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Abstract 

Theoretical considerations of magnetovolume effect (MVE) predict that some non-magnetic 
metals should become ferromagnetic due to substantial three-axial expansion. This effect is difficult 
to be observed experimentally, because such expansion is an experimental challenge. 

We have tried to realize this task by heavy ion irradiation of transition metals (Nb, Ta) with 
Yb ions that have large atomic radius and filled electron orbitals (non-magnetic properties). SQUID 
measurements show very distinct hysteresis loops from the irradiated samples. The aim of the 
proposed experiment was to determine how strong is the induced moment and where it is located. 
The XMCD technique as element sensitive was used as an ideal tool for this purpose. 
 
State of art 

From theoretical calculations it is expected that non-magnetic transition metals in bulk-like 
equilibrium conditions may become ferromagnetic at expanded volumes and in the limit of large 
volumes, the magnetic moment should approach a value determined from the Hund's rule. This 
effect is a direct consequence of the increasing importance of the exchange interaction coupled with 
the lowering of the total energy by electron polarization as the volume increases. With the volume 
increase a stronger electron localisation is expected. 

It was shown that all the transition 3d metals from Sc to Ni undergo magnetic transitions at 
certain critical volumes [1]. Stable antiferromagnetic solutions for 4d metals like: bcc niobium, 
molybdenum, and technetium, and for fcc technetium, and metastable antiferromagnetic solutions 
for fcc ruthenium have been found [2]. Beyond a critical volume, both Mo and W exhibit a preference 
to gain antiferromagnetic behaviour. The onset of antiferromagnetism is predicted to occur at 
slightly smaller volume expansions than ferromagnetism [3]. 

However, a three-axial stretching is difficult to be realized experimentally. We have tried to 
overcome this problem by Yb ion irradiation. The Yb ions have one of the largest atomic radius (222 
pm) and fully filled electron orbitals ([Xe]6s24f14). We expected that heavy irradiation of transition 
metals with Yb ions introduces damages or stretch of the lattice in a close manner as application of 
three-axial tensile stress. In intermetallic compounds Yb usually exist in a divalent 4f14 nonmagnetic 
state, trivalent 4f13 magnetic state, or intermediate valent state as a result the hybridization of the 4f 
states with the conduction electrons. For example, the YbPd compound exhibits numerous phase 
transitions, however, only in the low temperature (below 2K), it was identified as magnetic [4]. 
Magnetic nature of Yb depending on fractional valence was studied in YbPd [5] and YbMnGeSn [6] 
compounds. 

Extremely high sensitivity of XMCD makes this technique unique for investigations of the 
induced magnetic moment due to lattice expansion. Moreover, through the powerful sum rules the 
spin and orbital moments could be determined quantitatively. Occurrence of the induced magnetic 
moment in our irradiated samples has been proven by SQIUD measurements. However, SQUID 
technique probes the total magnetic moment from the whole sample (including diamagnetic 
moment from the sapphire substrate). The XMCD technique, as element sensitive, enables to identify 
the atom type with induced moment. 
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Experimental details 
 The samples for each transition metal type (Nb – 4d metal and Ta – 5d metal) were deposited 
in the same evaporation process in the MBE system on three separated sapphire (11-20) substrates. 
Such procedure secured the same quality of deposited metal layer for further direct comparison. 
High quality of crystalline structure grown in (110) direction was confirmed by streaky RHEED 
pattern. Thickness of metal layers was equal to around 100 nm. The sapphire substrate has a round 
shape, 5 mm in diameter and 0.5 mm thick. 

Two of three samples were irradiated (HZDR, Dresden, Germany) with Yb ions with total 
fluences 1.68e+15 and 1.68e+16 ion/cm2, respectively. The third sample was not irradiated and 
served as a reference. Multistep irradiation process with varying ion energies secured uniform 
implantation across the whole film thickness. 

Magnetic properties were measured by SQUID in the field range up to 1T at temperature 5K 
and 15 K. During measurements the field was applied in two mutually perpendicular directions in 
the sample plane and along the normal to the sample plane. 

The parameters of beamline ID-12 in ESRF fits perfectly to carry out the planned XMCD 
experiment. The available energy range (2-20 keV) covers the absorption edges of the all 
investigated elements (Nb, Ta and Yb). The available magnetic fields (17 T) are high enough to 
saturate our samples (1 kOe for Nb and 1.5 kOe for Ta required). Highly sensitive fluorescence 
detection mode is mandatory for our samples as the thickness of the film and magnetic moments are 
moderate.  
 
Results 

SQUID measurements carried out at 5K and 15 K of the irradiated samples revealed distinct 
hysteresis loops typical of ferromagnetic behaviour in contrast to linear M-H dependence with 
diamagnetic slope from the sapphire substrate in the reference sample (Fig. 1). XRD investigations 
showed three-dimensional lattice expansion of the irradiated film. 
 

 
Fig. 1. The SQUID hysteresis loops from the non-irradiated Nb samples (C) and irradiated ones with 
fluences equal to: 1.68e+15 (A) and 1.68e+16 (B) ions/cm2. The measurements were carried out in 
the field applied in the sample plane and along the normal (see the legend). 
 

Complete XMCD measurements were carried out for Nb films. Fig. 2 shows XANES and XMCD 
and XMCD spectra recorded at Nb L3,2 edge. Both spectra for irradiated (B) and non-irradiated (C) 
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samples suggest a low value for ml and ms , close to the sensitivity level of this technique. Because of 
a lack of any difference between these two spectra, we cannot conclude that magnetic moment is 
located at Nb atoms in the irradiated film. Similar results were obtained for Ta films (not shown in 
this report). A dependence of XMCD signal vs applied magnetic field (XMCD (H)), measured in the 
next step, reflects magnetization reversal of a specified element, similarly as a standard magnetic 
hysteresis loop recoded by magnetometry techniques. This dependence, registered for the samples B 
and C of Nb films at L3 edge, shows similar flat negative slopes suggesting their diamagnetic 
behaviour (Fig. 3). On the contrary, the same dependence acquired for the Yb L3 edge in Ta 
irradiated film displays a substantial positive slope (Fig.4). 

 
Fig. 2. Normalized Nb L3,2 XANES and XMCD spectra recorded at 15 K and 17 T for Nb samples: B 
(left) and C (right). 

 

 
Fig. 3. The element selective Nb L3 XMCD(H) magnetization loops recorded for Nb samples B (left) 
and C (right). 
 

 
Fig. 4. The element selective XMCD(H) magnetization loop for Yb L3-edge in the irradiated Ta film. 
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Conclusion 
In conclusion, Yb ion irradiation with a fluence of 1016 ions/cm2 of 4d (Nb) and 5d (Ta) metal 

films does not induce at their atoms a magnetic moment (due crystal lattice deformation) as 
expected for MVE. Instead, detected magnetic moments are located most probably at the implanted 
Yb atoms, with a concentration of 2% in the irradiated sample. If it is located only there, a mean 
value should reach a value of 0.2 μB per Yb atom. It is difficult to judge unequivocally whether 
ordering adopts the ferromagnetic or spin-glass character. Most probably, due to low concentration, 
it is the latter case with freezing temperature higher than that for SQUID measurements (15K) 
showing evident magnetic hysteresis loop in Yb-irradiated films. 
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