depolarization rate. A last argument ik This line broadening might correspond 6 SR results,
favor of the proposed crystal-field levels is suggested byynhere a muon precession signal is observed up36 K.4°

Cho, Canfield, and Johnstdh.These authors observe that goth these features indicate slow magnetic relaxation above
TmNi,B,C is as effective in magnetic pair breaking asine Neel| temperature.

GdNi,B,C and they conclude that the crystal-field levels in
TmNi,B,C are close together so they all contribute to the We thank G. J. Nieuwenhuys of Leiden University for

pair-breaking process. performing the SQUID measurement to determine
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