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Magnon specific heat of single-crystal borocarbide®Ni,B,C (R=Tm, Er, Ho, Dy, Th, Gd)
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Zero-field specific heats of the single crystBNi,B,C (R=Er, Ho, Dy, Tb, Gd were measured within the
temperature range 0.1<KT <25 K. Linearized spin-wave analysis was successfully applied to account for and
to rationalize the thermal evolution of the low-temperature magnetic specific heats of all the studied com-
pounds(as well as the one reported for TmB,LC) in terms of only two parameters, namely, an energy&yjap
and a characteristic temperatuteThe evolution of¢ andA across the studied compounds correlates very well
with the known magnetic propertie®, as a measure of the effective Ruderman-Kittel-Kasuya-Yosida ex-
change couplings, scales reasonably well with the de Gennes fActon the other hand, reflects predomi-
nately the anisotropic properties:2 K for GdNi,B,C, ~6 K for ErNi,B,C, ~7 K for TbNi,B,C, and~8 K
for each of HoNjB,C and DyNjpB,C. The equality inA of HoNi,B,C and DyNyB,C, coupled with the
similarity in their magnetic configurations, indicates that a variatioxiofthe solid solution HgDy, _,Ni,B,C
(x<0.8 andT.<Ty) would not lead to any softening @f. This supports the hypothesis of Cébal. (Ref. 39
concerning the influence of the collective magnetic excitations on the superconducting state. This work under-
lines the importance of spin-wave excitations for a valid description of low-temperature thermodynamics of
borocarbides.
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[. INTRODUCTION conductivity down to the lowest measurable temperatures.
Generalized susceptibility calculatirrelated these modu-

A wide variety of magnetic structures are manifested inlated state to maxima in the exchange-coupling transform
RNi,B,C series(see, e.g., Refs. 1 and 2 and TableThese  J(k).
structures are stabilized by a fine balance of exchange, crys- Remarkably, the magnetic ground structures of the heavy
talline electric field (CEF), dipolar, and magnetoelastic and magneti®Ni,B,C compoundgsee Table)l are particu-
forces. Under magnetic field or temperature variation, moslarly simple: in spite of the manifestation of an orthorhombic
of these structures undergo a cascade of phase transforndistortion and a liquid-helium-temperature magnetic modula-
tions, yielding a rich variety of field-temperaturdd{T) tion, their ground structures are either an equal-amplitude,
phase diagramésee, e.g., Refs. 336Interestingly, most of AF-type squared-up stat@s inR=Tm, Er, Th, Gd or an
the zero-field magnetic ordered statefRef Tm, Er, Ho, Dy  equal-amplitude, collinear, commensurate AF stateinR
coexist with superconductivity, presenting model compounds=Ho, Dy). Then, it is of interest to investigate whether the
wherein the interplay between superconductivity and magndew-temperature thermodynamics of theéRNi,B,C can be
tism can be investigated. Such investigations revealed thatescribed in terms of small-amplitude spin-wave excitations
the superconductivity, though much influenced by, has a vergnd, in addition, to elucidate the character and dimensional-
weak influence on the prevailing magnetic ordéne energy ity of these excitations. Such excitations can be probed by
gain due to the onset of magnetic order dominates by twwarious techniques, among which is the magnetic specific
order of magnitudes over that due to the onset of supercorieat. We carried out extensive zero-field specific-heat mea-
ductivity. surements on five single crysta®iNi,B,C (R=Er, Ho, Dy,

The zero-field part of theH-T phase diagram of Th, Gd covering at least the range 0.<KI<T,. These
HoNi,B,C is particularly interesting: superconductivity specific heats, together with that of TmBLC (Ref. 12,
sets-in aff ;=8 K. Just below this point, an incommensurate reveal a diversified and wide varieties of thermal evolutions.
spiral statek.,=0.9Z*, develops(see, e.g., Refs. 1, 3, and Nonetheless, based on a simple model, all of the specific-
8). Furthermore, at-6.3 K, an additional modulated state heat curves can be systematized in terms of only two param-
with Iza:O.SEa* emerges and around 5 K a deep minimumeters, namely, an effective exchange coupling and a magnetic
in H,, develops. At Ty=5 K, an orthorhombic lattice ~anisotropy interaction.
distortiont® sets-in and, concomitantly, both the spiral and The format of this paper is as follows: In Sec. Il, we
the a axis modulated states are replaced by a commensuratierive an approximate, but of wide applicability, expression
antiferromagneti¢AF) structure which coexists with super- for the magnon specific heat. Experimental techniques and
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TABLE I. Some zero-field parameters of selecRidi,B,C compounds. Superconductiilg, magneticT, magnetic structurepropa-
gation wave vector and moment directionare taken from Ref. 1. Squaring of the modulated SDW state is taken to occur at lower
temperatures. The gap and characteristic temperatuéewere determined from the indicated equation and figérg, of TmNi,B,C is
calculated by substituting into Eqg5) and(7) the fit values §, =0.8 K and|J;|=0.2) given by Movshviclet al'? 94, is the de Gennes
scaling of§ taking that ofR=Ho as a reference.

R deG Te TN Magnetic Wave Moment A Ocxp f4ec  Equation Figure
(K) (K) structure vector direction +=0.2K *+0.2K (K) number number

Gd 15.75 0 19.5 SDW [.565,0,0 [0,1,0 1.9 12.5 34.0 6 1

Tb 10.5 0 15.4 SDW [.5655,0,0 [1,0,0 7 215 22.6 6 2

Dy 7.08 6 9.5 3D, AF [0,0,1] [1,1,0 8.3 19.3 15.3 6 3

Ho 4.5 8 5 3D, AF [0,0,1 [1,1,0 8.3 9.7 9.7 6 5

Er 25 10.5 5.9 SDW [.553,0,4 [0,1,0 5.4 7.4 55 6 6

Tm 116 11 1.5 SDW  [.093,.093,0 [0,0,1 0 3.8 25 11 4 in Ref. 12

procedures are described in Sec. lll. Results and their analyvhich defines an AF resonance frequency similar to the uni-

sis are described in Sec. IV and discussed in Sec. V. form mode of ordinary AF'$3716 Evidently, (i) A is zero
whenever there is no anisotropy afid A does not depend
Il. APPROXIMATE EXPRESSIONS FOR MAGNON on the type nor on the strength of the intralayer coupling.
SPECIFIC HEAT OF RNi,B,C For evaluating the magnon specific heat, an explicit ex-

) ) pression ofJ(k) is required. In the absence of such an ex-
~ The magnetic structures &Ni,B,C (R=Tm-Gd) can be  ression and for low-temerpature range, it is a common prac-
visualized as magnetic layers that are stacked alongcthe ice to assume a long-wave limit. Here, we restricted the

axis. The most dominant interactions are the Rudermangynansion ofi(k) to the nearest neighbors only, leading to
Kittel-Kasuya-Yosida(RKKY) and anisotropic couplings.

The forme_r can be approximgted_ by effectiye isotropic cou- e~ \/A2+kaf+cyk§+czk§, ()
plings, while the lattefa combination of dominant CEF, and T _

weaker dipolar and anisotropic exchange foydssan easy- WwhereC, (~C, for weak orthorhombic distortionand C,

axis anisotropy fieldd, :1® this H,, representation is conve- '€ functions of the exchange couplings and geometrical fac-

nient for spin-wave calculation and is valid for the ors (& andc are unit-cell parameters

low-temperature phases of borocarbides. Considering the _ 2.2 2
i ; = + +
above-mentioned magnetic arrangement and the crystal sym- Ci= 1683, +J)JjS7a”+2J, S(gueHa)a”,
metry, the magnetic couplings can be conveniently divided c =163ﬁ8202 (5)
2 .

into two classesﬂﬁ that couples momenisandj within the
same layer(denoted asA or B) and \]ﬁB that couples mo-  Then, the zero-field magnon specific heatreswritten so as
ments from different layers. Then at zero external field, thd0 conform with the notation of Ref. 15

following Hamiltonian is expected to capture most of their o
Iow-temperature properties: CM(T):33/2R(A/0)3(A/2T772) 2 [KBesse(vaA/T)
m=1
=— Lab. g ABGA GB
H=- 2, NSS 2 JHES 4 Kpessof 4MA/T)], ®)

whereKgesseifepresents the modified Bessel function and

—gueHa > S'gugHa > S (1)
fch i 0=2|30115=3/3%22(C,C,C,) ¥ (a%) @)

The first and second sum represent, respectively, interactions a characteristic temperature, based on whighy| can be

within the same layer and among different layers. The lasfefined as being an effective exchange interaction that

two terms represent the anisotropic interactions. By standargouples the magnetic moment to #siearest neighbors.

spin-wave analysis, we obtained the following dispersion re- For T<A, Eq. (6) reduces to the exponential form

lation:
3/2RA 712

hog=[S3(0)~SI.(K)+53(0) + guaHal’ = [SI(K) 1%, Cu(T) =25 5 A~ A/T), ®
(2

where J(k)=32J;exdik(ri—r)]- J; (J,) represents the while for isotropic compounds of>A, it reduces to the

Fourier-transform parallelperpendicularto thec axis. The  high-temperature limit**

energy gapA=fiwy—g, IS 3124, 2

A=(gugHa)?+2J)(0)gupSH, 3) Cu(T)=

G R(T/6)3. 9
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TABLE II. List of values of y, 8, and # of RNi,B,C (R=Gd, Tb, Er, Ho, Dy, Tm. Also given are the
expressions used for evaluati@g(T<T.). The nuclear hyperfine parameterandP (see Refs. 2Pare also
indicated: The uppeflower) values of DyNj;B,C correspond to the isotop&Dy ('%°Dy). Data of
TmNi,B,C were taken from Ref. 12.

R y Cs 0 (B Cn Figure
(mJ/molekd) (J/ImoleK) K (mJ/moleK’) a (K) P(K) number
Gd 17.5 yT 392(0.1935 0 0 1
Tb 17.5 yT 391(0.196 0.142) 0.021) 2
—.0396 .009
3/712
Dy 17.5 3yTeIT, 388 (0.200 0554 01 3
Ho 17.5 37T3/T§ 386(0.203 0.29 .009 5
Er 17.5 3yT3/T§ 384(0.206 0.045 —.0001 6
Tm ~18 »T ~355 (~0.26) 0.0202 0 4 in Ref. 12
Equationg7) and(9) highlight the useful definition o). . For each compound, the total specific h€g}; was ana-

A long-wave dispersion relation for an isotropic quasi-lyzed as a sum of an electron@, (Cs when superconduc-
two-dimensional(2D) case can be derived from E(), if  tivity is to be emphasizeda DebyeCp, (=8T3), a nuclear
we setC,<C, (|J)/<J,) andH,=0, Cy, and a magnetic contributia®y, from the only magneti-
_ 2, 1.2 cally activeR sublattice. At temperatures of intere€t, and
ho=~8J)St JlSaz(kX+ky). (10 Cp were estimated based on our specific-heat charac-
Then, to lower order in 8S/T, one obtainsCy(T)  terizatiorf* of single crystal YNjB,C (y=17.5 mJ/moleR
=mRT/12SJ, which reproduces the leading linearinterm  and8=0.12 mJ/moleK) which had been synthesized by the
in the expression reported by Movshoviehal* who (start-  very same procedures as the one used for the other single
ing from a quadratic dispersion relation and including cor-crystals.

rection for the 2D and the magnon-magnon interagtioip- Within the superconducting regios was evaluated as
tained for the rangJ)|S<T<Ty, 3yT3/T2.2L At any rate, for all the studied compounds,
CM(T):(WR/].Z)(T/SJL_6J||/7TZJL+4J||S/37T2JLT). Cwm(T) is much larger than the sum @f, andCp. Conse-

(12) quently, even ifC, and C are taken as the bare values of

. h K h q ; YNi,B,C, C\(T) would not be noticeably modified, ensur-
It is worth remarking that Eqs1-4) and(6) are of a more ing that our conclusions would not be influenced.

wide applicability than our above analysis might have sug- Cu(T) of RNi,B,C, when available, is of dominant im-

gested. Furthermore, a variety of limit expressions for threé)ortance only at very low temperatures and was evaluated by

magnetic specific heat can be derived, depending on the sast-s o . ! L
. . o -square fit using the appropriate hyperfine Hamiltonian;
lations among andA [compare Eq(6) with the limit equa- the obtained parametetshown in Table I compare favor-

tions (8), (9), and (11)]. Based on such a scheme, one iSany with those of the correspondin@k metaf? and
capable of rationalizing the vast variety of the low- RC0,B,C isomorph<3
2 .

temperature thermal evolution of thermodynamical quantities
[such aLCy,(T)] encountered in thedand any series similar
to) borocarbides. It is reminded that this analysis is not ad-
equate for the description of the contribution of the modu- IV. RESULTS AND ANALYSIS
lated states nor for the field-induced metamagnetic phases. From the general feature Gf(T) curves(Figs. 1-3 and
5-6), one distinguishes four temperature regioisa para-
. EXPERIMENTAL magnetic regionT>Ty, whereinCy,(T) is predominantly
due to a change in the population of the CEF levél3,a
Single crystals oRNi,B,C (R=Er-Gd) were grown by critical region,T~Ty, whereinCy,(T) is related to the criti-
floating-zone methodi’ Structural, magnetic, and transport cal fluctuations(iii) an intermediate region where®y,(T)
characterizations are in agreement with published resultgseflects the magnetic character of the spiral/modulated states,
The temperature-dependent specific heat was measured oraad (iv) the low-temperature AF/squared-up states, of prime
semiadiabatic calorimeter (80 mKT <25 K, precision bet- interest to this work, wherein the measur@g(T) is to be
ter than 4%. The total specific-heat curves measured aboveonfronted with Eqs(6) and(11) and therefrony andA are
2 K are in agreement with the reported datd-?°However, to be extracted.
we observed some discrepancy between the absolute valuesBefore we discuss the features ©f,(T) for each com-
of Cy(T) of single crystal and polycrystalline samples: pound, a word of caution is in order: just as in the cas® of
though both specific heats were found to be given by apmetals?* the propagation of errors due to successive subtrac-
proximately the same functional form, the absolute values ofion of C.(T), Cp(T), andCy(T) would eventually influ-
the fit parametersf andA) differ by as much as 40%. ence the absolute value Gfy(T).
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FIG. 1. Log-log plot ofC,(T) (triangles, C4(T) + Cp(T) (dot- FIG. 3. A Log-log plot of Ci(T) (trianglg), Ce(T)+Cp(T)
ted), andCy(T) (circles curves of single crystal GdpB,C . The ~ (dotted, C\(T) (dashed and Cy(T) (circles of single crystal
solid line represents Eq6) with 6=12.5+0.2 K andA=1.9+0.3  DyNi;B,C . The solid line represents E(f) (see text The inset

K. For A<T<4 K, Cy(T) follows 0.0587® J/moleK (dashed ling ~ Shows the individual contribution o€(T) (symbo), Cy(T)
which is the highT limit of Eq. (6) (see text (dasheg, the magnetic fiflower solid line, C,.(T) [dash-dot, see
Eq. (13)], and the upper solid line is the sum of all contribution.

A. GdNi,B,C _ .
for an equal-amplitude AF stateur results are in excellent

Below Ty, the zero-field magneetic structdrés a trans- agreement with this statement
verse sine-modulated type witlk, that changes from On the other hand, Fig. 1 shows that for temperatures
0.55%a* at Ty to 0.55@* at Ty, where a spin reorientation below 3.5 K,Cy(T) follows faithfully Eq. (6) with §=12.5
process sets-in. BeloWg, IZa reverts course and increases ~0-2 K anqul‘gf—Lo'g K. The numerical value of (for A
monotonically till it reach 0.558* at 3.5 K. see Sgc. Yis physmally acceptable as can be seen from the
Cu(T) of GdNiLB,C (Fig. 1) reveals the onset of the foIIov_vmg arguments. First, the s_ubst_ltu_tlon of thfisnto Eq.
magnetic order affy=19.5 K and the spin reorientation (7.) yields Jer1=0.58+0.2 K, which is in close agreement
process at TR=13.5K, in agreement with earlier with _the value reported for HobiB,C (_Re_fs. 7 .30 and
studie2?>-28 The thermal evolution ofCy,(T) within the Tlesz_C (Ref. 12. Secondz the substitution q9f|.nto Eq.
amplitude-modulated state is distinctly different from that(9) predicts correcgtly the high-temperature limit, namely,
within the equal-amplitude, low-temperature stéee be- CM(T>A):Q'058T J/moIeK(seg Fig. ;L.Th|rd, the sub-
low). As mentioned above, within the modulated region theStitution of ¢ into the molecular-field relatiof,
linearized spin-wave analysis is not applicable and one
should resort to the findings of Schmitt and co-worlk@rs: Ty=16(S+1) (12)
Cwm(Ty) of such a state suffers a strong reducti@most NS ’

1/3) in comparison with the valug€0.15 J/moleK expected
gives Ty=18.8-0.3 K which is in reasonable agreement

with the experimentally determined value By .

100F © 7 7

B. TbNi,B,C

A longitudinal spin-density wavéSDW), accompanied
by an orthorhombic distortion, sets-in &t .3>*? The mag-
nitude of the modulation vector decreases from OB5tear
Ty to 0.54%* at 2.3 K31 A weak ferromagnetic component
develops belowl,~8 K and at lower temperature a squar-
ing up of the modulated state occdfs.

Cwm(T) of TbNi,B,C (Fig. 2) shows the magnetic order-
ing at Ty=14.5 K and the WF-associated anomaly that
peaks around 5.5 K. These features are in agreement with
those reported by Tommgt al?° No attempt was made to
analyzeCy,(T) within the amplitude-modulated state span-

FIG. 2. Log-log plot ofC,o,(T) (triangle, Co(T)+Cp(T) (dot-  NiNg the range S5KT<Ty. Below 5 K, where the
ted, Cn(T) (dashed and Cy(T) (circle) of single crystal —Orthorhombic-distorted squared-up state is expedigg,T)
TbNi,B,C. The solid line represents E¢) with A=7.0+0.5 K  follows convincingly the prediction of E¢6) with #=21.5
and #=21.5+0.2 K. +0.2 K andA=7.0x0.5 K.

10

C (J/mol.K)

01k . . .
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0.1

= 0.8

1T (1/K)

FIG. 5. A Log-log plot of C(T) versusT of single crystal

FIG. 4. In(Cy(T)) versus 1T curve of single crystal DyNB,C. ~ HONizB2C showing Ci,(T) (triangle), Ce(T)+Cp(T) (dotted,
The data(circles are compared to Eq6) (solid ling giving A Cn(T) (dashed and Cy(T) (circle) contributions. The magnetic
=8.3+03 K and #=19.2+0.2 K. The inset shows on a linear COntribution (circles are compared to Eq6) (solid ling) giving
scale,Cy(T) (circle) together with the comparison to Ef) (see ~A=83%0.3 Kand#=9.7£0.2 K (see text

texy. range>* At any case, foff > 8, bothC..(T) andCy(T) are

smaller thanCy(T) (see inset of Fig. B Nevertheless,

) we consideredCy(T)=Co(T) —Cg(T) — Cp(T) —Cn(T)
This compound develops a commensurate AF structure.c__(T).

below Ty with moments arranged in an identical manner as  The thermal evolution ofC,(T) is shown in a log-log

that of HoN,B,C."* Moreover, superconductivity coexists piot in Fig. 3 and as fiCy,(T)] versus 1T plot in Fig. 4. In

with this AF order belowT ;=6 K. In contrast to other Ni-  hoth figures, the comparison with E@) (solid line) is also

based AF superconducting borocarbides, D¥NC presents  presented. Evidently over a wide range of temperatures,

the following distinct features(i) no zero-field incommen- ¢, (T<T.) follows excellently Eq. (6) with §=19.3

surate or modulated state is evidént. However, for T +0 2 K andA=8.3+0.3 K.

<2 K, anomalously large hysteresis and pronounced reen-

trant effects were observed for the field range 1 &Gk D. HoNi,B,C

<5.3 kO€” and (i) the superconductivity emerges within a

well developed AF orderT,<Ty) and thatT, is extremely e ,
sensitive to nonmagnetic dopirg. reveals a cascade of three transitions that are usually attrib-

Coo((T) (see Fig. 3 reveals the onset of the AF order at Uted to magnetic transformatiof$® The signature of the
Ty=9.5+0.2 K. Within the accuracy of our measurement onset of superconductivity is too weak to be observable in
the superconducting jump aL.=6 K is too small to be re- ©Ur present measurements. On the other handT 056 K,

solved. On carrying out the analysis Gf,, into its compo- SM(T) fOHOWS_ the+ description of Eq.(6) with 6=9.7
nents Ce, Cp, Cy, andCy), we observed an additional +0.2KandA=8.3£03 K.
contribution peaking at 1.2 K and having features reminis-

C. DyNi,B,C

Cioi(T) of single crystal HoNiB,C (shown in Fig. 5

cent of a Schottky-like contribution. Accordingly, it was ap- E. ENi,B,C
proximated by the standard two-level relation Two intriguing features of theH-T phase diagram of
52 (s 5112 ErNi,B,C aré137‘35lhe onset of the incommensurate trans-
c h(T)=R(— exp(— / 1+exp< _” (13) versely polarized SDW state withk,=0.553* at Ty

s¢ T T T/ =5.94 K and the onset of weak ferromagneti$WF) at
where é is the energy separation. It was found dsée the Twr=2.2 K.' _ThesE two eventiione is "’_‘ble tc_) quench su-
inset of Fig. 3 that §=2.9 K and that only 0.062 molar p(larconductl\_/lty,Tcl—lo.S .K) are well evident irCy(T) of
fraction is involved. Moreover, the fit is satisfactory for the Fig. 6. T, in pa_rtu_:ular, Is evident as f?‘(ffqhange ofsl_op_e that
high temperature tail but not so good at the Iower—Sﬁparatel.S two d'St'TCt thermal evoluti SCM(P W't.hr']r.]
temperature part, suggesting that a multilevel Schottky con:E—hZ zrrrjg'rtgg_i'msogﬁea%etg T\?taTQNI;i;;;[“te?nrde tioar: C\IN |t(_|rn
tribution might be more appropriate. However, for the<_|_ que ”% i deE' 6) with 0_74+902 KM q
present discussion, the above two-level approximation is suf _WF)JS well described by Eq6) wi I an
ficient. It is highly possible that such a contribution is due toA_5‘4— 0.3 K.
6% defect/impurity which is on the limit of detection of our ,
x-ray structural characterization. Coincidently, anomalous F. TmNizB,C
hysteresis effects were observed in the magnetostriction Superconductivity sets-in at 11 K and, beldw=1.52
curves that were measured within the same temperature 0.05 K, coexists with a transversely polarized SDW state
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' i wherein the moments, due to entropy arguments, approach
7 equal amplitudes. Based on the suggestion of Dedets 2
the magnetic structure beloVy is either a transverse modu-
lated state with moment orientation away from thexis in
the bc plane or a modified spirallike structure which, due to
the low symmetry(2 mm) of the[100] direction, is likely to
suffer fanning or bunchingbecoming more stronger as the
temperature is decreage@omalaet al.,?® on exploring these
two structural possibilities, argued that th&Gd Mossbauer
spectra at 4.2 KT<Tg were better fitted with a bunched
spirallike state. Considering these and the above observa-
. tions the low-temperature structure is eithesguared-up,

5 10 equal-amplitude and collinear state or a strongly bunched
T (K) and equal-amplitude state. As far as the magnon specific heat
is concerned, the interactions in both structures can be rep-
resented by the Hamiltonian of E€{).

Figs. 1-6 and Table | demonstrated convincingly that,
based on onlyA and 6, the diverse functional form of the
measuredCy(T) can be systematized: when bathand ¢
are largeCy(T<A) reflects a magnon contribution from an
anisotropic magnetic structure as R=Er, Ho, Dy, Th.

10

C (J/moleK)

0.1}

0.01 .
0.1 0.5

FIG. 6. A Log-log plot of C,(T) (triangle, C¢(T)+Cp(T)
(dotted, C\(T) (dashed, and Cy(T) (circle) of single crystal
ErNi,B,C. The solid line is a comparison to E@) with 6=7.4
+0.2 KandA=5.4+0.3 K (see text

wherein the spins are pointing along thaxis and the modu-
lation vector is(0.093,0.093,0''2? At lower temperatures, : . :
the incommensurate SDW state squares Tpe magnetic WhenA |s.relat|vely small buw is Iarge,CM(T> A) reflects .

specific heat of single crystal TmpB,C was measured by @ magnetic contribution from a quasiisotropic magnetic

Movshvich et al!? and was shown to follow Eqd1) with ~ Structure as in GdNB,C. For a weakA and Jy, Cy(T)
J,~0.8K,J=02K. reflects a contribution from a quasB2 structure as in

TmNi,B,C.
The evolution ofA and 8 across the studied compounds is
reasonabled, on the one hand, reflects predominately the
On a linearized spin-wavénoninteracting magnon gas evolution of the de Gennes factsee Eqs(5) and(7) and
approach, one is limited to the low-temperature region of théfable ) as can be appreciated on observing thatales very
ordered state which in the case of the borocarbides amountgell with the de Gennes factors f&=Tm, Er, Ho, Dy, Th.
to being restricted to below the liquid-helium temperaturesThat the experimentally determinedof GdNi,B,C is a fac-
Within that temperature range, the model describes very suger of 3 lower than the one expected from de Gennes scaling
cessfully the magnetic contribution of the studied com-may be attributed to the additional dependenced @i H,
pounds indicating thaty can be safely associated with the which for GdNi,B,C is the lowest.
gapped collective excitations that propagate within the A, on the other hand, reflects the combined influence of
orthorhombic-distorted @ AF (-type) structure. the anisotropic forces and interlayer coupling. This is ex-
The successful applicability of the model to the commen-pressed by Eq(3) which for the case of, say, ErpB,C
surate collinear AF ground structures Rf=Ho, Dy is un-  (consideringH,~ 15 kOe andJj|~0.1 K) gives a value of
derstandable. To justify its applicability to the casesFof 4 K which is close to the experimental value. The observa-
=Tm, Er, Th, Gd, it is sufficient to show that their ground tion thatA is nonzero for each of the studied compounds is
structures are well squared up and that all the moments dim agreement with the reported anisotropic features of the
have equal amplitudes and oridior bunch along a specific magnetic and transport propertisThe strong anisotropy of
direction. The state of ErbB,C below T\yr and that of each ofR=Er, Ho, Dy, Th is in accord with what is expected
GdNi,B,C below 3.5 K provide the best illustrations of the from their CEF properties. In contrast, the weak anisotropy
fulfillment of this requirement. The collinear, equal ampli- observed in GANB,C is most probably due to a combina-
tude, and squared-up character of the state of )G be-  tion of anisotropic exchange and dipolar couplings.
low T\r was elegantly revealed in the neutron-diffractions It is interesting to discuss one particular aspect of the
studies of Choiet al®” and Kawano-Furukawat al3® It is interaction between magnons and superconductivity in, say,
remarked that the presence of weak ferromagnetisen R=Ho (Ty<T.) and Dy (T,<Ty). Noteworthy, the ther-
flected as kink that separate oppositely oriented domainsnal evolution of H.,(T<Ty,T.) of both HoNiLB,C and
would hardly modify this picture since the excitation energyDyNi,B,C (Ref. 9 are very similar which, considering the
of the kink is much higher than that of the magnon. above-mentioned similarity in their magnetic properties, sug-
A recent magnetoelastic sty on single crystal gests that the involved pair-breaking effects particular,
GdNi,B,C demonstrated the presence of substantial magnehe magnon-mediated otfe are similar. This, in turn, sug-
toelastic and anisotropic exchange interactions, in particulagests that the magnon characterigtiay low-energy magnon
below T<Tg. The magnitude of the” strain mode is very spectra in both compounds must be similar. This is indeed
large and increases with decreasing temperature leading prthe case: the analysis of Secs. IV C and IVD showed that the
gressively to an orthorhombic-distorted magnetic stateenergy cost for magnon excitation in both compounds is

V. DISCUSSION AND CONCLUSIONS
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practically equal A =8 K see Table)l Therefore, doping of wave analysis of a simple Hamiltonian that consists of effec-
Ho into DyNi,B,C (up to 80% but stillT.<T,) would not tive exchange couplings and anisotropic interactions. We in-
lead to a softening oA. Then, for this concentration range, vestigated as well the influence of the magnons on the
there should be no variation iH., and T, even though the superconductivity of these AF superconductors.

de Gennes factor does vary. This provides an additional ex- Improvements and extension of this analysis are under-
perimental confirmation of the hypothesis of Gétcal**that ~ way. These include, on the experimental side, probing the
the magnon spectrum of (Ry,Ho,)Ni,B,C is hardly modi- magnon contribution in single crystals BNi,B,C by other
fied for x<0.8. In contrast, for (Dy_,Ho,)Ni,B,C (x  (microscopic and macroscopitechniques and, on the theo-
>0.8), the onset of superconductivity occurs within theretical side, a better and more realistic approximation of

paramagnetic state and consequently the Dy dopant deyk), CEF effects, magnetoelastic, and anisotropic exchange
pressesT . linearly as expected from the Abrikosov-Gorkov forces.

theory.

In summary, we were able to reveal the magnon specific-
heat contribution of the heavy members of the borocarbides
and to identify the expressions that describe their thermal
evolution. These expressiorigiven in terms of only two Partial financial support were provided by Brazilian agen-
physically accepted parametewgere derived from the spin- cies CNPq and FAPERJ.
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