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UNCONVENTIONAL ANTIFERROMAGNETISMOF Mn3Si AND CuMnSb�J. B÷uf, A. Faiÿt and C. PfleidererPhysikalis
hes Institut, Universität Karlsruhe, 76128 Karlsruhe, Germany(Re
eived July 10, 2002)We report an investigation of the antiferromagneti
 Heusler metalMn3Si and semi-Heusler metal CuMnSb. The Néel-temperatures TN � 23Kfor Mn3Si and TN � 50K for CuMnSb as seen by a pronoun
ed anomalyin the spe
i�
 heat are not a�e
ted by a magneti
 �eld up to 14T. Themagnetisation is unsaturated, but does not show any signs of metamag-neti
 transitions in the ordered state. The resistivity drops at the onset ofantiferromagnetism, but is not a�e
ted by magneti
 �eld apart from theresidual value for T ! 0, whi
h in
reases slightly. This invarian
e of theantiferromagneti
 order to high magneti
 �eld is in
ompatible with presentday models for magnetism in metals, and suggests an un
onventional formof antiferromagneti
 order.PACS numbers: 75.40.Cx, 71.45.Lr, 75.30.Fv, 75.50.EeA longstanding 
ontroversy in the theory of magneti
 metals is about thequestion, how to generalize the Fermi liquid model of paramagneti
 metals todes
ribe magneti
 order. Weakly magneti
 transition metal 
ompounds withsmall ordered moments and low transition temperatures are well des
ribedin terms of a Fermi liquid model with ex
hange split Fermi surfa
e [1, 2℄.In 
ontrast, it is still an open issue if magneti
 metals with large orderedmoments and small ordering temperature that are more akin to lo
al momentinsulators, may also be des
ribed on the basis of Fermi liquid theory.Here we review the properties of two transition metal 
ompounds, Mn3Siand CuMnSb, that exhibit antiferromagneti
 order of low ordering temper-atures and large ordered moments in a metalli
 state [3, 4℄. Both materialsbelong to the general 
lass of Heusler alloys that usually develop ferromag-netism at temperatures as high as 1000K. In our studies we �nd that thespe
i�
 heat, high �eld sus
eptibility and ele
tri
al resistivity are not a�e
ted� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(395)



396 J. B÷uf, A. Faiÿt, C. Pfleidererby high magneti
 �eld up to 14T. This is not expe
ted in the frameworkof an antiferromagneti
 Fermi liquid and suggests a novel 
lass of antiferro-magneti
 metals.Mn3Si 
rystallizes in the Heusler stru
ture DO3 as MnIMnII;2Si. Its
rystal stru
ture may be des
ribed in terms of four f.
.
. sublatti
es lo
atedat (0, 0, 0) for MnI, (1/4, 1/4, 1/4) and (3/4, 3/4, 3/4) for the MnII and(1/2, 1/2, 1/2) for Si. Elasti
 neutron s
attering shows that in
ommensurateantiferromagneti
 order develops below TN � 25K along Q = 0.425 a111,where (111) denotes the re
ipro
al latti
e ve
tor [5℄. The ordered momentsare �I = 1:7�B and �II = 0:19�B, respe
tively. The spe
i�
 heat C(T )is dominated by a pronoun
ed anomaly at TN (Fig. 1), where the zero-�eld behaviour is 
onsistent with that reported before and 
 = C=T =69mJ/molK2 for T ! 0 [6℄. The rounding of the anomaly in C(T ) andthe slightly redu
ed TN = 23K may be due to the poly
rystalline natureof the samples studied here. Up to a �eld of 14T we do not observe anyvariation of the form of C(T ) within the resolution of the experiment, apartfrom a slight in
rease of C(T ) above TN. Latti
e 
ontributions to C(T )are negligibly small up to 30K as estimated from the Debye temperature�D = 454K taken from thermal expansion [7℄.
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Fig. 1. Spe
i�
 heat C as a fun
tion of temperature T of Mn3Si. The anomaly
orresponds with the ordering temperature at TN � 23K. The rounding may beattributed to the poly
rystalline nature of the samples studied here. TN is nota�e
ted by high magneti
 �eld up to 14T, apart from a slight in
rease of 3% aboveTN.A key aspe
t of the nature of the normal metalli
 state above TN andthe magneti
 order is the entropy S(T ) (inset of Fig. 1) as 
omputed fromthe experimental data of C(T ). Near TN the entropy rea
hes R ln 2 perMn3Si, i.e., it is an order of magnitude larger than observed experimentallyfor weakly ferromagneti
 transition metal 
ompounds [8℄. In the theory



Un
onventional Antiferromagnetism of Mn3Si and CuMnSb 397of weakly magneti
 metals, the entropy is related to Lorentzian spe
traldistributions of the spin �u
tuations. The high entropy thus fundamentallyquestions, if the metalli
 state is 
onsistent with a spin �u
tuation modelbased on Fermi liquid theory.The magnetisation M as fun
tion of magneti
 �eld B of poly
rystallinesamples rea
hes only a tiny fra
tion of the ordered moment up to 12T atall T . The magneti
 response is linear in B and 
hara
teristi
 of a simplePauli paramagneti
 state over the entire B and T range investigated [3℄.The apparent absen
e of metamagneti
 transitions unders
ores the la
k ofmagneti
 �eld dependen
e. This is supported further by the resistivity �(T ),whi
h exhibits an intimate interplay of metalli
 state and magnetism interms of a broad shoulder near 50K [3,6℄, whi
h however is not sensitive tomagneti
 �eld up to 12T either, even in the immediate vi
inity of TN.
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Fig. 2. Spe
i�
 heat C as a fun
tion of temperature T of CuMnSb. The anomaly
orresponds with the antiferromagneti
 ordering temperature TN � 50K. In small�elds the transition be
omes slightly sharper, probably due to the poly
rystallinenature of the samples. At high magneti
 �eld TN remains un
hanged.The semi-Heusler 
ompound CuMnSb 
rystallizes in the C1b 
ubi
 stru
-ture whi
h di�ers from the DO3 stru
ture of Mn3Si in that the f.
.
. sublat-ti
e at (1/4 1/4 1/4) is not o

upied. CuMnSb develops antiferromagneti
order below TN � 50K with an ordered moment of 4:0�B=f:u: [9℄. Thespe
i�
 heat as fun
tion of temperature of poly
rystalline samples (Fig. 2)exhibits a pronoun
ed anomaly at the antiferromagneti
 ordering temper-ature TN � 50K. Up to 14T no shift of TN is observed, apart from aninitial small narrowing. The low temperature behavior may be des
ribed asC=T = 
+�T 2 as illustrated in the inset of �gure 2, where 
 � 17mJ/molK2.The value of � = 5:1mJ/molK4 at B = 0 and 5:4 mJ/molK4 at B = 14 Tex
eeds the Debye latti
e 
ontribution inferred from the thermal expan-sion [10℄, �D � 6:5� 10�2 mJ/molK4, by two orders of magnitude.



398 J. B÷uf, A. Faiÿt, C. PfleidererThe magnetisation of CuMnSb is highly unsaturated and in
reases lin-early as fun
tion of magneti
 �eld up to 12T, i.e., it does not exhibit anyhints of metamagneti
 transitions expe
ted of an antiferromagnet. The mag-neti
 moment at 5K and 12T of � 0:25�B=f:u: is an order of magnitudelarger than for Mn3Si, but remains signi�
antly smaller than the orderedmoment of 4:0�B=f:u: and the �u
tuating Curie�Weiss moment derived ofthe high temperature sus
eptibility �e� � 7:2�B=f:u: This unders
ores theunusual absen
e of magneti
 �eld dependen
e of the antiferromagnetismand is not expe
ted of an antiferromagneti
 Fermi liquid. The ele
tri
alresistivity at B = 0 and 12T de
reases from room temperature to 1.5K inagreement with [11℄. At high temperatures �(T ) is only weakly temperature-dependent, but displays a pronoun
ed drop below TN. At a �eld of 12T �(T )is un
hanged, but the high residual resistivity �0 � 50�

m is slightly in-
reased.In 
on
lusion the Heusler alloys Mn3Si and CuMnSb develop antiferro-magneti
 order in a metalli
 environment, whi
h despite of its low orderingtemperatures is not a�e
ted by high magneti
 �elds. This invarian
e is not
onsistent with the properties of an antiferromagneti
 Fermi liquid and maybe due to a 
ompeting spin and 
harge density wave and/or strongly asym-metri
 density of states of the majority and minority 
harge 
arriers.Support of and dis
ussions with H. v. Löhneysen are gratefully a
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