
1. Introduction

In the last decade, there have been many reports of the obser-
vation of the Bose–Einstein condensation (BEC) of quasi-
particle magnon in different solid state systems. BEC has 
been reported in spin-dimer compounds Pb2V3O9, Sr3Cr2O8, 
Ba3Cr2O8, BaCuSi2O6, TlCuCl3, NH4CuCl3, KCuCl3 [1–9],  
quantum spin-1/2 antiferromagnet Cs2CuCl4 [10] and organic 
spin gap compound NiCl2-4SC(NH2)2 [11, 12]. BEC of 
magnons has been observed at room temperature [13] in 
yttrium-iron-garnet (YIG) film by application of microwave 
pumping that creates a large enhancement of quasi-particle 
density which in turn leads to BEC. Very recently, there are 

also reports of temperature driven BEC of magnons in nano-
materials where by lowering the temperature one observes 
BEC. This type of temperature driven BEC has been reported 
in Co/Pt multilayer nanopillars [14] and more recently in Gd 
nanocrystal [15–17]. The last work is highly relevant to the 
present report as it is directly related to the present invest-
igation that has been performed on nanostructured Gd films.

In the nanostructured materials, the observations of magnon 
BEC have been made mainly through magnetic measurements 
like magnetization (M) or AC-susceptibility (χ). In very small 
size domains magnetic nanoparticles can also display super-
paramagnetism, although BEC and superparamagentism are 
mutually exclusive. A size dependent phase diagram for magn-
etic nanoparticles has been suggested [18, 19], where one 
may demarcate the ferromagnetic regime, BEC regime and 
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superparamagnetic regime. We have also carried out frequency 
dependent AC-susceptibility measurements to establish that 
the observed magnetic transition is not a superparamagnetic 
blocking temperature. In view of the above discussion, it will be 
an important contribution if other experimental probes can be 
found that when carried out along with magnetic measurements, 
would strengthen the claim of BEC. In this paper, we show that 
resistivity and magnetoresistance are excellent probes of finding 
magnon BEC. Briefly, the temperature driven BEC softens the 
spin wave stiffness constant D near the trans ition [16]. Since 
the contribution of spin waves to resistivity is related to D, one 
expects that the onset of BEC will lead to a change in resistivity 
as well as in the MR. This has been first showed in nanostruc-
tured Gd samples with average grain size of diameters 12 nm and 
18 nm where the BEC temperature is  ≈16.5 K [15]. In this report 
we demonstrate the signature of BEC, in resistivity and MR in 
nanostructured Gd films around the BEC temperature  ∼20 K. 
The main motivation is to check whether the signature of magnon 
BEC is present in nanostructured solids with very different mor-
phologies and with much larger grain sizes that are larger than 
previously reported grain sizes by a factor of 3 to nearly 10. We 
also carry out magnetic measurements in these samples and show 
that the signature of magnon BEC in resistivity as well as in MR 
can be quanti tatively linked to the spin wave constant softening 
obtained from the magnetization data.

Temperature driven magnon BEC transition has been very 
well studied in nanocrystalline samples of Gd [16, 17] using 
magnetic, transport [15] as well as heat capacity measure-
ments. These measurements were done on nanocrystalline Gd 
with average diameters of 12 and 18 nm whose TBE are around 
20 K. The samples used in the above studies are high pressure 
compacted nanopowders produced by inert gas condensation. 
We used in this present investigation nanocrystalline films 
of Gd that have very different sample morphology as well 
as have larger average grain sizes (35 and 105 nm). For com-
parison we also studied a polycrystalline bulk with average 
grain size  ∼4 μm. The choice of larger size have been done 
primarily to minimize the appearance of superparamagnetic 
contributions. In Gd this occurs for diameter  ∼10 nm [20].

2. Experiment

Three different Gd samples have been studied. Two film 
samples of thickness 1900 nm (Film-A) and 250 nm (Film-B) 
were grown on quartz substrate by thermal evaporation in a 
base pressure less than 10−7 mbar. The substrate temperature 
was 450 °C. The grown samples were annealed post depo-
sition at 500 °C with 1 mbar Ar pressure. Annealing leads 
to grain growth. Films A and B have been annealed for 9 h 
and 4 h respectively. The polycrystalline bulk sample (Bulk) 
with purity  ≈99.9% was annealed at 850 °C for 24 h in 
1 mbar Ar. After annealing, the sample was cut to a piece of 
length  =  2 mm, width  =  0.6 mm and thickness  =  0.4 mm.

X-ray diffraction (XRD), atomic force microscope (AFM) and 
scanning electron microscope (SEM) were used for structural and 
microstructural characterizations. Magnetization measurements 
were carried out with a commercial quantum design supercon-
ducting quantum interference device (SQUID) magnetometer. 

DC magnetization was measured in zero field cooled (ZFC) 
and field cooled (FC) conditions under a magnetic field of 0.01 
T for temperatures ranging from 5 to 330 K. Isothermal mag-
netization curves were obtained under an applied magnetic field 
that varied from  −1 T to  +1 T. AC-susceptibility measurements 
were performed in three different frequencies (17, 170 and 
1202 Hz) and in the presence of three different DC bias fields  
(0, 0.01 and 0.1 T). The AC field was kept constant at  
0.4 mT. The film samples were mounted such that the plane 
of the films was parallel to the direction of the applied magn-
etic field. The electrical measurements were carried out by the 
conventional collinear four probe method. A lock-in amplifier 
based phase sensitive AC measurement technique with a low 
frequency transformer pre-amplifier was used for the resist-
ance measurement that allows an accuracy and high precision 
of better than  ±2 ppm. The high precision AC measurement was 
also used for MR measurements, where the magnitude of the 
MR even at a field as high as 9 T was  <6%.

For temperature dependent resistivity measurement  
(3–330 K) a closed cycle pulsed tube helium cryostat was used.

3. Results and discusions

3.1. Sample characterization

Cross-sectional SEM images (figure 1(a)) show the thickness 
of the films. Film-A and Film-B have thicknesses of 1900 and 
250 nm respectively. The AFM images in figure 1(b) show the 
particle sizes and the grain morphologies. In Film-A, particles 
are elongated with long aspect ratio  ∼1.58 and lying along the 
plane of film surface. The mean length (dL) and width (dW) 
of the grains are  ∼128 nm and  ∼81 nm. These were calcu-
lated from the fitting of a log-normal function of the particle 
size distributions. The average diameter of the grains d can be 
taken as  =  (dL  +  dW)/2 which makes it  ≈105 nm. In film-B 
particles are nearly spherical with mean grain size  ∼35 nm 
(see figure 1(c) for size distribution). The grain size of the bulk 
sample are  ∼4 μm (since we used the same sample as our pre-
vious work [21], the SEM image of bulk is not shown here).

Figure 2 shows the XRD pattern of three samples. Data have 
been compared with the standard polycrystalline Gd powder 
pattern (ICDD data base, ref. code: 00-002-0864). In Gd, the 
magnestism depends on the presence of two closed packed 
phases: ferromagnetic hcp phase and a paramagnetic fcc 
phase. The growth process leads to a finite volume fraction of 
fcc phase as determined from the XRD data. For Film-A with 
an oblate grain morphology the fcc phase volume fraction is 
lowest (∼6%). For Film-B it is highest  ∼14% and for the bulk 
sample it is  ∼8%. Determination of the fcc phase fraction was 
performed using methods described in earlier publications [22].

3.2. Magnetization

The magnetization (M) studies were performed to relate our 
measurements with past studies on nanocrystalline Gd and 
thus establish that our samples show magnon BEC. We also 
used the temperature dependence of M to find the temperature 
dependence of the spin wave stiffness constant D as shown 
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below. The field dependence of M at 20 K shows that all three 
samples are ferromagnetic in nature (figure 3). Above 0.2 T, M 
shows technical saturation although there exists a finite slope 

/M Hd d  beyond 0.2 T.
From figure 3 it can be seen that in the nanostructured film 

HC is finite ruling out superparamagnetism in the samples.
Figure 4 shows the T dependence of M for ZFC (zero field 

cooled) and FC (field cooled) conditions for T  <  40 K. The 
ZFC data show a peak for ⩽T 15 K. Previous works in nano-
structured Gd show similar features [17, 24]. These features 
have been identified as due to BEC of the magnon. We show 
below that the T dependence of the FC M data can be explained 
by softening of the spin wave stiffness constant D. We also 
show later on from AC χ data that the peak in the ZFC M–T 
is not a blocking temperature. Although the amplitude is very 
small, surprisingly a peak is seen even in the ZFC magnetiza-
tion data of the bulk sample where the grain size is  ∼4 μm.

3.3. Temperature dependence of magnetization and  
softening of spin wave stiffness constant D

We utilize the M-T FC data to find out the dependence of 
the spin wave stiffness constant D on T. The energy dis-
persion relation of the spin waves can be written as [16] 
ε µ= +∆−Dk2 , where k is the wave vector, D is the spin 
wave stiffness constant and µ∆ = ∆ + g H0 B . ∆0 is the 
energy gap which is developed by the anisotropy energy. 
In our work we used the value of single crystal Gd [16] 
( ( )∆ = 0.155 30  meV). The second term is the Zeeman term 

Figure 1. (a) Cross-sectional SEM images and (b) AFM images of the films. (c) Particle size distributions of Film-A and Film-B.  
In Film-A, the length and width of a crystallographic grain are denoted by (dL) and (dW).

Figure 2. XRD data of the three samples used. The lines due to fcc 
phase are indicated by arrows.

Figure 3. Field (H) dependent magnetization (M) at 20 K. Inset 
shows the T dependent coercive field (HC) of all samples at low 
temperature.
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with Landeg’ factor g  =  2 for Gd (since =L 0 and /=S 7 2). 
μ is the chemical potential.

In the BEC state µ = 0. As a result ε ≈ +∆Dk2 . Therefore, 
at low temperature the magnon density n in a system of grain 
size d can be expressed by the following relation as [23],

( )∫π=
−β

∞

+∆
n

k k1

2

d

e 1
,

k Dk2

2

0
2 (1)

where /β = k T1 B . In the finite size sample grain, the spin 
waves are constrained inside the grains with the maximum 
wave length λ≈ d. Therefore, the integration must have a finite 

value of lower limit and it is = πk
d0

2 . Finally, the temper ature 

dependence relation of n becomes (see appendix A)

( )/= −n AT f T d, ,3 2 (2)

where = ∑π =
∞ β− ∆

A k

D l l4
3 2

1
e l

B
3 2( ) /

/  and ∫=
π −β +∆

f T d,
k k k1

2 0

d

e 1Dk2

0 2

2( )
( )

.

The magnetization (M) is related with the magnon density 
n as [16]

µ= −M M g n,0 B (3)

where M0  =  M at T  =  0 K. n increases with temperature T and 
thus leads to a deviation of M from M0. Equation (3), with n 
given by equation (2), is the modified Bloch T3/2 law.

Equation (3) is fitted to the low field FC M–T data. The fits 
are shown in figure 4 as solid lines. It can be seen that the fits of 
equation (3) to the data are excellent. We obtain the T depend-
ence of D from the fit and the data are shown in figure 5. It can 
be clearly seen that there is an anomalous softening of D in the 

temperature range around 15–20 K. The value of D also goes 
down with decrease in the grain size d from the Bulk to Film-B. 
The smaller values of Ds in the nanostructured films enhance 
the values of magnon densities in them leading to the observa-
tion of BEC. The temperature at which the anomalous softening 
of D occurs can be taken as the transition temperature TBE.

3.4. Resistivity

The temperature (T ) dependent resistivities (ρ) for all the 
samples are shown in figure 6. Although all the samples show 
metallic nature in-spite of their high resistivities, there are 

Figure 4. M versus T curve (FC and ZFC) for the film and bulk samples. The applied field is 0.01 T. The line through the FC data are fits to 
equation (3). (See text.)

Figure 5. D versus T as obtained from the M–T curve.
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observable differences between the film and the bulk resis-
tivity data. For the bulk sample, as in a metallic solid, it has a 
residual resistivity  ≈10.5 µΩ cm and the normalized value 

(   )/ (   )ρ ρ= =R 300 K 5 K 14.4N . At 300 K, ρ approaches satur-
ation as is often observed for highly resistive metals and alloys 
that have  ρ µ> Ω100  cm. The value of ρ for the films are notice-
ably higher as expected primarily due to the grain boundary 
resist ances. At low temperatures there are clear features (marked 
by arrows). These features we show below are associated with 
the softening of the spin wave stiffness constant D.

The resistivity ρ of a magnetic metal follows Matthiessen’s 
rule:

ρ ρ ρ ρ= + + ,0 L M (4)

where ρ0 is the temperature independent residual resistivity 
(depending on the lattice defects and grain boundaries etc), ρL 
is the temperature dependent lattice (phonon) contribution and 
ρM is the magnetic contribution. In most metallic solids, the ρL 
is given by the Bloch–Gruneisen theory [25] which is deter-
mined primarily by the Debye temperature θD. The magnetic 
contribution arises from the spin wave and is given as [26],

⎜ ⎟
⎛
⎝

⎞
⎠ρ γ=

T

D
,M

2

 (5)

where γ is a constant that depends on the ratio of s  −  f spin–
orbit interaction energy and Fermi energy (Ef). Clearly a low D 
will accentuate the value of ρM and will make it more visible. 
In most magnetic solids, the ρM is generally overwhelmed by 
the ρL except at low T.

To check for the existence of a discernible magnetic 
contrib ution at low temperatures, we have plotted ( )ρ ρ−T 0 
as a function of T2 (for ⩽T  25 K in the inset of figure 6). It 
can be seen that for the films the ρ at low T have a substanti al 
magnetic contribution (∼T2) that follows equation  (5). For 
both the films for T  >  17 K, there is an upward enhance-
ment of the magnetic contribution due to softening of D as 
TBE is approached. The features marked by arrows in the main 
figure are visible as change in slopes in the inset (also marked 
by arrows). For the bulk Gd sample, the value of D is much 

lower than that seen in conventional 3d ferromagnetic mat-
erials like Fe and Ni but it is much larger than the D seen 
in the films. As a result, the magnetic contribution is much 
smaller in the bulk Gd compared to that in the films and we 
may neglect it. This observation allows us to use its temper-
ature dependent resistivity ( ( )ρ ρ ρ≈ −TL 0) as a measure of 
the lattice contrib ution for all the samples.

To identify the magnon BEC and connect the softening of 
D as seen in the resistivity data, we use the derivative of ρ as 

/ / /ρ ρ ρ= − ≈T T Td d d d d dM L  / /ρ ρ−T Td d d dbulk , where 
/ρ Td dL  is taken as the /ρ Td d  for the bulk sample (marked as 

/ρ Td dbulk ), following the argument above. A plot of /ρ Td dM  
for the two films are shown in figure 7. The features marked 
by arrows in the resistivity curves for the films in figure  6 
show up clearly as a rather sharp peak in the derivative curves. 
The maximum in /ρ Td dM  can be identified with the minima 
in D versus the T curve evaluated from the magnetization data  
(see figure 5). To test this quantitatively, we calculate the deriva-
tive as a function of T from equation (5) using the exper imentally 
observed D at a given T. We obtain γ from the experimental 

Figure 6. ρ versus T curve of all three samples. Inset shows the 
ρ ρ− 0 versus T2 plot. Transition temperatures are indicated by the 
arrows.

Figure 7. 
ρ
T

d

d
M versus the T curve of the film samples. Calculated value 

of 
ρ
T

d

d
M is mentioned as ‘Cal’.

Figure 8. (a) Field (H) dependent MR% at 20 K for film samples. 
Data is fitted by equation (6). (b) Temperature (T) dependent -MR% 
(µ =H 90  T). To show the absolute value negative MR has been 
plotted.
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derivative curve at T  =  7 K by using the observed value of D 
at that temperature. /ρ Td dM  was calculated from the temper-
ature variation of D. The calculated curves are shown as lines in 
figure 7. It can be seen that they match the experimental curves 
well. It establishes the fact that the softening of D, which is 
taken as the signature of magnon BEC, leads to a maxima in the 

/ρ Td dM  curve. We can then identify the TBE from the temper-
ature where /ρ Td d  peaks are observed at low T.

3.5. Magnetoresistance

Since the magnetic contribution to resistivity shows a 
clear signature of BEC, it is expected that the magneto-
resistance (MR) would also show a signature of BEC. 
Application of magnetic field will enhance TBE [16]. Thus for  
<T TBE, application of field (H) will lead to an enhancement 

of D at a given temperature which will reduce ρM as given by  
equation (5), leading to a negative MR. The effect is expected 
to be largest for ≈T TBE. This would thus make MR yet 
another probe to identify the BEC. (We define the MR as 

( )= × = ×ρ
ρ

ρ ρ
ρ

∆ −
MR% 100 100

0

0

0
, where ρ ρ≡0  (H  =  0).)

At a temperature (T  =  20 K) the H dependent in-plane 
transverse MR (applied field and measuring current are 
perpend icular) are shown in figure 8(a). MR is negative for 
all the samples. MR has been measured up to a field of 9 T. At 
low temperature and high field, the MR for the film samples 
become larger compared to that of the bulk. There are also 
differences in field dependence. In the film samples there is a 
clear linear component, which we show below is linked to the 
field dependence of D. The T dependence of MR at a given 
field µ =H 90  T are shown in figure 8(b). The magnitude of 
MR is clearly low. (Note that the data have been plotted as 
MR%.) However, for films A and B there are clear maxima 
for ≈T TBE, as determined from the resistivity derivative curve 
(figure 7).

MR can be fitted by a single function of H as [15]

ρ
ρ

α β
∆
= −H H ,

0

2
 (6)

where α and β are the weight factors of the representa-
tive terms. The first term (αH) represent the contribution 
arising from the breaking of coherent long range ordering 
of magnons and the second term ( β− H2) is the Lorentz term 
(present in transverse MR) contribution. The values of α 
and β have been obtained from the data by fitting them to 
equation (6).

The parameter ( ( )α − × −4.22 4 10 3 T−1 and − ×11.92 1( )
−10 3 T−1 for Film-A and Film-B) varies. We show that this 

happens due to dependence of α on D which itself has a 
depend ence on H. It can be shown that (see appendix B):

α α= −
D

2
,

N
N2 (7)

where ( )α =N D

D

H

1 d

d
 and DN  =  D/D(0) is the normalized value 

of D, where D(0) is the value of D at H  =  0. Since D increases 
with H, αN is  >0 and α is  <0, as observed experimentally.

It is noted that the low temperature ρ as well as the MR 
data of the films performed in this investigation, have a broad 
similarity to the data on nanostructured bulk solid carried 
out previously. The present investigation showed that barring 
details the signatures of BEC in magnetic as well as the trans-
port data are mostly independent of the morphology of the 
nanostructured Gd.

3.6. AC-susceptibility

The discussion so far assumed that the transition seen at low 
T is distinct from what is expected of a superparamagnetic 
transition. In fact the particle size used here being much 

Figure 9. (a) Temperature dependence of the real part of AC-susceptibility (χ′) for two film samples at three different frequencies (17, 170 
and 1202 Hz). Amplitude of AC magnetic field (µ H0 ac) and DC bias field (µ H0 dc) is 0.4 mT and 0 T. (b) The same for the imaginary part of 
AC-susceptibility ( ″χ ). (c) The T dependence of the normalized susceptibility (χ χ′ ′0/ ), where χ χ=′ ′0 (T  =  5 K), at frequency 17 Hz of three 
different samples for DC bias field 0, 0.01 and 0.1 T. Arrows indicate the shifting of TBE with DC field intensity.
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larger than the size range where superparamagnetism is 
expected, we can rule out such effects. In addition, we have 
two more experimental reasons to rule out the above effect. 
First, it can be seen from the figure  3 inset that the nano-
structured films have finite coercive field Hc which are much 
larger than the bulk. In a superparamagnetic particle the Hc 
is expected to  →  0. Next we show using measurement of AC 
χ that there is no evidence of blocking transition as it hap-
pens in superparamagnetic particles which often lead to a 
hump in ZFC M versus the T curve similar to those seen in 
figure 4.

For zero DC bias field the T dependent real (χ′) and imagi-
nary ( ″χ ) part of the susceptibility have been plotted for three 
different frequencies ranging from 17 to 1200 Hz. The data 
were taken with no applied DC field and a modulation field of 
0.4 mT. In Film-A and Film-B, peaks in the χ −′ T  curve are 
observed at temperatures where the ZFC M–T curves show 
a hump (the data in bulk sample shows no such features). 
Importantly, the peak position is independent of the measure-
ment frequency. This is unlike blocking temperature, which 
being a kinetic effect, shows a clear dependence on frequency 
of measurement. One thus can rule out blocking temperature 
associated with these features.

In figure 9(c) we plot the χ′ as a function of T for different 
applied DC field (Hdc) for a fixed frequency at 17 Hz. The 
data are normalized as /χ χ′ ′0 (here χ χ=′ ′0  at T  =  5 K). As 
Hdc increases, the result shows that the transition temper-
ature moves toward higher T values. This is the indication of 
a phase transition where TBE shifts to a higher value as a DC 
field is applied [16].

4. Conclusions

Magnetic measurements as well as high precision resistivity 
and MR measurements were carried out to low temper-
atures on nanostructured films of Gd. One film with a thick-
ness of 250 nm and nearly spherical grains, have average 
grain size of about 35 nm. The other film with thickness of 
1.9 μm have oblate grains with average diameter in excess 
of 100 nm. Magnetic as well transport measurements show 
clear signatures of BEC of magnons in the temperature range 
of  ≈15–20 K. The transport measurements can be related 
quantitatively to magnetic measurements through the spin 
wave stiffness constant D that show anomalous softening near 
the BEC transition temperature TBE.

This paper establishes that the BEC reported before in 
nanocrystalline Gd can be observed even in nanostructured 
materials with somewhat larger size. We also ruled out the 
occurrence of superparamagnetism using AC-susceptibility 
measurements. The absence of frequency dependence of 
AC-susceptibility showed that the transition temperature 
observed in magnetic measurements cannot be related to 
superparamagnetic blocking temperature. The paper also 
establishes the independence of BEC on sample morphology. 
The observation of magnon BEC is possible in Gd nanostruc-
tures due to its relatively much lower spin stiffness constant D 
compared to other magnetic nanomaterials.
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Appendix B

Using equation  (5) for a particular temperature it can be 
written as

( ) ( )
( )

= = −ρ
ρ

ρ ρ
ρ

∆ −
D 0

D D

1 1

0
2

0

0

0
2 2

( )= − 1D

D

0 2

2 .

Therefore,

( ) ( )( ) ⎡⎣ ⎤⎦= −ρ
ρ
∆ 2

H

D

D D

D

H

d

d

0 2 1 d

d0

Again from equation (6), neglecting the Lorentz part in the 
field range concerned:

( ) α=ρ
ρ
∆

H

d

d 0

or, ( )( ) ⎡⎣ ⎤⎦α = −2 D

D D

D

H

0 2 1 d

d
.
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