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We report on magnetic measurements on a HoNi2B2C single crystal. The magnetic and the superconducting
phase diagrams were determined in different crystal directions and the superconductive properties evaluated as
a function of temperature and applied field. The results on the critical current densities reveal bulk pinning in
those regions of the phase diagram, where superconductivity is not suppressed by metamagnetically ordered
structures of the Ho 4f moments.
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I. INTRODUCTION

The members of the superconducting borocarbide family
RNi2B2C, where R is a rare-earth element, attracted a lot of
interest mainly for two reasons: First, the related compound
YPd2B2C with a Tc of about 23 K �Ref. 1� showed the high-
est known transition temperature of bulk intermetallics at the
time of it’s discovery. Furthermore, some sort of systematic
investigation of Tc was possible by either substituting the
rare-earth element or the transition metal in this class of su-
perconductors. Second, the interplay between superconduc-
tivity and magnetism that appears for the rare-earth elements
Ho, Er, Tm, and Dy, can be studied readily, because Tc and
the temperature for the magnetic transition TN are of the
same order. �For a review see Ref. 2.�

HoNi2B2C belongs to these so called magnetic borocar-
bide superconductors. It shows a superconducting transition
at about 8.5 K and a transition to an antiferromagnetically
ordered state at TN=5.2 K. HoNi2B2C is particularly inter-
esting, because other complex magnetic phases, in addition
to the antiferromagnetic order, are observed to coexist with
superconductivity in certain temperature ranges. The mag-
netic moments of Ho are oriented in the ab plane and order
differently in three temperature regimes. The situation can be
summarized as follows. At zero field and temperatures below
5.2 K, the Ho moments are antiferromagnetically ordered
�transition denoted further on as TN�, whereas for tempera-
tures above �6 K paramagnetic behavior prevails �transition
Tm�. The antiferromagnetically ordered state can be visual-
ized as ferromagnetic planes aligned along the �110� direc-
tions which are rotated by 180° with respect to each other
along the c axis. Additionally, in the temperature range TN
�T�Tm, there are two incommensurate antiferromagnetic
structures at zero field, namely a spiral structure along the
tetragonal c axis with a modulation vector �2��0,0 ,0.916�
and an a axis modulated structure �modulation vector �3
��0.58,0 ,0��. Details about the magnetism in HoNi2B2C
were mainly revealed by neutron diffraction measurements
and can be found in Refs. 3–8.

For magnetic fields applied perpendicular to the c axis of
HoNi2B2C single crystals, up to three metamagnetic transi-
tions have been found from magnetization and elastic neu-
tron diffraction measurements. Besides the paramagnetic

phase at elevated temperatures and the simple antiferromag-
netic phase �↑↓↑� which is observed at low temperatures in
zero field and at low applied fields, three additional low-
temperature phases were found to occur for sufficiently high
fields. These metamagnetic phases can be denoted by the
arrow combinations ↑↑↓, ↑↑→, and ↑↑↑, as first introduced
in Ref. 6. The arrows refer to the orientation of the magnetic
moments with respect to the �110� crystal direction, arrow ↑
indicating nearly parallel moments to �110�, arrow ↓ nearly
antiparallel, or arrow → nearly perpendicular to �110�. Mag-
netic phase diagrams in the H-T plane for fields applied
along the a axis and the �110� axis were experimentally
established,9,10 where the four magnetic phases �↑↓↑, ↑↑↓,
↑↑→, and ↑↑↑� are separated from each other by the lines
BN�T�, B*�T�, and Bm�T�. Furthermore, a strength-of-field,
angle-of-field phase diagram at low temperatures was
proposed,6 based on in-plane angular studies. This phase dia-
gram has been derived also from a theoretical model which
incorporates crystalline electric field effects to produce a
four-position clock model for the isolated moments and the
exchange interaction including three nearest neighbors.11 An-
other microscopic approach to explain this phase diagram
used a one-dimensional model, in which the presence of fer-
romagnetically ordered Ho layers with their magnetic mo-
ments oriented perpendicular to the c axis was assumed from
the very beginning and the competition of the Ruderman-
Kittel-Kasuya-Yosida �RKKY� interaction along the c axis
with the crystalline electric field was analyzed.12 Interest-
ingly, the metamagnetic phase represented by �↑↑→� has a
modulation vector close to �3 of the incommensurate a-axis
modulated structure as found by elastic neutron diffraction at
2 K.7,10 The presence of an a*-metamagnetic phase at 2 K
was also supported by elastic neutron diffraction on
HoNi2B2C powder.13 The extension of the low-temperature
metamagnetic phases to incommensurate zero-field phases at
elevated temperatures was supported by specific heat
measurements.14 In particular, B*�T� separating the meta-
magnetic phases �↑↑↓� and �↑↑→� corresponds at zero field
to a transition temperature T*, which is ascribed to a change
from a dominant a* to a dominant c* phase.14

HoNi2B2C has a layered crystal structure that leads to an
anisotropic behavior of the superconducting and the mag-
netic properties. It is also known that the superconducting
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properties, especially between TN and Tc, are very sensitive
to details of the sample preparation and to small deviations
from the ideal stoichiometry �cf. Refs. 15 and 16�. Depend-
ing on details of the preparation route, reentrant or near-
reentrant behavior was observed in HoNi2B2C. The incom-
mensurate magnetic structures suppressing superconductivity
within a narrow temperature range are responsible for the
reentrant behavior, whereas the antiferromagnetic state coex-
ists with superconductivity at temperatures below TN. The
issue of which of the two incommensurate structures de-
stroys the superconducting state has been controversially
discussed.16–19

The flux pinning properties of this material in the super-
conducting state were so far only investigated to a minor
extent. Investigations by small angle neutron scattering
�Refs. 20–23� showed the existence of a well-formed vortex
lattice over much of the phase diagram indicating the ab-
sence of strong pinning effects. Reference 24 examined a
possible effect of magnetic ordering on the pinning of vorti-
ces. For fields applied parallel to the �001� crystal direction,
the vortex lattice in HoNi2B2C was found to be weakly
pinned and dominated by surface barriers at temperatures
below �5 K and above �6 K, while in the region, where the
incommensurate a-axis modulated structure appears, clear
evidence for bulk pinning was found. The authors proposed
pinning of vortices by this a-axis magnetically ordered state
as an explanation.

A similar situation was found in ErNi2B2C. Magnetic or-
dering into an incommensurate structure, again modulated
along the a axis, sets in within the superconducting state and
leads to bulk pinning for fields parallel to �001�.25,26 Simi-
larly to HoNi2B2C, a connection between the magnetic struc-
ture and bulk pinning was inferred.

The present paper reports on detailed studies of the super-
conducting, particularly the irreversible, properties of
HoNi2B2C single crystals and reveals bulk pinning in the
entire region of the phase diagram.

II. EXPERIMENT

The HoNi2B2C single crystal was prepared by the floating
zone technique with optical heating.27,28 Its dimensions are
0.9�1.36 mm2 in the ab plane and 2.03 mm in the c direc-
tion. The crystal was investigated by magnetic measurements
in a commercial superconducting quantum interference de-
vice �SQUID� magnetometer �Quantum Design� in fields of
up to 1 T and employing an ac option, as well as in a vector
vibrating-sample magnetometer �VSM� �Oxford Instru-
ments� providing fields of up to 5 T and full angular analy-
sis.

The upper critical fields �0Hc2 were determined from ac
SQUID measurements with an ac field amplitude of 30 �T.
A tangent criterion fitting the linear slope of the in-phase
signal of the susceptibility m��T� was used for the evalua-
tion. Some examples of such measurements with the field
along the �100� direction are shown in Fig. 1 for different dc
fields between 0 and 450 mT. The Hc2 evaluation is demon-
strated for the 100 mT curve. Without dc field reentrant su-
perconductivity does not occur, whereas reentrant behavior is
observed whenever a dc field is applied.

The influence of the changes in the magnetic structure and
the influence of superconductivity on the measured signal are
clearly distinguishable in these ac measurements. Due to the
hysteretic behavior in the superconducting state, an out-of-
phase peak appears in the superconducting transition, its
maximum indicating the temperature at which the sample is
fully penetrated by the ac field. Figure 2 shows both, the
in-phase and the out-of-phase signal for an ac measurement
at 125 mT. One out-of-phase peak occurs, when supercon-
ductivity sets in at about 7.3 K, and the reentrant behavior is
responsible for two other peaks at 4.9 and 5.4 K. The mag-
netic phase transitions, indicated by the dashed-dotted lines
in Fig. 2, do not exhibit this feature, if they are not hyster-
etic. In fact, at least the transition TN shows hysteretic be-

FIG. 1. The ac measurements in the dc fields between 0 and
450 mT applied along the �100� crystal direction. At �0H=0 mT,
no reentrant behavior occurs, whereas for fields �0 reentrant super-
conductivity is observed. The evaluation criterion for Hc2 is dem-
onstrated for the 100 mT measurement. The vertical dashed-dotted
line at 5.9 K indicates the magnetic transition Tm that does not
change in varying dc fields along this crystal direction.

FIG. 2. In-phase and out-of-phase signal for an ac measurement
at 125 mT. The peaks in the out-of-phase signal for the supercon-
ducting transitions are two orders of magnitude larger than the
peaks related to hysteretic magnetic transitions, which are indicated
by the vertical dash-dotted lines. The inset shows the result for
350 mT.
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havior, as will be discussed later, but the out-of-phase peak
related to this transition can be hardly resolved on the scale
of the peaks related to the superconducting transitions. A
second example at a higher field of 350 mT demonstrates
this observation more clearly for the transitions TN and T*

�cf. the inset of Fig. 2�.
The irreversibility points were taken from m�T� as well as

from m��0H�-loop measurements in the SQUID and the
VSM. The results of these different measurements fall within
experimental accuracy. Figures 3 and 4 show examples for
both types of results, respectively. The field dependent mag-
netic moments m��0H� reveal the irreversibility point IL,
where the curves in increasing and decreasing external fields
merge, whereas in the m�T� measurements the merging
points of zero-field-cooled �zfc� and field-cooled �fc� curves
were evaluated �arrows in Fig. 4�.

The magnetic transitions can also be seen in these mea-
surements. Again m�T� results and m��0H�-loops can be
compared. The loops show the magnetic transitions as
changes in the slope of the magnetization curve, for the
evaluation criterion see Fig. 3. Mainly the transition TN, at
5.2 K in zero field, shows some hysteretic behavior in in-
creasing and decreasing fields �cf. the arrows in Fig. 3 and
also Ref. 4�. In the m�T� measurements, this transition mani-
fests itself as a sharp decrease of the magnetic moment in all
three crystal directions. Even for H � �001�, where this transi-
tion should not be present, some indications are still ob-
served due to a slighly imperfect sample orientation. How-
ever, the signal from the magnetically ordered structures is at
least one order of magnitude smaller than that for field di-
rections within the ab plane.

III. PHASE DIAGRAMS

Tc was determined to be 8.34 K, the width of the transi-
tion �10%–90%� was 0.2 K and the onset started at 8.5 K.

Figure 5 shows the phase diagram for magnetic fields ap-
plied parallel to the �100�, the �110� and the �001� crystal
directions, respectively �the lines are guides to the eye�. A
comparison of Hc2 and the irreversibility line for these three
crystal directions is shown in the inset of Fig. 5�c�. The tem-
perature dependence of Hc2 is nonmonotonic and clearly
shows the reentrant behavior. The occurrence of magnetic
order heavily suppresses the superconducting parameters,
such as Hc2�T� and the irreversibility line IL. This is associ-
ated with increased pair breaking of the Cooper pairs due to
metamagnetic ordering between �5 and 6 K and the disap-
pearance of this effect below the magnetic transition TN into
the antiferromagnetically ordered state.3 The results for the
magnetic transitions in the explored field and temperature
range are in good agreement with previously published data
�e.g., cf. Refs. 8 and 14�. We wish to point out that the
transition Tm in �100� direction does not shift with increasing
field and, therefore, appears as a straight line in the phase
diagram �cf. also Fig. 1�, whereas it shifts to lower tempera-
tures in �110� direction. This was reported in Refs. 9 and 14
and is confirmed by our results.

The magnetic transitions also manifest themselves in an-
gular dependent measurements of the magnetic moment.
Such measurements at fixed field and temperature were per-
formed in a VSM, where the external field direction was
rotated either within the ab plane or within the ac plane.

Figure 6 shows an example for a rotation in the ac plane
at 3 K and 600 mT. For these parameters, the phase dia-
grams for H � �100� and H � �001� show that the sample is in a
metamagnetically ordered state without superconductivity
for H � �100� and that neither magnetic order nor supercon-
ductivity prevail for H � �001�. Rotating the sample between
these two directions leads to two different regimes that are
separated by the magnetic phase transition BN �see vertical
dash-dotted lines in Fig. 6�. The effective field value
�0H0 cos �0 for the magnetic moments along the �100� crys-
tal direction is identical within experimental accuracy with
the field value of transition BN at 3 K in the phase diagram
for fields along the �100� direction ��0 denotes the angle

FIG. 3. Loop measurement at 3 K for the field applied along the
�100� crystal direction. The irreversibility point and the evaluation
criterion for the magnetic transition TN are shown. The hysteretic
behavior of TN in increasing and decreasing fields is indicated by
arrows.

FIG. 4. Zero-field-cooled �zfc� and field-cooled �fc� curves of a
m�T� measurement at 100 mT for the field applied along the �110�
crystal direction. The arrows indicate the irreversibility points and
the magnetic transitions manifest themselves in a decrease of the
magnetic moment between 5.1 and 5.6 K.
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between �0H0 � �100� and the angular position, where the
transition BN occurs�. In agreement with all other results, the
magnetic moment for H � �001� is smaller by one order of
magnitude than that for H � �100�. As expected, the orthogo-

nal moment is zero for field directions that are exactly par-
allel to the crystal axes.

IV. CRITICAL CURRENTS

The irreversible magnetic moments of the magnetization
loops below the irreversibility line were used to determine
the critical current density Jc from the Bean model.29 This
can be done safely, because the loop measurements show
symmetric irreversible magnetization curves and large rema-
nent fields as demonstrated by the data for H � �001� shown in
Fig. 7 as an example for all our results.

Figures 8 and 9 show the critical current densities for
fields parallel to �100� and �001�, respectively, the insets
present their temperature dependence. For both field direc-

FIG. 5. Phase diagram for magnetic fields along the �100�, the
�110�, and the �001� directions of the HoNi2B2C single crystal
showing the Hc2 curve and the irreversibility line IL. The inset in
�c� shows a comparison for all three crystal directions. For measure-
ments in the ab plane, the magnetic transition lines are also shown
and magnetic phases indicated by arrows.

FIG. 6. Angle dependent magnetic moment parallel to �full
squares� and perpendicular to the applied field �open circles� at 3 K
and 600 mT. The magnetic phase transition TN is indicated by four
vertical dash-dotted lines. For angles in area I, neither superconduc-
tivity nor magnetic order prevail, whereas in area II, the sample is
in a metamagnetically ordered state. The sample orientation is
shown at these angular positions, where the field is directed along
�100� and �001�.

FIG. 7. Loop measurements for fields along �001� at different
temperatures covering all regimes of magnetic order.
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tions, Jc has a minimum at about 5 K due to the magnetic
phase transitions. At temperatures above 5 K, Jc increases
again and reaches a maximum at 5.7 K, again for both
crystal directions, but Jc at the peak is much larger for
H � �001� �1.2�108 Am−2 at 25 mT� than for H � �100� �4.3
�107 Am−2 at 25 mT�.

These results establish a direct correlation between the
pinning properties and the suppression of the superconduct-
ing state by the formation of metamagnetic order in the tem-
perature range between 5 and 6 K, in agreement with the
behavior of the irreversibility lines in the phase diagrams.
Strong pinning only appears in those regions of the phase
diagram, where superconductivity can fully develop and is
not suppressed by the magnetic structures between TN and
Tm. The critical currents at 3 K and at low fields are of the
order of 108 Am−2.

In order to emphasize the rapid evolvement of flux pin-
ning below Tc, the temperature dependence of Jc is plotted
for two field orientations ��001� and �100�� in Fig. 10 for the
same �low� reduced field. The steep increase of Jc initially

scales for both orientations before dropping to almost zero at
the magnetic transition temperature. The increase of Jc at low
temperatures is less steep and does not scale, thus indicating
different effects of pair breaking on Jc depending on the field
orientation.

These findings are in contrast to those of Ref. 24, where
significant bulk pinning for H � �001� was found to appear
only in the small temperature range, where Hc2 is sup-
pressed, and surface pinning was claimed to be dominant in
all other regions of the phase diagram. The authors assumed
bulk pinning to be due to some interaction of the flux lines
with the metamagnetically ordered states. In contrast, con-
sider the loops measured on our single crystal for H � �001� at
temperatures, where the sample is in different magnetically
ordered states �Fig. 7�. Symmetric and qualitatively similar
results are found at all temperatures, indicating bulk pinning
over the whole temperature range. The shift of the maximum
in the magnetization curve is consistent with the self field in
positive and negative fields. This confirms �together with the
symmetric shape of the curves� that the flux lines cannot
leave the sample more easily in decreasing fields than pen-
etrate it in increasing fields. Another important difference to
the results of Ref. 24 is the large remanent magnetization
observed at all temperatures. Contrary, the measurements
presented in Ref. 24 showed only a small remanent magne-
tization and asymmetric curves in increasing and decreasing
fields at those temperatures, where surface pinning appeared.

Some differences in the results might come from the
smaller geometrical aspect ratio of our sample, since a higher
aspect ratio favors surface pinning effects. In addition, com-
paring the phase diagram of Ref. 24 with that of our case for
the �001� crystal direction, we note slightly different values
of the upper critical field. This might indicate that our sample
is less clean �smaller Tc, steeper Hc2 curve�, which could also
lead to some defect clustering and, therefore, enhance bulk
pinning, but such an effect can certainly not be invoked to
explain a change from surface to bulk pinning.

Based on our experimental data, we believe that the re-
sults provide evidence for bulk pinning in the entire region
of the phase diagram, where superconductivity occurs. To

FIG. 8. Critical current densities for fields along �100� at differ-
ent temperatures. A minimum is reached at 5 K. The inset shows
the temperature dependence of Jc for four selected field values.

FIG. 9. Critical current densities for fields along �001� at differ-
ent temperatures. The minimum is also reached at 5 K. The inset
shows the temperature dependence of Jc at four selected fields.

FIG. 10. Critical current densities as a function of temperature at
the same reduced field of H /Hc2=0.05 for fields along �001� and
�100�.
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interpret our results, we suggest the simplest and, therefore,
most preferable explanation, i.e., that Jc in the temperature
range from Tc to 6.5 K �Fig. 10�, where the data for both
crystal directions scale, would continue to raise at lower tem-
peratures if magnetic ordering were absent. However, Jc is
suppressed due to pair breaking by magnetic ordering.

V. SUMMARY

We have presented a thorough characterization of a
HoNi2B2C single crystal in the superconducting and the
magnetically ordered state. The upper critical field was
evaluated from ac measurements, the irreversibility points
were identified in m��0H� as well as in m�T� curves. The
magnetic phase transitions for fields within the ab plane
were mainly taken from m��0H� measurements.

The transition Bm in fields along the �110� direction ex-
hibits a temperature dependence in agreement with Ref. 14.
Angular dependent measurements of the magnetic moment at
fixed field and temperature also reveal the magnetic transi-
tions, confirming the above results.

Phase diagrams determined by magnetic measurements
for fields applied along the �100�, the �110�, and the �001�
crystal directions were presented. The upper critical fields for

the �001� direction and for fields within the ab plane �mostly
the �110� direction� agree qualitatively with published results
determined by different experimental techniques. We report
here on a complete assessment of the in-plane anisotropy of
the upper critical field, which is found to be rather small �9%
at 3 K� and pronounced only below TN.

The critical current densities in HoNi2B2C single crystals
for fields along the �100� and �001� crystal directions were
evaluated, they are of the order of 108 Am−2 at 3 K. The
temperature dependence of Jc has a minimum at 5 K for both
directions, reflecting the suppression of superconductivity by
metamagnetic order prevailing between 5 and 6 K. Loop
measurements further provide evidence for bulk pinning in
this material in the entire temperature range of the phase
diagram.
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