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Isofield specific heat,CsT,Hd, of single-crystal Ho1−xYxNi2B2C (x=0, 0.25, 0.5, 1) were measured within
the ranges 0.5 K,T,50 K andHsiadø60 kOe. Linearized spin-wave theory is invoked to analyze the field
and temperature dependence of the magnetic specific heat and entropy of HoNi2B2C for T,TN,H,H1 and
T,TN, H.H3. Based on the known low-temperatureH-T phase diagram of HoNi2B2C, this analysis identifies
three distinct field regions.(i) The low-field regionsH,H1d where the collinear, commensurate↗↙ structure
is stabilized, andCMsT,TN,Hd andSMsT,TN,Hd are well described by the prediction of linearized antifer-
romagnetic spin-wave analysis. In particular,s]SM /]HdT.0, indicating that cooling can be effected by adia-
batic magnetization.(ii ) The intermediate-field regionsH1,H,H3d, where the two metamagnetic states
(namely↗↗↙ at H1 and↗↗↖ at H2) are stabilized. Here no spin-wave analysis is attempted, but it is
evident thats]SM /]HdT.0 for H,H2 while s]SM /]HdT,0 for H.H2. (iii ) The high-field regionsH.H3d
where the saturated↗↗ state is being approached. Here, bothCMsT,TN,Hd andSMsT,TN,Hd follow the
description of a ferromagnetic spin-wave analysis; furthermore,s]S/]HdT,0, indicating that cooling can be
effected by adiabatic demagnetization. The magnetocaloric effect aboveTN as well as alloying influences on
the magnetic properties are discussed.
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I. INTRODUCTION

Thermodynamical investigations on the tetragonal
HoNi2B2C revealed rich information about its superconduct-
ing and magnetic properties.1–3 On the one hand, the super-
conductivitysTc,8 K,Hc2,5 kOed, as compared to that of
the nonmagnetic isomorph YNi2B2C sTc,16 K,Hc2

,60 kOed,4–7 is found to be drastically reduced by multiple
magnetic pair-breaking processes.1,8,9The magnetism, on the
other hand, manifests the following:(i) paramagnetic fea-
tures that are remarkably anisotropic;10,11 (ii ) a series of
spontaneous zero-field magnetic transformations appearing

below 8 K:1,12,13 a spiral state withkc
W .0.92cp, a modulated

state with ka
W .0.585a* , and later—belowTN<5 K—both

modulated states are replaced by a commensurate, collinear
antiferromagnetic structure;(iii ) a cascade of basal-plane
field-induced metamagnetic transformations:3,14,15 as an ex-
ample, forH ia, a zero-field antiferromagnetic↗↙ arrange-
ment is transformed into a↗↗↙ state atH1, later into a
↗↗↖ state atH2, and finally into a paramagnetic saturated
↗↗ state aboveH3 (an arrow represents a ferromagnetically
coupled plane along one of the equivalent easy axesk110l).
These metamagnetic transformations are evident in all of the
reported thermodynamical parameters, such as
magnetization,1–3 magnetoresistivity,2,16,17and peak intensity
of various reflections in the low-temperature, neutron mag-
netic patterns.14,15

In this work, we show that the above-mentioned meta-
magnetic transformations are evident also in the field-

dependent specific heat measurements. In addition, from
these specific heat measurements, the character and the type
of the elementary magnetic excitations occurring in some of
these metamagnetic phases are evaluated. It will be shown
that for the lower and higher field limits, the specific heat
curves can be described in terms of spin-wave excitations. In
fact, the very presence of the plateaus in all the above-cited
thermodynamical quantities is a direct manifestation of the
fact that, within each of the metamagnetic phases, the density
of magnons is very weakly modified by the applied field.

Another advantage of measuring the isofield specific heat
is that it allows the complete determination of the magneto-
caloric effect and as such gives a clue as to whether such a
borocarbide can be used as a working substance in magnetic
refrigeration.18 This possibility is particularly attractive since
borocarbides are generally good thermal conductors, with
large magnetic entropy, lower ordering temperatures, and a
smaller low-temperature lattice specific heat. Furthermore,
the reported isofield magnetization1–3 indicates that its low-
temperatureus]M /]TdHu is sizable, especially at the neigh-
borhood ofTN. The latter observation, together with the ther-
modynamic relations

s] S/] HdT = s] M/] TdH s1d

and

s] T/] HdS= −
T

CH
s] M/] TdH, s2d
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reinforces the expectation that its magnetocaloric effect is
relatively large(M and CH are the total magnetization and
total specific heat of the sample).

This work, with the above-mentioned objectives of inves-
tigating the contribution of the elementary magnetic excita-
tions as well as probing the strength of the magnetocaloric
effect, report extensive isofieldCsT,Hd measurements for
temperatures down to 0.5 K and for fields up to 60 kOe. For
evaluating the nonmagnetic specific heat contribution(within
both the superconducting and normal state), we carried out
extensive isofield specific heat measurements on YNi2B2C
for temperatures down to 0.5 K and for fields up to 120 kOe.
Finally, the influence of nonmagnetic alloying on the mag-
netic specific heat, entropy, and magnetocaloric effect were
preliminarily investigated in the solid solution
Ho1−xYxNi2B2C sx=0.25,0.5d.

II. THEORETICAL EXPRESSION FOR ISOFIELD
MAGNETIC SPECIFIC HEAT OF HoNi 2B2C

A. Low-field approximation „H ,H1…

At T,TN andH,H1, the antiferromagnetic↗↙ state is
maintained.3,14,19,20It is then reasonable to assume a Hamil-
tonian consisting of Zeeman, exchange, and crystal-field in-
teractions(the relatively smaller dipolar, magnetoelastic, and
anisotropic exchange terms are ignored),

H = − gmBHW ·o
i

Si
W + o

ki j l,LPA,B
Ji j

LSi
LW ·Sj

LW + o
ki j lA,B

Ji j
ABSi

AW ·Sj
BW

+ gmBHW a ·o
iPA

Si
AW − gmBHW a ·o

iPB

Si
BW . s3d

Si
W is the total angular momentum operator at theith 4f site;
the applied magnetic fieldH is parallel to the anisotropy field
Ha; g is the Landé factor, andmB is the Bohr magneton.
Within the H-T ranges of interest, the magnetic structure of
HoNi2B2C consists of two sublattices, denoted asA and B
(each is a ferromagnetic layer and successive layers are op-
positely oriented and stacked along thec axis12). Ji j

L couples

momentsSi
LW to Sj

LW (L=A or B), both are within the same layer
(second term); similarly Ji j

AB couples similar moments, but
each is from a different layer(third term). Finally, the fourth
and fifth terms represent the crystalline electric field interac-
tion, the strength of which at very low temperatures and for
this two-sublattice model is represented byHa.

21

Based on standard small-amplitude spin-wave analysis,
the two dispersion modes are

"vk
± = + ÎA2 − B2 ± gmBH,

A = 4JoSH1 −
1

2
fcossakxd + cossakydgJ + 8J1S+ gmBHa,

B = 2J1SHcosSa

2
kx +

a

2
ky +

c

2
kzD + cosSa

2
kx +

a

2
ky −

c

2
kzD

+ cosSa

2
kx −

a

2
ky +

c

2
kzD + cosS−

a

2
kx +

a

2
ky +

c

2
kzDJ ,

s4d

where J0 and J1 represent effectively the exchange cou-
plings among the nearest neighbors within, respectively, the
same or neighboring planes. The two distinct field-dependent
energy gaps are

D±sHd = + ÎsgmBHad2 + 16J1gmBSHa ± gmBH = D0 ± gmBH.

s5d

At lower temperature, where the long-wave limit is as-
sumed, the magnon specific heat is

CMsT , TN,H , H1d

= 33/2RsD0/ud3sD0/2Tp2do
m=1

`

hcoshsmj/TdfK4smD0/Td

+ k1 + 2j2/D0
2lK2smD0/Tdg − smj/2Tdsinhsmj/Td

3fK4smD0/Td − K0smD0/Tdgj, s6d

whereKns¯d represents the modified Bessel function of the
second kind,j=gmBH /kB, and

u = zuJef fuS= Î3 33/216J1S
2f8J0J1S+ 8J1

2S+ J0gmBHag

s7d

is a characteristic temperature, based on whichuJef fu can be
defined as being an effective exchange interaction that
couples a magnetic moment to itsz nearest neighbors.

Equation (6) is equivalent to Eq.(25) of Joenk22 and,
moreover, does reproduce our earlier reported zero-field
limit.23 The magnetic entropy in this range of field and tem-
perature is given as

SMsT , TN,H , H1d

= 31/2RsD0/ud3sD0/2Tp2do
m=1

`

hcoshsmj/Td

3fK4smD0/Td − K2smD0/Tdg − 3sj/2D0dsinhsmj/Td

3fK3smD0/Td − K1smD0/Tdgj. s8d

B. The high-field limit „H .H3…

For T,5 K andH.H3, the field-induced saturated↗↗
state is approached.3,14,19,20Here, the dispersion relation is
taken as"vk=DF+axkx

2+ayky
2+azkz

2, whereDF is an effec-
tive energy gap that reflects the combined influences of ex-
change, anisotropy, and applied field.CMsT,Hd is then given
as24

CMsT , 5 K, H . H3d = RS T

4pDF
D3/2

o
n=1

`

expS−
nDF

T
D

3F 15

4n5/2 +
3DF

Tn3/2 +
DF

2

T2n1/2G , s9d

whereDF is a function of geometrical and exchange factors.
The magnetic entropy is then expressed as24
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SMsT , 5 K, H . H3d = RS T

4pDF
D3/2

o
n=1

`

expS−
nDF

T
D

3F 5

2n5/2 +
DF

Tn3/2G . s10d

III. EXPERIMENT

Single crystal of Ho1−xYxNi2B2C (x=0,0.25,0.5,1) were
grown by the floating zone method25 and were extensively
characterized by structural and physical techniques. The
isofield total specific heats,CsT,Hd, were measured on a
relaxation-type calorimeter using the Heliox of Oxford In-
struments Inc.(0.5 K,T,25 K, Hø120 kOe). The general
features of the thermal evolution ofCsT,Hd are in agreement
with the reported field-dependent results of polycrystallines26

and the zero-field results of single crystals.23

For the low-temperature region,CsT,Hd of each com-
pound was analyzed as a sum of an electronicCel, a Debye
CD, a nuclearCN, and a magnetic contributionCM. It is as-
sumed thatCM is due only to the Ho sublattice and, further-
more, is the only contribution that couples to the applied
field (disregarding the weak superconducting contribution).
CN (due only to Ho nuclei) is of dominant importance only at
very low temperatures and was evaluated by a least-square fit
using the appropriate hyperfine Hamiltonian.27 Cel and CD
for all samples were evaluated from the analysis of the mea-
sured specific heat of YNi2B2C (not shown): for fields above
60 kOe, the normal state is restored over all of the probed
temperature range andCsT,15 K,H.60 kOed=gNT+bT3

where gN=s19.5±2.0 Kd mJ/mol K2 and b
=0.11±0.01 mJ/mol K4. On the other hand, within the su-
perconducting phase,CsT,Tc,H=0d=CS+bT3=3gT3/Tc

2

+bT3=0.26T3+0.11T3 mJ/mol K, in agreement with Refs.
4, 5, and 28. Further, the field-dependentgsHd is given by
fgN/ÎHc2gÎH, the same expression as the one reported by
Noharaet al.29

All our isofield measurements were carried out forH ia.
For comparing these measurements with the above-
mentioned spin-wave theoretical analysis(whereH i f110g),
we made use of the results of Canfieldet al.3 that the mo-
ments are confined along thek110l axes and that the influ-
ence of the field is only to modify the distribution of the
moments along these equivalent axes. Then for identifying
the thermal and field evolution within each of these low-
temperature metamagnetic states, we carried out the follow-
ing seven isofield measurements:(i) 0 kOe, 2.5 kOe,H1,
scanning the↗↙ state;(ii ) H1,5 kOe, 10 kOe,H2, scan-
ning the↗↗↙ state;(iii ) H2,20 kOe, 40 kOe,H3, scan-
ning the↗↗↖ state; and finally(iv) a 60 kOe measure-
ment scanning the↗↗ state. According to Fig. 4 of Ref. 3,
the latter assumption is reasonable within a 7° misalignment.

IV. RESULTS AND DISCUSSION

A. Ho1−xYxNi2B2C

Zero-fieldCMsTd curves of the series Ho1−xYxNi2B2C (x
=0,0.25,0.5,1) are shown in Fig. 1. Across the solid solu-

tions, the evolution ofTN with concentration is clearly vis-
ible: the Y dilution induces a reduction ofTN. This agrees
with the magnetization and resistive results of Eversmannet
al.30 In addition, the increase in Y dilution induces a reduc-
tion in the height of the peak ofCMsT=TN,H=0d and an
increase in the value of the low-temperatureCMsT,TN,H
=0d. It is worth noting that within theT,TN range, the sum
sCel+CDd of YNi2B2C is much less than 1% of the magnetic
specific heat of HoNi2B2C.

The field dependence of the magnetic specific heat(and
entropy) was investigated only for the case of
Ho0.75Y0.25Ni2B2C in fields up to 20 kOe: as evident from
Fig. 2(a), the applied field reducesTN and the peak height of
CMsT=TN,Hd and suppresses the 2.5 K zero-field shoulder.
It is evident also that forT,5 K, s]CM /]HdT,0; in con-
trast, for HoNi2B2C, at similar field conditions,
s]CM /]HdT.0: such a difference is due to the fact that the
random segmentation of some of the magnetic bonds in the
Y-doped compound modifies drastically the dispersion rela-
tions as compared to those of the parent compound.31 Figure

FIG. 1. CsT,H=0d versus T curves of Ho1−xYxNi2B2C
(x=0,0.25,0.5,1). CMsT,Hd curves are given for one mole of the Ho
atom(left-hand axis) while for YNi2B2C, Cel+CD are given for one
mole of the Y atom(right-hand axis).

FIG. 2. (a) Isofield CMsT,Hd versus T curves of
Ho0.75Y0.25Ni2B2C. CMsT,Hd curves are given for one mole of the
Ho atom. (b) Isofield magnetic entropy of Ho0.75Y0.25Ni2B2C as
obtained from the numerical integration ofCMsT,Hd /T. The dashed
lines represent the corresponding curves of HoNi2B2C.
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2(b) shows the isofield magnetic entropy of this sample: evi-
dently, for liquid helium temperatures and for fields up to
20 kOe, the observed change in bothSmag and Tad (see be-
low) are very small, indicating that the nonmagnetic alloying
of HoNi2B2C does not lead to a higher magnetocaloric ef-
fect.

B. HoNi2B2C

Isofield CMsT,H iad curves of HoNi2B2C are shown as a
linear plot in Fig. 3 while as a lnCMsT,Hd versus 1/T plot in
Fig. 4. In the latter figure, the curvature of lnCMsT,Hd with
H,10 kOe[Fig. 4(a)] is distinctly different from that with

H.10 kOe [Fig. 4(b)]. These differences, as well as the
overall H dependence, can be easily discussed if one recalls
that theH ia phase diagram of HoNi2B2C (Refs. 3 and 14)
can be subdivided into the above-mentioned three different
field regions. Within the low-field limit, no spin-flop process
is materialized. Then the linearized spin-wave expression of
Eq. (6) can be employed for the analysis of the measured
magnetic specific heat. Indeed, as can be seen in Fig. 4(a),
the T dependence ofCMsT,0 kOed andCMsT,2.5 kOed fol-
lows the predictions of Eq.(6) with D0 andu that are almost
field independent[see Fig. 4(a) where D0 and u are tabu-
lated]. On the other hand, within the high field limit, the
moments are driven towards ferromagnetic saturation and
here, once more, a linearized spin wave analysis can be em-
ployed for the calculation of the magnetic specific heat. In-
deed, as can be seen in Fig. 4(b), CMsT,60 kOed compares
favorably with the predictions of Eq.(9) with DF=8.0s5dK
andDF=1.2s2dK.

For intermediate fieldssH1,H,H3d, HoNi2B2C devel-
ops the above-mentioned succession of field-induced meta-
magnetic phases. For these phases there are, so far, no ana-
lytical expressions that we can use for the analysis of the
experimentalCMsT,Hd curves. However, for this field range,
an insight into the trend of the field dependence ofCMsT,Hd
can be gained if one recalls the features of the extensively
measuredMsT,Hd curves1–3 and uses the thermodynamical
relation [see Eq.(1)]

s] CM/] HdT = Ts]2M/] T2dH. s11d

This assertion is assuringly confirmed in Figs. 3 and 4: on
the one hand, since the magnetization curves1–3 at H,H2
demonstrate thats]2M /]2TdH.0, then an increase inH
should induce an increase inCMsT,Hd; this is confirmed by
the results shown in Figs. 3(a) and 4(a) and agrees with the
prediction of the field derivative of Eq.(6). On the other
hand, sincef]2MsH.H2d /]2TgH,0, then an increase inH
should induce a decrease inCMsT,Hd; this agrees with the
results shown in Figs. 3(b) and 4(b) and with the prediction
of the field derivative of Eq.(9) where, for this higher field
limit s]CM /]HdT is negative.

A comparison of theCMs2 K,Hd and Ms2 K,Hd iso-
therms(see the inset of Fig. 3) reveals some interesting de-
tails. First, forH,H1, both CMs2 K,Hd andMs2 K,Hd are
weakly H dependent, indicating that the density of magnon
are weakly field dependent; this is evident in Eq.(5) where
the Zeeman energy is only a very small perturbation on the
zero-field gapD0. Second, within the intermediate field re-
gion, each ofCMs2 K,Hd andMs2 K,Hd manifests steplike
jumps atH1 and H2 and, after each transition, their values
(and the associated density of magnons) are maintained
quasi-field-independent(presumably for the same reason as
above). It is emphasized that though the density of magnon is
very weakly field dependent within each of the metamag-
netic states(inset of Fig. 3), however, its temperature depen-
dence is very strong(almost exponential as can be seen in
Figs. 3 and 4). Third, for H.H3, Ms2 K,Hd is driven to-
wards saturation and, as a consequence, the magnons specific
heat is gradually reduced. It is noted that this field evolution

FIG. 3. IsofieldCMsT,Hd of HoNi2B2C. (a) H=0,2.5,5,10 kOe.
(b) H=10,20,40,60 kOe. The inset shows thatCMsT,TN,Hd
does mirror the exotic features of theH-T phase diagram as mapped
out by, e.g., magnetization measurements: symbols represent
CMsT=2 K,Hd as taken from the main frame(dotted line is a guide
to the eye); the solid line representsMsT=2 K,Hd isotherm(H is in
the basal plane but 10° away from thea axis. Adapted from Figs. 1
and 4 of Ref. 3).

FIG. 4. lnfCMsT,Hdg versus 1/T curves of HoNi2B2C. (a)
H=0,2.5,5,10 kOe. The lines on the top of each of the curves with
H=0, 2.5 kOe are calculations based on Eq.(6) (fit parameters are
given in the inset table). (b) H=20,40,60 kOe. The line on the top
of theH=60 kOe curve represents the calculated contribution based
on Eq.(9).
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of CMsT,Hd andMsT,Hd isotherms1–3 is reflected also in the
magnetoresistivity2,16,17 and in the peak intensity of various
reflections in the neutron magnetic diffractograms.14,15Thus,
spin-wave analysis is indispensable for a valid description of
low-T thermodynamics of HoNi2B2C.

From the thermal evolution of the total isofield entropies
of HoNi2B2C, we numerically calculated18 the magnetic
field-induced entropy changefDSmagsT,DHdTg and the adia-
batic temperature changefDTadsT,DHdSg, shown in Figs.
5(a) and 5(b), respectively. Considering that HoNi2B2C is
strongly anisotropic10,11 (hence bothDSmag and DTad), then
cooling can be effected by adiabatic rotation of the single
crystal in a strong magnetic field.

Based on Fig. 5, four temperature ranges can be distin-
guished:(i) theT,2 K range where the applied field is very
weak compared to the hyperfine field. As a consequence
there is hardly any field dependence inSmag andTad. (ii ) the
2 K,T,TN range where the specific heat is dominated by
spin-wave excitations. Here, forH,H1, DSmag sDTadd in-
creases(decreases) with the applied field in agreement with
Eq. (11) and with the intuitive expectation that magnetic dis-
order in a collinear antiferromagnetic would be increased for
an applied fields,Hspin flopd along the easy axis. On the other

hand, forH.H2, DSmagsDTadd decreases(increases) with the
applied field. For the limitH.H3, this [in agreement with
Eq. (10)] suggests that cooling can be obtained by adiabatic
demagnetization.(iii ) The TN,T,15 K critical order fluc-
tuating region where there is a large change in bothDSmag
and DTad. As an example, for an adiabatic field changes of
60 kOe at, say, 8 K,DTad amounts to 14 K[see Fig. 5(b)]
with a rate of almost 0.23 K per kOe across a temperature
span of 10 K. These interesting magnetocaloric features are
comparable to the ones observed in some intermetallic
magnets,18 such as ErAl2 or DyNi2. (iv) Finally for higher
temperature range, bothDSmag and DTad are expected to
show features that are typical of conventional(anisotropic)
paramagnets.

In summary, the measurement and analysis of the isofield
CMsT,Hd of Ho1−xYxNi2B2C (x=0,0.25,0.5,1) within the
ranges 0.5 K,T,50 K andH,120 kOe proved to be very
helpful for the elucidation of their low-temperature thermo-
dynamics. For Ho1−xYxNi2B2C (x=0.25,0.5), it is shown that
magnetic dilution weakens the magnetic couplings, increases
the magnetic disorder, shifts the magnetic entropy(as com-
pared to that of HoNi2B2C) to lower temperatures, and in-
duces a decrease inTN. For the particular case of
Ho0.75Y0.25Ni2B2C in fields up to 20 kOe, it is shown that
s]S/]HdT,0 and thatDSmag andDTad are smaller than those
of the parent compound.

For HoNi2B2C, at T,TN and low or high fields, spin-
wave analysis was successfully invoked to interpret the field
and temperature dependence of the magnetic specific heat:
for H,H1, CMsT,TN,Hd and SMsT,TN,Hd are well de-
scribed in terms of linearized field-dependent antiferromag-
netic spin-wave excitations and thatDSmag.0 while
DTad,0. ForH.H3, CMsT,TN,Hd andSMsT,TN,Hd fol-
low the description of the ferromagnetic spin-wave analysis
and thatDSmag,0 while DTad.0. On the other hand, for
T.TN, considerable magnetocaloric effect are manifested:
e.g., for an adiabatic field change of 60 kOe at 8 K,DSmag
reaches almost −6 J/mol K whileDTad attains 14 K with a
field rate of 0.23 K per kOe. Considering the magnetic and
thermal properties of these intermetallic borocarbides, then a
higher magnetocaloric effect may be expected.
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