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a b s t r a c t 

Zero thermal expansion (ZTE) materials, particularly metals, have important applications in precision 

manufacturing. Here, ultra-low thermal expansion over a significantly broadened temperature interval 

is realized by tuning Gd content in ferrimagnetic(FIM) Gd x (Dy 0.5 Ho 0.5 ) 1-x Co 2 compounds. The achieved 

coefficients of thermal expansion αl ~+ 1.3 × 10 −6 K 

−1 (5-220K), -1.5 × 10 −6 K 

−1 (220-280K) for x = 0.5 are 

even better than the well-known ZTE Invar alloy Fe 0.65 Ni 0.35 , while the operation temperature interval is 

much wider. The origin is closely related to the regulation of magnetostrictive process by rare earth ions 

along c-axis in the rhombohedral FIM structure. Our work highlights the advantageous ways to generate 

ultra-low thermal expansion in magnetocaloric materials. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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Zero thermal expansion (ZTE) materials are widely used in pre-

ision manufacturing industry because of the advantages of in-

ariable length with temperature. ZTE can be normally realized

hrough combining positive thermal expansion (PTE) and negative

hermal expansion (NTE) materials. However, from the perspective

f practical application, a better way is to explore ZTE in a sin-

le material. Since the discovery of ZTE Invar alloys Fe-Ni [1] , a

ot of effort s have been made on anomalous thermal expansion

nd several categories of materials have been discovered show-

ng useful NTE or ZTE, but most of them are nonmetallic mate-

ials. For example, the identified NTE materials include ZrW 2 O 8 

2] , CuO nanoparticles [3] , PbTiO 3 -based compounds [4] , antiper-

vskite manganese nitrides [5-8] , La(Fe,Co,Si) 13 [9] , MnCoGe-based

aterials [10] , reduced Ca 2 RuO 4 [11] and etc.. While the ZTE mate-

ials include Zr 1 −x Sn x Mo 2 O 8 [12] , tetramethylammonium copper(I)

inc(II) cyanide [13] , β-eucryptite [14] , ReO 3 -based fluorides [15] ,
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e[Co-(CN) 6 ] [16] , Mn-based antiperovskites [8 , 17] , and Tb(Co,Fe) 2 .

18] Because of the advantages of high electrical/thermal conduc-

ivity of metals, exploring intermetallics with ZTE in a broadened

emperature interval is still a challenge. 

Magnetocaloric effect (MCE) has attracted much attention be-

ause of its useful applications in magnetic refrigeration technique

19-25] . A common feature of these materials is the magne-

ostructural/magnetoelastic transition involving strong spin-lattice 

oupling. The abnormal lattice expansion caused by magnetic

nteractions in the MCE materials provides a feasible platform for

xploring NTE or ZTE. 

The Laves phase intermetallic compounds RCo 2 (R: rare earth)

re promising candidates for magnetic refrigerants owing to their

arge MCE [25-27] . In particular, ErCo 2 was recognized as the most

epresentative MCE material in the low-temperature region with

agnetic entropy change as high as - �S~37.2 J kg −1 K 

−1 for 0-5T

round Curie temperature T C ~32K [25] . The high magnetic mo-

ent contributed by R atoms and considerable lattice distortion

round T C were considered to be the origin of giant MCE. In RCo 2 ,

he magnetic ordering of Co sublattices is not intrinsic but caused

y rare earth molecular field [28 , 29] . For example, when the R

https://doi.org/10.1016/j.scriptamat.2020.04.043
http://www.ScienceDirect.com
http://www.elsevier.com/locate/scriptamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2020.04.043&domain=pdf
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sites are filled by the non-magnetic Y and Lu ions, the exchange-

enhanced Pauli paramagnetism prevails in the sample [28] . In con-

trast, Co moment can be induced by the exchange interactions be-

tween 4f and 3d spins when the rare earth elements occupy R

sites. For heavy rare earth (Gd, Tb, Dy, Ho, Er), the exchange cou-

pling between R and Co ions results in ferrimagnetic (FIM), while

ferromagnetic (FM) behavior for light rare earth elements [29] .

ErCo 2 , HoCo 2 and DyCo 2 behave first-order transition and consid-

erable magnetovolume effect, where an abnormal lattice contrac-

tion occurs during the magnetostructural transition from FIM to

paramagnetic (PM) phase [25 , 30 , 31] . However, the first-order tran-

sition nature and lattice distortion become less significant with in-

creasing the R element number. For TbCo 2 and GdCo 2 , both theo-

retical and experimental studies demonstrated second-order type

transition with neglectable lattice distortion around T C [32 , 33] .

Therefore, it is expected that the proper mixing of rare earth el-

ements at R sites can adjust the magnetovolume effect to a large

extent and achieve ultra-low thermal expansion. 

We synthesized Gd x (Dy 0.5 Ho 0.5 ) 1-x Co 2 and studied thermal ex-

pansion behavior. With tuning Gd concentration, ultra-low ther-

mal expansion is realized in wide temperature intervals. The ob-

served CTEs are even better than the well-known ZTE Invar alloys

Fe 0.65 Ni 0.35 ( αl ~1.5 × 10 −6 K 

−1 , 193-373 K) [1] . Detailed studies re-

veal that the introduction of Gd regulates the magnetovolume ef-

fect and the magnetostructural transition by mainly adjusting the

c-axis in the rhombohedral FIM structure. The origin can be as-

cribed to the balance between the magnetostriction confined on c-

axis and the normally anharmonic lattice vibration, as well as the

suppression of lattice distortion by Gd doping. 

Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 (x = 0, 0.1, 0.3, 0.5) compounds were pre-

pared by arc-melting technique followed by annealing at 900 °C
for one month, and then quenched in liquid nitrogen. The crystal

structure and thermal expansion behaviors were characterized by

high resolution x-ray diffraction (XRD) using Cu-K α target, which

is equipped with a low-temperature chamber providing variable

temperature within 5-300 K. The representative refined patterns

are given in supplementary materials (see Fig. S1). Magnetization

measurements were performed by using SQUID-VSM. 

According to the general RCo 2 compounds,

Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 exhibit FIM rhombohedral structure (space

group: R-3m) below T C , where Gd, Dy and Ho atoms randomly

occupy Wycko-position 6c(0, 0, z) site, while Co 1 and Co 2 occupy

two distinct sites of 3b(0, 0, 0.5) and 3b(0.5, 0, 0), respectively

( Fig. 1 a). The magnetic moments of R atoms (Gd, Dy and Ho) and

Co are antiparallel along the c-axis in the rhombohedral structure.

With increasing temperature, the compounds transform into PM

cubic structure (space group: F-3m), where Gd, Dy and Ho atoms

occupy 8a(0.125, 0.125, 0.125) site, while the Co atoms have one

site 16d(0.5, 0.5, 0.5) ( Fig. 1 b). 

Fig. 1 c, d show the XRD patterns of samples x = 0, 0.5, respec-

tively, at selected temperatures from 5 to 300 K. The cubic phase

and the corresponding index are marked by red while those for

the rhombohedral phase by green. The (311) and (222) peaks of

cubic phase corresponds to the (105 −), (201 −) and (006), (202) of

rhombohedral phase, respectively. For x = 0, the (311)/(105 −, 201 −),

(222)/(006, 202) peaks obviously shift to higher 2 θ , particularly

around T C ~107K, with the transformation from rhombohedral FIM

to cubic PM phase. This result indicates the occurrence of lattice

contraction on heating. While for x = 0.5, all the peaks including the

(311)/(105 −, 201 −), (222)/(006, 202) remain nearly fixed indepen-

dent of temperature even around T C ~274 K, implying that ultra-low

thermal expansion prevails in the entire temperature range from

5K to 280K. 

For details, the lattice volume and parameters refined based on

the variable temperature XRD patterns are shown in Fig. 1 e and

Fig. 1 f, respectively. The lattice volume monotonically increases
ith increasing the Gd content, since the Gd atomic radius is larger

han Ho and Dy. From Fig. 1 e, it can be seen that the specimen

 = 0 shows a step jump of lattice volume on cooling with �V/V~

0.4% around T C ~107K, and the equivalent linear CTE can be as

uch as αl ~ -3.6 × 10 −5 K 

−1 in a narrow temperature interval

T~35K from 75K to 110K. With increasing Gd doping, the lattice

istortion across phase transition can be suppressed, and the NTE

round the T C gradually flattens out. For x = 0.3 and 0.5, the linear

TE around T C reduces to be αl ~ -3.4 × 10 −6 K 

−1 (140K to 230K,

T~90K) and αl ~ -1.5 × 10 −6 K 

−1 (220K to 280K, �T~60K) in the

xtended temperature intervals, while the volume change is ne-

lectable small, i.e. �V/V~ -0.1% and -0.03%, respectively. Moreover,

elow T C , ultra-low thermal expansion appears in the broad inter-

al for x = 0.3 and 0.5 with CTE coefficients αl ~ -9.9 × 10 −7 K 

−1 (5K

o 140K, �T~135K) and + 1.3 × 10 −6 K 

−1 (5K to 220K, �T~215K), re-

pectively. The absolute values of these CTEs are both smaller than

he well-known ZTE Invar alloy Fe 0.65 Ni 0.35 ( αl ~1.5 × 10 −6 K 

−1 ,

93-373 K, �T~180K) [1] while the operation temperature inter-

als can be much wider. The origin can be ascribed to the balance

etween the negative contribution of spontaneous magnetostric-

ion and the conventional positive expansion of anharmonic lattice

ibration. In Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 , the magnetic moments of R

nd the antiparallel Co both align c-axis in the rhombohedral FIM

tructure (see Fig. 1a). So, it can be prompt to think that the neg-

tive contribution of spontaneous magnetostriction should mainly

onfine on the c-axis. Such speculation is well verified by the ex-

erimental observations. By taking x = 0.5 as an example, the c-

xis shows negative expansion in the temperature region below T C 
hile the a-axis displays totally positive expansion in contrast ( Fig.

 f). The combined actions lead to the ultra-low thermal expansion

n the broad temperature interval where the role of general lattice

ibration has been naturally included. Moreover, since the Gd dop-

ng suppresses the lattice distortion around T C ( Fig. 1 f), ultra-low

hermal expansion is detected in the phase transition region for

 = 0.5 with αl ~ -1.5 × 10 −6 K 

−1 (220K to 280K, �T~60K). This is

o say, for x = 0.5, the absolute values of CTEs in the two intervals

elow and around T C (5-280K, Fig. 1 e) are better than or nearly the

ame as the performance of Fe 0.65 Ni 0.35 ( αl ~1.5 × 10 −6 K 

−1 , 193-

73K, �T~180K) [1] . The ultra-low thermal expansion in such a

roadened temperature interval is beneficial to practical applica-

ions. A rough estimation by linear fitting indicates that the aver-

ge CTE for x = 0.5 can be as low as αl ~ + 6.9 × 10 −7 K 

−1 through

he broad operation interval �T~275K(5~280K, top of Fig. 1 e). 

Fig. 1 g summarizes the linear change of lattice, �l/l, for

pecimens x = 0, 0.3, and 0.5 deduced from Fig. 1 e. The evolu-

ion of �l/l with Gd doping is clearly manifested. In PM region

ithout magnetic ordering, the positive expansion is totally de-

ermined by the conventional anharmonic lattice vibration. The

d x (Ho 0.5 Dy 0.5 ) 1-x Co 2 with different Gd doping show nearly the

ame CTE above T C , noting that the V vs. T curve shows the same

lope ( Fig. 1 e) and the �l/l coincides with each other ( Fig. 1 g). This

esult indicates that the different Gd doping has little effect on the

eneral anharmonic vibrations of atoms. In contrast, in the FIM re-

ion and phase transition region, Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 show dis-

inct thermal expansion with varying Gd concentration, where the

egulation effect of the introduced Gd on magnetic moments and

ence atomic environments plays a dominated role. 

To quantitatively characterize the effect of magnetism on lat-

ice anomalies, magnetic measurements were performed and spon-

aneous magnetostriction behavior were analyzed. Fig. 2 a demon-

trates the temperature dependence of zero-field-cooled (ZFC)

eating and field-cooling (FC) magnetization (M-T curve) under

.05T for Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 (x = 0, 0.3, 0.5). As the Gd dop-

ng rises from x = 0 to 0.5, T C increases from 107 to 274K, while

he thermal hysteresis remains almost zero. One can note that

he magnetic transition temperature is nearly consistent with the
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Fig. 1. The sketches of (a) rhombohedral FIM and (b) cubic PM structure of Gd x (Dy 0.5 Ho 0.5 ) 1-x Co 2 compounds. Arrows indicate the directions of magnetic moments. The 

variable temperature XRD patterns around the cubic (311) and (222) peaks of Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 for (c) x = 0 and (d) x = 0.5, where the blue balls marked on the peaks’ 

top and the lines guide eyes. Temperature dependence of (e) the lattice volume and (f) the lattice parameters for x = 0, 0.3, 0.5, where the linear thermal coefficients αl and 

the corresponding operation intervals �T are marked. (g) The comparison of linear change of lattice �l/l for x = 0, 0.3, 0.5. 
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tarting temperature of NTE ( Fig. 1 e), indicating that the magnetic

ehavior is closely related to the abnormal thermal expansion. In-

et of Fig. 2 a presents the M-T curves measured under 5T, from

hich the temperature dependence of molecular magnetic mo-

ent can be roughly deduced ( Fig. 2 b). One can find that the 5K

agnetic moment reduces with increasing Gd content, which can

e mainly ascribed to the magnetic dilution effect, noting that the

oments of Gd ion (7.94 μB ) is naturally smaller than either Ho

10.6 μB ) or Dy (10.6 μB ). 

For the correlation between the ultra-low thermal expansion

nd magnetic behavior, spontaneous volume magnetostriction ω s 

as used to quantitatively describe the contribution of magne-

ovolume effect to the abnormal thermal expansion. Fig. 3 a, b

how the decomposed thermal expansion characteristics for sam-
les x = 0.3 and 0.5, respectively. The ω s in Fig. 3 is obtained by

 s = ω exp - ω nm 

, where ω exp =�V/V is the lattice volume change re-

ned from XRD, and ω nm 

is the one contributed from the nor-

ally anharmonic lattice vibration, which is calculated accord-

ng to the Debye-Grüneisen relationship, [34] ω nm 

= γ C V k 
V m 

, where

and k are Grüneisen parameter and isothermal compressibility

k = -(1/V)(dV/dP) T ), C V = 3N 0 k B and V m 

are isochoric specific heat

nd molar volume, respectively. For the same specimen, the ω nm 

n FIM region is nearly the same as that in PM region considering

he same γ . 

Fig. 3 c shows the square of molecular magnetic moment (M 

2 )

s a function of temperature (M 

2 -T curve) for x = 0.3, 0.5, while

ig. 3 d correspondingly displays the ω s accorded from Fig. 3 a and

 b. By comparing Fig. 3 c and 3 d, the close relation between M 

2 
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Fig. 2. (a) Temperature dependence of ZFC-FC magnetization for Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 (x = 0, 0.3, 0.5) under 0.05T on heating and cooling. Inset shows the M-T curves 

measured under 5T for the corresponding samples. (b) Temperature dependence of molecular magnetic moment in FIM region deduced from the inset of (a). 

Fig. 3. Decomposed thermal expansion characteristics of Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 for (a) x = 0.3 and (b) x = 0.5. Temperature dependence of (c) the square of molecular magnetic 

moment (M 

2 ) and (d) spontaneous volume magnetostriction ω s for x = 0.3, 0.5. 
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and ω s can be identified. Generally, the ω s (T) can be described by

following equation, [35 , 36] 

ω s ( T ) = kCM ( T ) 
2 (1)

where k is the isothermal compressibility, C is the magnetovol-

ume coupling constant, and M(T) is the molecular magnetic mo-

ment. This means that the magnetovolume effect is totally deter-

mined by the evolution of magnetic moment with temperature,

which can be adjusted by introducing substitution of Ho, Dy by Gd

in Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 . The fitting of ω s (T)~ M(T) 2 is performed,

which obeys the equation (1) , see details in supplementary mate-

rials. As shown in Fig. 3 c, the M 

2 at 5K for x = 0.3 is higher than

that of x = 0.5. But the M 

2 for x = 0.5 falls slower than x = 0.3 with

increasing temperature because x = 0.5 has a higher T C . Consistent

with the trend of M 

2 -T curve, the ω s of x = 0.3 at 5K is also higher

than that of x = 0.5, while the ω s of x = 0.5 also falls slower than

x = 0.3 in the corresponding temperature region ( Fig. 3 d). Note that

the ω nm 

from the normally anharmonic lattice vibration is nearly

independent of the Gd content ( Fig. 1 e, g). Therefore, the combined

effect from the magnetostriction and the normally anharmonic lat-
ice vibration results in the ultra-low thermal expansion but with

ifferent signs for x = 0.3 and x = 0.5. The CTE sign is negative for

 = 0.3, i.e. αl ~ -9.9 × 10 −7 K 

−1 (5K to 140K, �T~135K), while pos-

tive CTE for x = 0.5, i.e. + 1.3 × 10 −6 K 

−1 (5K to 220K, �T~215K) in

 much wider temperature interval. The magnetic moments of R

ons align c-axis in the rhombohedral FIM structure ( Fig. 1 a). From

ig. 1 f, one can find that the c-axis length shows negative thermal

xpansion for both x = 0.3 and x = 0.5 while the trend with tempera-

ure is also the same as the M 

2 -T and ω s -T ( Fig. 3 c, d), that is, the

-axis length of x = 0.5 falls slower than x = 0.3 with increasing tem-

erature. This result further indicates that the arrangements of R

ons in Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 dominates the magnetostriction pro-

ess. 

Moreover, we also studied MCE of Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 by

agnetic measurements. Fig. 4 a and 4 b show the magnetization

sotherms (M-H curve) for x = 0 and x = 0.5, respectively. For x = 0

ith sharp volume change during the magnetostructural transition

 Fig. 1 e), the M-H curves present “S” shape at temperatures above

ut close to T C , indicating the metamagnetic transition driven by

agnetic field. But what’s fascinating is that no hysteresis ap-



J.-Z. Hao, F.-R. Shen and F.-X. Hu et al. / Scripta Materialia 185 (2020) 181–186 185 

Fig. 4. Magnetization isotherms of Gd x (Ho 0.5 Dy 0.5 ) 1-x Co 2 compounds on field ascending and descending for (a) x = 0 and (b) x = 0.5. Entropy change �S under (c) 0-2T and 

(d) 0-5T magnetic field change for the samples with various Gd contents, x = 0, 0.1, 0.3, 0.5. 
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ears in the magnetic field cycle ( Fig. 4 a), which is an appreciate

haracteristic from view of optimizing efficiency. The exact physi-

al origin for the non-hysteretic first-order phase transition is un-

lear at the moment, which requires further studies. The entropy

hange was calculated using Maxwell relation �S = ∫ H 0 ( 
∂M 

∂T 
) H dH,

hich is the total entropy change contributed from both spin

nd lattice [37 , 38] . For x = 0, the - �S reaches ~14.3 and ~18.8 J

g −1 K 

−1 at 110K for 0-2T and 0-5T, respectively. These �S mag-

itudes are considerable large compared to others available in the

ow-temperature region [39] . With increasing Gd doping, the vol-

me change around T C becomes less sharp and eventually ap-

roaches zero for x = 0.5 ( Fig. 1 e). It means the contribution from

attice to the �S is getting smaller and even becomes zero. More-

ver, the molecular magnetic moment also reduces notably be-

ause of the magnetic dilution effect. The combined effect leads

o a rapid reduction of �S while the peak shifts to high tempera-

ure as the Gd doping rises (see Fig. 4 c, d). For x = 0.1, the - �S is

10.9 J kg −1 K 

−1 (0-5T) at 142K, while it quickly reduces to ~3.9 J

g −1 K 

−1 (0-5T) at 280K for x = 0.5. 

In summary, ultra-low thermal expansion is achieved in

d x (Dy 0.5 Ho 0.5 ) 1-x Co 2 compounds. At low Gd contents x = 0, 0.1,

he materials show considerable MCE owing to the significant lat-

ice contribution during magnetostructural transition. While for

 = 0.3, 0.5, ultra-low thermal expansion is demonstrated. The ori-

in can be ascribed to the balance between magnetovolume ef-

ect and general anharmonic lattice vibration in FIM region, where

he arrangements of R ions along c-axis in the rhombohedral FIM

hase play a dominated role in regulating the magnetostriction

rocess. Moreover, ultra-low thermal expansion also occurs in the

hase transition region around T C for x = 0.5 owing to the sup-

ression of lattice distortion by Gd doping. As a result, the CTEs

l ~+ 1.3 × 10 −6 K 

−1 (5-220K), -1.5 × 10 −6 K 

−1 (220-280K) are even

etter in a significantly broadened temperature interval compared

o the ZTE Invar alloy Fe 0.65 Ni 0.35 ( αl ~1.5 × 10 −6 K 

−1 , 193-373K,

T~180K), and a rough estimation by linear fitting indicates that

he average CTE can be as low as αl ~ + 6.9 × 10 −7 K 

−1 through

T~275K(5~280K). This work not only broadens the categories of

xploring anomalous thermal expansion in the area of MCE mate-
ials, but also highlights the advantageous ways to generate ultra-

ow thermal expansion. 
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