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The structure of known Gd4Co3 compound is re-determined as Gd6Co4.85, adopting the

Gd6Co1.67Si3 structure type, which is characterized by two disorder Co sites filling the Gd octahe-

dral and a short Gd-Gd distance within the octahedra. The compound shows uniaxial negative ther-

mal expansion in paramagnetic state, significant negative expansion in ferromagnetic state, and

positive expansion below ca. 140 K. It also exhibits large magnetocaloric effect, with an entropy

change of �6.4 J kg�1 K�1 at 50 kOe. In the lattice of the compound, Co atoms at different sites

show different spin states. It was confirmed by the X-ray photoelectron spectra and calculation of

electronic structure and shed lights on the abnormal thermal expansion. The stability of such com-

pound and the origin of its magnetism are also discussed based on measured and calculated elec-

tronic structures. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931982]

I. INTRODUCTION

Gd-based compounds are attracting more attentions due

to their special magnetic behaviors. The discovery of the

giant magnetocaloric effect (MCE) in Gd5Si2Ge2 motivates

extensive research on Gd5Ge4-related compounds.1–4 Many

efforts were made to understand the structure-properties cor-

relation of these compounds, which can be utilized to de-

velop novel magnetocaloric compounds.5–8 With similar Gd

concentration, another big family with the general formula

Gd4M3 (M¼ transitional metals) also shows large MCE at

around room temperature.9,10 Apart from the large MCE,

these compounds also show many interesting magnetic

behavior due to the 4f–3d and 5d–3d interactions. For

instance, the Gd4Co3 compound shows ferrimagnetic order-

ing (antiparallel arrangement of Gd and Co moments) below

230 K followed by spin reorientation at 163 K.11 In the low-

temperature region, there are still two transitions at 100 K

and 35 K detected on both specific heat and electric resist-

ance, likely owed to the s-d scattering mechanism in d-band

metals.12 The magnetic resistance measurement also con-

firmed a transition close to 50 K.13

Despite the ferrimagnetic behaviors, the Gd4Co3 com-

pound still exhibits a large saturation and MCE, due to the

highly depressed magnetic moment of Co atom (�0.6 lB).14

NMR studies evidenced that Co sites bear slightly different

magnetic moments,15 but there is no further structural inves-

tigation to understand its magnetic behavior. Very recently,

Tence et al.16 redetermined the crystal structure of the com-

pound with a composition Gd6Co4.85(2) based on single

crystal diffraction techniques, instead of Gd4Co3. The struc-

ture is closely related to the Gd6Co1.67Si3-type structure.17

However, the Gd6Co1.67Si3 compound shows even larger

MCE than Gd4Co3, as Co sites possess no magnetic moment

in Gd6Co1.67Si3. Understanding the structural origin of com-

plex magnetic behaviors in Gd4Co3 should therefore contrib-

ute significantly to the development of novel Gd-based

compounds with magnetic functions. Our effort here is to

investigate the temperature dependence of structure at low

temperature and magnetic behaviors of “Gd4Co3” to under-

stand the relationship between its structure and magnetic

behavior. As a result, negative thermal expansion (NTE) and

multiple transitions were discovered. A spin-reorientation-

like transition is also revealed in a.c. susceptibility. This

compound also shows a larger MCE than that of previously

reported Gd4Co3. Based on calculated and measured elec-

tronic structure, the relationship between them is discussed

in this paper.

II. EXPERIMENTAL DETAILS

All manipulations were performed inside an argon-filled

glove box with controlled oxygen and moisture levels below

1 ppm or under vacuum. The starting materials—Gd metal

(pieces, purity >99.9 wt. % metal basis, Alfa-Aesar) and Co

(shot, purity 99.99 wt. %, Alfa-Aesar)—were used as

received. All alloys were prepared by arc melting these ele-

mental constituents under an argon atmosphere. Each alloy

was remelted at least three times to ensure compositional ho-

mogeneity. Such parent alloys were sealed into fused silica

ampoules under vacuum. All samples were quickly (rate

200 K/h) heated to 630 �C and kept for 2 weeks, followed by

air cooling (rate 2 K/h) to room temperature. The starting

a)Authors to whom correspondence should be addressed. Electronic addresses:
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composition was Gd4Co3. The refinement based on single-

crystal X-ray diffractions yielded a formula of Gd6Co4.85,

the same as that reported by Tence et al.16 The composition

was also confirmed by the elemental analysis. The mixtures

of constituent elements with the nominal composition and

with extra Co (Gd6Co5) were then melted following the

above route and annealing profile.

X-ray powder diffraction patterns were taken at room

temperature on a Rigaku Miniflex powder diffractometer

using filtered Cu Ka radiation. The measured patterns were

then compared with the calculated ones based on the corre-

sponding single-crystal structures. They matched very well

to one another, and no peak shift was seen with the variation

of Co concentrations, as shown in Fig. 1.

Single crystals of the Gd-Co compounds were selected

from the reaction products after breaking them and mounted

on the top of glass fibers using Paratone N oil. Intensity data

sets were collected at a temperature range from 100 K to

280 K on a Bruker SMART CCD-diffractometer equipped

with monochromated Mo Ka radiation. The data collection

routine in SMART18 with scans at different x and / angles

allowed for full coverage of the reciprocal space up to sin

h/k� 0.75 Å�1. The collected frames were integrated using

the SAINT package.19 Empirical absorption correction was

applied using SADABS.20 The structures were refined on F2

with the aid of the SHELXTL package.21 List of important

crystallographic parameters and details for these refinements

at selected temperatures are summarized in Table I. Final

positional and isotropic thermal parameters and important

distances of the compounds are listed in Tables II and III,

respectively. The combined crystallographic information file

(CIF) is provided as supplementary material.22

Picked single crystals were mounted on to carbon tape

and placed in a JEOL JSM 820 electron microscope

equipped with an INCA-Oxford energy-dispersive spectrom-

eter. The microscope was operated at 10 lA beam current at

15 kV accelerating potential. Data were acquired for several

spots on the same crystal. The results are in good agreement

with the refined compositions and the elemental-mapping

confirms the homogeneity of the samples.

Thermal analysis was conducted using a SDT Q600

supplied by TA Instruments. To prevent oxidation, the DSC

analysis was performed in a flow of high-purity argon.

Approximately 30 mg of sample was used for the experi-

ment at a heating and cooling rate of 15 �C/min. As shown

FIG. 1. Experimental and simulated X-ray powder diffraction patterns for

Gd6Co4.85. Experimental patterns of Co poor (Gd4Co3) and Co rich

(Gd6Co5) alloys are also shown.

TABLE I. Selected single-crystal data collection and structure refinement

parameters at different temperatures.

Empirical formula Gd6Co4.85(2) Gd6Co4.86(2) Gd6Co4.86(2)

Formula weight 1230.19 1230.19 1230.19

Temperature (K) 280 180 100

Radiation, k Mo Ka, 0.71073

Space group, Z P63/m, Z¼ 2

Lattice constants

a/Å 11.607(3) 11.590(3) 11.589(3)

c/Å 4.0425(10) 4.0415(10) 4.0445(10)

V/Å3 471.7(2) 470.2(2) 470.4(2)

qcal/g cm�3 8.656 8.690 8.685

l/cm�1 497.18 499.01 498.76

R1 (I> 2r) 0.0285 0.0242 0.0268

wR2 (I> 2r) 0.0517 0.0548 0.0546

R1 (all) 0.0346 0.0285 0.034

wR2 (all) 0.0535 0.0569 0.0576

Largest diff. peak/hole 1.798/�1.546 1.904/�1.256 1.879/�1.52

TABLE II. Atomic coordinates, equivalent isotropic displacement parame-

ters (Ueq
a), and occupancies at different temperatures.

Atom Site x y z Ueq (Å) Occup.

280 K

Gd1 6h 0.24770(7) 0.22443(7) 1/4 0.0123(2) 1

Gd2 6h 0.51540(7) 0.13507(7) 1/4 0.0092(2) 1

Co1 6h 0.16172(19) 0.44262(19) 1/4 0.0133(5) 1

Co2 2c 1/3 2/3 1/4 0.0126(7) 1

Co3 4e 0 0 0.079(8) 0.02(4) 0.275(17)

Co4 2a 0 0 1/4 0.02(4) 0.28(3)

180 K

Gd1 6h 0.24765(6) 0.22406(6) 1/4 0.0084(2) 1

Gd2 6h 0.51507(5) 0.13473(5) 1/4 0.0061(2) 1

Co1 6h 0.16236(16) 0.44316(16) 1/4 0.0094(4) 1

Co2 2c 1/3 2/3 1/4 0.0076(6) 1

Co3 4e 0 0 0.169(4) 0.01(2) 0.274(11)

Co4 2b 0 0 0 0.01(2) 0.307(19)

100 K

Gd1 6h 0.24784(7) 0.22395(7) 1/4 0.0058(2) 1

Gd2 6h 0.51492(7) 0.13454(7) 1/4 0.0040(2) 1

Co1 6h 0.16258(19) 0.44359(19) 1/4 0.0062(5) 1

Co2 2c 1/3 2/3 1/4 0.0052(7) 1

Co3 4e 0 0 0.05(6) 0.01(3) 0.21(12)

Co4 4e 0 0 0.19(5) 0.01(3) 0.23(12)

aUeq is defined as one-third of the trace of the orthogonalized Uij tensor.

TABLE III. Selected interatomic distances at 280 K.

Atomic pairs Distance (Å) Atomic pairs Distance (Å)

Gd1-Co1 (�2) 2.8549(15) Gd2-Co2 (�2) 2.9023(7)

Gd1-Gd1 (�2) 3.4129(9) Gd2-Co1 (�2) 3.0066(16)

Gd1-Gd2 (�2) 3.5585(11) Gd2-Gd2 (�4) 3.5949(13)

133903-2 Zhang et al. J. Appl. Phys. 118, 133903 (2015)



in Fig. 2, the Gd6Co4.85 sample shows an onset transition

temperature at 674 �C, with an enthalpy change of 14.8 J/g

on heating. The temperature is close to the transition tem-

perature of 670 �C in the phase diagram, and no detectable

endothermic peak below the transition indicates the absence

of Gd12Co7 phase and hence the single-phase nature of the

Gd6Co4.85 sample.20 However, the cooling process does not

show the peak but yields three exothermic peaks at lower

temperatures, in agreement with peritectic reaction at the

composition in the phase diagram.23

X-ray photoelectron spectroscopy (XPS) patterns were

collected at room temperature using an ULVAC-PHI 5802

system electron spectrometer installed with a monochromat-

ized Al Ka radiation (h�¼ 1486.6 eV). All measurements

were performed in vacuum of about 10�9 mbar. The surfaces

of the samples were cleaned by ion milling equipped in the

system, and the C 1s and O 1s core level peaks were moni-

tored in situ until they became negligibly small or did not

change after further sputtering. The typical sputtering depth

is �300 nm for these compounds. Such a cleaning procedure

was performed before each XPS measurement. The Shirley

method was used to subtract background,24 and the experi-

mental spectra prepared in this manner were numerically fit-

ted using the 80% Gaussian and 20% Lorentzian model.

Field-cooled DC magnetization measurements were

conducted using a physical properties measurement system

(PPMS-9, Quantum Design Co.) from 300 K to 5 K under

applied fields of 500 Oe. Field (H) dependent magnetizations

were also performed at 5 K and in a larger range around the

Curie temperature. The raw magnetization data were cor-

rected for the holder contribution and demagnetization. An

AC susceptometer was also employed to measure the mag-

netic response from 300 K to 90 K at 6060 Hz.

In the structure, the disordered Co atoms locate inside

the octahedral chains, which are also stable when empty. To

perform electronic structure calculation, the small fraction of

disordered Co is neglected. The structure is first optimized

using the first-principle pseudopotential-based density func-

tional theory as implemented in SIESTA,25,26 which employs

a localized orbital basis in the representation of wave func-

tions. We used soft norm-conserving pseudopotential for

core electrons and the Perdew-Berke-Ernzerhof exchange

correlation energy within the generalized gradient approxi-

mation.27,28 The optimizations are deemed to have suffi-

ciently converged when the residual forces on any atoms are

smaller than 0.01 eV/Å.

The calculation of electronic density of states (DOS)

was performed on the optimized structure using the local

spin density approximation (LSDA).29 Antiparallel arrange-

ments between Gd and Co moments were used due to the fer-

rimagnetic nature of the compound. Different initial spins

are set to both Co sites, but the self-consistent calculations

yield similar final states. Periodic boundary conditions were

employed. The cutoff for the grid integration of charge den-

sity was set at 400 Ry.

III. RESULTS AND DISCUSSION

A. Crystallography

There is no visible difference in x-ray powder diffrac-

tion of these Gd-Co alloys. However, the impurity is seen in

the SEM images (in backscattered electron mode) of Gd4Co3

and Gd6Co5, as reported by Tence et al.16 The EDX analysis

also confirms the composition of the major phase as

Gd6Co4.85, which is in good agreement with the refined

composition.

The Gd6Co4.85 compound adopts P63/m space group and

can be regarded as a Gd6Co5/3Si3-structure type17 or a devia-

tion of Ce6Ni2�xSi3 type.30 The refined structural model here

is close to that reported by Tence et al.,16 but in the model,

two disordered sites were employed instead of one.31 In the

refinement, the introduction of only one disordered Co site

within the chain of face-shared octahedral of Gd atoms (Gd1

position) will produce large anisotropic atomic displacement

parameters (ADPs), and there are still high electronic resi-

dues left. The employment of the second disordered Co site

not only reduces the residues but also yields reasonable ADP

for all disordered sites. Although there is no constrain on the

occupancy of these disordered sites, the overall formulae

deduced from the refinements are constant and in good con-

sistence with the composition determined by EDX analysis.

As shown in Fig. 3, the structure is made up of chains of

face-shared trigonal prisms of Gd atoms filled by Co atoms.

These prisms are running along the c axis and extended as

triangular columns. These triangular columns are connected

through a chain of face-shared octahedra of gadolinium par-

tially filled by Co atoms. In the chains of face-shared octahe-

dra, the delocalization of electronic density can be best

described by two positions suggested for Gd6Co5/3Si3 com-

pounds: the Co3 position in or slightly shifted away from the

center of the [Gd16] octahedral and Co4 in the shared face of

the octahedra.17 Both disordered positions still exist at low

temperature, but the exact position varies a little with the

temperature.

There are already more than hundreds of compounds

assembled in a similar way.32–36 The crystallography varies

depending on the quantities of prism chains in the triangular

columns and the atomic contents within the chains of

FIG. 2. Thermal trace of Gd6Co4.85 at heating/cooling rate of 15 �C per mi-

nute. The two low temperature transitions on cooling correspond to the

Gd12Co7 and Gd3Co according to the phase diagram.

133903-3 Zhang et al. J. Appl. Phys. 118, 133903 (2015)



octahedral. The increased quantity of prism chains leads to

the structural change from ordered Er3Ru2 type to Ce6Ni2Si3
type to Ce5Ni2Si3 to Pr15Ni7Si10 to the La21Ni11Si15

type.32,33 And the chain of octahedra can either be empty

(Gd5Si3) or filled by localized atoms (Gd5Si3B0.64) or delo-

calized atoms.34–36 The existence of empty octahedra indi-

cates that the Co atoms inside the octahedra are not to

stabilize the octahedra topologically, but the compound as a

whole instead. In the present compound, the value of the c

parameter is 4.0425 Å, and there are �1.7 Co atoms filled in

the octahedral chains per unit cell. Whilst, c parameter of

Gd6Co5/3Si3 has a larger value of 4.164 Å, but there are only

�1.33 atoms filled per octahedral. It well supports the above

inference that Co atoms are not to stabilize the octahedra.

Here, the distance between the centers of two adjacent octa-

hedra is ca. 2.025 Å, which is much smaller than the sum of

the metallic radius of Co atoms �2.504 Å.32 As the main

role of these disordered Co atoms is to stabilize the structure

instead of the octahedra, a strong interaction between these

Co atoms and Gd1 atoms is not expected. Thus, it is difficult

to describe the delocalization using only one site.

It should be noted that the Gd1-Gd1 distance is only

3.4129(9) Å, much shorter than the Gd-Gd distance (ca.

3.573 Å) in a close packed hexagonal Gd,37 while other Gd-

Gd distances are close to the values as listed in Table III.

However, the short Gd-Gd distance is also observed in

Gd6Co5/3Si3 and Gd6Ni5/3Si3. Such short RE-RE distance

also exists in structures consisting of similar structural units,

e.g., 3.56 Å for Ce-Ce distance in Ce6Ni2Si3 and 3.5361 Å in

Ce5Ni2Si3 (the shortest Ce-Ce distance in a closely packed

Ce is 3.65 Å).32 As the single-bond covalent radius of Gd is

1.69 Å, the short Gd-Gd distance indicates the existence of

covalent bonds in Gd1.38 The short Gd1-Co1 distance in

Table III also supports the point. And, it seems that the exis-

tence of covalent bonds with RE atom in the octahedral is an

intrinsic character to these structures.

B. Thermal expansions

Although the low-temperature physical properties of the

compound (previously as “Gd4Co3”) have been studied by

many groups, an understanding on the interplay between its

crystal structures and low-temperature behaviors is still lack-

ing. It motivates us to investigate the low-temperature

structures here to understand the interesting magnetic prop-

erties at low temperature. The structural variations at low

temperatures are shown in Fig. 4. The variations of lattice

parameters show three stages in the measured temperature

range: (1) linear changes at high temperatures, (2) nonlinear

expansion with decreased temperature, and (3) nonlinear

contraction with decreased temperature. Thus, there are at

least two transitions in the range.

The temperature dependence of these lattice parameters

can be approximated using a linear fitting in stage 1, 3rd

order polynomial fit in stage 2, and 2nd order polynomial fit

in stage 3 (see supplementary material). Then, the instanta-

neous thermal expansion coefficients can be expressed as

follows:39

a Tð Þ ¼ 1

L Tð Þ
dL Tð Þ

dT
; (1)

where L(T) represents the lattice parameter to evaluate its

thermal expansion. Using Eq. (1), the thermal expansion

coefficients for all lattice parameters were calculated. At

280 K, the thermal expansion coefficients for lattice parame-

ters a, c, and volume are aa¼ 4.82� 10�6 K�1, ac¼�1.4

� 10�5 K�1, and aV¼�2.65� 10�5 K�1. In the stage, the

compound shows a positive thermal expansion (PTE) along

a axis but a NTE along c axis. As a result, the volume

FIG. 3. Schematic representation of

the Gd6Co4.85 compound, viewed

along the crystallographic c-axis (left).

The right is [Gd16] octahedra filled

with disordered Co atoms. Co3 atoms

are represented by orange spheres and

Co4 atoms are drawn as black spheres.

FIG. 4. Structural variations against temperatures. The shadows divide them

into three zones.
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exhibits a negative change with temperature. The NTE is

more pronounced in the low temperature range. These coeffi-

cients achieve the most negative value at 150 K, as aa

¼�2.65� 10�4 K�1, ac¼�2.97� 10�4 K�1, and aV

¼�8.37� 10�4 K�1. At 100 K, all coefficients have positive

values as aa¼ 1.8� 10�4 K�1, ac¼ 1.6� 10�4 K�1, and

aV¼ 5.1� 10�4 K�1. The NTE behavior has been docu-

mented in a number of oxide-based frameworks (e.g.,

AM2O8,40,41 A2M3O12,42,43 and cuprite44) and recently in

more extended frameworks formed by cyanide45 or organic

linkage.46 In these systems, the NTE is generally produced

by drawing the corner-linked polyhedral closer, while these

polyhedra individually exhibit positive thermal expansion.

However, the NTE is rarely seen in intermetallic compounds,

and the Gd-Gd bonding lengths show similar variation to its

volume in the present compound (see supplementary

material).

More recently, NTE or uniaxial NTE is observed in sev-

eral compounds without oxygen, including La-doped

CaFe2As2,47 SrAu3Ge,48 Ce2RhIn8,49 and YbGaGe.50 In La-

doped CaFe2As2 and Ce2RhIn8, the NTE is observed only

below the magnetically ordering temperature and attributed

to the electronic and magnetic instabilities that are strongly

coupled to the lattice.47,49 However, the NTE of Gd4Co4.85

in stage 1 should be a different case because of the disap-

pearance of magnetic ordering and uniaxial nature of the

NTE. Both SrAu3Ge and YbGaGe show uniaxial NTE. The

uniaxial NTE in SrAu3Ge is suggested as a result from the

change of bond strengths,48 while the uniaxial NTE in

YbGaGe was not observed in later literature.51 As both Gd

and Co are strongly metallic and the bond lengths in the

compound show only tiny variation in stage 1, it is impossi-

ble to owe the NTE along c axis to the change of bonding

strength. Although Co1 and Co2 may have different valence,

they are arranged in the basal plane and thus cannot contrib-

ute to NTE along c axis. In a hexagonal structure, atoms are

generally stacked layer by layer. However, in Gd6Co4.85, Co

atoms within the octahedra can either be in the basal plane or

in the center of the octahedra, or slightly out of them depend-

ing on temperatures, as shown in Fig. 3(b). It can be regarded

as the thermal motion of Co atoms. The change between in

plane/center and out plane/center should correspond to the

variation along the c axis. It conjures up that the location of

these disordered Co atoms induces the uniaxial NTE. An im-

portant feature of these Co atoms is the large ADP, which

likely originates from the thermal motion. The thermal

motion of transition metal Cu has been observed in CuScO2

and contributes to the NTE of the compound.52 The c-axis

NTE in Gd6Co4.85 should therefore result from the thermal

motion of disordered Co atoms. The point is well supported

by the filling of the empty octahedral in Gd5Si3. The B atoms

filled in the basal plane did not induce any expansion of the

octahedra, while the presence of C atoms out of plane effec-

tively expands the octahedral. The work on lightly doped

YbGaGe has confirmed a similar mechanism that the uniax-

ial NTE is resulted from the substitutional disorder.53

In stage 2, the NTE is significantly enhanced with the

appearance of ferrimagnetic ordering, compared with stage 1

in paramagnetic stage. In this stage, both axes show large

NTE instead of only c axis in stage 1. The discontinuity from

stage 1 to stage 2 or the large NTE rules out the mechanism

associated with thermal vibration. As the transition tempera-

ture is in good agreement with the ordering temperature of

magnetization (see Section III C), the NTE should result

from the coupling between magnetic instabilities and lattice,

or magnetostriction. Negative magnetostriction has been

reported in Gd-based compounds.54 And, the NTE in the

state of magnetic ordering has also been observed in other

Gd-based compounds.55 Considering the large NTE in the

stage, there should be a strong magnetovolume effect

(MVE).56 The PTE in stage 3 indicates the absence of the

strong MVE and the change of magnetic states. As there is

no significant change in DC magnetization and even AC sus-

ceptibility at the stage (see Section III C), it should be no

change of magnetic moments despite the depressed MVE.

C. Magnetization and magnetocaloric effect

The DC magnetization data of Gd6Co4.85 samples are

plotted in Fig. 5. From the plots of the magnetization (M) as

a function of temperature (T), it is clearly seen that the sam-

ple is paramagnetic in the high temperature region and

becomes ferrimagnetically ordered below the Curie tempera-

ture TC of ca. 218 K. In the high temperature region, the sam-

ple obeys the Curie-Weiss law57 and the linear regression of

the inverse magnetic susceptibility against temperature

yields an effective paramagnetic moment peff¼ 10.6 lB per

Gd atom and paramagnetic Curie temperature hp¼ 205.0 K,

as demonstrated in the inset (a) in Fig. 5. However, a devia-

tion from the linear trend is clear when approaching the

ordering transition. The deviation and small hp (compared

with TC) also confirm the ferrimagnetic nature in the order-

ing state. For ferrimagnetic ordering, the reciprocal suscepti-

bility is not linear but hyperbolic above the Curie point,

which can be described using a N�eel-type relationship58

FIG. 5. Temperature dependence of the magnetization of polycrystalline

Gd6Co4.85 samples under an applied field of 500 Oe. The insets show the

inverse susceptibility and the red line represents the linear fit to the Curie-

Weiss law (a) and nonlinear fit to the N�eel-type relationship (b).
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1

v
¼ 1

v0

þ T

C0
� r

T � h
; (2)

where v0 is temperature-independent susceptibility, r is

related to the molecular field coefficients, and h the magneti-

cally ordering temperature (here h¼ 218 K). The fit by the

equation is shown in the inset (b) in Fig. 5.

The Curie constant C0 is the same as that obtained from

the linear regression of Curie-Weiss law as it is deduced

from the asymptotic region of the hyperbola. It is greater

than the real C, as a consequence of the thermal variation of

the molecular field coefficients.58 The real Curie constant

can be corrected as59

1

C
¼ 1

C0
� c

v0

; (3)

where c is a characteristic constant of the system. Here,

c¼ 4� 10�4 (for Gd4Co3) was adopted.60 The estimated

effective moment using the corrected C is peff¼ 10.2 lB per

Gd atom. According to Hund’s rule, the effective paramag-

netic moment of free Gd3þ ion is 7.94 lB in theory, smaller

than the experimental value of 10.2 lB in the compound. The

extra moment should be the contribution of Co atoms. The

estimated effective moment of Co here is 2.8 lB per Co atom

on average, close to the theoretical value of the intermediate-

spin Co3þ (2.83lB).61 If the disorder Co and Co2 atoms carry

no moment as reported with Gd6Co5/3Si3, the Co1 will have

a large effective moment of �4.6lB, close to the value of

high-spin Co3þ (4.9lB).61

The change from NTE to PTE in Fig. 4 indicates a tran-

sition around 150 K, and the discussion in the section above

suggests it as a variation of magnetic states. However, no

transition is visible in the temperature-dependent magnetiza-

tion curve in Fig. 5. As a more sensitive method, the AC sus-

ceptibility was measured to reveal the potential transition at

around 150 K, as shown in Fig. 6. Apart from the transition

to the ordering state at 220 K, there is still a weak transition

seen at 140 K, as marked by arrows in Fig. 6: a step in the

real component v0 or the onset of a plateau in the imaginary

component v00. The weak transition may be intrinsic to the

compound or origin from impurities. According to phase dia-

gram,62 GdCo2 and Gd12Co7 are two compounds next to

Gd6Co4.85 in composition and show higher ordering tempera-

tures of 406 K and 163 K, respectively.63,64 Another Gd-rich

compound Gd3Co shows a lower ordering temperature of

128 K.65 In contrast, the weak transition is more close to the

temperature of structural transition. Due to the negligible

variation of magnetization and dramatic change of magneto-

striction, the weak transition is likely a spin reorientation.

The magnetic hysteresis loop at 5 K (see Fig. 7) shows

no visible magnetic hysteresis and yields a saturation

moment of 6.6lB per Gd atom. It is smaller than the theoretic

value of Gd (7lB) due to the ferrimagnetic interaction

between Gd and Co. According to the results of Gd6Co5/3Si3,

there is no magnetic contribution from disorder Co and Co2,

and thus the magnetic moment of Co1 is estimated as 0.4lB

per Co atom. However, it should be noted that the magnetic

moment of Gd is larger than 7lB in many compounds due to

the polarization of Gd 5d electrons.66

The previously reported Gd4Co3 has already shown a

large MCE, despite the existence of Gd12Co7 impurity

inside. The pure-phase sample should have a larger MCE.

Instead of direct measurements, the MCE could be evaluated

from the calculated magnetic entropy change for isothermal

magnetization in the vicinity of Curie temperature using the

well-known Maxwell relation. Because of the slow scan rate

of the magnetic field, the conditions can be considered as

isothermal, rather than adiabatic. The entropy change associ-

ated with the change of the magnetization is given as

DS T;Hð Þ ¼
ðH

0

@M

@T

� �
H

dH : (4)

Theoretically, this value can be calculated from the

molecular-field theory, which might not be valid for anything

other than simple ferromagnetic order. The above equation,

however, remains valid, in general, as it is a thermodynamic

FIG. 6. Temperature dependence of ac susceptibilities of polycrystalline

Gd6Co4.85 samples at a frequency of 6060 Hz. The black represents the real

component and the blue shows the imaginary component. FIG. 7. Magnetic hysteresis loop at 5 K.
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result and no assumption was made in specific magnetic

properties. For finite steps in magnetic field and temperature,

the entropy change can be approximated as

DS T;Hð Þ ¼
ÐH

0
M T þ DT; Hð ÞdH �

ÐH
0

M T; Hð ÞdH
h i

DT
:

(5)

Using measured isothermal magnetization curves given in

Fig. 8, DS of the compound were calculated. As shown in

Fig. 9, the magnetic entropy change reaches the maximum

value of �6.4 J�kg�1 K�1 at 50 kOe and �3.2 J kg�1 K�1 at

20 kOe. These values of DS are much larger than those of

reported Gd4Co3 and many Gd-based intermetallic com-

pounds, as listed in Table IV.

D. Electronic structure

As the hollow octahedra are still stable, the disordered

Co atoms were neglected when performing electronic struc-

ture calculations. The crystal structure was first optimized

before the calculations. The calculated DOS is shown in

Fig. 10(a). Clearly, the optimized structure is ca. 5.6 elec-

trons deficient to achieve a local minimum of DOS at Fermi

level. According to the DOS, if disordered Co atoms inside

the octahedral supplied these electrons to stabilize the struc-

ture, every Co will contribute 3 electrons. In other words, the

Co atoms with Co3þ-like configurations fill the octahedra

and thus the low-spin state yields no magnetic contribution

at these disordered sites, which is in good agreement with

the results of Gd6Co5/3Si3.

The partial DOS in Fig. 10(b) clearly shows the hybrid-

izations between Gd2 and Co2 by the peak PDOS at

�2.46 eV and �1.78 eV. As expected, these hybridizations

are from Gd 5d and Co 3d electrons, which is evident in

PDOS of d bands in Fig. 10(c). The strong splitting of 3d
band in Co2 atoms indicates the strong hybridization with

Gd2 atoms and the absence of the magnetic moment accord-

ing to the Stoner criterion.68,69 Obviously, the 3d band of

FIG. 8. Field dependence of magnetizations of Gd6Co4.85 at various

temperatures.

FIG. 9. Temperature dependence of isothermal magnetic entropy change for

different magnetic-field changes.

TABLE IV. Curie temperatures and maximum isothermal magnetic entropy

changes of some Gd-based compounds.

Compositions Tc (K) H (kOe) �DSM(J�kg�1 K�1) References

Gd6Co4.85 218 20 3.2 This work

50 6.4

Gd6Co4.85 219 20 2.4 16

45 4.8

Gd4Co3 220 20 1.9 13

50 4.8

Gd4Co3 220 20 2.7 10

50 5.7

Gd7Pd3 318 20 2.5 67

Gd6Co5/3Si3 294 20 <2.93 17

48 <5.72

Gd6Ni5/3Si3 310 20 2.93 17

48 5.72

FIG. 10. Calculated DOS (a) and PDOS for constituent elements (b) and

their d bands (c) for an ordered Gd6Co4 compound. The Fermi level is cho-

sen as the energy reference at 0 eV, and the red dotted line marks the local

minimum of DOS around the Fermi level.
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Co1 atoms is a little broad and undergoes slight splitting as a

small peak is seen at �2.46 eV, suggestive of a weak hybrid-

ization between Gd1 5d and Co1 3d or Gd2 5d and Co1 3d,

leading to a depressed moment. The main DOS peak of Co1

3d is still strong and close to the Fermi level, and thus the

Co1 should exhibit magnetic moments. The Gd1 5d band

still shows a larger DOS around the Fermi level and indicates

that there is likely magnetic contribution from Gd1 5d elec-

trons similar to that induced by the polarization of Gd 5d
electrons in the free Gd.70 Thus, the magnetic moment of

Co2 should be in the range between 0.4lB and 1.1 lB, close

to that of Co in many RE-Co based compounds.70

The atomic environment can affect not only the valence

band structure but also the core level electrons. The x-ray

photoelectron spectrum, as a powerful technique to charac-

terize the core level energy, was employed to detect the dif-

ferent states of constituent elements. Figure 11 shows the Co

2p3/2 peak at 778 eV, in good consistence with reported

results of Co or Co intermetallics (777.9 eV).71,72 Actually,

the peak can be well fitted as two peaks instead of only one:

777.7 eV and 778.2 eV. Both peak positions are far below

that of a covalent state, viz., Co2þ 2p2/3 peak at

780.2 eV,73,74 suggestive of the metallic nature of the com-

pound. There is only one Co 2p2/3 peak for a single

state.71–74 The existence of two peaks in metallic state there-

fore suggests two different spin states of Co atoms: the peak

with a high binding energy should correspond to a low spin

state, which is more stable than the high spin state. The weak

satellite at 781.5 eV is ascribed to a shake-up related to the

Co 2p2/3 peak of the high spin state, as Co3þ-like low spin

sate does not show such a shake-up process.75 As the peak

for the high spin state has a larger area, atomic sites with

more Co atoms (Co1) should adopt the high spin state, in

good agreement with magnetic measurements and electronic

structure calculations.

In contrast, the Gd 3d3/5 peak is very broad and even

plateau-like. As shown in Fig. 11, the broad peak has been

fitted using four peaks at least. For the 3d4f7 multiplet struc-

ture, the main peak of 3d core level should be described by

the two-peak model corresponding to the ground state of

3d4f7 and the excited state of 3d14f7, where 3d1 denotes a

core hole.76,77 The binding energy and intensity of these

decomposed peaks are listed in Table V. Obviously, there

are two Gd 3d4f7 ground states, corresponding to two differ-

ent types of Gd atoms. The typical binding energy of Gd 3d3/

5 in the Gd2O3 is ca. 1187.5 eV.78,79 Because the binding

energy is between peak 3 and peak 4, the state with the high

binding energy should correspond to a covalent state, as dis-

cussed for Gd1 in the section of crystallography. For peak 1

and peak 2, the binding energy is even smaller than that of

free Gd,80,81 suggestive of a strong metallic state for other

Gd atoms (Gd2). The low binding energy here may owe to

the absence of the polarization of Gd 5d electrons in Gd2 as

confirmed by the electronic structure calculation. The two

different Gd states are also clear in the electronic structure

calculation. It yields not only two separate Gd 4f band but

also a broad magnetic transition. If one of the states could be

tuned closer to each other, a sharper magnetic transition and

thus larger MCE will be expected.

IV. CONCLUSIONS

Gd6Co4.85 compound adopts the Gd6Co5/3Si3 structure,

which is characterized by two disorder Co sites inside the

Gd1 octahedra. The Gd-Gd distance within the octahedral

is very short and implies the existence of a covalent bond.

The compound shows a uniaxial negative thermal expan-

sion in the paramagnetic state. In the ferromagnetic state,

the negative thermal expansion is significant for all axes,

suggestive of a strong magnetostriction. Below the transi-

tion temperature of a spin-reorientation type transition, the

negative expansion disappears. The magnetization and elec-

tronic structure calculation show that Co at 2c site takes no

magnetic moment, as the strong hybridization delocalizes

the Co 3d band completely. Despite the high-spin state at

high temperatures, Co at 6h site exhibits depressed moment

by the hybridization. This compound has a larger MCE than

those previously reported and many other Gd-based com-

pounds. It will be a good candidate for exploring ternary or

quaternary compounds with large MCE. The thermal

expansion in Gd6Co4.85 is unusual and warrants further

investigation, down to lower T, not accessible in in-house

setups.

FIG. 11. XPS spectra showing the Co 2p3/2 and Gd 3d5/2 core level of

Gd6Co4.85. Color on-line: The experimental spectra can be decomposed into

ground states (red), excited states (blue), and satellites (green). The pink line

represents their background.

TABLE V. Fitted parameters for Gd 3d5/2 core level of Gd6Co4.85: binding

energy (BE) and I ratio (the fraction of the decomposed peak area).

Peak 1 2 3 4

BE (eV) 1184.05 1185.34 1186.76 1188.28

I ratio (%) 21.4 22.8 22 33.8
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