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We investigated the magnetoelastic and magnetic properties of single-crystal TbNi2B2C within the paramag-
netic and ordered phases and along both a and c axes. The measured paramagnetic and gamma-parastriction
susceptibilities are satisfactorily reproduced by the theoretical calculations based on crystalline electric field
and molecular field approximations. The features of the �-symmetry lowering mode indicate a noticeable
orthorhombic distortion within both paramagnetic and magnetically ordered regions. The H-T phase diagram
�H �a� reveals a cascade of transformations that delineate the phase boundaries between a weak-ferromagnetic
�WF� phase, an intermediate phase, and a paramagnetic saturated state. Interestingly, below 9 K and within the
low-field regime, the phase boundary enclosing the WF state shows a reentrant behavior. Such a reentrance
feature is associated with the presence of the net ferromagnetic component below TWF.

DOI: 10.1103/PhysRevB.76.104410 PACS number�s�: 75.20.En, 75.80.�q, 75.30.Kz

I. INTRODUCTION

Magnetoelastic interactions in rare-earth-based interme-
tallic compounds are, in general, associated with two
contributions:1 �i� a two-ion term related to the strain modu-
lation of the exchange interactions and �ii� a single-ion term
reflecting the strain modulation of the crystalline electric
field �CEF� energy. Both contributions are evident in the te-
tragonal �I4/mmm� borocarbide series RNi2B2C: The two-
ion effect is evident in the 7/2S-state GdNi2B2C �Refs. 2–4�,
while the single-ion effect is predominant in compounds
with, e.g., R=Tb,5–8 Dy,9,10 Ho,11,12 and Er.13–15

Compared to other terms in the magnetic Hamiltonian of
borocarbides, these magnetoelastic interactions are not neg-
ligible; in fact, their presence is manifested in various prop-
erties; the most prominent example is the spontaneous
tetragonal-to-orthorhombic distortion observed in com-
pounds with R=Tb,5–8 Dy,10 Ho,11,12 and Er.13–15 Then, it is
of interest to extensively investigate the character and
strength of these interactions across the borocarbide series.
Toward this objective, the present work reports the charac-
terization of magnetoelastic interactions in TbNi2B2C. This
compound is strongly anisotropic16,17 and orders magneti-
cally, at TN=15 K, into a longitudinal, sinusoidal wave, q
= �0.55,0 ,0�, with the moments pointing along the a
axis.18–20 Concomitant with this transition, the above-
mentioned orthorhombic distortion sets in.5,6,8 As the tem-
perature is lowered further, there is a progressive increase in
the intensity of higher order harmonic modes and, at TWF
=8 K, the modulation squares up and locks in to a commen-
surate state which is accompanied, as a by-product,21,22 by a
surge of a weak ferromagnetic component.

Here, we report single-crystal magnetostriction and mag-
netization measurements over wide ranges of temperatures

and fields. Within the paramagnetic phase, an appreciable
field-induced orthorhombic distortion is observed; this is
taken to be indicative of a sizable �-symmetry magnetoelas-
tic coupling. That such an orthorhombic distortion is opera-
tive within the magnetically ordered phase can be observed
in the features of the low-temperature magnetic phase dia-
gram with H �a axis. In this H-T diagram, various phase
boundaries are observed and identified. In particular, the
boundary enclosing the weak-ferromagnetic state is followed
over a considerable span of fields and temperatures. Interest-
ingly, within certain ranges of fields and temperatures, a re-
entrant behavior of this weak-ferromagnetic �WF� state is
manifested.

II. EXPERIMENT

TbNi2B2C single crystals were grown by the floating zone
method.23 The measurements were carried out on annealed
rectangular bars; different bars are cut along different crys-
tallographic directions. Such a parallelepiped geometry
��1�1�10 mm3� gives rise to demagnetizing effects, the
strength of which depends on the alignment of the parallel-
epiped relative to the applied magnetic field.

The �isofield and isothermal� magnetization curves were
measured on an extraction-type magnetometer �1.5 K�T
�300 K, H�110 kOe� with a sensitivity around 5
�10−4 emu. The paramagnetic susceptibilities �25 K�T
�300 K� were deduced from isothermal Arrott plots �M2

versus H /M�.
A high-accuracy capacitance dilatometer was used for

measuring the thermal expansion or forced magnetostriction
�3 K�T�250 K, H�65 kOe� with a resolution better than
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1 Å. In this setup, the applied field is along a fixed horizontal
direction, while the capacitance cell—together with the
sample—can be rotated around the vertical axis. With this
arrangement, the angle � between the field cosine direction
�xyz� and the probed strain-variation cosine direction
��1�2�3� can be varied over a range of 180°: Both axes of
the field and the probed length change are horizontal. The
relative change in length measured along ��1�2�3� when a
field is applied along �xyz� is denoted as �1�2�3�xyz�T�
= �l�T ,H�− l0�T0 ,H0�� / l0�T0 ,H0�. For a temperature �field�
scan, H �T� is fixed and l0 is taken as the length at the
reference T0 �H0�.

We carried out extensive measurements of �-, H-, and
T-dependent strains �1�2�3�xyz: For H and T scans, the direc-
tions �xyz� and ��1�2�3� are limited to the principal axes
�100�, �010�, and �001�. This allowed us, particularly within
the paramagnetic phase, to investigate separately each of the
normalized, symmetrized strains �	1, �	2, and �� �see the
Appendix�. The H-T phase diagram for H �a has been con-
structed based on the overall analysis of the events occurring
in the low-temperature magnetization and magnetostriction
curves.

III. RESULTS AND DISCUSSION

A. Paramagnetic phase

The paramagnetic susceptibilities �Fig. 1� along both a
and c axes �
100 and 
001, respectively� follow a Curie-Weiss
law at high temperatures. The effective magnetic moment
deduced from the slope of the averaged curve is 9.9�B,
which is only 2% higher than the theoretical value of the free

Tb3+ ion �9.72�B�. The experimental susceptibilities are sat-
isfactorily reproduced by theoretical calculation based on
CEF and molecular field approximations if one takes the
molecular field constant as n=0.15 mole/emu ��p=3.2 K�,
the quadrupolar parameters as G	=0, G�=15�10−4, and
G�=0, and the crystal field parameters as B2

0=1.2 K, B4
0

=41�10−4 K, B4
4=−0.065 K, B6

0=−36�10−6 K, and B6
4=

−1�10−4 K.
Figure 2 shows the thermal evolution of H /�
� versus T

for H �a confirming5–8 that, even within the paramagnetic
phase, a sizeable orthorhombic distortion is being induced:
Thus, the magnitude of the quadrupolar susceptibility asso-
ciated with the symmetry lowering mode is relatively strong.
The H /�
� curves in Fig. 2 were constructed from parastric-
tion curves according to the formulas collected in the Appen-
dix. Using similar procedures, we obtained H /�
	1�T� and
H /�
	2�T� curves �not shown�. The strength of 
	1 and 
	2

are observed to be smaller than ��; nevertheless, they indi-
cate a noticeable volume and axial distortions when H �a. In
contrast, we observed only a very small volume and axial
distortion when the field is applied along H �c. Both obser-
vations are consistent with the sign of the B2

0 parameter,
which favors the easy direction to be perpendicular to the c
axis.

Using CEF and molecular field approximations, we calcu-
lated 
100, 
001, and the symmetrized strain ��. Our calcula-
tions are based on taking B2

0 and �p as being experimentally-
determined while the values of B4

0, B4
4, B6

0, and B6
4 as well as

the B� and C� coefficients are to be adjusted so that the
experimental curves are reproduced. A reasonable agreement
between the calculated and measured curves of H /�
��T� as
well as 
100

−1 �T� and 
001
−1 �T� �see Figs. 1 and 2� is reached

when the above-mentioned parameters are used. It is worth-
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FIG. 1. Thermal variation of the reciprocal paramagnetic sus-
ceptibilities �
100

−1 , 
001
−1 , and the powder average 3/ �2
100+
001�� of

TbNi2B2C. The lines represent the calculated curves based on the
crystal field and molecular field formalism using n and CEF param-
eters as given in the text.

20 40 60 80
0

2

4

T (K)

H
/(

εγ )-1
/2

(1
03

kO
e)

FIG. 2. Thermal variation of H /��� for H along the �100� di-
rection �for definitions see the Appendix�. The line represents the
calculated curve �see text�.
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while mentioning that the same set of CEF and molecular
field parameters are less successful in reproducing the ex-
perimental curves of H /�
	1�T� and H /�
	2�T� possibly due
to large experimental errors stemming from the relatively
weaker parastriction values. Nevertheless, it is assuring that a
rough approximation gives A	1�2.5�10−5, A	2�10
�10−5, and B�

C0
� �9�10−5. In particular, B�

C0
� compares favor-

ably well with the expected value of �10−4 for the typical
case wherein B��10 K and C��105 K/atom.1

It is needless to mention that the determination of such
large numbers of parameters based only on the measured
magnetic �Fig. 1� and quadrupolar �Fig. 2� susceptibilities
would not provide a unique set of values and, therefore, ex-
cept for the determination of �p, B2

0, and G�, these deter-
mined values should be taken as indicative. It is noted that
the available sets of CEF parameters are in disarray and are
different from the parameters determined in this work: As an
example, the CEF parameters estimated, through extrapola-
tion arguments, by Gasser et al.24,25 �B2

0=1.81 K, B4
0

=0.004 11 K, B4
4=−0.1199 K, B6

0=2.5�10−5 K, and B6
4=

−2.94�10−4 K� are different from the ones obtained,
through a fit to inelastic neutron scattering curves, by Rotter
et al.26 �B2

0=1.65 K, B4
0=0.007 06 K, B4

4=−7.86�10−4 K,
B6

0=−5.02�10−5 K, and B6
4=−1.22�10−4 K�. In fact, there

is a disagreement even in the value of B2
0: Neither the value

obtained in this work nor the ones reported in Refs. 24–26
agree with the one reported by Cho et al. 16 �B2

0=1.5 K�.
Such a discrepancy highlights the need for further studies on
the CEF properties.

B. Ordered phase

1. Magnetization

The M�H �a� isotherms �see Fig. 3�a�� demonstrate, in
agreement with earlier observations,16,17 a series of magnetic
transitions occurring at HWF �associated with the WF state�,
H2, and HS �the saturated paramagnetic state�. At lower
fields, there is, in addition, the domain-wall motion; its
sweeping-out field is denoted as HD. These events are most
visible in the field-derivative curves �not shown� and in the
isothermal magnetostriction curves �see below�. Based on
these events as well as on those appearing in the M�T�
isofield curves �not shown�, the magnetic phase diagram
�H �a� is constructed �see below�. As the c axis is the hard
direction, no transitions for the case of H �c �other than the
one at TN�H�� are observed within our range of fields and
temperatures.

Magnetic phase transitions, such as the ones shown in
Fig. 3, are not uncommon in borocarbides27 and are gener-
ally interpreted in terms of a magnetic Hamiltonian that con-
sists basically of the Ruderman-Kittel-Kasuya-Yosida-type
exchange couplings, the Zeeman term, and the CEF
interactions.28,29 Additionally, magnetoelastic or dipolar in-
teractions are also considered.3,15,22 In line with this scenario,
the magnetic transitions of TbNi2B2C are envisaged as being
due to a balance between these �competing� interactions.

2. Magnetostriction

Figure 3�b� shows the forced magnetostriction isotherms
measured along �100� with H �a. Once more, the transitions

at HWF, H2, and HS are clearly visible and more so in the
field-derivative curves. A close look at M�H �a� �Fig. 3�a��
and 100�100�H� �Fig. 3�b�� curves reveals that while the
length variation in the magnetostriction curve attains its al-
most full value at HD, the magnetization saturation is reached
only at HS. This is in line with the fact that the low-
temperature ordered state is a uniaxial squared-up modulated
state:21,22 Considering that initially there is an equal distribu-
tion of domains along each of the a and b axes, then an
applied H��a� would initially favor the domain alignment
along the a axis, leading to a huge magnetostriction effect
but resulting in only a weak moment of the order of 0.5�B
�the WF component�. On a further progressive increase of
the applied field, M�H �a� �being proportional to the mag-
netic moment vector� would reflect each of the transitions at
HWF, H2, and HS, while the forced single-ion magnetostric-
tion �being proportional to the square of the moment vector�
would hardly show any of these events occurring at such
critical fields. Then, those weaker transitions observed in the
magnetostriction curves at HWF, H2, and HS must be due to
the weaker two-ion effect. This statement is supported by
Fig. 4, which shows the forced magnetostriction isotherms
along the b and c axes, all under H �a. A comparison of the
field evolution of 010�100�H� and 001�100�H� shows that the
relative variations along the hard c axis is an order of mag-
nitude weaker �since predominantly two-ion effect� than that
along the basal plane �predominantly due to domain-wall
motion�. It is worthwhile mentioning that the domain-wall
motion within the basal plane involves a considerable spacial
rearrangement of the orthorhombically distorted domains.
During this rearrangement, 100�100�H� increases while
010�100�H� decreases �see Fig. 5�.
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It is noticeable that the transformations in 100�100�H� �Fig.
3�b��, 010�100�H� �Fig. 4�a��, and 001�100�H� �Fig. 4�b�� are
not manifested at the same field values. Since the demagne-
tizing field is much lower �larger� when the longer side of the

rectangular sample is parallel �perpendicular� to the applied
field, then a transition at HS for example, is manifested at a
higher applied field in 010�100�H� or 001�100�H� than in
100�100�H� �see Figs. 3 and 4�. Below, for compatibility pur-
poses, only the transitions obtained from M100�H� and
100�100�H� are used for the construction of the phase dia-
gram.

Additional 100�100�H� and 010�100�H� isotherms are shown
in Fig. 5. Evidently, while the events at HD and HS are visible
for all T�TN, the intensity of the transformations at H2 di-
minishes as T→TWF and disappears altogether for T�TWF.
These findings are evident also in the reported M110�H�
isotherm.16

Figure 6 shows the thermal evolution of 100�100�T� for
different fixed fields; once more, the same series of transi-
tions can be easily identified. Interestingly, the zero-field
100�100�T� curve in Fig. 6 does not manifest any anomaly at
TWF, though the zero-field ac susceptibility17 and specific
heat30 do manifest that anomaly: Considering that there are
no anomalous thermal expansion behavior, this feature is at-
tributed to the fact that under zero field the domains are
distributed equally among the allowed easy a and b axes.

The angular scans of Fig. 7 demonstrate the process of
domain switching between two states, one with moments
aligned along the a axis and another along the b direction:
This gives an additional support to the above-mentioned ar-
guments concerning the magnetostriction and magnetization
of the orthorhombically distorted, uniaxial squared-up state.
Moreover, the difference curve �100��0° �− 100��90° �� has a
much higher resolution, but is in agreement with the mis-
match parameter �a /b−1� reported in Ref. 5. Such an agree-
ment is demonstrated as well in Fig. 8 wherein the thermal
evolution of the field-induced orthorhombic distortion, ��, is
shown: In fact, the curve at H=5.0 kOe is a good approxi-
mation of the spontaneous magnetostriction.
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3. Phase diagram

The magnetic phase diagram for H �a �Fig. 9� reveals the
thermal evolution of the phase boundaries HWF�T�, H2�T�,
and HS�T�. As mentioned above, HWF�T�, H2�T�, and HS�T�
are related, respectively, to the WF event, the second meta-
magnetic transformation, and the moment saturation process.
Interestingly, HWF�T� shows a reentrant behavior at and
around TWF: This is associated with the fact that for tempera-
tures immediately above TWF�H=0�, it is energetically more
favorable to assume a state wherein a ferromagnetic compo-

nent appears �thus gaining an additional Zeeman energy�. As
a consequence, the HWF�T� curve should preferably cross the
temperature axis with a smaller positive tangent �in fact,
thermodynamical arguments suggest that if this is a transi-
tion, then the tangent should be horizontal�. For higher fields,
HWF�T� develops a concave curvature and tends toward satu-
ration �12 kOe� at lower temperatures. These features are
evident also in, e.g., ErNi2B2C �Ref. 15� and should be typi-
cal for any magnetic state with a similar WF component.

The presence of the WF state with its characteristic reen-
trant HWF�T� curve hinders the easy elucidation of how
H2�T� evolves within the temperature range neighboring or
immediately above TWF�H=0�; nevertheless, this WF pres-
ence renders the field-induced motion of the domain walls
much easier: This explains the anomalous temperature de-
pendence of HD�T� observed in Fig. 9 wherein HD�T
�TWF� is higher than HD�T�TWF�.

Notable hysteresis effects are observed only at HD and H2
processes. While the hysteresis in HD is typical for domain
processes, its origin in H2 is not clear. Assuming that the
transition at H2 is due to a change in the value of the modu-
lation vector, then this phase transition is most probably of a
first-order type. Furthermore, on a closer look at Fig. 3�a�,
one observes a clear structure of this H2 transition, possibly
due to two different unresolved transitions or an admixture
of the two neighboring phases. The identification of two
branches in H2 is better revealed in the field-decrease cycle
and even more apparent on considering the field derivative of
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the magnetization. The thermal evolution of these two
branches is shown in Fig. 9: As T→TWF, both branches
merge into the H2 boundary. On the other hand, as T→0 K,
the upper branch saturates to 19.3 kOe while the lower one
seemingly tends to merge with the WF phase boundary.

Finally, the magnetic phase diagram for H � �110�, exten-
sively studied by Cho et al.,16 shows only the hysteresisless
HWF�T� boundary and the HS�T� curve �see Fig. 6 of Ref.
16�. It is not clear whether H2�T�, with its characteristic hys-
teresis, is absent altogether or merges into either HWF�T� or
HS�T�.

IV. CONCLUSIONS

Magnetoelastic phenomena in TbNi2B2C were studied
within both the paramagnetic and ordered phases. Within the
paramagnetic state, the measured parastriction and magnetic
susceptibilities are compared with theoretical calculation
based on CEF and molecular field approximations. These
studies reveal the presence of a noticeable field-induced
orthorhombic distortion ���� within the paramagnetic phase.
On the other hand, the H-T phase diagrams, reported for
H �a, reveal a cascade of �four� magnetic events, which are
identified as follows: �i� The event at HD�T� is associated
with the domain-wall motion. HD is observed to be weaker
within the WF phase than above TWF. This is so because it is
much easier to rotate an orthorhombic domain wherein there
is a net ferromagnetic component than otherwise. �ii� The
phase boundary at HWF�T� is related to the WF state. Inter-
estingly, this boundary line indicates a reentrant feature in
the neighborhood of TWF�H=0�. Such reentrance is attributed
to the fact that within this range of field and temperature, an
applied field favors a WF state since the system gains an
additional Zeeman energy. �iii� The transformation at H2�T�
is related to a metamagnetic transition involving, presum-
ably, a change in the modulation vector. At this transition,
two shoulders are evident in the isothermal magnetization
curves when T�TWF. Finally, �iv� the HS�T� phase boundary
is related to the saturation process.
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APPENDIX: ANALYTICAL EXPRESSIONS FOR THE
PARASTRICTION SUSCEPTIBILITIES (REFERENCE 1)

For the purpose of calculating the paramagnetic and
parastriction susceptibilities of tetragonal TbNi2B2C, we as-
sume the following Hamiltonian �considering the magne-
toelasticity to be due only to a one-ion effect�:

Htot = HCEF + HZ + Hex + HQ, �A1�

which consists, respectively, of the crystal field, Zeeman, ex-
change, and total quadrupolar interactions. In this case, the
CEF term is

HCEF = B2
0O2

0 + B4
0O4

0 + B4
4O4

4 + B6
0O6

0 + B6
4O6

4, �A2�

while the Zeeman part is

HZ = gJ�BJH

and the exchange term is:

Hex = − n�gJ�B�2	J
J ,

where n is the usual isotropic bilinear coupling constant re-
lated to the paramagnetic temperature as n=3kB�p / �gJ�B�2

J�J+1�. In the present calculation, the anisotropic bilinear
coupling is neglected since it is relatively small compared to
the stronger anisotropy originating from the CEF interac-
tions. Indeed, for TbNi2B2C, n�−1 mol/emu while in the
isomorphous GdNi2B2C compound, the anisotropic coupling
constant is of the order of −0.05 mol/emu.3 HQ is given as

HQ = − G2
		O2

0
O2
0 − G�	O2

2
O2
2 − G�	Pxy
Pxy

− G
�	Pyz
Pyz + 	Pzx
Pzx� , �A3�

where the G� are the total quadrupole couplings which, in
turn, depend on the pair quadrupolar couplings K�, the elas-
tic constants C0

�, and the magnetoelastic coefficients B�.
The first-order magnetic susceptibility is 
M =
0 / �1

−n
0�, where 
0 is the CEF susceptibility. The relative
length change �l

l measured along ��1 ,�2 ,�3� when
H � �x ,y ,z� is expressed as

�1�2�3� �l

l
�

xyz
=�1�2�3�xyz =

1
�3

�	1 +
1
�6

�	2�2�3
2 − �1

2 − �2
2�

+
1
�2

����1
2 − �2

2� . �A4�

Here, the only operative modes are assumed to be the vol-
ume, axial, and orthorhombic distortions, which are defined,
respectively, as �taking the field along �100��

�	1 =
1
�3

�100�100 + 010�100 + 001�100� ,

�	2 =
1
�6

�2 · 001�100 − 100�100 − 010�100� ,

�� =
1
�2

�100�100 − 010�100� . �A5�

Similarly, when the field is applied along �001�, we get

�	1 =
1
�3

�2 · 100�001 + 001�001� ,

�	2 =
2
�6

�001�001 − 100�001� . �A6�
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At equilibrium, the symmetrized strains �disregarding the
weak two-ion effect� are given by

�	1 =
B	1C0

	2 − B	2C0
	12

C0
	1C0

	2 − �C0
	12�2 	O2

0
 = A	1	O2
0
 = A	1
Q

	1H2, �A7�

�	2 =
B	2C0

	1 − B	1C0
	12

C0
	1C0

	2 − �C0
	12�2 	O2

0
 = A	2	O2
0
 = A	2
Q

	2H2, �A8�

�� =
B�

C0
� 	O2

2
 = 
Q
� H2, �A9�

where the B� are the magnetoelastic coefficients, while the
C0

� are the symmetrized elastic constants. 
Q
� are the total

quadrupole field susceptibilities, which are given by


Q
� =


�
�2�

�1 − n
0�2�1 − G�
��
,

where 
�
�2� is the quadrupolar-field susceptibility, while 
� is

the strain susceptibility.
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