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Abstract

GdCo2B2 is a member of the ThCr2Si2 family of compounds which exhibits good magnetocaloric

properties associated with antiferromagnetic orderings in the temperature range for hydrogen liq-

uefaction applications. As antiferromagnetic compounds typically do not exhibit a large mag-

netocaloric effect, understanding the magnetic orderings in GdCo2B2 could help uncover more

magnetocaloric compounds that rely on antiferromagnetic ordering. GdCo2B2 exhibits four anti-

ferromagnetic phase transitions at 22 K, 18.5 K, 13 K, and 7 K. Due to the difficulty of conducting

neutron diffraction measurements on compounds containing affordable natural Gd, the microscopic

magnetic structures have so far not been investigated. In this study, by using high energy neutrons

and devising special sample preparations for lower energy neutrons, powder neutron diffraction

patterns of GdCo2B2 have successfully been measured. A long-period incommensurate magnetic

ordering with k1 = (0.0531 0 0) was seen at 20 K. The propagation vector of the incommensurate

structure shifted to k1 = (0.071 0 0) at 16 K, and an additional k = (0 0 0) ferromagnetic com-

ponent was observed. At 10 K two incommensurate propagation vectors of k1 = (0.0731 0 0) and

k2 = (0.0731 0.0731 0), which shifted to k1 = (0.0741 0 0) and k2 = (0.0741 0.0741 0) at 6 K,

were observed to coexist. By considering only the k1-modulation, two possible magnetic structures

below 10 K are reported to describe the data, either ac-cycloid structure with constant moment at

each Gd site or ellipsoidal ab-cycloid structure. Exchange interaction energy calculations indicated

that the long-period antiferromagnetic ordering in GdCo2B2 is energetically close to the ferromag-

netic state due to the strong competition between ferromagnetic and antiferromagnetic exchange

interactions, which plays an essential role for the emergence of the large magnetocaloric effect in

GdCo2B2.

I. INTRODUCTION

Driven by the increasing demand for sustainable energy and general cooling, technol-

ogy based on the magnetocaloric effect has steadily come into prominence. This is due to

potential energy efficiency of magnetic refrigeration materials, and the wide temperature

range of cooling applications they can be applied to [1]. However, to cover all the different
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temperature applications a large library of materials is required. Because of this, there are

a multitude of physical effects that can contribute to the magnetocaloric properties, and

which need to be understood if the materials are to be used.

The magnetic entropy change is currently the main focal point when designing magne-

tocaloric materials, as its magnitude is one of the main indicators for how effective the

material will be at cooling. The magnitude is the largest near the Curie temperature of the

material, and therefore the Curie temperature is another major design parameter. In the

case of hydrogen liquefaction a temperature region which spans 77 K (temperature of liquid

N) to below 20 K is needed. This is a large temperature span and which currently cannot be

covered by a single material, and instead an array of materials are necessary. One especially

attractive temperature region is around 20 K which is important to avoid hydrogen boil off

during storage [2].

The low temperature region of operation has opened up an intriguing possibility for

magnetocaloric materials. The main temperature region investigated for applications is for

conventional refrigeration around room temperature, where materials with a magnetocaloric

effect usually exhibit paramagnetic to ferri- or ferromagnetic structures, with examples such

as La(FeSi)13 [3], Gd5Ge2Si2 [4], and (Fe,Mn)2(P,Si) [5] being among the most well known.

Due to the lower separation of exchange interaction energy in the materials in the temper-

ature region of 20-77 K, many more states become available, significantly broadening the

possible magnetic structures that can exhibit magnetic entropy change. In particular, tran-

sitions to antiferromagnetic structures become more viable, with the materials showing large

entropy changes comparable to the most well-known conventional systems [6] despite the

magnetic structure transitions being different from the these. Examples of these materials

include Gd5Ge4 [7], ErRu2Si2 [8], Ho5Pd2 [9], and the subject of this paper GdCo2B2 [10].

While the presence of a large entropy change driven by an antiferromagnetic transition in

GdCo2B2 is known, the magnetic structures themselves have not been well studied due to

the difficulty in conducting neutron diffraction measurements on compounds containing Gd,

which is the most neutron absorbing material in existence.

GdCo2B2 was first reported in 1973 as a member of the ThCr2Si2 family of com-

pounds [11]. ThCr2Si2 is an ordered variant of the BaAl4 structure type, where the 4d

and 4e sites in the tetragonal space group I 4/mmm (nr. 139) are occupied by different

elements, as can be seen in Fig. 1. The magnetic properties were first investigated in 1984,
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which indicated a ferromagnetic ordering below 26 K. The results indicated the moments

of the Gd atoms aligned in the basal ab-plane, and that they carried a large moment of

6.4 µB [12]. The Co atoms were not found to carry any magnetic moment, which was

attributed to the electrons of B filling the conduction band, resulting in the Co atoms being

diamagnetic [12, 13].

Gd

Co

B

b
a

c

FIG. 1: The unit cell of GdCo2B2 and the magnetic phase diagram of a single crystal of

GdCo2B2 reported in [14].

In 2009 it was discovered that the system exhibited a reversible giant magnetocaloric

effect, the origin of which was attributed to the transition from the newly discovered anti-

ferromagnetic state to the ferromagnetic state [10]. Single crystal magnetization and specific

heat measurements confirmed the presence of the antiferromagnetic phases and revealed two

additional magnetic transitions in the system, resulting in a total of four transitions observed

in GdCo2B2 [14] as seen in Fig. 1. It was proposed that the system first orders antiferromag-

netically at 22 K, and then experiences consecutive transitions to other antiferromagnetic

phases at 18.5 K, 13 K and 7 K. In this paper the zero-applied field magnetic phases are

named I for 18.5 K < T < 20 K, II for 13 K < T < 18.5 K, III for 7 K < T < 13 K, and IV

for T < 7 K in zero applied field. As one of the few antiferromagnetic materials exhibiting

a giant magnetocaloric effect, understanding the relationship between the magnetocaloric

effect and these magnetic structures is key to finding systems with similar properties for

hydrogen liquefaction applications. In this study the magnetic orderings of GdCo2B2 are

studied by neutron powder diffraction.
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II. METHODS

Samples of GdCo112 B2 were synthesized by melting Gd (99.9%), Co (99.99%), and 11B

(99.9%) with a molar ratio of 1.05 : 2 : 2 together in an arc-furnace. The resultant button

was remelted six times for better homogeneity and then manually ground in a pestle and

mortar with acetone as a grinding medium. Powder X-ray diffraction measurements using

Cr-radiation did not detect any impurities.

An atom of natural Gd has an absorption cross section of around 49700 b for thermal

neutrons with a wavelength of 1.798 Å [15], it is reduced by a factor of around 60 when using

high-energy neutrons with a wavelength λ = 0.5 Å. Because of this, high-energy neutron

powder diffraction (NPD) measurements were conducted at the Materials and Life Science

Experimental Facility of J-PARC using the beamline BL12 HRC. [16] Powdered GdCo2B2

was wrapped in a thin layer of Al foil resulting in a packet with a thickness of 1.7 mm. This

packet was placed in a sample holder consisting of an Al frame with attachable 25x25 mm2

front and back windows of V. [17] This was sealed under He atmosphere and the Al edges

masked with Cd, and diffraction patterns were measured at temperatures of 37 K, 20 K,

16 K, 10 K and 6 K. The wavelength of λ = 0.565286 Å was used to measure the diffraction

patterns. Due to resonance effects the scattering length of Gd is impacted at this wavelength

and it was corrected for by using tabulated values [18].

Due to difficulty assessing the propagation vector of the incommensurate structure, addi-

tional measurements were conducted with thermal and cold neutrons (λ = 0.7-10 Å) at the

instrument WISH, which is located at the Rutherford Appleton Laboratory at ISIS in Did-

cot, United Kingdom. [19] To reduce the influence of Gd absorption, particles were sprinkled

on varnish (GE7031) on 45x45 mm2 Al plates. The particles had a size of a few µm, and the

thickness of the sample was estimated to be similar to this. [17] The Al plates with sample

powder were placed perpendicular to the neutron beam, and measurements were done at

temperatures of 40 K, 20 K, 16 K, 10 K, 7 K, and 1.5 K. [20]
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III. RESULTS

A. Propagation vectors

The lowest temperature neutron data at 1.5 K in phase IV (measured on WISH) is

compared to the paramagnetic data is shown in Fig. 2(a). Here a large magnetic intensity

at 0.131 Å−1 was observed that could be indexed as 000±k1, signifying a very long period

(≈ 48 Å) incommensurate magnetic ordering. Another magnetic satellite reflection was

observed at Q close to the 002 reflection with the index 002±k1, as seen in Fig. 2(b). Some

other reflections were also observable for Q = 1.75 Å−1, 2.002 Å−1, 2.56 Å−1 and 2.74 Å−1,

as shown in Figs. 2(c) and 2(d). These reflections could be indexed as listed in Table I,

which made it possible to determine the k -vector to be k1 = (0.0741(1) 0 0). It should be

noted that an additional reflection at Q = 0.185 Å−1 (Fig. 2(a)) was also observed, which

could not be indexed by k1. The Q-value of the reflection could be related to that of the

magnetic fundamental main reflection at 0.131 Å−1 by a factor
√
2. It was possible to index

this reflection with the propagation vector k2 = (0.0741(1) 0.0741(1) 0). The two additional

reflections observed near the 101 reflection (Fig. 2(c)) could not be indexed, but as they

only occurred in one of the diffraction banks and no change in intensity was observed with

changing temperatures, it was deemed safe to disregard them.

The temperature of dependence of the magnetic reflections can be seen in Fig. 3. In phase

III at 10 K the position of the reflections changed slightly and shifted propagation vectors

of k1 = (0.0731(1) 0 0) and k2 = (0.0731(1) 0.0731(1) 0). At the transition temperature of

7 K [17], the propagation vectors were the same as in the 10 K data (Fig. 3(d)), suggesting

that a stable region for the propagation vector component might exist before it shifts to the

value observed at 1.5 K. While it is possible that the behavior of the propagation vector

component relates to the phase transition observed by specific heat measurements at 7 K [14],

additional measurements would be needed to verify this. From the present data it is found

that the overall microscopic magnetic orderings remain the same between phase IV and III

with only a slight change in the propagation vectors.

When the temperature increased to 16 K and phase II was reached, the 000±k1 reflection

grew very weak, and the 000±k2 disappeared. A small shoulder on the 002 reflection seen

in Fig. 3(b) could be indexed as 002±k1 and indicated that an incommensurate component
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FIG. 2: Diffraction patterns of GdCo2B2 at 40 K and 1.5 K measured on the WISH

beamline. The 2θ positions of the detector banks are stated in the plots, and the patterns

have been offset for better readability. The upper line markers refer to the paramagnetic

Bragg reflections, the middle line markers refer to the single k1 = (0.0741 0 0) component

reflections, and the lower line marks refer to the k2 = (0.0741 0.0741 0) reflections. The

asterisk in (b) denotes reflections associated with an impurity.

still existed. Instead the intensity on the 002 reflection increased, which was consistent with

a ferromagnetic ordering with a k = (0 0 0) propagation vector with moments perpendicular

to the c-axis. The k = (0 0 0) component disappeared in phase I at 20 K leaving only the

incommensurate component on the 002±k1 reflection as the magnetic structure contribu-

tion and suggesting that only a single propagation vector exists at this temperature. This

temperature dependence of the propagation vectors is shown in Fig. 3(d), and presented in

Table II.
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FIG. 3: Evolution of the diffraction patterns due to temperature for (a) the small

scattering-angle region, and (b) the 002 reflection. (c) shows the evolution of the

integrated intensity of the 000±k1 reflection. (d) displays the evolution of the propagation

vector component with temperature.

B. Structural refinements

While time-of-flight data provided information about the multiple magnetic structures

and some propagation vectors, it was of insufficient quality for proper structural model

refinements. In order to do proper model refinements, measurements were conducted using

high energy neutrons, which would reduce the influence of absorption at the cost of the

resolution and access to low scattering angle values.

The crystal structure at the paramagnetic temperature was established from model re-

finements of data collected at 37 K which are presented in Figure 4, and the extracted

parameters of the tetragonal I4/mmm space group can be found in Table II. The model

is in line with previous reports on the system with the smaller unit cell parameters being
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TABLE I: Observed and calculated positions of incommensurate reflections for GdCo2
11B2

at 1.5 K in Q-space. The errors are given in parentheses.

Index Qexp Qcalc

k1=(0.0741 0 0)

k2=(0.0741 0.0741 0)

0 0 0±k1 0.131(4) 0.131

0 0 0±k2 0.185(6) 0.185

0 0 2±k1 1.327(2) 1.329

1 0 1−k1 1.75(1) 1.762

1 0 1+k1 2.002(2) 2.006

1 0 3−k1 2.56(2) 2.569

1 0 3+k1 2.736(2) 2.743

1 1 2−k1 2.743

attributed to the measurement being conducted well below room temperature [10, 14]. The

4e site, which hosts the B atoms, is smaller than the 3
8
typically reported for the ThCr2Si2

structure type, as well as the 0.371 seen in a previous report on GdCo2B2. The difference

might be caused by the data being measured at different temperatures, and the fact that

several of the previous studies do not refine this structural parameter.
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FIG. 4: Model refinements of the neutron powder diffraction data for the paramagnetic

state of GdCo2B2 at 37 K measured at HRC.
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TABLE II: Table of refined structural parameters for GdCo2
11B2. The errors are given in

parentheses.

Measurement Temp.(K) a (Å) c (Å) 4e z Mom. (µB) k -vector

HRC 37 3.5632(8) 9.501(3) 0.3500(4) - -

16 3.5653(8) 9.503(3) 0.3500(4) 3.3(2) -

10 3.5641(4) 9.503(2) 0.3501(4) 6.6(2) (0.0731 0 0)

6 3.5629(4) 9.504(2) 0.3503(4) 6.8(2) (0.0741 0 0)

WISH 20 3.5639 9.505 0.3507 3.4 (0.053(3) 0 0)

16 3.5644 9.507 0.3507 5.2 (0 0 0) + (≈ 0.071 0 0)

10 3.5641 9.501 0.3507 7.4 (0.0731(1) 0 0)

(0.0731(1) 0.0731(1) 0)

7 3.5641 9.501 0.3507 7.4 (0.0731(1) 0 0)

(0.0731(1) 0.0731(1) 0)

1.5 3.5632 9.501 0.3507 7.4 (0.0741(1) 0 0)

(0.0741(1) 0.0741(1) 0)

Model refinements of the 20 K data were attempted using a small propagation vector com-

ponent, but these refinements were highly unstable, likely due to the weak incommensurate

component and the lower resolution of the high energy neutron data.

The 16 K data contained a strong ferromagnetic signal permitting stable model re-

finements using the model with ferromagnetic k = (0 0 0) order and incommensurate

k = (0.071 0 0) order. The ferromagnetic moments were found to align in the ab-plane.

Although the spin direction could not be determined for the incommensurate component

at 16 K due to the weak intensity observed at this temperature, some possibilities can be

provided. One possibility of such a structure would be a ferromagnetic component along

one of the tetragonal axes in the ab-plane (b-axis in the present case), with a cycloidal

structure with spin components in the ac-plane resulting in a conical structure. Another

option to consider would be a fan-type magnetic structure with one of the components being

parallel to the ferromagnetic moment direction. Model refinements combining the ferromag-

10



netic structure with the weak incommensurate component were examined to establish which

seemed more reasonable. The two models representing a conical structure, and a magnetic

fan structure were indistinguishable within the experimental accuracy. Due to the results

presented below, an ac-cycloid structure was assumed for the incommensurate component,

as this is the same structure seen for 6 K and 10 K. Thus the refinement shown in Fig. 5 de-

picts a conical structure arising from the combination of the ac-cycloid with a ferromagnetic

moment along the b-direction.
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FIG. 5: Model refinements considering a ferromagnetic component along the a-axis, and a

weaker ac-cycloid component. Refinements were done on the neutron powder diffraction

data for GdCo2B2 at 16 K measured at HRC.

As with the time-of-flight data, the 10 K (phase III) and 6 K (phase IV) data exhibited

much clearer signs of an incommensurate structure, with the 101 reflection at Q ≈ 1.8 Å
−1

showing significant splitting (Fig. 2(c)). Model refinements were done using the propagation

vectors, k1 = (0.0741 0 0) and k2 = (0.0741 0.0741 0), attained from the time-of-flight data.

While it was possible to conduct the model refinements using both propagation vectors in

two separate phases, the contributions from k2 were too small and in many cases overlapped

with the k1 propagation vector resulting in no change in the refinement compared to the

using only k1. When refining the lowest temperature data (6 K and the lower statistics

10 K) with a single-k model, two possibilities should be considered. One is the case that the

Gd moments have a constant length at each site, and the other is the case that the moment

length can vary. In general, since Gd 4f moments are localized, only the former case should

be considered. However, due to the existence of the k2 component, it is worth considering
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the possibility that a multi-k structure exists, and the latter possibility should therefore

also be examined. Assuming a constant moment, the ac-cycloid structure best explained

the experimental data, as summarized in Fig. 6 and Table III. On the other hand, when

allowing for variation in the moment length, the ab-cycloid structure model showed best

agreement with the data. This is also consistent with previous magnetization measurements

on a single crystal, where the magnetic easy axis was reported to be in the ab-plane. [14]

The possibility of a multi-k structure will be discussed in the next section.
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FIG. 6: Model refinements of the neutron powder diffraction data for GdCo2B2 at 6 K and

10 K. (a) and (b) show the models for an ac-cycloid assuming the same magnetic moment

for all Gd sites. (c) and (d) show ab-cycloidal models where the moment in the a- and

b-directions are allowed independent components.
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TABLE III: Table of tested magnetic structural models of GdCo2
11B2. The errors are

given in parentheses.

Model type Moment(µB) RMag Moment(µB) RMag

10 K 6 K

ab-cycloid 5.7(2) 11.30 5.8(2) 14.00

ab-cycloid ellipsoidal ma = 4(1) 9.67 ma = 3(1) 10.90

mb = 6.5(4) mb = 6.8(4)

ac-cycloid 6.6(2) 11.50 6.8(2) 12.70

ac-cycloid ellipsoidal ma = 6.8(4) 11.20 ma = 6.8(4) 13.00

mc = 6.6(4) mc = 6.8(3)

bc-proper screw 5.2(2) 16.30 5.4(2) 19.10

bc-proper screw ellipsoidal ma = 6.8(4) 12.40 mb = 6.8(4) 14.60

mc = 2.4(2) mc = 3(2)

IV. DISCUSSION

A. Possibility of multi-k structure

In addition to the main k -vector, k1 = (0.0741 0 0), a secondary modulation with

k2 = (0.0741 0.0741 0) was observed at 10 K and below in phases III and IV. It is not

possible to distinguish between a single phase with two k -vectors (multi-k structure), and

two phases with different k -vectors (multi domain state) from powder diffraction data. How-

ever, it is possible to discuss the likelihood that a multi-k structure exists based on symmetry

considerations. In the case of a single phase with two k -vectors, k1 and k2, the latter Fourier

component is expected when two arms of the star, k1 = (k 0 0) and k1’ = (0 k 0) are

combined (double-k structure), giving rise to the secondary modulation with k2 = k1+k1’.

Time reversal symmetry implies a structural nature of the secondary modulation, unless a

ferromagnetic k = (0 0 0) coexists with k1 and k1’. In the case of the structural origin of the

k2 modulation, it is highly unlikely that such a minuscule distortion can be observed in neu-

tron powder diffraction data, especially when it contains a highly absorbing element such as

Gd. The scenario of with the magnetic k2 component requires a spontaneous ferromagnetic
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order, which is difficult to determine from the present diffraction data. The larger intensity

on the 002 reflection seen for phases III and IV compared to the paramagnetic state and

phase I, would seemingly support a multi-k magnetic ordering. However, phases III and IV

have much larger intensity on the 002±k1 reflection close to the 002 position, which were

not completely separated within the experimental resolution (Fig. 3(b)). It should be noted

that magnetization measurements on a single-crystal of GdCo2B2 reported a net moment

in all magnetic states at low applied fields, suggesting that a ferromagnetic moment does

indeed exist, which would support the case for a multi-k structure. [14]

The relative success of some of the models considering ellipsoidal magnetic structures

presented earlier, could also support the existence of a multi-k structure. It is generally as-

sumed in the case of a single-k structure that the magnetic moments in cycloidal structures

are constant when considering the case of localized 4f moments in Gd3+. That the moments

in the ab-cycloidal structure vary in the a- and b-directions could be an expression of the

differing contributions by k1 and k2 to the overall magnetic structure, resulting in an ellipti-

cally shaped moment in the k1-modulation. This would not be the case if k1 and k2 belonged

to different domains. It is also possible that the k1+k1’ component is necessary in order to

achieve a constant magnetic moment when combining two elliptical cycloid structures.

The multiple propagation vectors observed are highly reminiscent of other systems known

to contain topologically protected structures such as Skyrmions or Merons. This is reason-

able given that the largest number of magnetic topological structure compounds have been

found in the ThCr2Si2 structure type [21]. Certain compounds also have astonishingly sim-

ilar magnetic phase diagrams to that reported for GdCo2B2 [14] as seen for EuAl4 [22] and

GdRu2Ge2 [23]. The propagation vectors proposed here also show similarity with what

was observed in these compounds. The two propagation vectors k1 = (0.0741 0 0) and

k2 = (0.0741 0.0741 0) strongly resemble the vectors Q = (0 q 0) and Q1 = (q q 0) which

were used to describe a screw structure and square Skyrmion lattice proposed for EuAl4. [22]

On the other hand, Q and Q1 were also observed in the zero-field ground state of EuAl4,

and resonant X-ray scattering studies revealed that they belonged to distinct magnetic

phases. [24] Accordingly, all zero-field spin structures in EuAl4 are single-k. Due to this,

considerations of the magnetic structures of GdCo2B2 have been restricted to the single-k

scenario, but considering the above, the possibility of multi-k structures is not excluded,

and should be investigated further.
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B. Relationship between the large magnetocaloric effect and magnetic orderings

The most commonly used indicator of the magnetocaloric effect is the magnetic entropy

∆SM when a magnetic field is applied. According to Maxwell’s relation ∆SM =
∫ H

0
dM
dT

dH.

Therefore, in ferromagnetic materials, a large magnetization can be induced when a relatively

small magnetic field is applied due to the ferromagnetic internal field being added to the

external field, resulting in a large ∆SM . In contrast, for antiferromagnetic materials, the

antiferromagnetic exchange interaction energy resists the Zeeman energy induced by the

external field. A significant change in magnetization typically does not occur, and a large

∆SM cannot be expected in antiferromagnets. [25]

In order to understand the relationship between the large magnetocaloric effect and mag-

netic ordering in GdCo2B2, the exchange interactions were estimated and examined. Due

to the planar behavior of the magnetic structures the calculations were done for a square

lattice Heisenberg model considering up to the third next nearest neighbor, in accordance

with previous studies concerned with magnetic ThCr2Si2-based structures [26, 27]. Mini-

mization of energy for the exchange interactions with respect to the propagation vectors

produced the phase diagram for the magnetic interactions for the antiferromagnetic nearest

neighbor J1 < 0, and ferromagnetic next nearest neighbors J2 > 0 and J3 > 0 (Fig. 7), which

is consistent with previously reported phase diagrams. [26, 27] The exchange interactions

corresponding to a specific propagation vector for this Heisenberg model can be found using

k single = arccos(−J1+2J2
4J3

) for k = (k 0 0) (J2 > 2J3), and kdouble = arccos(− J1
2J2+4J3

) for

k = (k k 0) (2J3 > J2). Considering the propagation vectors uncovered above, and the

simultaneously occurring structures including a ferromagnetic structure, it is likely the that

exchange interactions are in the region near the triple point at around J2/|J1| = 0.3 and

J3/|J1| = 0.15.

In GdCo2B2, the antiferromagnetic nearest-neighbor exchange interactions and the fer-

romagnetic second- and third-order exchange interactions can be used to reproduce the

k -vector observed in the neutron diffraction data. It is also expected that the competition

between these ferromagnetic and antiferromagnetic interactions originating from RKKY in-

teractions [22] can induce a complex sequential phase transition. Although GdCo2B2 is an

antiferromagnet, the exchange energy interactions indicate that the long period magnetic

order in the ground state is energetically close a ferromagnetic state. In this situation, since
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FIG. 7: Heisenberg interactions considered in the square lattice model used to calculate

the exchange interaction phase diagram. Lines corresponding to specific propagation

vectors are drawn into the phase diagram.

the system has a large magnetic susceptibility in zero field, applying a magnetic field can

induce a largely uniform magnetization leading to the large magnetocaloric effect. Indeed,

GdCo2B2 achieves the saturated ferromagnetic state with a magnetic field as low as 0.4 T

at the lowest temperature.

C. Comparison to the other ThCr2Si2type compounds

The magnetic ordering has been studied in many compounds with the ThCr2Si2 struc-

ture type. The vast majority of the members of the rare-earth compound series RCo2Si2

and RCo2Ge2 are reported to be antiferromagnetic, though R = Y, La, Ce, Lu and Yb did

not order and instead exhibited Pauli paramagnetism. In the materials which order the

moments align primarily along the c-axis, though the Gd, Er, and Tm based compounds

tend to align in the basal plane [28]. Several of these compounds which magnetically or-

der form incommensurate structures, such as PrCo2Si2 [29], PrCo2Ge2 [30], NdCo2Si2 [31],

TbCo2Si2 [32, 33], DyCo2Si2 [32], DyCo2Ge2 [33] and HoCo2Ge2 [33].

In the B based compound TbCo2B2 the Tb moments align along the c-axis with sinu-

soidally modulated moment amplitudes with propagation vectors depending on the temper-

ature. From 19 K the propagation vector is the incommensurate k = (0.244 0.244 0) and

upon cooling to 10 K reaches commensurability with the vector k = (0.25 0.25 0) [34]. The
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moments varied from 2.5 µB at 14.1 K to 8.5 µB at 1.5 K showing that despite the similarity

of the paramagnetic state of the compounds on paper, the behavior of the moments in these

compounds is quite different.

Due to the high absorption of Gd there are far fewer reports on compounds based on

that element, nevertheless some reports exist on similar compounds. In GdNi2Si2 an in-

commensurate structure with a k -vector of k = (0.207 0 0.903) which was described as an

amplitude modulated structure with a moment size of 8.05 µB, was observed. In the same

study GdCu2Si2 was also investigated, but this compound formed a commensurate antifer-

romagnetic structure with k = (0.5 0 0.5) and a moment of 7.2 µB [35]. In GdMn2Si2 the

Gd moments aligned along the ab-plane and attained a moment size of 6.7 µB. With the

presence of additional electrons the Mn atoms were also able to align, but did so along the

c-axis instead of the ab-plane [36]. GdCo2Ge2 formed an incommensurate antiferromagnetic

structure which aligned in the basal plane of the structure, with a propagation vector of

k = (0 0 0.930) [37]. Consequently, in the ThCr2Si2 structure family of compounds, the

strong competition between the RKKY originating exchange interactions results in a large

variety of the types of magnetic propagation vectors observed.

V. CONCLUSIONS

Neutron diffraction measurements were conducted on GdCo2B2 in an effort to uncover

the origin of the magnetocaloric effect. In line with previous magnetometric studies,

GdCo2B2 was found to experience four transitions to different magnetic structures. In phase

I (18 K < T < 22 K), the magnetic structure was assessed at 20 K, and was found to be an

incommensurate structure with a very small propagation vector k = (0.053 0 0). In phase

II (12 K < T < 18 K) measured at 16 K, an incommensurate modulation (k = (0.071 0 0))

with a significant ferromagnetic component in the ab-plane was uncovered. Phases III

(7 K < T < 12 K) and IV (T < 7 K) did not show clear differences in the diffraction

patterns aside from a slight difference in the propagation vector component of the incom-

mensurate structure k1 = (k 0 0) with k = 0.0731 for phase III, and k = 0.0741 for phase

IV. For phases III and IV, an additional spin modulation (k2 = (k k 0)), was observed, sug-

gesting that a multi-k structure might exist. From the model refinements considering only

k1-modulation, two possible magnetic structures were provided, the first being a ac-cycloid
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with constant moments, and the second being an ellipsoidal ab-cycloid. Calculation of the

exchange interactions revealed that the observed k -vectors were reproduced by combining an

antiferromagnetic nearest-neighbor and ferromagnetic second- and third-neighbor exchange

interactions. From the calculations it was found that the long-period antiferromagnetic

ordering in GdCo2B2 is energetically close to the ferromagnetic state and possesses a large

magnetic susceptibility near zero field, which plays an essential role for the emergence of

significantly large magnetocaloric effect in the antiferromagnet.
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