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EVIDENCE FOR A NON-MAGNETIC KONDO EFFECTIN THE STRUCTURALLY DISORDERED UAsSeFERROMAGNET�T. Ci
horek y, R. Mi
halak, F. Kromer, J. Müller, F. Stegli
hMax Plan
k Institute for Chemi
al Physi
s of Solids01187 Dresden, GermanyA. Wojakowski and Z. HenkieW. Trzebiatowski Institute of Low Temperature and Stru
ture Resear
hPolish A
ademy of S
ien
esP.O. Box 1410, 50-950 Wro
ªaw, Poland(Re
eived June 21, 2001)Spe
i�
 heat and thermal expansion measured along the 
-axis are re-ported for the UAsSe single 
rystals with TC = 101:5K, whi
h display thepronoun
ed low-T upturn in the ele
tri
al resistivity. Besides the ferromag-neti
 transition, no additional anomaly has been found that 
ould a�e
t thelow-T physi
s of UAsSe. The investigated 77Se NMR spe
tra give eviden
efor a systemati
 development of the disorder 
aused by a small 
hange ofthe sample 
omposition. The appearan
e of ele
tron-assisted tunneling ofthe atoms in UAsSe and related 
ompounds is dis
ussed.PACS numbers: 66.35.+a, 65.40.�bTwo Level Systems (TLS's) in disordered solids are believed to be atoms,small groups of atoms, or more 
ompli
ated 
lusters, that quantum-me
hani-
ally tunnel between two similar energy states separated by a barrier. Ex-periments show that additional 
ontributions to the thermal properties dueto the TLS's are of a very similar size even for quite dissimilar materials.These universal behaviors are dominated by the intera
tion of the TLS'swith phonons rather than with 
ondu
tion ele
trons. Moreover, there is no
lear experimental eviden
e for the in�uen
e of the TLS's on the ele
tri
al� Presented at the XII S
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alPhenomena, L¡dek Zdrój, Poland, June 21�24, 2001.y On leave from the W. Trzebiatowski Institute of Low Temperature and Stru
tureResear
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ien
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horek et al.resistivity, �(T ), [1℄. On the other hand, the theoreti
al 
al
ulations predi
ta rise of �(T ) with lowering temperature as a result of the ele
tron-assistedtunneling of the atom. This many-body phenomenon 
an display a non-magneti
 analogy to the ordinary Kondo problem [2℄.Histori
ally, Co
hrane et al. [3℄ were the �rst who asked whether stru
-tural disorder 
an lead to the existen
e of a low-energy degree of free-dom to whi
h the 
ondu
tion ele
trons 
an 
ouple. However, the non-magneti
 Ni75P25 alloy that they have investigated has later been re
og-nized as a spin-glass material. Non-magneti
 origin of the minimum in theresistivity around 20K has been observed in the degenerate Pb1�xGexTesemi
ondu
tor (n = 3:4 � 1018
m�3 for x = 0:006). It is believed that therandom distribution of the Ge atoms indu
es lo
al strain �elds that lift theeightfold degenera
y, plausibly leaving only two levels 
lose in energy at ea
hGe site and thus giving rise to the TLS's. However, there are some 
ompli-
ations be
ause of the ferroelasti
 transitions, whi
h intervene in the low-Tupturn in �(T ) when the Ge 
on
entration in
reases (see, e.g. [2℄).From the non-magneti
 Kondo-problem point of view, the metalli
 UAsSesystem is very interesting (the tetragonal PbFCl-type stru
ture). It under-goes a ferromagneti
 phase transition between 96.7K and 116.9K for slightlyo�- (As/Se �0:9) and near-stoi
hiometri
 samples, respe
tively. In spite ofthe small 
hange of the anioni
 stoi
hiometry, the physi
al properties arestrongly sample dependent � espe
ially the ele
tri
al resistivity that dis-plays an intriguing upturn in the ferromagneti
 state. Its magnitude rapidlyin
reases in a monotoni
 manner with a smooth de
rease of TC a

ompaniedby a de
rease of the As/Se ratio. Above TC, the �(T ) behavior of UAsSehas been found to be almost sample independent [4℄.In the ordinary Kondo e�e
t, a quen
hing of the lo
al magneti
 momentsis essentially based on the antiferromagneti
 intera
tions between itinerant
ondu
tion ele
trons and the magneti
 impurity. Sin
e the Kondo s
reeningis extended on the distan
e of the order of tens of unit 
ells, the magneti
Kondo e�e
t is unlikely in the ferromagneti
ally ordered material. (The sizesof the 
rystallographi
 and magneti
 unit 
ell are the same in UAsSe.) Inaddition, the very small magnetoresistan
e in UAsSe in �nite �elds up to13:5T give an additional experimental eviden
e for a non-magneti
 originof the negative temperature 
oe�
ient of the resistivity, � = 1=� �d�=dT , atT < TC [4℄.We do not wish to address here the transport properties of UAsSe, whi
hare widely dis
ussed elsewhere ([5�7℄ and this issue). In the following, we willmainly fo
us on the thermodynami
 properties of the TC = 101:5K samplethat reveals the pronoun
ed low-T upturn in �(T ). We will also presentthe 77Se NMR spe
tra obtained for spe
imens with the various As/Se ratios(i.e., di�erent TC).
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Fig. 1. High- and low-temperature data of spe
i�
 heat ((a) and (b), respe
tively)and thermal expansion 
oe�
ient, �(T ) = 1=l � dl=dT , measured along the 
-axis(
) for the UAsSe single 
rystal with TC = 101:5K.In order to ex
lude other me
hanisms that 
an also lead to � < 0, we haveinvestigated the spe
i�
 heat, C(T ), (Fig. 1(a) and 1(b)) and the thermalexpansion along the 
-axis (Fig. 1(
)). Besides the ferromagneti
 transition,no additional anomaly has been found that 
ould a�e
t the low-T propertiesof UAsSe. Using a 
apa
itive dilatometer with an extremely high relativelength-
hange resolution of �l=l = 10�10 we were able to probe the existen
eof 
hanges in the unit 
ell volume and/or superstru
ture formation. There-fore, su
h phenomena as a stru
tural phase transition or a 
harge densitywave, whi
h 
ould be responsible for � < 0, should be ex
luded for UAsSe.Fig. 1(b) reveals the low-T C(T )=T data measured down to 0.4K. The slightin
rease of C(T )=T below around 2K 
annot be explained by the �usual�tunneling pro
esses. The linear-in-T 
ontribution from an assembly of theTLS's to the total spe
i�
 heat is universal and of the order of a one tenth ofmJ/Kmol around 1K, i.e., it is 
ompletely s
reened by the ele
troni
 partof C(T ) (see, e.g., [1℄). At this point of investigation two s
enarios based onthe disorder appear to be possible: (i) an in�uen
e of the high-temperaturepart of the nu
lear heat 
apa
ities being smeared by the disorder or (ii) ana
tion of the ele
tron-assisted tunneling for whi
h large values of C(T )=Tare predi
ted [8℄. Although there is not yet unquestionable eviden
e for thedisorder in the UAsSe system, the X-ray as well as the neutron-di�ra
tion
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Fig. 2. Room-temperature 77Se NMR spe
tra in a �xed �eld of 7T taken using thespin-e
ho te
hnique.experiments 
learly hint at su
h a possibility in the anioni
 sublatti
e [9℄.In order to establish the existen
e of the disorder and to investigate any de-velopment of it upon de
reasing the As/Se ratio, we have performed a 77SeNMR study. The results have been obtained on oriented powders produ
edby grinding the single 
rystals of di�erent TC's: 101.5, 108 and 116K. For77Se (I = 1=2) one NMR line per 
rystallographi
 Se-site is expe
ted. Inspite of the poor signal-to-noise ratio, 
learly more than one resonan
e lineis observed (Fig. 2) giving eviden
e for mi
ros
opi
 di�eren
es between thesamples with various TC's. For de
reasing TC (de
reasing As/Se ratio), theindividual line width in
reases, as does the separation of the lines indi
atingthe developing disorder in UAsSe. Finally, for the sample with TC = 101:5K,the spe
trum is almost 
ompletely suppressed. This is probably due to a sub-stantial enhan
ement of the spin-latti
e relaxation time by the large anioni
disorder in this sample. In the �rst interpretation we assume three Se-sites.While one is the unperturbed Se-site, the two others represent: a Se-sitethat is lo
ated in the As-layer and a Se-site in the Se-layer but where As hasbuilt into this layer and is part of the �rst 
oordination sphere of this Se.Layers sta
ked along the 
-dire
tion with the sequen
e: -As-U-Se-Se-U-As-as well as physi
o
hemi
al a�nity between arseni
 and selenium quite nat-urally privilege disorder in the anioni
 sublatti
e leaving a well-ordered
ationi
 sublatti
e [9℄. The latter 
an be, to some degree, treated as a 
urrent-
arrier reservoir (5f band at the Fermi level [10℄). Most probably, the dis-order on the mi
ros
opi
 s
ale in the single-
rystalline UAsSe spe
imens
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reates the TLS's 
enters that intera
t with the 
ondu
tion ele
trons result-ing in the non-magneti
 Kondo e�e
t at low temperatures. Su
h a s
enarioseems to be also realized in other uranium pni
to
hal
ogenides. In spite ofthe previous work 
on
erning the UPS ferromagnet [11℄ that reported � > 0for all T < TC(= 118K), re
ent investigations revealed a distin
t low-T up-turn in �(T ) for large variety of the UPS single 
rystals with TC ' 114K [12℄.In summary, the investigated thermodynami
 properties, C(T ) and �(T ),of the UAsSe single 
rystals with TC = 101:5K support the explanationbased on the intera
tion between the TLS's and the 
ondu
tion ele
tronsbeing responsible for the unusual low-T �(T ) dependen
e. The 77Se NMRspe
tra show eviden
e of the in
reasing disorder resulting from a smooth
hange of the sample 
omposition.T. Ci
horek a
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