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Advances in crystal growth have allowed for synthesis of large single crystals of Nd1þ�Fe4B4, a well-
known phase with a modulated structure. As a result we are able to report heat capacity and resistivity
measurements on a single crystal Nd1þ�Fe4B4 sample with a distribution of � that skews towards the sol-
ubility limit of Nd near � � 1

7. Heat capacity measurements show evidence of crystal field splitting at tem-
peratures higher than the long-range ferromagnetic Curie temperature. Heat capacity, resistivity, and
magnetization measurements all confirm a Curie temperature of 7 K which is lower than previously
reported values in the Nd1þ�Fe4B4 system. We also perform measurements of the angular dependence
of the magnetization and discover behavior associated with the magnetic anisotropy that is inconsistent
with the simple description previously proposed.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

A compound with a stoichiometry very close to NdFe4B4 was
discovered over thirty years ago as part of experiments designed
to investigate ternary rare earth-iron-boron systems [1], super-
structures [2], and as a by-product of experiments designed to
study the effects of synthesis with excess neodymium and boron
on coercivity in Nd2Fe14B [3]. The nearly NdFe4B4 compound was
seen in [3] to exist as a prominent grain boundary phase in
Nd2Fe14B magnets. Like Nd2Fe14B, its structure was found to be
essentially tetragonal. Various authors [2,4–8] sythesized the pur-
ported NdFe4B4 under different conditions and, through structural
studies using X-ray diffraction (XRD), discovered that this phase
could be more accurately described as Nd1þ�Fe4B4, where � ranges
from 0.09 to 0.142. The toy-model structure has two tetragonal
sub-lattices, one of iron and boron tetrahedra and one of neody-
mium atoms, that coexist with the same a lattice parameter but
with two distinct c lattice parameters, here we call them cn and
cm respectively. If the ratio cm/cn is a simple fraction, here repre-
sented by the notation m : n, the structure is a commensurate
superstructure. In the commensurate case the notation m : n will
consist only of integers. If m : n cannot be written with integers
then the structure is an incommensurate superstructure. The real
structure of the Nd1þ�Fe4B4 phase is more complicated than the
simple toy model, whether commensurate or incommensurate,
for two reasons. One is that the Fe-B tetrahedra sub-lattice has
periodic modulation [9,7]. Another is the fact that a structure with
a single Nd:Fe-B (m : n) layer ratio is not strictly observed on
macroscopic length scales. A very local probe can, however, yield
observations consistent with a definite m : n layer ratio commen-
surate superstructure which was the case in reference [10] where
the authors, using electron diffraction, found the maximum value
of � observed to date and what appeared to be a single, commen-
surate structure through diffraction on a very thin sample. That
value was � ¼ 0:1429 which corresponds to a layer ratio of
m : n ¼ 8 : 7 or similarly the compound Nd8Fe28B28. However, the
significant compositional variation in past reports leaves no reason
for one to believe that a large Nd1þ�Fe4B4 sample, suitable for mea-
surements of the physical properties, could possibly possess a sin-
gle superstructure throughout its volume. This fact has been
previously well established; see, for example, [7].

There are a number of phases in the Nd-Fe-B, Fe-B, and Nd-Fe
phase diagrams that are magnetic at room temperature and may
manifest themselves as a magnetic impurity in Nd1þ�Fe4B4.
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However, Nd1þ�Fe4B4 itself has been shown to be non-magnetically
ordered at room temperature [3,11,5] and to show ferromagnetic
ordering below either 10 K or 15 K [11,5], though Curie–Weiss
behavior at higher temperatures is shown only in [5] as those
authors managed to either isolate a very pure sample or to subtract
out the effects of impurities from the data presented. Detailed
magnetization measurements are performed in [5] for samples
with � listed as � 1

9 and at 4.2 K the magnetization vs. applied field,
MðHÞ, measured along the crystallographic [110] direction looks
like a step-function, which is characteristic of a simple ferromagnet
when measured with applied field parallel to one of its easy direc-
tions. It is worth defining the use of the term ‘‘easy direction” here.
We use the term in the normal sense so that, for example, a uniax-
ial ferromagnet will be said to have two easy directions pointing
opposite one another. We do not, however, use the term ‘‘easy
direction” here to necessarily mean the direction of the easy axis
as determined only by the magnetocrystalline anisotropy arising
from the usual spin–orbit interaction in the magnetic atoms. We
use it simply here to describe the observation of MðhÞ maxima
(MðhÞ is parallel to the applied field) at fixed applied field magni-
tudes and changing angle h. See the experimental details section
for more on this technique. More often than not there will be no
distinction between these two definitions, especially if shape ani-
sotropy effects can be eliminated, but a more complicated case
probably arises for our Nd1þ�Fe4B4 experiments here so we choose
to define the term ‘‘easy direction” as the result of an experimental
observation. The case is made in [5], then, that there are four easy
directions within the basal plane in their Nd1:11Fe4B4 sample and
that the basal plane is, itself, easy. They propose that those easy
directions are the crystallographic [110], [�110], [1�10], and
[�1�10] directions. So, MðHÞ very close to the [101] direction,
for example, appears very much like a projection of the moment
in the [110] direction onto the [100] direction. MðHÞ in the
[001] direction was also reported by those authors and is extre-
mely small up to 7 T applied field, hence the easy plane descrip-
tion. They claim, then, that their Nd1:11Fe4B4 exhibits magnetic
anisotropy with an easy plane character and a fourfold symmetry
and that this description is valid for all applied fields below 6 T.
Surprisingly, given the extensive structural studies detailed above,
there has been very little in the way of carefully examining the
magnetic properties of Nd1þ�Fe4B4, with the noted exception of
[5]. In addition, as far as we can tell, no results exist pertaining
to the thermal properties or electrical transport properties of this
compound.

Large single crystals of Nd1þ�Fe4B4 were grown via flux reaction
for this study with the purpose of performing resistivity and heat
capacity measurements; interesting features in the magnetization
were later probedaswell. These sampleswere large enough to shape
by polishing which allows flexibility in removal of impurity phases
by viewing the surfaces with scanning electron microscopy (SEM).
This technique, when used along with isothermal, room-
temperatureMðHÞmeasurements, can result in an extremely phase
pure sample. In our case, the Nd-rich flux reaction described below
produces as-grown crystals with average Nd content approaching
the maximum reported by [10]. These crystals yield observations
of low temperature MðHÞ behavior that does not mimic the almost
step-function like curves described in [5] but rather increases more
gradually with a previously unobserved behavior below applied
field 0.7 Twhichhasmagnetization in the [100] direction that is lar-
ger than the magnetization at the same applied field in the [110]
direction. Above 1 T, however, the situation reverses and the maxi-
mum is in the [110] direction in agreementwith [5]. Initial attempts
to understand this behavior solely in terms of shape anisotropyhave
failed, suggesting that amore complexmechanism is responsible for
this deviation from the previous description of [5]. We also observe,
through resistivity, magnetization, and heat capacity measure-
ments, a Curie temperature, TC, of 7 K. This is lower than previously
reported values [11,5]. Finally, our heat capacity measurements up
to 100 K show evidence of crystal field splitting.

2. Experimental details

Single crystals of Nd1þ�Fe4B4 were grown via flux growth as
described previously [12]. Crystals as large as 0:5� 0:5� 1 cm3

resulted with a; b, and c faces present that could be verified by X-
ray diffraction (XRD) for orientation purposes. Single crystal XRD
was performed on small flakes from these samples using a Rigaku
difractometer with Dectris Pilatus 200 K detector (Mo Ka,
0.71073 Å) and the structure was refined using SHELX [13]. Powder
XRD was performed on ground samples using a PANalytical XPert
Pro diffractometer (Cu Ka1, 1.5406 Å) and relevant structure mod-
els were analyzed using the FULLPROF software package [14].
Elemental composition analysis was performed using a Hitachi
TM-3000 electron microscope equipped with a Bruker Quantax
70 energy dispersive X-ray spectrometer (EDX) and using single
crystals of Nd2Fe14B as a comparative standard. EDX analysis on
many different surfaces gives � ¼ 0:16ð8Þ and either does not con-
tain the precision to to differentiate between previously reported
values of � or is probing some changes in � or both. Prior experi-
ence with Nd2Fe14B crystals shows the resolution limits in these
experiments are at least one percent in Nd composition. Therefore
we cannot simply use EDX to determine, say, the average � for
naming purposes of the samples here since the spread of values
obtained from such measurements is larger than the spread of all
values previously reported from diffraction measurements. How-
ever, these results are good enough to distinguish between
Nd1þ�Fe4B4 and Nd2Fe14B or any other impurity phases. As a result
these measurements proved invaluable when fabricating samples
because the surfaces could be examined for ferromagnetic impuri-
ties prior to magnetic characterization.

Magnetization measurements were performed using a Quan-
tum Design Magnetic Property Measurement System (MPMS) for
applied fields up to 5 T and temperatures between 4.2 K and
300 K. The sample, shown in Fig. 1, was either mounted to quartz
glass paddles with marginally small amounts of cyanoacrylate for
MðHÞ and vðTÞ measurements or mounted in the same way to a
brass rotator whose axis of rotation is perpendicular to the applied
field for measurements of the angular dependence of the magneti-
zation. The magnetization component parallel to the applied field
direction is the quantity measured here. We will actually call these
angular dependent measurements MðhÞ for all angles; specific
geometries for each experiment will be specified as necessary. A
field-dependent (constant susceptibility) diamagnetic background
was subtracted from data collected on this rotator.

Resistivity measurements were done in a Quantum Design
Physical Property Measurement System (PPMS) using the four-
point technique with platinum wires for fields up to 8 T and tem-
peratures between 2.5 K and 400 K. Wires were attached to the
sample using Dupont 4929 N silver paste. The applied magnetic
field was parallel to the [010] direction as labeled in Fig. 1.

Heat capacity measurements were performed using a Quantum
Design PPMS for applied fields up to 8 T and temperatures between
2.5 K and 300 K. These measurements were performed on as-
grown single crystals with the applied field parallel to the [100]
direction.

3. Results and discussion

Fig. 1 shows a photograph of the sample used for the magneti-
zation and resistivity data shown in this study that will henceforth



Fig. 2. Solid data points: background-subtracted powder X-ray diffraction on
ground single crystals of Nd1:143Fe4B4 from the same batch as ‘‘Sample 1”. The open
circle points are that same powder after grinding and then annealing in a sealed
silica tube at 500 �C. The solid lines represent simulations of PXRD patterns for
different, commensurate superstructure models for comparison’s sake.

Fig. 1. Photograph of the Nd1:143Fe4B4 crystal used for the magnetization and
resistivity measurements here. Its name will henceforth be ‘‘Sample 1”.
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be referred to as ‘‘Sample 1”. The sample was polished down to a
0:3� 0:2� 1:5 mm3 (la � lb � lc) rectangular prism. Incidentally,
for a perfect rectangular prism these dimensions correspond to
demagnetization factors of 0.38, 0.55, and 0.07 respectively [15].
The sample in Fig. 1 suffers from a large chip in one corner which
can easily be seen in the photograph and which makes it not a per-
fect rectangular prism. Even if the sample was a perfect rectangular
prism, it happens to have differing demagnetization factors along
the principle axes which will inevitably provide some background
effects in a MðhÞ measurement. We will be particularly concerned
with such background effects in magnetization measurements
made by rotating through the a-b plane which we will show has
the most subtle features and it is, as a result, most important to
reduce the shape anisotropy background in this plane. We have
done this for ‘‘Sample 1” by attempting to make la and lb as identi-
cal as possible so their respective demagnetization factors are
nearly equal. If we were to instead make one of these values much
larger than the other the opposite extreme could be realized. In
such a plate-like sample the shape anisotropy background in a
MðhÞ measurement would then be maximal. This point will be
demonstrated in more detail below.

Powder XRD measurements were performed on ground single
crystals from the same batch as ‘‘Sample 1”. The background-
subtracted data are displayed with solid points in Fig. 2. For the
sake of comparison, several commensurate model simulations
are also shown by solid lines and appear with (h k l) labels for their
respective peaks. It is clear that no single, commensurate model
fits the data well. The PXRD data from these as-grown, powdered
crystals (solid points) in Fig. 2 has a broad peak with a maximum
at 38.6�. This maximum aligns with that of the m : n = 8:7 model.
The peak has a tail, however, that indicates a multitude of local
superstructures. Not surprisingly, the observed, broad peaks of this
type span the 2h values for the different simulations corresponding
to the peaks with ðhklÞwith l ¼ m. This is clear evidence of variable
stoichiometry in the bulk crystals and this evidence, along with
evidence from the aforementioned prior studies, suggests that
the inability to ascribe a single superstructure description is innate
for large samples. All such broad peaks in the as-grown samples
have a maximum and high 2h edge that suggest a solubility limit
near � � 1

7 just as the broad peak at 38.6� exemplifies. The 8:7
model was also the structure refined from single crystal XRD.
The unit cell parameters of best fit determined from single crystal
XRD were a ¼ 7:130ð3Þ; b ¼ 7:130ð3Þ; c ¼ 27:358ð9Þ;a ¼ b ¼ c ¼
90�. This is a unit cell similar to that first reported by [1]. Single
crystal XRD suggests that the atoms in our samples are arranged
similarly to the scheme outlined in [9] but with the 8:7 ratio
description being more accurate than the 10:9 description; this
fact is evidenced by our result for the c lattice parameter. However,
no single superstructure model could fit all observed intensities.
We ultimately settled on the same space group, Pccn, as the
authors of [9]. Our unit cell using the Pccn space group will then
have four neodymium atoms as opposed to the five neodymium
atoms of [9] and seven iron atoms as opposed to the nine iron
atoms in [9]. These atoms are arranged within the unit cell exactly
the same as demonstrated in [9] for the a and b atomic coordinates
and the c atomic coordinates are simply fractions of the unit cell
corresponding to the best fit 8:7 ratio. This is exactly in accord with
all prior reports and the reader is referred to the references for fur-
ther structural detail as this problem has been exhaustively stud-
ied. It is, however, worth reiterating the point here that m : n is
linked to the unit cell of best fit from SCXRDmeasurements. Exper-
iments on crystals, even crystals from the same batch, never com-
pletely agree on the best fit c lattice parameter. Once a single unit
cell is selected for refinement, spots that are not predicted for the
selected model are observed, see [7] for example. The selection of a
single unit cell here is an action that is at best an approximation for
determining the most common value of some m : n distribution
function and is ultimately an invalid approach; it is however the
best method at our disposal to understand the characteristics of
�. With the inadequacies of the analysis in mind, we report that
refinements in the selected structure produced fits with
R1 ¼ 0:08. The model described here also fits the PXRD data of
Fig. 2 well, with the obvious exception of the ðhklÞ with l ¼ m
reflections. As the statistics of Reitveld refinements of the PXRD
data were dominated by the shared peaks with l–m and by the
background, our choice of the value of � for naming purposes here
was not influenced by the PXRD data since the v2 agreement values
came out very close for all superstructure model refinements
attempted. The differences in fits in single crystal XRD refinements
were more stark so we used them to pick our best � value for nam-
ing purposes here. As expected, some additional spots in the single
crystal XRD not predicted by this 8:7 superstructure model were
also present, an indication of the shortcomings of this description.
Because the 8:7 commensurate structure model is that of best fit



Fig. 3. Molar magnetic susceptibility for ‘‘Sample 1”. The reciprocal of that quantity
is shown in the inset.

Fig. 4. leff per Nd atom in ‘‘Sample 1” as determined from the Curie constant. leff is
calculated by leff ¼ 3kB � T � vm

� �1=2 NA � l0

� ��1=2 lB

� ��1. The dashed line is a Curie–
Weiss law simulation with a Weiss temperature of 7 K and leff = 4.5 lB . The inset
shows the magnetization dependence of the sample on applied field at room
temperature.
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we will call our Nd1þ�Fe4B4 crystals from this study Nd1:143Fe4B4

with the understanding that � = 0.143 is representative only of
the best fit commensurate model behavior. The large value of �
here seems reasonable considering the slow formation conditions
in a Nd flux. The � distribution can then be altered by annealing
in a Nd-poor environment. The open circle points in Fig. 2 repre-
sent PXRD data taken on as-grown samples after grinding then fur-
ther annealing at 500 �C in an evacuated quartz ampoule. The �
distribution has clearly shifted towards a smaller m : n ratio. We
would expect then, in order to conserve Nd, that we might be able
to observe elemental Nd peaks or peaks from Nd-O phases in the
open circle data but this was not the case practically. The afore-
mentioned ferromagnetic impurity phases that exist in the as
grown crystals, observable on surfaces in SEM-EDX measurements,
were also not prominent enough to be observed in the PXRD data
of Fig. 2.

Fig. 3 plots the results of magnetic susceptibility measurements
on ‘‘Sample 1” at an applied field of 0.1 T parallel to the [010]
direction as defined in Fig. 1. The small value of v at higher temper-
atures is clear evidence of a ferromagnetic impurity-free sample.
The inset shows the reciprocal of that quantity and the result
clearly shows paramagnetic behavior above a ferromagnetic tran-
sition temperature of 7 K.

Fig. 4 displays a plot proportional to the square root of the
quantity constructed by multiplying the temperature and the
molar magnetic susceptibility. The data were collected at 5 T. The
units in Fig. 4 are such that the y-axis yields the effective magnetic
moment per Nd atom, leff , determined from the Curie constant in
the Curie–Weiss law. A Curie–Weiss curve with a Weiss tempera-
ture of 7 K and leff = 4.5 lB is shown by a dashed line and clearly
the Nd1:143Fe4B4 sample here obeys the Curie–Weiss law well. At
higher temperature this type of Curie–Weiss plot will become con-
stant and yield the effective moment, here 4.5 lB per Nd atom. This
number for leff differs from the value of 3.8 lB reported in [5]. The
value from [5] is closer to the free ion value of 3.62 lB than our
value here; we do not have an explanation for the discrepancy at
this time. The room temperature MðHÞ curve in the inset of Fig. 4
is especially telling as to the high quality of ‘‘Sample 1”. As
Nd1:143Fe4B4 is in the paramagnetic regime here, this plot ought
to be linear with a zero intercept for a sample that contains no fer-
romagnetic impurities. Confirming such behavior is essential
before proceeding to measure other magnetic properties as impu-
rities in Nd1þ�Fe4B4 are likely strong magnets themselves. Remov-
ing such impurities can be a labor intensive process and samples
were usually, as in the case of ‘‘Sample 1”, very small (�1 mg) by
the time they are acceptable. The small size of the samples is the
reason that susceptibility measurements with the field parallel to
the [001] axis are not shown; reproducibility of magnetization
experiments is often difficult in small moment samples and the
magnetization is especially small in that direction at higher tem-
peratures as shown originally in [5]. The qualitative behavior
observed in [5] is, however, observed here, namely a sizable differ-
ence of the Weiss temperatures determined from magnetization
measurements in the [001] direction and from measurements in
the basal plane. Such an anisotropy has been generally shown to
be producible by crystal field splitting effects [16].

Fig. 5(a) shows MðHÞ curves with the field applied along differ-
ent crystallographic directions at 4.2 K for ‘‘Sample 1”. The solid
points represent data collected with increasing and decreasing
external applied field parallel to the [110] direction. No hysteresis
is observed in this direction and the curves were completely repro-
ducible under field-cooled or zero-field-cooled conditions. This
observation is in contrast to the irreversibility reported in [5]
below 0.3 T. Below �0.1 T (marked by an arrow in Fig. 5(a)) shape
anisotropy is the dominant demagnetization mechanism in the
crystal. Although MðHÞ in this region varies between differently
shaped samples, it is completely reproducible in a given sample
regardless of history. Between 0.1 T and 0.7 T is previously unob-
served behavior where the magnetization in Nd1:143Fe4B4 is largest
in the [100] direction. MðHÞ is reproducible no matter what the
history in this region as well. Above 0.7 T our data are in good
agreement with [5]. It is unknown to us whether the larger Nd con-
tent of our samples (� ¼ 0:143) compared to the previous report
(� ¼ 0:111)[5] is important for this observation of an easy direction
change. MðHÞ with the applied field parallel to the [001] direction
is also displayed and the large planar anisotropy is evident here
just as it was in [5].

Fig. 5(b) displays MðhÞ at 4.2 K while rotating ‘‘Sample 1” in the
b-c plane from [010] to [001]. Here MðhÞ resembles the absolute
value of a cosine function and approaches a node at 90� when
the basal plane moment has no projection along the field direction



Fig. 6. The angular dependence of a plate-like sample, ‘‘Sample 2”, for comparison
with the sample of Fig. 5, ‘‘Sample 1”. Though the demagnetization effects are much
more prominent here, the easy axis change between 0.4 T and 1 T is still evident.

Fig. 5. (a) The low temperature field dependence of the magnetization for the Nd1:143Fe4B4 sample named ‘‘Sample 1”. The field is parallel to the [100] direction for the open-
square data points and is parallel to the [001] direction for the solid-square data points and is parallel to the [001] direction for the open-triangle data points. All solid-square
data is actually part of the hysteresis curve shown in the inset and the points lie nearly exactly on top of one another showing no irreproducibility or coercivity whatsoever.
(b) b-c plane magnetization as a function of sample angle with respect to field. (c) a-b plane magnetization behavior. Shape anisotropy effects are the likely cause of the
angular dependence of the 0.02 T curve.
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unit vector. At 45� the magnetization is simply the maximum value
divided by

ffiffiffi
2

p
. This is precisely the expected behavior for a uniax-

ial ferromagnet rotated in any plane containing the two easy direc-
tions or for an easy a–b plane magnet rotated in a plane containing
the c axis, a behavior observed here in the b–c plane for all applied
fields up to 5 T. Fig. 5(c) displaysMðhÞ at 4.2 K while rotating in the
a-b plane from [010] to [100]. For a sample with four easy direc-
tions in the basal plane as described in [5], as the sample rotates
from the [110] axis to the [010] or [100] direction MðhÞ ought
to decrease and the function should look like a trigonometric func-
tion. However, the periodicity should be different than the case
represented by the rotation of Fig. 5(b). The appropriate function
will now consist of repeating piecewise sine functions on the full
360� domain of h; each repeating piecewise function has a width
of only 90�. The maximum of each piecewise sine function is cen-
tered within its 90� window and the minima over the full 360�
range of h will occur at the [100], [010], [�100], and [0�10]
directions. Our observations at 1 T and above qualitatively resem-
ble this behavior. Also, the maxima and minima of each of the Fig. 5
(c) curves agree well with the field sweep values of Fig. 5(a) as
expected. The reader will notice that these maxima and minima
are never exactly related to each other by a factor of

ffiffiffi
2

p
; the

[100] direction maximum is always larger than expected, by
� 10% or more. This is also nearly the case for the moments given
in [5]. This deviation could be a sign of some kind of complicated
moment canting or, perhaps, some even more complicated effect.
As the applied field is decreased the MðhÞ curves qualitatively
change. At 0.7 T MðhÞ appears almost flat, as if there is no longer
an in-plane anisotropy effect. At 0.4 T the symmetry is clearly dif-
ferent, with the [100] direction now appearing as an easy direction
of fourfold symmetry. Below this applied field value the MðhÞ
behavior is more complicated.

The reader may question if shape anisotropy effects, which can
be significant at low fields, could be responsible for the easy direc-
tion change observed at 0.7 T. We attempt to address this issue
experimentally by introducing a second sample that is plate-like
in shape called ‘‘Sample 2”. The dimensions of ‘‘Sample 2” are
roughly 0:7� 0:05� 1:6 mm3 (la � lb � lc) and correspond to
demagnetization factors of 0.09, 0.88, and 0.03 respectively. The
MðhÞ data for ‘‘Sample 2” is displayed in Fig. 6. The differences in
the 0.02 T MðhÞ curves of Fig. 5c) and and Fig. 6 are immediately
apparent. ‘‘Sample 2” clearly has a sinusoidal-like signal whose
importance diminishes as the applied field is increased. This is a
reasonable result from a sample with a large discrepancy in
demagnetization factors. However, the easy direction change at
0.7 T is still apparent and the curves below 0.7 T resemble those
of Fig. 5(c) with an additional background attributed here to large
shape anisotropy. Both samples were created in the same way and
are assumed to have identical � distributions. If the observation of
this easy direction change is only made possible by having � near
the solubility limit then the differences in the MðHÞ curves shown
here and in [5] might be explicable. If, however, this easy direction
change behavior is robust for all � in the previously observed range
then it ought to have been observed in [5]. Future experiments on
spherically shaped samples with different average values of � could
help provide interesting further evidence to resolve this issue. The-
oretical treatment of the problem may also prove enlightening.

The heat capacity, Cp, was measured on a larger Nd1:143Fe4B4

crystal (� 12 mg) than ‘‘Sample 1” to reduce data scatter, though
all results shown here in Fig. 7 are consistent with measurements
also performed on ‘‘Sample 1”. The magnetic impurities associated
with this large sample did not require removal for Cp measure-
ments. The ferromagnetic transition at zero field is apparent and
the Curie temperature is once again observed around 7 K. As
expected, we observe the smearing out of the feature associated
with this transition as field is increased. We also observe field inde-
pendence of Cp above 50 K. The heat capacity of a sample made
with half of the Nd atoms replaced by Ce atoms was also measured
and is displayed in Fig. 7. Magnetization measurements indicate no



Fig. 8. The subtraction of the zero field curves of Fig. 7 is displayed and scaled so
that the curve represents the contribution from the remaining Nd atoms. The
scaling is done by multiplying by 16/R. The inset shows the entropy as a function of
temperature.

Fig. 7. The low temperature heat capacity of a Nd1:143Fe4B4 crystal compared to a
crystal of ðNd0:5Ce0:5Þ1þ�Fe4B4.
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long-range magnetic ordering transition in this isostructural
ðNd0:5Ce0:5Þ1:143Fe4B4 phase. The ðNd0:5Ce0:5Þ1:143Fe4B4 sample can,
then, be used as a kind of lattice standard to help roughly estimate
the magnetic contribution to the heat capacity of Nd1:143Fe4B4. For
this estimate to be valid the ðNd0:5Ce0:5Þ1:143Fe4B4 crystals must be
isostructural to the Nd1:143Fe4B4 crystals. The isostructural nature
of ðNd0:5Ce0:5Þ1:143Fe4B4 is verified here by two methods. XRD
experiments off naturally forming crystal facets of
ðNd0:5Ce0:5Þ1:143Fe4B4 produce peaks that are always consistent
with the undoped counterpart. These crystals have also been
ground and the PXRD patterns are nearly identical to the as-
grown data displayed in Fig. 2 save the slight shift of all peaks
due to a small volume contraction (a = 7.109(4), c = 27.342(9)).
SEM-EDX measurements on different spots give the value of
� � 0:15ð7Þ. As with the undoped sample, we will use the name
associated with � ¼ 0:143 to describe the doped sample because
of the similarities in flux growth conditions and the similar skew
of the l =m PXRD peaks (Fig. 10). As evidenced by Fig. 7, the Ce-
doped sample has a significantly reduced heat capacity compared
to Nd1:143Fe4B4. In Fig. 8, a plot of the difference of Cp between
Nd1:143Fe4B4 and ðNd0:5Ce0:5Þ1:143Fe4B4 shows that this difference
persists to 100 K. The units of Fig. 8 are different than those of
Fig. 7; here the plot shows the heat capacity per remaining Nd
atom after the subtraction. If the ground-state energy levels of
Nd atoms in Nd1:143Fe4B4 and ðNd0:5Ce0:5Þ1:143Fe4B4 are split quali-
tatively similarly then the total ground state entropy per Nd atom
can be obtained from this procedure, however its temperature
dependence will not be exact. Interestingly, we obtain an entropy,
S=kB, of 0.63 below TC, which is nearly lnð2Þ, and an entropy of 2.1,
which is nearly lnð10Þ, over the entire range in Fig. 8. This is the
result one expects from a Nd3+ ion with a 4I9=2 ground state and
a relatively low TC. Since this type of analysis involves several
assumptions and is sensitive to small errors in the sample masses,
the excellent agreement is possibly fortuitous. The shape of this
curve above 7 K is good evidence of crystal field splitting of the
4I9=2 level; one sees the low temperature feature associated with
the ferromagnetic transition and an additional feature reminiscent
of a simple Schottky peak with a maximum near 40 K. Such a broad
peak can be expected qualitative behavior even for a system of
more than two states, see [17] for example. We are not the first
to suggest strong crystal field splitting effects in Nd1þ�Fe4B4; the
effect was already suggested to be important by the anisotropic
susceptibility measurements in [5]. Since the low temperature heat
capacity data from both samples are not described by a simple
Debye model plus a linear electronic contribution, the Cp vs. T data
at higher temepratures (20 K–300 K) were fit to a Debye function
yielding an approximate value of 540 K for the Debye temperature.
However, strict adherence of the heat capacity to a Debye model in
this range is not observed.

We performed resistivity measurements as a function of tem-
perature, qðTÞ, along the [001] direction on both ‘‘Sample 1” and
‘‘Sample 2” and the results are displayed in Fig. 9 and the curves
for both samples are in reasonable accord with one another. q is
slightly higher than that of a normal metal at room temperature.
Data near the ferromagnetic transition are displayed in the inset.
As expected, the resistivity decreases dramatically as temperature
is reduced below TC and as the applied field is increased this fea-
ture near 7 K is smeared out. On cooling from 25 K to 7 K we see
an upturn that is likely associated with enhanced scattering due
to the onset of fluctuations as the ferromagnetic transition is
approached. The most interesting feature in the qðTÞ data is the
broad maximum near 200 K, which is very unusual for a typical
metal. A broad maximum has been observed before in systems
with short range magnetic order or strong magnetic fluctuations.
For example, the system Fe2P is a well known case where a maxi-
mum in qðTÞ is observed at temperatures above a Curie tempera-
ture [18] which is verified by neutron diffraction experiments to
be caused by short-range ordering [19] of iron moments. Though
we do not claim such a pronounced, short-range ordering effect
as is observed in Fe2P, we do suspect that magnetic correlations
among the iron moments in Nd1:143Fe4B4 are responsible for this
enhanced scattering. At temperatures above 100 K the magnetore-
sistance is positive with a value of 2–3% for an applied field of 8 T,
which is also suggestive of magnetic fluctuations.

4. Summary

We have carried out heat capacity and resistivity measurements
on a Nd1þ�Fe4B4 crystal with � near the solubility limit of 1

7. Com-
parison of the heat capacity data of Nd1:143Fe4B4 and
ðNd0:5Ce0:5Þ1:143Fe4B4 provide further evidence that the low-
temperature ferromagnetism is, in fact, associated with Nd
moments. Future magnetization measurements on



Fig. 9. The resistivity along the [001] direction of ‘‘Sample 1” and ‘‘Sample 2”.

Fig. 10. Blue data points are background-subtracted powder X-ray diffraction on
ground single crystals of Nd1:143Fe4B4 from the same batch as ‘‘Sample 1”. Red data
points are background-subtracted powder X-ray diffraction on ground single
crystals of ðNd0:5Ce0:5Þ1:143Fe4B4. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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ðNd0:5Ce0:5Þ1þ�Fe4B4 samples without impurity phases could pro-
vide further evidence for this. Above TC, differences in the heat
capacity of Nd1:143Fe4B4 and ðNd0:5Ce0:5Þ1:143Fe4B4 are displayed
and the difference in heat capacity of the former with respect to
the latter is argued to be due to crystal field splitting effects, in rea-
sonable accord with the anisotropic magnetic susceptibility obser-
vations of Givord et al. in [5]. The observation of a maximum in the
resistivity of Nd1:143Fe4B4 above 200 K is reported here and the
claim is made that this effect is likely a short-range effect due to
iron moments.

We also show evidence, from angular dependent magnetization
measurements at fields larger than 0.7 T and up to 5 T, that
Nd1:143Fe4B4 does indeed behave as a ferromagnet of substantial
easy plane anisotropy and also with easy directions of fourfold
symmetry in the crystallographic [110], etc. directions. We see
behavior between 0.1 T and 0.7 T in these measurements that
appears to be evidence that Nd1:143Fe4B4 favors new easy direc-
tions, again of fourfold symmetry, in the [100], etc. directions at
these intermediate applied fields and we show evidence that these
features are present in two samples with extremely different
shapes. Angular dependent studies like this one on samples with
measurably different � distributions might make interesting future
experiments. In general, both experimental and theoretical
description of the Nd1þ�Fe4B4 system is sparse and we hope that
the measurements presented here will spur future interest.
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