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6. Summary of Accomplishments

6.1 Introduction

The primary purpose of the project was to investigate experimentally the

behavior of various magnetic materials in the vicinity of their magnetic

transitions and to compare these results with existing theoretical predictions.

During the later stages of the investigations the scope of the project was

broadened to include also the manifestations of localized magnetic moments.

6.2 Published Papers

The following scientific papers have been published resulting from studies

associated with the above grant . These publications are attached to this

document as in Appendix.

(1) Critical Exponent ~ for Nickel and Nickel—Copper Alloys. E .E. Anderson ,

S. Ara js , A .A. Ste lmach , B.L. Tehan, and Y.D.  Yao , Phys. Letters ~~~~
173 (1971).

(2) The Critical Exponents for the Magnetic Properties of Europium Iron

Garnet . A.A . Stelmach , E.E. Anderson, B.L. Tehan, S. Araj s , and J.P. Rameika ,

AlP Con f . Proc. 5, 1240 ( 1972) .

(3) Magnetization of Lutetium Iron Garnet Near the Critical Point.

A.A. Stelmach , E.E. Anderson, and S. Arajs , 3. Phys. Chem. Solids 34,

1343 (1973) .

(4) The Critical Exponent of an 6 of Yttrium Iron Garnet. S. Arajs, A .A. Stelinach,

and E.E. Anderson, Int. 3. Magnetism 4, 173 (1973).

(5) N~el Temperatures and Anomalies in Electrical Transport Properties of Anti-

ferromagnetic Binary Chromium Alloys. S. Arajs, E.E. Anderson, K.V. Rao,

and H.U. ~str6m, Proceeding of the International Conf. of Magnetism

Ial—73, 22—28 August 1973, Moscow, USSR, Vol. VI (Publishing House ~Nauka~’ ,

Mosc~~ , USSR , 1976), p. 150.

(6) First Order Phase Transition in the Magnetic Susceptibility of Cr—l .37 at .% Si.

L. Hednun, K.  Svensson , K.V. Rao, and S. Arajs, Phys. Letters ISA ,

175 (1973) .

(7) Magnetic Properties of Gd-Rich Cd—Sm Alloys. S. Arajs, D.L. Adour,

E.E. Anderson, T.F. DeYoung , and K.V. Rao, AlP (‘onf. Proc. 18, 362 (1974).

(8) Spin—Flip Transition in the Chromium-Tunqsten System. 1~. Hedman,

K. Svensson , K.V. Rao , S. Ara)s, and I1.U. Astrom, 3. Low Temp. Phys . 14 ,

545 ( 1974).
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(9) Magnetic Susceptibility Studies of Polycrystalline Chromium and Chromium-

0.3 at .% Tungsten Alloy in the Neighborhood of the N~e1 Temperature,

3. Magn. Nag. Materials 1, 141 (1975) .

(10) Magnetic Properties of Cr Containing Dilute Concentrations of Co in the

Neighborhood of the N~e1 Temperature. S. Araj s, E.E. Anderson , J.R. Kelly,
and K.V. Rao , AlP Conf. Proc. 24 , 412 (1975) .

(11) Magnetic Susceptibility of Polycrystalline Samarium Between 4 and 300 K.

S. Arajs, K.V . Rao , L. Hedman , and H.U. Ltr&n, 3. Low Temp. Phys. 21,
134 (1975).

(12) Electrical Resistivity of Nickel-Rich Nickel-Chromium Alloys Between

4 and 300 K. Y.D. Yao, S. Arajs , and E.E. Anderson, 3. LCM Temp. Phys. 21,

369 (1975).

(13) First—Order Magnetic Phase Transition in Cr—Si Alloys. S. Arajs , K.V. Rao,

L. Hedman, arid H.U. Ltr~m, Proceedings of the 14th International Confer-

ence on Low Temperature Physics, Vol. 3 - Low Temperature Properties of

Solids, edited by M. Krusius and M. Vuorio (North-Holland Publishing

Cempany , Amsterdam , 1975). P. 231.

(14) Magnetic Susceptibility of Pd—Ce Alloys at Low Temperatures. K.V. Rao,

S. Arajs, Y.D. Yao, and L. Hedman, Proceedings of the 14th International

Conference on Low Temperature Phys., Vol. 3 — Low Temperature Properties

of Solids, edited by M. Krusius and M. Vuorio (North-Holland Publishing

Canpany , Amsterdam, 1975), p. 398.

(15) Magnetic Susceptibility of Chromium—Rutheuism Alloys Between 300 and 600 K.

S. Arajs, C.A. Moyer, J.R. Kelly, and K.V. Rao, Phys. Rev. B 12, 2747 (1975).

(16) Magnetic Susceptibility of Ni—Al Alloys at High Temperatures. S. Araj s

and .LR. Kelly, AlP Conf. Proc. 29, 284 (1976).

(17) Antiferromagnetic Susceptibility of Cr—Re Alloys. S. Arajs, G. Kote,

C.A. Moyer, J.R. Kelly, K.V. Rao, and E.E. Anderson, phys. stat. sol. (b)

74 , K23 (1976) .

(18) Electrical Resistivity of Iron-Vanadium Alloys Between 78 and 1200 K .

ti. Teoh , S. Arajs, D. Abukay, and E.E. Anderson, 3. Magn. Nag. Materials

(accepted for publication). 
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6.2 Reports Not Included Above

Cl) The Magnetization of Nickel and Nickel-Copper Alloys. Clarkson College

Technical Report No. 1—71, Sept. 1, 1971, 39 pages.

(2) Critical Magnetic Properties of Europium Iron Garnet. Clarkson College

Technical Report No. 2—71, Nov. 1, 1971, 30 pages.

6.3 Tables

The following tables have been given the principal investigators based

on studies of this project:

(1) The Magnetization of Lutetium Iron Garnet Near the Critical Point.

E.E. Anderson, A.A. Stelmach, S. Arajs, and B.L. Tehan, Bull. Am. Phys.
Soc. II, 15, 825 (1970). (Winnipe g Meeting of the APS June 1970).

(2) The Magnetic Behavior of Nickel-Copper Alloys Near the Critical Point.

E.E. Anderson, S. Arajs , A.A. Stelmach, B.L. Tehan, and Y.D. Yao,

Bull. Am. Phys. Soc. II, 16, 394 (1971). (Cleveland Meeting of the

APS, March 1971).

(3) The critical Exponents for the Magnetic Properties of Europium Iron Garnet.

A.A. Stelmach , E.E. Anderson, B.L. Tehan, and S. Arajs, 17th Magnetism

Conference, Chicago, November 1971.

(4) Critical Phenomena in Ferrcxuagnets. S. Arajs, Seminar, Laboratory for

Fundamental Research, U.S. Steel Corp., March 1971.

(5) Manifestations of Magnetic Moments in Solids. S. Arajs, Colloquium,

McGill University, April 1971.

(6) Magnetic Susceptibility of Iron-Aluminum Alloys in the Paramagnetic

State, S. Araj s and E.E. Anderson, Bull. Am. Phys. Soc. II, 16 , 584

(1971). (Washington Meeting of the APS, April 1971).

(7) The Critical Exponents for the Magnetic Properties of Lutetium Iron

Garnet. A.A. Stelmach, E.E. Anderson, and S. Arajs, Bull. Amer. Phys.

Soc. II, 17, 300 (1972). (Atlantic City Meeting of the APS, March 1972).

(8) Applications of the Kouvel-Fisher Method for the Determination of the

Critical Points from Electrical Transport Property Data, A.A . Stelmach ,

S. Arajs, C.D. Levermore, and E.E. Anderson , Bull. Mi. Phys. Soc. II,

18, 359 (1973). (San Diego Meeting of the APS, March 1973).

(9) Manifestations of Magnetic Moments in Solids. S. Arajs, Colloquium,

Department of Solid State Physics, Royal Institute of Tech., Stockholm ,

Sweden, August 1973.
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(10) Static Aspects of Magnetic Phase Transitions and Scaling Laws. S. Arajs,

Colloquium , Royal Institute of Technology, Stockholm , Sweden , August 1973.
(11) Transport Properties and Phase Transitions. S. Arajs, Colloquium ,

Royal Institute of Technology , Stockholm, Sweden, August 1973.

(12) Transport Properties of Chromium Alloys. S. Arajs, Colloquium, Royal
Institute of Technology, Stockholm, Sweden , August l~373.

(13) Ngel Temperatures and Anomalies in Electrical Transport Properties of

Antiferromagnetic Binary Chromium Alloys. S. Arajs, E.E. Anderson,

LV . Rao, and LU. ~str&i, International Magnetism Conference, Moscow,

USSR, August 1973.

(14) Magnetic Properties of Gd -Sm Alloys. S. Arajs, D.L. Adour, E.E. Anderson ,

and T.F. DeYoung, 19th Magnetism Conference , Boston , December 1973.

(15) Magnetic Susceptibility Studies of Polycrystalline Cr and Cr—3 at .% W

Alloy in the Neijhborhood of the N~e1 Temperature . L. Hedman, H.U. Astr&n,

K.V. Rao, and S. Arajs, Bull. Am. Phys. Soc. II, 19, 230 (1974).

(Philadelphia Meeting of the APS , March 1974).

(16) Magnetic Properties of Cr Containing Dilute Concentrations of Co in the

Neighborhood of the N~el Temperature. S. Arajs, E.E. Anderson, J.R. Kelly,

and K.V. Rao, 20th Magnetic Conference, San Francisco, December 1974.

(17) The Deviation from Matthiessen’s Rule of Ni-Cr Alloys. Y.D. Yao,

E.E. Anderson, and S. Arajs, Bull. Am. Phys. Soc. II, 20, 347 (1975).

(Denver Meeting of the APS, March 1975).

(18) Does Ce Have a Magnetic Moment in Dilute Pd-Ce Allcys? K.V. Rao,

E.E. Anderson, Y.D. Yao, and S. Arajs, Bull. Am. Phys. Soc. II, 20, 320

(1975). (Denver Meeting of the APS, March 1975).

(19) The Magnetic Susceptibility of Polycrystalline Sm Bet~zeen ~4’ 
and 300 K.

L. Hedman, H.U. ~str&n, S. Arajs , and K.V. Rao, Bull. Am. Phys. Soc. II,

20, 345 (1975). (Denver Meeting of the APS, March 1975).

(20) Magnetic Susceptibility of Cr—Rv Alloys Between 300 and 600 K. S. Arajs,

J.R. Kelly, and K.V. Rao, Bull. Am. Phys. Soc. II, 20, 459 (1975).

(Denver Meeting of the Al’S, March 1975).

(21) Magnetic Susceptibility of Cr and Cr—Si Alloys with 0.46 and 3.19 at .%

Si. L. Hedinan, A. Kjerulf, K. Svensson, H.U. Astr~m , K.V. Rao, and

S. Arajs , Swedish National Committee for Physics, G’c~teborg, Sweden ,

June 1975).
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(22)  First—Order Magnetic Transition in Cr—Ci Alloys. S. Arajs , K.V. Rao,

L. Hednian, and H.U. .str~m , 14th International Con ference on Low

Temperature Physics, Ontaniemi, Finland , August 1975.

(23) Magnetic Susceptibility of Pd-Ce Alloys at Low Temperatures, K.V. Rao,
S. Arajs, Y.D. Yao, and L. Hedman, 14th International Conference on

Low Temperature Physics, Otaniemi , Finland, August 1975.

(24) Magnetic Susceptibility of Ni—Al Alloys at High Temperatures. S. Arajs

and J. R. Kelly, 21st Magnetic Conference, Philadelphia, December 1975.

(25) Dilutization Treatment of the Kondo Effect. Y.D. Yao and S. Arajs,

Annual Meeting of the Chinese Physical Society, Tamsui , Taiwan,

February 1976.

(26) Paramagnetisin in Ni-Ta Alloys at Elevated Temperatures. S. Arajs and

J.R. Kelly, Bull. Am. Phys. Soc. II, 21, 442 (1976). (Atlanta Meeting

of the Al’S, March 1976).

(27) Electrical Resistivity and Magnetic Susceptibility of Cr-Re Alloys,

D. Ithukay, K.V. Rao, S. Arajs, G. Kote, and C.A. Moyer, Bull. Am. Phys.

Soc. II, 21, 442 (1976). (Atlanta Meeting of the Al’S, March 1976).

(28) Electrical Resistivity of Fe—V Alloys Between 78 and 1200 K. W. Teoh,

S. Ara)s, D. Abukay , and E.E. Anderson. Bull. Am. Phys. Soc. II, 21,

442 (1976). (Atlanta Meeting of the Al’S, March 1976).

(29) Magnetic Phase Diagram of Cr-Rich Cr-Si Alloys. K.V. Rao and S. Arajs,

• Bull. Am. Phys. Soc. II, 21, 821 (1976). (Quebec Meeting of Al’S, June

1976).

6.5 Graduate Students

The studies done on this project have produced 3 Ph.D. and 5 M.S.

theses in physics. Recipients of these degrees and their corresponding

theses are listed below: -
‘

(1) Critical Behavior of Europium, Lutetium , and Yttrium Iron Garnets ,

Alfred A. Stelmach , Ph.D., 1972.

(2) Contributions to Localized Moments in Transition Rare Earth Alloys ,

Yeong Der Yao, Ph.D., 1974.

(3) Electrical Transport Properties of Itinerant and Localized Electron

Magnetic Systems, Tice F. DeYoung, Ph.D., 1976. H

(4) Yeon Der Yao received M.S. degree in 1971 without written thesis.



(5) Magnetic Properties of Gd-Sm Alloys, David L. Adour, M.S., 1975.

(6) Electrical Resistivity of Chr omium, Chromium-Gold , and Chromium-

Palladium Alloys from 77 to 700 K , Asian Eroglu , M .S . ,  1975.

(7) Elec trical Resistivity and the Ferromagnetic—Paramagnetic Transition of

Ni , Ni-Si Solid Solutions Fe, and Fe
3
Si , James 3. Karol , M.S . ,  1975.

(8) Effects of Magnetic Transitions and Critical Fluctuations on the Elec-

trical Resistivity of Cr-Re Alloys, Dogan Abukay , M.S. ,  1975.

6.6 Abstract

The most important accomplishments of this project are

(1) Development of a new method for the determination of critical indices

(2) Determination of critical indices for Europium , Rutetiuxu and Yttrium Iron

Garnets , and nickel-copper alloys

(3) The emergence of a unified correlation between the N~el temperatures and

anomalies in the electrical transport properties of numerous binary

chromium alloys

(4) New studies of the behavior of localized magnetic moment in itinerant
electron antiferr omagnetic

( 5) Partial mapping of the magnetic phase diagram of the gadolinium-samarium
system

(6) Demonstration of the existence of localized magnetic moments in para-

magnetic nickel and binary nickel alloys at high temperatures
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C R I T I C A L  E X P O N E N T  13 F O R  N I C K E L  A N D  N I C K E L - C O P P E R  A L L O Y S  ‘

E. E. ANDERSON , S. ARAJS , A . A . STE LMAC H , B. L. TEHAN and Y. D. YAO
Clarkson Colleg e of Technology , Pc/a d a m, Nen l’ork 13676 , USA

Received 20 Ju ly  197]

A linear extrapolation of the plot of the square of the applied magnet ic  field ver s i s  break-point  tem-
perature is shown to lead to an erroneous Curie temperature , which , in t u rn , can resul t  in two
values of the critical exponent j3. Carefu l  de te rmina t ions  of Curie tempera tures  resul t  in a value for
~~of about 0.34 for nickel and nickel-copper a l loys .

Some of the difficulties associated with using perature regime close to Tc • A second possible.
the kink-point method for studying the spontane- source of error cited by Arrott is in the deter-
ous magnetization near the Curie temperature mination of the Curie point itself , since some
have been discussed recentl y by Ar rott [1]. He form of extrapolation to zero field must be em-
suggests that one possible source of error in the ployed . Wojtowicz and Ray!, using molecular
value of the exponent i3 is in the determination of field theory , showed tha t in low applied fields
the break-point temperatures , T~, because the the break-point temperature should vary linearly
breadth of the transition increases as larger ap- with the square of the applied field [2]. Hence , it
plied fields are used . However , thi s objection is has been our practice to determine Tc by an ex-
not serious because the breaks are quite sharp trapolation of the best straight line through a plot
for the low-field points which determine the be- of H~2 versus T t . However , in our recent
baylor of the magnetization in the important tern- studies of the magnetization of nickel-copper al-

loys [31 we found that these plots were not linear
* Work supported by the Office of Naval Research and , furthermore , that adherence to a straight

u nder grant # N00014 70-A-0311. line would result in a value of Tc tha t would be

~~~~~~~~~~~~~~~~ ~~~HR
•~ 
-

~~~

• -N-
~~~~~6O 55 OOO~~~~~~~~ T ; e~~o; ooos~~~~~~~~~~~~_

6
~~

T, (~X ) T, ( K )
Fig. 1. Applied magnet ic  field (11a) versus break-point  Fig. 2. Square of the ap l ) l ie d  f ie ld  ve rsus break point

tempera ture  (Tt) for nickel,  temperature for  nickel .
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Table 2
Results for nickel—co ppe r system 

__________________________

- Observed range of validi tyCu Concentr atwn o a
At %) Tc( K) p

To

0 626.055 ~ 0.005 0.346 i 0.007 2.4 x 10~~ < < 5.6 x
4.64 575.60 * 0.01 0.34 ± 0.01 3.0 x i~ ’~ ~ C < 4.7 x io~~
9.31 525,95 * 0.01 0.34 i 0.01 6.0 x 11Y5 < C 2.6 ~
14.0 475.39 t 0.04 0.33 ± 0.01 3.8 x 10~~ < C < 6. 1 .

18.8 424,9 ± 0 .3 0.33 * 0.01 1.9 X 10 2 < C < 9 .2 x 10 2

Table I
Low-field break points for nickel 100 - I

• Ha (O~) Tt (°K) Ni
— ~~•626O~8~~OO0~~3.4 626 .053 i 0.005

10.6 626 .045 ~ 0.005 ~oo • - 
$.0346-0007

14 6 626 040 ~ 0 .005

21.2 626.011 *0.005 

~ ..4~~”TTTH.
40.0 625.764 0.007
55.0 625.333 * 0.010
70.0 624.653 ± 0.050

95.3 622.545 * 0.100

0010 0.100 1Q00 10000

(T~-1) 1 K)too high. Thu s, Arrott ’s criticism of the Fig. 3. Determination of the critical exponent j3 for
Wojtowicz-Rayl extrapolation method appears nickel.
to be valid (see fig. 2 of ref.[1]). To avoid this

• pitfall , we obtained Tc for each of the nickel- of T~ y ields a single value for i3 for nickel , as
copper alloys by a consistent extrapolation (to In the case of the nickel-copper alloy s (see fi g.
zero field) of plots of “a’ H a2 and “a 3 versus T t 3). The experimental results are summarized

• For each alloy measured, the value of Tc ob- in table 2. It should be emphasized that while
tam ed in this manner resulted in a single value absolute temperatures are valid to onl y * l°K,
for the critical exponent i3 of about 0.34 throug h- our relative temperature readings are good to
out the temperature range considered. *O.005°K. Thus , temperature differences are

The results for the nickel-copper alloys valid to * 0.Ol °K.
raised a question about our recen t value for ~3
for pure nickel [41, which was based upon the
linea r extrapolation method of Wojtowicz and
Rayl. Accordingly, we have carefully r ernea-  References
sured sphere A of ref. [4 1 in very low fields (see
table I). The val ue of Tc was determined by 111 A. Arrott , .1. App l . I ’hvs . 42 1 97 1  1 2~~2 .
plotting both 11a and h a 2 versus T~ and ext ra— 12 1 1’.J. Woj towi~’Z and N . I tay l . l’hys. Rev . I e’ tt , rs ~~II

polating to zero field , as shown in figs. I and 2. (3J E t o n , S .Ar ajs , ,% .A , S t e I m a e -h I~. I . .
Although there is sti l l  some uncer ta in ty  in Tc, Tehan a nd V. I) . Yaee , h u l l .  Am e r. Ph~ ~~. Seee , II .
the value of 626.055°K obtained from these p lots  ( l O l l )
Is much more reliable than one obtained f rom a 14 1 S. Arajs . 11. 1. Tehan , E . E.  An e l e ’r tc t n  an t A . A.
linear extrapolation . Moreover , the new value Stel mat ’h , l’h vs . Stat. ~~‘l .  I I  ( 1 9 , e I ,

S’s..

• 174
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ABSTRACT

The critical exponents for europium iron garnet h ave been de— .

termined from a single crystal grocin by the fl ux method. Magnetic •

measurements were made with a vibrating sample magnetometer on a • 

spherical specimen about 1/8 inch in diameter. A N~el temperature - . ‘~~~

of 562.380 ± 0.005 °K was obtained by plotting applied magnetic
field versus break—point temperature . This value was confirmed by - ~~.

application of the ICouvel-Fisher method in the temperature region - •  .~~

di rectly above and below T0. The experimental values of the criti- • •

cal exponents are : ~ = 0.391 ± 0.001, y = 1.32 ± 0.01, and & = 14.140 .

± 0.04. These values satisfy the scaling law , 8(6—i) 
~~~‘ ~. 

- 

• .

INT RODUCT ION • • 
•

A study of the magnetic properties of europium iron garnet 
.( EuIG) has been carried out in the critical regime . The sample used

in this study was a single crystal grovn by the flux method . Nag— •~~~~ .• . •

netic measurements were made using the kink-point method for a • 
. .~~~ •./•

• spherical specimen of aptroximately 1/8 inch in diameter in con.- .. ~~~~~-h-~ ‘h
’’

• junction with a vibrating sample magnetometer , as described else— ~
where.1 ,2 The critical exponents ~~, 6 , and ‘y were determined and
compared with the scaling prediction , ~( 6— 1) = A test of the
validity of’ the value for the Ndel temperature , obtained by plotting 

~applied magnetic fi eld as a function of break—point temperature , has
been made by application of the Kouvel-Fisher method.

EXPER I~~N TAL RESULTS ~~
~~~~kN~~~’i ~~~~In the vicinity of the N~e1 temperature , T0, a direct study of

the critical exponent 
~ 
has been made for EuIC by use of the defin-

ing equat ion
0(T) ‘e. ç

B
, for C > 0 (1)

where o(T) is the zero—field mass magnetization , and c (P e~T)/ T .
In the case of Eu1G , the break—po int  temperatures obtained from .~~~ •‘

the magrietizatic-ra—teaperature plots were f o r  values of the applied
field between 0.9—714.2 Oe. For applied fields larger th~e.n 714 ,2 O~~, •~~~

k’
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MAGNETIZATION OF LUTET iUM IRON GARNET
NEAR THE CRITICAL POINT~
A A. S1’ELMACII, E. E ANDERSON and S. ARAJS

Clarkson College of Technology, Potsdam,NX. 13676, U.S.A.

(Received 19 Ut tuber 1972; in ret ico- d form 20 December 1972)

Ab.4rad—A study has been made of She critical magnetic properties of lutetium iron garnet. Values of
the critical exponents, ~~ , b and 

~‘ 
were seen to fulfill the scaling relation. /3(8 — I) = -y , within the limits

of experimental error. The critical temperature, obtained from the kink-point plot of applied magnetic
ficld vs break-point temperature, was reaffirmed through utilization of the l’~ouvel—Fisher analysis.

I. INTRO DUCTI ON 
- 

where o-(e , 0) and ~~(e , 0) are the zero-field
MEASUREMENTS of the magnetic properties magnetization and susceptibility, respect ively,
of lutetium iron garnet (Lu1G) have been ll~ is the internal magnetic field, and e is the
made in the vicinity of the NéeI temperature. reduced temperature, defined by e = (1’,,—
The critical exponents fi. ~~ and ‘p’, wh ich T)/T ~.• serve to give a description of the behavior of For temperatures immediately below the
the magnetization, fleid, and suscept ibility, Née) temperature, T~, the spontaneous mag-
respect ively, in the crit ical region, were evalu- net ization (see equation (I)) follows a power
ated and compared with the scaling theory law behavior. In order to determine this
prediction, ~ (8— 1) ‘-‘ -y. Through utilization quantity, and hence the critical exponent J3,
of the Kouvel—Fisher analysis, it is shown that use was made of the kink-point method 11,2].
an accurate method in which to determine the In this method, Ray and Wojtowicz showed
critical temperature involves a plot of applied that fur a given value of the applied field H ,, a
magnetic field vs break-point temperature magnetic system will undergo a long-range
whereby the resulting curve is then extra- order phase transformation from a state of non-
polated to the zero applied field axis. uniform to uniform magnetization. To observe

such a thermodynamic phase transformation,
2. EXPERIMENTAL RESU LTS one usually takes note of the fact that in aI To investigate the magnetic behavior of magnetization-temperature plot (at constant

LuIG , measurements were made with a vibra- applied field), there occurs a kink in the mag-
ting sample magnetometer on a spherically nctizat ion curve at a temperature denoted by - ‘shaped polycrystaf line spec imen. The study of T~. the break-point temperature. At this tern-
the critical exponents was carried out by perature, the internal magnetic field vanishes.
using the defining equations such that the applied magnetic field is equal to

the demagnetization field 131. Combining this—- e s, for e >0- 1! =0, (1) . .result w ith equatton (1), (hen leads to an
u(0, ll~) JJ ,I 0 , for e = 0; II , ~ 0, (2) expression of the form
and !I,,(T 1) E”, for e > 0; II , 0. (4)

— ( e~), for e <0; !-I • 0, (3) The variation of the break-point tempera-
ture with applied magnetic field for Lul(J i-.

‘Work supported by lice Office of N.sval Research s hown in Fig. 1. Fxzrapolation of this cm ve to
und cr (,I.Int No . N0(1014-71)-,\ (500(03). the zero applied field ax is resulted in a valtie of

‘34 ’
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T,1 K )  )
Fig. I. Applied magnetic held vs break-point temperature for 1.ulG.

T. = 529~679 ± 0•OO S K for the Ned tempera- In the temperature region directly above the
Lure. Here the error serves to give an indica- critical temperature. the magnetic property of
tion of the relative temperature uncertainty in interest is the zero-field susceptibility, ~~ To
our readings. From a log—log plot of I! ,, vs determine ~ measurements of the magnetiza-
(T v — T.) , a least-square fitted value of tion were made as a function of both field and
= 0’309±(b002 was obtained in which the temperature. The data were then graphed in

linearity of the corresponding -curve was valid the form of a vs JI ,/ r  plot in which values
in the range from l ‘70 X l0~ < C  < 9-37 X of ~~~ were obtained by extrapolation of the
10 2  (Fig. 2). isotherms to the I11/~r axis. From a log—log

For the case of e — O ;  !I ~ � 0, the mag- plot of x.~ 
vs ( T — T ,) ,  equation (3) was

netization is associated with the critical index seen to be satisfied for a least-square value of
8, through the functional relationship of equa- -y = 1-32 ~ 0-01.

: tion (2). In a Jog—log plot, this expression Utilizing the assumption of homogeneity in
yielded a least-square value of 5’35 :0-O6fo r the Gibbs free free energy, scaling theory
the critical exponent & (4—61 has been able to show that the critical

• magnetic exponents ~3, 6 and y are correlated
~c
’ by an expression of the form

Lu IG p(8—l )  = ‘y, (5)
T,’5296?9 0005 ’k

• ‘ sd - - - - -  - - -- — -
~~
— From the experimental ly determined values of

- f~ 
and 8, the ahov~ relation predicts a value of

-y l’34 ’~~ , Thus, in the case of LuiG, the
~~~~

- ~~.O 3O9’OQO2 value of y 132 0-01 is seen to ftilltj ll this r-
0 -- --~~~~~~~ - - - - - - scaling requirement ~ ithin the limits ofexperi-

mental uncertainty.
to test the validity of the value for T,.

obtained by use of the kink-point approach .
l0~~~ 10’ 10 ’ 

- - - - 

•~~ to our data was reexamined in terms of a scheme I’ -

t lj -  T,H K )  developed by Kouvcl and I:jsher (71. A si m ilar
I ig 2. Determination 1’f the critic al exponent jS fo r l ul& . analysis has been applied in the case of the

L , 
_ 

_ _
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MAGNETIZATION OF LUTETIUM IRON GARNET NEAR TILE CRITICAL POINT 1345 -
-

europium iron garnet and nickel—copper alloy 1 — _______ - -

systems [8—91. In this technique, a determina- iuiG - 
-tion is made of the quantities T~(T ,) and T* 6 —~~ -__ — ~~~~~~~~~~~~~~~~ 

~,(T)  by use of the defining equations 
- 

?e5297•Ic

-1 -

T’(T~) {Ha~3,(Ha_ i ) ]  , for T < T~ (6) _ 
-
~~~~

-- ~~~ — — 
;

_

and -

T6 ( T) [Xoh(xo -’)] ’, f o r T >  T~. ( 7) — 
___j 

\~~~ 
— - -_ _

On assuming equations (1) and (3) to give an i — -— — —_ -

accurate description of the behavior for the - -

- magnetization and susceptibility in the critical 
5300 5320 5340regime and by considering the limiting cases of ,- .o

T1 and T approaching T~, these equations then - -Fig. 3. T (T)  vs break-point temperature for LuIG. -reduce to the functional forms, namely

+ I A Néel temperature of 529 ’679±0-005 K -T (T1) 1= j~(Tc~~Tj )~ for T < Tc (8) for LuIG was obtained by application of the
- kink-point method. Confirmation of this value,while made by utilizing the Kouvel—Fisher tech- - .7

* 
nique, showed that (1) for the temperatureT ( 1’) ~~~ ( T— T c) , f o r T >  T~. (9) regions immediately below and above T~,

. 
- . . . the behavior for -the zero-field magnetization - ‘Usmg a computer-differentiation program,

which consisted of taking a least squares 
~~~~~~~~

-.-

~
———-----——-——-

~
-—

polynomial fit (of second and third order) on
sets of 3—S adjacent experimental points in -  —----- - -  - —i-  _ •~~~~~ 

__ 1/ i
order to calculate an average derivative, a Lu IG /determination was made of T4 ( T ~) and T* ( T )  /
from plots of H ,,~~ vs T~ and Xo~ 

vs T. As 7 ’5297 K /
seen in Figs. 3 and 4,ava lue of T~= 529’7 K 6 0 - - —  

~~~~~~~~~~~was obtained by extrapolating the linear ‘ /
curves to the zero T~ (T ,) and T * ( T)  axes in /
the plots of T *( T 1) vs T1 and T* (1 ’) vs T. -/
The value of T,. is seen to be in good accord 4-0 — -— - _ -  _

with the result obtained from the kink-point I
plot of H,, vs T1. . /

3. SUMMARY ANI) CONCLUSIONS 20 - - - I - - - -f ~,’~’
- .  r, /The critical exponents for LuIG were me-a- / I ~~~

-
~~

‘- 
~

- -

sured and found to have the values / 3 = 0’309± / 
~~~~

-
~

:-
- 1-

0M02, 6 5’35±0-06 , and y l~32±0-0l . /Within experimental uncertainty, the values 
~~ FO~~~~~~ 53~ o - -— -

~~~~~ 
— - — ----

~~~~~~~

of the indices are Consistent with the scaling T (‘K) :
equation, /3 (& — I) y. Fig. 4. T’ (T ) v~ temperaturC for I.iiIG . ~ .

-

- ~~~~~~~~~~ d’~ , ,,,~ - ‘ 4  I -- -
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and susceptibility, respectively, is appio- transformation from a state of one mode of long-range
priately described by the power law relations order into a state of a diuli rcnt mode of long-range

- - - order. This transition should not be confused with ih:of equations (I) and (3); (2) the value of 1 ’ zt-ro-field transition which occurs at t h e  criti~at tern-obtained from the Kouve l— Fisher plots of pera tur e T1. Here the system ch anges from a st;it~ of
T~ ( T 1) and T* ( T )  vs temperature , is in long-range order to a state of short-range order (i c. at

T,. the long-range order vaiii-.he-, in ?ero field) -excellent agreement with the result obtained 4. WlI)OM l& , J. l i u rn. I ’hy .4 . 43, 3898(1965) .
by the kink-point method. s . KADANOFF I.. p~ Pliy - .i (-s 2.263( 1966).

6. GRIFFITHS R. IL , P/i s. Ret. 15$ , 176(1967).
7. KOUVEL 3. S. and FISH ER M. E., Phys . Ret- . 136,

1626(1964).
REFERENCES 8. STELMACH A. A., ANDERSON E. F.., TEHAN

I. WOJTOW ICZ P. 3. and RAYL M.. Phys. Ret ’ . Let :. B. L., ARMS S. and REMEIKA .1. P., Proc . 17th
20. 1489(1968). Ma~’neti ~in Conference. Chicago (1971).

2. RAYL N. and WOJTOW ICZ P. 3.. i’6ys . Let:. 28A, 9. A NI)ERSON F. I- . . A RAJS S~. STELMACH A. A.
142(1968). and TEHAN B. L., Physics Department, Cl~rks~n - -3. The transition that occurs at T, is afinite-fie/d trans i- College ci Technology Technical Report No. 1- 71
tio n in which the system undergoes a thermodynamic (1971), unpublished.
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SHORT COMMUNICATIONS
The Critkal Exponents ~ and s of Yttr~uin Iron Garnet

S. ARM S , A. A. STELMACII, and E. E. ANDERSON
Departlizeffi of Ph ysics , ClarA con college of Technology, Poisdam, Nets ’ York 13676

(Recen’edfaiwary 23, 1973)

The critical exponents /3 0.390 -t 0.007 and 5 - 4.46 ~ 0.03 have been determined for a single crystal of yttrium
iron garnet using magnetization data obtained by means of a vibrating z,implc magnetometer. The KadanofT scaling
law y — /3(5 - I) predicts that y ~- 1 .35 0.04, which is in good agreement with the measured values of y by several
investigators.

INTRODUCTION RESULTS AND DISCUSSION
A set of critical phenomena, which has received The critical exponent p of YIG was determined by
considerable theoretical and experimenta l attention , using equation (I) in conjunction with the kink-
is the behaviour of the static magnetization below point locus approach. 7-8 For applied field values
and above the critica l point, 7’~. The following between 2.1 and 80.1 Oe. corresponding break-point -
power laws describe such magnetic behaviour: temperatures were obtained from magnetization

(1)
Be 7 (2)

a (111, T~) CJI~~
6, (3) - - -

where a1(T) is the spontaneous mass magnetization , 
Y1G

~ (T~ is the initial mass magnetic susceptibility, T
the absolute temperature , and c(II~, T~) is the mass 

40
magnetization at T~. The quantity ll~ is the internal
magnetic field:
H, =H 1 — Dp (T) a (H 5, T), (4) x’

where I) . is the applied magnetic field, D the 20

demagnetizing factor, p( T) the density, and c(ll~, T)
the mass magnetization at T. The quantities A , B,
and C are constants. The symbol e is defined by ‘“°~~‘-1~°°~ 

— -
= ~I — T/ T~, (5) 54900 54950 55000 5507-0

and fi, 5, y arc exponents which according to ~~~K}

Kadanoff’ should satisfy t he equation -FIGURE 1 Applied magnetic field versus break-pointfl(S — 1). (6) temperature for YEG.
The purpose of this paper is to prcsenl new

magnetization measurements on yttrium iron garnet versus temperature plots. From a graph of 1I~ vs
(YIG) in order to determine /1 and 5 and hence to (Figure 1), where T, is the break-point temperature ,
calculate the exponent y. which has been measured the Ned tempetature T~ 550.494 t 0 005 K sta s
experimentally by dill~rent investigators. - obtained by extrapolati on of this field curve to the

zero applied field axis. This value ofT~ is correct only

E X P E R I M E N T A L  CONSIDERATIONS in the relative sense. From an absolute viewpoint ,

the value of T~ mu s t he n-ported as 550.49 (1.03 K ,
The YIG samp le US ed in this stud y was a sphere of which is in exce llent agreement wilh T,. 550.41 

-
about 1/8 inch in diameter. The niagnet izalion 0.02 K determined recentl y ll\ Ilerkt icr and l it stct ~
measurements were madc by means of a vibrati ng who used the Farad.t ~ rotation of l.i—c r light to
sample magnc lotneter using tec hniques described measure the nlagnelt/alion of a sing le cr~sta l of
before.6 YIG. A log-log pli)l ~f ii~ ~ (1~ - 7;) ~~~ 15-00( 1 ho

173
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000 - — - respect to/ I for nickel. ’0 The other previous dctcr mi- - 

-Y IG nations of /1 are all single-valued. According to
T~.55O494 ‘O0O5~ Ohhayashi and lida ,3 w ho used a vibrating samp le
$ .0590? 000’ magnetometer for their magneti/ation stud ies ,

00- /3 .~~ 0.35 :1: 002 for a s ingle crystal of YIG. A more
recent invesh igat ion by Miyatan i and Yos liukawa ,4
also on a sing le crystal samp le and cmp!o~ ing the - -vibrating samp le magnetometer technique, gave

- - /3 0.380 1 0.005.
The critical exponent ~ for our sample of YIG —

was determined from a log-log of Ii~ vs c (1l ,,T~) as

shown in Figure 3. A leash-square anal~.-os gave
- - - - - - - .

~~~~~~~~~~~~
.-__ 5 4.46 10.03 which should he compared ssith the

0001 0010 0100 1000 0000 . - -previous measurements by Ohhayashi and Jida-
(1~ (5 = 4.6 ± 0.2), Miyatani and Yos hikawa 4 (15

FIGURE 2 Determination of the critical exponent /3 for 4.42 ± 0.05), and Bcrkncr and Litstc r 5 (5 4.65 ±
YIG. 0.10).

Assuming the applicability of the scaling law
be linear ii~ the range of 2.36 >- l0— ~ £ ~~ 4.32 >- given by equat ion (6), we can calculate y from our  - -

10—2 , giving /3 = 0.390 -f 0.007 (Figure -2) . It is measurements of /I and IS. We find that -
,

- = 1.3 5
believed now that the previousl y observed9 two 0.04. This value is in good accord with previously
values of /3, na~ncly /3 0.47 c lose ho T,. (within I K) deterti-titied values of -

~ : 1.30 -
~. 0.03 (Ref. 2). 1.3 2 -

and /3 0.36 for the temperature teg ion from 1 t O 0.04 (Ref.~~), 1.3 12 0.008 (Ref. 4), 1.35 ~0.02
120 K below T~, resu lted from an improper app lica- (Ref. 5). Thus, it appears that the Kadanoff sealing
t ion of the kink-point method to the experimental equat ion is satisfied by t he experimental data of
data. This subject has been recentl y discussed w ith ylG . 

-
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NEEL TEt1PERATUI1ES MD ANOMALIES IN ELECTRICAL TRANSPORT PROPERTIES OF

ANTIFERROMAGNETIC BINAR Y CHROMIUM ALLOYS

Sigurds Arajs and Elmer E. Anderson

Department of Physics , Clarkson College of Technolo~~” ,~
Potsdam, New York 13676 , U. S.A.

0
K. V. Rao and. H. U. Astrom

Department of Solid State Physics, Royal Institute of Technolo~~r ,

Stockholm, Sweden - -

During the last eight years we have extensively studied the electrical
resistivity and , to some extent , the thermopower of binary Cr alloys containing
elements which can be dissolved in Cr in amounts of at least 0.5 at.%. The
motivation for such investigations stems from the uniqueness of the itinerant

( - electron antiferromagnetism in these metallic systems .
Pure Cr below the N~el temperature (T

N 
= 312 K ) ,  possesses a spin-density

wave structure which is believed to result from the peculiar shapes of the
electron and hole Fermi surfaces . When the electron surface is shifted by a wave
vector of magnitude (h-) (0.95,0,0) at absolute zero, where a is the lattice
constant of Cr , considerable nesting occurs between large portions of the electron
and hole Fermi surfaces. The Coulomb interaction between the electrons and holes 1 .

associated with this almost perfect nesting is the major cause of the anti—

ferroniagnetism of chromium. It can be expected that the Fermi surface structure
would change when some other element is dissolved in the Cr lattice . Changes in

the Fermi surface should result in changes in various physical properties . Since

the electrical resistivity and the therniopower of Cr are quite sensivitve to its

magnetic state, those physical quantities are convenient variables to measure as

a function of temperature and composition in order to gain further information
on the properties of chromium alloys.

Recently [1] we have determined T
N 
of Cr alloys containing Ai, Co , Ge , Ir,

Fe, Mo , Ni , Nb , Os , Ru, Si, Ta , Ti , W, and V using the dpfdt method. These

results show that, certain solutes can either increase or decrease T
N 

of pure Cr
con~ ic1crably. According to the available experimental information , Ti decreases

more effectively than any’ other solute (%172 K/at.%). On the other hund ,

- - - —~~~~ -~~~~~~~ -.. - ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _



p.— ~~~~~~~~~~ —~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - — --:-.------, - ‘

~~~~~ ~~~~~~~~~ 
- 

~~~~~~ 
‘
~~~~ -. - ~~~~ 

-
~

- —

/:
small concentrat ions (below 1 at .~~) of Os and Ru in Cr rapidly increase T

N
.

These particular observations are consistent  wi th  predictions based on the simple

theory of’ Fedders and Mart in  [2 J .  Other solutes used by us which behave more

or less as expected from this viewpoint are Mo , Nb , Ta , W, V , and. possibly Si

and Ge. The solute Jr exhibits an anomaly , i.e., the T~ vs. c curve possesses
a small minhmun somewhere below 0.5 at.% level. Higher Ir concentrations ,
however, produce a normal increase in TN. The effect of At on TN is also
complicated, giving rise to a minimum at \.l.2 at.%. The effect of Co is even
more complicated in that a minimum at ~l.5 at.% is followed by a broad. maximum

at s.3.l at .% .  The influence of Fe , Go , and Ni is also anomalous because these
metals decrease TN in spite of the increased electron—atom ratio. Other con—

siderations (existence of localized moments, etc.) not included in the Fedders—

Martin theory may be the cause for these deviations.

In general, when a transition metal, other than Fe, Co, and. Ni , is dissolved
in Cr , the change in p and also the absolute thermopower, S, can be understood.

from the following considerations . For pure Cr the small increase in p ,  when

the antiferromagnetic state is reached, results from the combined effects of

annihilation of mutually nested electron and hole surfaces and the associated

O 

increase in the scattering relaxation tIme. Since these changes give opposite

effeelson p , -the resulting increase in p is small. If the transition element

added to Cr lattice is on the right hand side of Cr in the periodic chart of

atoms , the incommensurable structure is eventually destroyed with increasing
solute content giving rise to a conunensurable antiferromagnetic state. Accord—

irig to our transport property studies , it appears that when Cr alloys possess

this structure the magnetic superzone boundaries have the dominating effect on
the nature of p below T

N
. The resulting p anomaly is large. Experimental data

with Ru, Os , and Ir clearly support this idea . For example , the onset of
commensurable antiferromagnetism in Cr—8.3 at.% Ru alloy increases p by “57g.

On the other hand , if transition metals from the left hand side of Cr are added

to Cr lattice, the incommensurable structure is retained , and, in general, the

anom~ljes in p are much smaller.

The effects  due to nontransi-t ion elements such as Si , Ge , and At are quite
different from those described above. For example, At. behaves as a transition

metal on th e right hand side of Cr because of the existence of a commensurable
state above ~.l.5 at.~ content . However , the associated anomalies in p at TN are
cxtremcly small. The role of Fe and Co, and to some extent Ni , on p of Cr is
also considerably more complicated than that due to the other t r ans i t ion  mctals .

In general , large (small) changes in p at TN are accompanied by large (sniall) 
—

changc~ in 5, This is approximately true for dilute (up to ~3 at.~~) Cr alloys

_ _  ~~~~~~~~~ -— ~~~~~~~~~~ - — -~~~~~ —~~~ -~~~~~~~~~~~~ 



- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ TTT~T -TT~~~TY ~~~~~~ -

~~~~~~~~~~~~~ 

--- .- - - ----- —---- -- .-- - - _ _ _ _ _

- 0~~~~

containing the following salutes studied so far: Fe , Mo , flu , Si , W. Higher 
- 

-

concentrations cause a deviation in this correlation , i.e., the effects  on S
diminish much faster than on p . A useful quantity for characterizing the effect - 

- 

—

of the onset of a particular antiferromagnetic state on S is AS, which is the -

difference between the maximum value of S in the antiferromagnetic region (where

the antiferromagnetic ordering is nearly complete) and the extrapolated therxno—

power value from the paraxnagnetic region at the same temperature. - Similarly,

we can define a quantity Ap which represents the electrical resistivity change

due to the transition to antiferrotnagnetism. We find that our data for AS and
Ap ~pproxitnate 1y sat isfy the equation - 

- 

- - -

‘ 

AE _ ir 2K2P~~~~~1
g. 3e p A S  ‘ -

. 
-

where p is the total electrical resistivity at the absolute temperature T, K is
the Boltzmanri constant, e the electric change , and Eg the value of the ener~ r . .

gap formed due to the antiferromagnetic state. We find that the gaps for the

commensurable binary chromium alloys are larger (‘~O.
14 eV or less) than those for -

the incommensurable alloys (~ O.i eV) in good agreement with the direct experi—
mental determinations by Barker and. Ditzenberger [3), and Bos et al. [14).

-o - -
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FIRST ORDER PHASE TRANSITION
IN THE MAGNETIC SUSCEPTIBILITY OF Cr-- 1.37 at%Sj

L. HEDMAN , K. SVENSSON, K.V . RAO and S. ARAJS*
Depart in ent of Solid State Physics. Royal Institute of Technology. Stockh olm . Sweden

Received 8 August 1973

A tharp , first-order change in the magnetic susceptibility of Cr—I .37 at% Si has been found at 238 2K . It is
suggested that this temperature is the Ned temperature and that the transition is from the paramagnetic to the
commensurate antiferromagnetic state.

Previous electrical resistivity (p) [1), and thermo-
electric power(S) [2) studies on Cr-rich Cr-Si alloys ‘-
have clearly indicated that the effect of Si on the mag- -

netic phase transition of Cr is quite unusual in compar-
ison wi th the transition metal solutes. Small (up to I
at%) additions of Si to chromium cause a rapid -

(— 84 K/at%) decrease of the Ned temperature (TN )
of chromium. The associated behaviour of p in the 40 - I 0.O3~/.
neighbourhood of TN in these solid solutions is of the
conventional chromium type. However, when the Si
concen tra tion sl ightly exceeds ~~

- I at% level interest- -

ing abrupt chan ges sh ow up in the corresponding p ,‘ I
versus T and S versus T curves. Specif ically, the alloy 30 - 

~~ I’
containing 1.37 at% Si possesses two anomalies in the a i
p versus Tcurve : one of the Cr-type at 110K and an- E I
other step-type anomal y at 240K. The alloys with - I ~~, ~~~~~~~~~~ ~~1.85 and 2.74 at% Si concentrations also exhibit simi- ‘

~
‘ I —

Jar abrupt changes in the p versus Tcurves but  show 
-

no evidence for any Cr-type anomalies in the transi- I
tions. Up to this time the origin of the step-type
an omalies in the electrical transport property curves - ‘

~ 
[ 0 iHCR~A $ip~ T~#.j’p

of Cr—Si alloys have not been understood . Because v ou-~t~s,~a tEMP.
of the unus ’ta l behaviour ofSi in the chromium tat-
tice , we decided to investigate the nature of these - ,fl
transitions fur ther .  Specifically, it seemed to be of
inte rest to explore the magnetic properties in the tern - -

perature region whcre the above mentione d step-type
anomalies have been obse rved. In this le t ter  we report _/~ -

,

- - - - - - o a—’ ~ T EM PERATUR I  (K)detailed and sensit ive magnet ic suscept ibility (\)mea-
surements on Cr - 1 37 a t% Si alloy between 225 and 230 

‘ 
240 2~o

245K.

S Visiting Professor , Department of Physics larkson Collcgc , Fig. I - Changes in the magnetic ct ts ~cpflhiiiR ut (t 1 37 at~of Technology, Potsdarn , N Y., USA. Si., between 22~ and 245 K.
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The sample of mass 03 g. whose x was measured , -i s a first-orde r transformation from the p-ar amagneti c
was cut fro m the same ingot which was used for the state to the commensurable ant iferromagn etic state.
previous electrical t ransport  property studies 11 , 2 1. In the ligh t of the present investigation , we would
The x measurements were made by the Faraday meth- like to suggest that  the lower temperature anomaly in
od ( l i i i ’ = 11.04 X 106 0e2/ cm ) , using the Cahn RG the p versus Tcurve ( I )  for the Cr— I .37 at % Si sample
auto m atic ckctrob atanc c .  In order to obtain the data at 110K is possibly associated with a transition from
with a high r elative precision , which in our case is of the commensurate antiferromagnetic to the transverse
the order of I r~ rt in 10000(00. l%) , the suscepti- spin density wave structure.
bility data were take n as a function of temperature Much more extensive work on new alloys using
keeping the magnetic field constant , the procedure magnetic and electrical transport studies are needed
being repeated for different fields. This method elimi- for a complete elucidation of the magnetic phase dia-
nates the uncertainties involved in the conventional gram of Cr-rich Cr-Si alloys. Such work is in progress-
way of measuring x as a function of field at fixed tem-
peratures. The quanti ty x was measure d with increas- We are most obliged to Prof. H.U. AstrOm for his
ing and decreasing temperatures using the rate of keen interest and encouragement in this work. Techni-

1 K/mm , in both cases. The experimental results cal assistance from 1. Khlaif is acknowled ged with
presented as changes ~ , in the x with respect to the pleasure . One of us (S. Arajs) wishes to acknowledge
x value at the beginning of the warming run at 225 K. with pleasure the kind hospitality of the Chairman and
are shown in fig. I .  One can clearl y see from this plot the members of the Solid State Department during
that there is a sharp change in x at 238 ± 2 K. The stay at Stockholm
small hysteresis effects , associated with the warming This work is supported by grants from Statens
and cooling processes are of the same type and magni - Naturvetenskap liga Forskningsrâd.
tude as th ose seen in the p studies. These x measure-
ments clearly confirm that this transition in the
Cr—l .37 at% Si sample is of magnetic origin and Referen~~s
strongly suggest that the phase transition is of the first
order. It is inte resting to note that  the over-all behavi- [ l j  S. Araj s and W E .  Katzen meyer , 3. Phys. Soc. Japan 23
our ofi~sX versus Tof this alloy is very similar to the (1967) 932. 

-
- (2 1 S. Arajs , E.E. Anderson and E.E.Ebert , Nuovo Cim. 4Brecently measured firs t-order change in ~ of MnO at ( 197 1) 40

its TN = 115K [3). Thus our x studies on Cr— 1.37 at% (3J 0. Seino , S. Miyahara and Y . Nor o , Phys. Lett . 44A
Si sample imp ly that the phase transition of 2 3 8 ± 2 K  ( 1973 )35
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MAGNETIC SUSCEPTIUILI1Y STUDIES OF I5OLY (’RYSTALLINE CHROMIUM ANt ) CHROMIUM-0 .3
AT~~ TUNGSTEN ALLOY IN TIlE NEIGIIIIORIIOOI) OF TIlE NEEL TEMPERATURE 

*

L. HEDMAN and IIIJ. ASTRöM
Dparr rne nt of S. S. I~ - RO Va ( Inst itute of Technology Swcklwhn, .Slrrden 

- 
-

and

Ky. RAO and Sigurds ARAJS
Dcpar :nent of Physics. c’k,rkson college of Technology P otsclam. New York 136 76. U.S A -

Magnetic susceptibility (~‘.) measurements of the relative precision of I part in IO~ have been made on pure Cr and Cr-0.3 L
at.% ~V aUoy about 10 K below and above the respective Néel temperatures , 1N- For Cr. TN = ( 311 . 8  ± 0.2)K, and foi Cr-0.3
at.% W TN = (305.0 0.2)K. Temperature dependence of d(xT) IdT above TN is very Sensitive to heat treatments whLle be-
low Ts the values of d(~T)/dT remain the same for Cr-0.3 at.% W sample and approximately the same for pone Cr spe~irnen.
Below TN the critical behavior of Cr and Cr-O.3 at.% W is essential ly logarithmic.

( I - Introduction tion in the narrow meaning ful region , which , in this
case, has a width 

- 
-

According to neutron diffraction studies [1) , the -

transformation from the antiferrornagneti c to the para- e < 10— 2 , where c I T —  TN I/T N ,
magnetic state in a pure chromium sing le crystal is a
first order transition. Experimentally [2] , it has been is therefore of considerable interest.
observed that the nature of this transition is very sen- The magnetic susceptibility change in the nei ghbor-
sitive to impurities , strains , and , in the case of poly- hood of TN is very small [5—7 1 - For this reason no de-
crystalline samples , the size of crystall ites. Theoretical- tailed susceptibility studies , from the viewpoi nt of the - 

-ly, for quite a few years , no clear-cut models were pro- critical behavior , have been made as yet. Such investi-
posed which could exp lain the first order aspects of gal ions , however , h ave been done for the electrical re-
this t ransi t ion.  Very recently, Young and Sokolouf 131 sisti v ity 18— 3 2 1 .  The experi mental results clearl y de-
have prov ided the possible reaso is for the failure of monstr -.ite that the determination of vario us cri t i cal
various two band models to give the first order transi - indices is a comp licated mat te r  because of th e ir sensi-
lion. Furth ermore , they have demonstrated that using t ivi ty to the phys ical state of the samp les . From ti le
a three band model similar to that studied by Fali~ov viewpoint of the critical behavio r , the magnetic sus-
and Penn [4j - and inc ludi ng harmonics of spin density ceptib ihi ty is a simp ler physical prop erty Ihan the eke-
waves in th eir model a first order transi t ion takes place trical resist ivity since the suscepti bility emphasit es the
at the N~el temperature , TN . However , this first order static in stead of the dynamic aspects of the phase tra p -
effect being weak , one considers chromium as a system sit ion. With th ese ideas in Inni d , we decided th at it
with an interrupted second order phase t rans i t i on .  A would he of interest  to exp loit l i lagneti c  susc ep t ib i l I ty
care fu l sItIdy of the e m p iric a l laws close to t lic tr~m-si- nIe~tsureItIer1t s as sc rssit lye ~~‘ obe to exp lore t ) st~ bL’hJ\ I . r - 

-

of pure chromium and som e bi na ry c ls r omsi i t mmn alloy in

~~~ supp1.r t t -d by gr ant s  loom Stat en ’ .  N a t u r v ~ t t - rssk , mpli ~a the nei ghborhood of TN - The results of such a t t ~-mp ts
I - o rskningsrad , Swi-den , and ()II IL C of Naval Rcsejrcls, LISA . arc h m i ef l y desctibe d in thi s communicatio n.

(

- 

- 
- 
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2. Exp~riiiiciital considerations

The magnetic susceptibil ity of t is e re l at ive l)mecisio n 380 :
3

of I part in I 0’~ was d etermin ed using t h e  Fat ~ulay tJ
niet ltott bri efly descr ib ed elsess here [1 3j - The force / 7
measurements were nude with  a Cahsts RG elect roaba - “

~ . ? j
lance having the sen si t i s i t ~ of 0.2 pg. The magnetic - ‘~~ 

~~ J
field and its gradient was produced by the Sucks itti th- ‘ cHROMI UM
type magnetic pole p ieces of the 8-inch electromagnet / ]
made by Newport Instruments. The electric current ~ ,‘ 7
was kept constant to within 3 parts in lO~ - The sample, ! / /
whose magnetic p ro per tie s were investigated, was at- - / 1
tached to the balance by means of tungsten wire (dia- / /
meter 0.05 non). The weight of the samples described - I ~~~ 1311 8 a O Z ) K

in this communication was about 0.15 g for Cr and
0.18 g for Cr-0.3 W~ The different  temperatures , con- 350 ./

° 
~~ \

trolled to within ± OO 1 K. -‘~~~~ 
~~The sample of chromium was cut from an arc-melted \ A P1I EALED

• ingot by a spark-erosion method. The ingot , prepared k
from high-purity chromium stock (Chromalloy Corpo-
ration), was the same used for previous electrical resis- 140 ‘\i

~,,_J~5 RE CE IVED
tivity studies [14] . The sample containing 0.3 at .% \V

- - -t .  c t- - r r , -  
~i 

I Iwas en tn a sinu ar as ton mom se one use in re 310 320 330
electrical resistivity studies described before 1151 - I no “

Fig. I. Temperature derivative of xT of Cr in the neighborhood ~
- ofTN.

3. Results and discussion
made after these samples were annealed at 1000 C for

If the magnetic susceptibil ity, x~ near a phase tra is - about 100 hours and then furnace-cooled to roo .ii te nt-
sition obeys a power law with a critical index ~ or ~r, peratures. It is very obvious from figs. I and 2 that the
where the plus sign refers to t emperatu r e region above detailed behavior of magnetic susceptibility above TN
the transition temperature , T~, and the minus sign be- for either pure Cr atsd Cr-0.3 at.% \V alloy is very sensi- - -
low it , then tive to the above-described heat treatments.  In fact , this . I

d’ T’ 
sensitivity is such that  a meaningfu l det ermir ta ti on ~f

A 5 
+ ~~~t c’t 

, where (I) ~~ is impossible. The situation is quite different  below ~
‘

TN . The behavior of t l (x T)/ d T for Cr-0.3 at .~~ \V is the -

the quanti ties A t and II’ are constants. Thus , from the same for the “as received ” and ‘an isealed” states and
viewpoin t of critical phen omena , it is istore cot iv enient approximately similar for pur e Cr t inder  the same tre at-
to plot d( ~ T)/ dT as a fttnction of 1’ than >, vs 1. Fig- nients. If one makes an assumption that ,t — = 0, un-
ures 1 and 2 show such plots for pure Cr and Cr-0.3 plying the absence of t h e lIT term in 

~~
, which seems

at.~ \V alloy. 1-tom these plots it is easy to obtain the to he a reasonabl e assumption for Cr and d i lu te  (‘r 31- 
-

Ned temp erature lot pu ic Cr to be (3 13 . S ~ 2) K and loys (as confirmed by our plot in fig. 3), then a plot 01

that of Cr- O.3 at . ’;~ W all oy (305.0 02) K , in good log{d ( ~7 ) / dT ]  vs logl 1 —  TN I should ~~~ ~f ,  This ~
agreement wit h  previous electrical r e s is t ivi ty  de t c r n t ina-  shown in fi g . 3 , fiom which  one can c l ea r ly  see tb-i t -~

t ions [I 5~ - The c ( I Iv ( -s m u fi gs. I and 2 as-~’~ ia t ed with r emains a const ant at least for th e i~sIi ~’,& of IT T~ ~~
“as rec eived” state r epresent ine ;t sur ements (lone ( i ll  tween 0.8 and IS  K. In fact , tmume ri cal  r . i l e u l . i t  1,r55J ~~
samp les af ter  the sp.ok-cIi t t  ing from tim e ori ginal arc- that mf for “as received ’ Cr i s-about o~os o.o~. for 

—
melted ingt sts . T h e  r uns  lab _-lied as “an micaled ” were “aiti tea led’’ Cr 0.05 0.02 an tI  for (‘r-0 .3 at .~ W 0.U~

:~
-
~~ -

- ~~~~~~~~~~~~~~~~~~~~~~~ 7, ~~~~~~~~~~~~~~~~~~~~~~~ -‘-Tf.
~--~~ ~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
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± 0.02 in both either “as received” or “annealed” state.
— 

These values of r strong ly suggest that the critical J ~~~~~
- / behavior of x of Cr arid likel y dilute Cr alloys below

TN is essentially logarithmic. Such a behavior has been ~~~~~~~~

1 
- predicted theoretically by Dzyaloshinski and Kats [16] -as 

~~ I The great sensitivity of x above TN resulting from dif-
- ferent heat treatments is not clear at the present tune ,

/ though the observed first order effect must play a role
— _._.c/, in this. From purely experimental viewpoints, such sen-

36 
~~~~~~~~~~ 

- sitivity is also exhibited in the critical behaviour of the
electrical resistivity above TN [11 ,1 2~ - Further work

- 
T~ f305-O 021K on these matters is in progress.

1 We thank Lutfi Khlaif for his skil l ful help in per-
- forming some of the measurements , and K. Svensson 

-

‘

‘\. a~~~~ ce ved for valuable technical advice.

Cr.OJot I.W 
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MAGNETIC PROPERTIES OF Cr CON TAINING DIWTE CONCENTRATIONS
OP Co IN THE NEIGHBORHOOD OF TIlE REEL TEI-~ KNATU RE

Sigsu’ds Araj a , E. K. Anderson , Jack B Ke lly , and K. V. Rao
Depart ment of Physics

Clarkson College of Tech nolo~ ’
Potsdani , New York 13676

ABSTRAC’r where w i s the weigh t fraction of Co. The T dependence
of the quanti t ies  l/x calculated from the above

Magnetic suscept ib i l i t y  ( x )  of Cr an d Cr alloys equations are shown i~~
0 Fig. 2. The strai ght line

cont aIning 1.7, 2.2 , 2 7 , 14 . 14 , and 6.2 at.% Co have behavio r , except very close to TN ,  clearly confirms
been measured as a function of  temperature (T)  between that there is a localized moment on Co atoms . Table I
300 and 6oo IC. Each of the X vs T curves exhibits a gives the values of TN ,  determined from dX/ dT vs T
well—defined maximum at the N~e1 temperature (T N ) . plots , the ef fec tive  paramagnetic moments , Ii , and theCo
AssumIng that X of the mat r ix  is unchanged by small T range ove r which the Curie-Weiss law has been used
additions of solute , the magnetic susceptibility of for the determination of 

~‘eff
Co ( XCO ) in Cr has been determined over the above— Our values or ‘Ill are in good agreement with thosementioned T range . Above TN (except close to T

a
)
k0 determined by Booth~ According to Suzuk i 2 ii isCo

obeys the Curie—Weiss 1r~.. The magnetic moment per Co 2, 9±0. 1 UB for the Co concentrations between 1 to 6 at.%.
atom decreases with increasing Co concentration. It Booth 3 finds that 11 decre ases slightly from 2.3±0.l~has been foun d the X1-.0 just above T cannot be described Co - I -
by a power law with constant crit ic~ l exponents . at 1.9 at.% Co, and to 2.0±0,2 at 9.3 at.% Co. Our

values of 
~

j are higher than those found by SuzukiCoINTRODUCT ION and Booth. Our 1~ values also show a strong decreaseCo
Previous experimental stu dies~~~

3 of the magnetic with incre asing Co concentrations . It should be re-
properties 0f Cr containing Fe , Co , and Ni strongly marked that Lingelbach t expects to be 3.87
suggest that there are localized magnetic moments on Fe which is the approximate value of II if our data are
and Co, but not on Ni atoms. Furthermore , it appears Co
that below the N&l temperature, the localized moments extrapolated to low levels of Co content. Further-
on Co atoms strongly couple with the Cr lattice, while more , according to FaUot ,5 ~i in metallic Co in theCo
those on Fe atoms interact weakly with the average par amagnetic region is 3.1 The reasons for the
magnetic moment of Cr, The purpose of this paper iS to
present new and detailed studies of the magnetic sun— discrepancies between Suzuki , Booth and our results
ceptibility in the nei ghborhood of the N~el temperature on 141 are not clear at the present time.Co - -and to discuss the significance of the experimental Lastly, we also have examined in detail the
results. paramagnetic behavior of X in the neighborhood of T

N
.Co

E~~E’RIMENTAL CONSIDERATIONS Plots of L~X vs R.rs(T—T ) (which due to space linilta-Co N
tions are not shown here) for the samples containing

The Cr—Co samples used in this study, containing 
2.2, 2.7, 14 14 , and 6.2 at% Co , are not strai ght lines

1.7, 2.2, 27, 14.14, and 6. 2 at .% Cc, were cut from the
specimens used previously’ for the electrical rests— 

but continuous curves with gradually increasing nega-
tive scope as (T_T

N
) increases from 1 to ItO K. Thus It

tivity. investigations . The magnetic susceptibilities
were determined using the Faraday method. The magnetic is not possible to assign a well—defined critical cx—
field was produced by a Magnion 7—inch electromagnet ponerit for X above T -Co Nwith tapered pole pieces in conjunction with a Magnion
Mode l 1050B power supply. Force measurements were made ACKNOWLEDGMENT S
with an Ainsvorth Type 15 electrobalance. The signal
.n~tput from the balance was read on a Hewlett-Packard

This work has been supported by grant number
3~t39A di gital voltmeter coupled to a 3ltls3A range unit. 

Glt—37908 from the Nation al Science Foundation and by
The overall accuracy of the magnetic susceptibility 

the Office of Naval Research under grant number
measurements was ±0.5% with a relative precision of 

NOO114—7o—A—031l—000l.

I

1 part in  10”. It was possible to maintain tempera-
tures within 0.1 K above about 500 K and within ±O .OIIC
at lower temperatures, Table I

RESULTS AND PICC 1JSSION T
N 

and of Cr—Co Alloys

The mass magnetic susceptibility , X, of Cr and
Cr-Co alloys is shown as a function of the absolute Co centratlon Temperature
temperature , T, i n Fig. 1. The annrn- ly in 

~ 
for Cr Itt (at.%) T

N
(K) fICo(UB) Range (K)

the N~ e1 temperature , TN%312 K, i~ very small i rs com-
parison wi th the large peaks at T of Cr—Co alloys .
Since the saniple containIng 1.7 a~ .% Co has TN bel ow 1.7 3.6 3O~4—1i25300 K , there is no maximum In the X vs T curve as shown
in Pi g. 1, The usu~tt method of lnterpretatinn of X 2.2 312 3.5 3I4 8_ 5~’0
data on di lute alloys i~ to assum - that y of the boTh
alloy consis ts  of two o -mponen~~s , the suscept Ibi lity 2.7 336 3, 14 380— 58 ’
of the rlntrlx , X0, and thl- r uo c - e r t i t i  lity of the Ol lIl t e
Impurity , ~ . Furthermore , it Is usually n~cc -ume t that LI t  323 3.0 3140—5814
X0 is uncha~~ed by nmnJ l ad ditions of Co. Then

6.2 317 2.9 3140-595
x wx •(1-w)XCo 0

~~~LA . . . ~~~~~~~~~~~~~~~~~ —-~ - ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~
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Magnetic Susceptibility of Polycrystalline Samarium
Between 4 and 300 K

Sigurds Araj s and K. V . Rao
Depart ment of P hssu - s . Clarkson College of Technologs- . P, ’eolwn . V,-~ I r A

and L. Hednian and I-I . U. Ast rô in
Department of Solid State Phi . cj c .c . Rota ! Ins ti lute ot ie, hno/ g 5to, k/ i t t /n i  ‘c t !, ci

(Received March 10. 1975)

Magnet ic .sitsceptibilit t’ / of pois’cr t-sta li iiu- rlio,nhohe dru! .samar,zon luc, ht-eti
measure d -as a function of temperature T he: st een 4 and 30() K.  ihe / I s. I
curi e exhibits two peaks : a large one at 15 K and a small one at 106 K . Th5-
magnetic suscepti hihir heis t-c t -n t he .\~ t l le -mper atu re T,, = 106 K and 3 (X) K
obeys the predictions ~/ the Stewart t heori- . II ~

- also demonstrate 1, l . ste reli (
effects in t he magnetic suscept ib i l i t y  around T~ and in dicate that tio sli ~c II /Ic su i t
resu lts on cr i t ical indices could be obtained from thest - mt ’asurt ~mt -ltr

1. INTRODUCTION
It is well known that  the paramagnetic behav ior of most rare earth

metals can be satisfactorily explained using the tri pos it ive ion model ~ndthe Van Vieck theory of paramagnetism . 2 One rare earth metal whose
paramagnetic properties deviates considerabl y from the predictions of th e
above model is samarium. 3 Recentl y Stewart 4 has de~cloped a theory of
metallic samarium which takes into account the influence of conduction -
electron polarization effects and inter i onic Hcisenberg exchange coti p l ings
The lowest energy mu l t ip let of Sm 3 

~, r e sult ing from five localized I electr ons .
consists of six energy levels , ~‘ll ~ , being the ground state . Accord ing ftc
Stewart , if one assumes that  only the ‘ l l ~ 2 level is the rmal l y populated as
the temperature increases and if one neg lects crystal l ine field effects , then
the magnetic susceptibi l i ty can he written as - - .

x Xo + CLI - - 0) ( I )
where Y o ’ C, and (1 arc constants. Equat ion ( I  I is a modified Cu t i e  \\el~ s

law which describes many para niagnetic  systems possessing localized

‘97
a l97~ Pku,,m Pth Icsh ng(  - i ’ - h e  V . 0  L h  Si~~~ei ‘- -vt ‘I - k  N ~ 1 ) 1  I N p.1cc ‘I II- . nh!

runs lx- rcpr ,, diict -d . sco t t , ? ,, ,, t f l I f l f l -%.t i s , scc I ,  c c  u n , f l h r ,  5 fl .,n, i r t ~n “h, ass flea s . vies OCR c~~f l .  i c_ InCaI
phoiocopi nt mccc i ic lmcq, . I t w , c I  d or o,hens se . is ch ic, is I I t te l l  pt -I msa,,n ot the puhic hec
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Fi~ I. Mass magnetic susceptibi lity of polycrsstalline samarium heicteen 4 and 4(X) K

magnetic moments and conduction electrons. Stewart 4 - 1’ examined the
magne tic suscept ibi l i ty  da ta obtained by Javaraman and Sherwood t using
a rhombohedral samarium samp le. He finds tha t  Eq. ( I ) .  in the form of
y = [7.853 + 98.96 1 (T + 6.70)] x IO~ ” cm 3 g. fits the experimental points
to an accuracy of 0.5” ,, between 15 and 100 K We have two comments on
this matter. First , the experimental  points scatter considerab l - as can he
seen from Fig. I in Ref. 4 Second. rhomboh edra l samar ium is magneticall y
ordered below 106 K (which Stewart ri ghtl y recognizes in Ref. 6) and t h u s

- ; 
- 

. the fit given above may not be part icula rly meaningful below 106 K. For
these reasons we decided to obtain new magnetic susceptibility data on

• 

- 

I pol ycry stal l ine rhombohedr a l samarium between 4 and 300 K and to
analyze them from exis t ing theoretical viewp o ints The results of our studies
arc briefl y described in this  paper

2. EXPF :RI\IFN TA I. ( ‘ONSIIWR 1V l IONS

Distilled samar ium used in t h i s  inves t iga t ion  ss as purchased from
Research Chemical s (P hoenix . Ari zona Refore usag e . it was arc-melted
using the faci l i t ies  and techniques described clsc ’csherc The polve r~~t a l l t n e

- - sample whose magnet ic properti es were studied as in the rhomb ohedra ) —

state. The magnet ic  suscep t ib i l i ty  ss as measured us in g the equ ipment
briefl y described before. 8

- .

I

S -

I
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3. RESUI.TS AN!) 1)ISCUSSION

Metallic rhombohedral samarium undergoes two magnetic t ransi t ions :
one at about IS K and another at about 106 K. According to neutron
diffrac t ion st udie s.9 the lower temperature transition is associated with
order ing of the magnetic moments on the cubic sites. The higher tr ansi-
tion is due to ordering on the hexagonal sites. Abo~e 106 K. ~ hich is the
Ned temperature of samarium , this  metal is in its paramag n et ic state.
The magnetic susceptibility measured with increasing temperatures , as

can be seen from Fi g. I , exhibits anomalies at the transit ion temperatures
mentioned above. There is a large peak at I S K and much smaller one near
106 K. Since the behavior of 

~ 
in the neighborhood of 106 K is presented

separately later in this paper , it is shown onl y schematicall y in Fi g I .
The curve given in Fig. I was obtained by measuring the su scep t ibil i ty

in different app lied magnetic fields and extrapolating the data to infini te-f ield
values. The tr iangular  points also shown in Fi g. I are the susceptibil i ty
values obtained in an earlier hi gh temperature stud y 3 using a dilkren t
samarium sample and a di fl~rent experimental facil i ty.  The agreement
between the measurements is satisfactory.

The curve labeled “Van Vleck . a = 35” in Fi g. I represents the para-
magnetic behavior of Sm 3 + ions calculated from the Van Vleck suscept ibi l i t y
equation [Eq. (5) in Ref. 3]. The quan t i t y  a is the nuclear screening constant.
The energy levels associated with various values of a have been calculated
before (Table I in Ref. 3). The set of six energy levels associated wi th  a = 35
gives a reasonabl y good fit , without any adjustable constants, between
220 and 400 K. However , as can be seen from Fi g. 1 . the theoretical  cu r ve
based on this model predicts much hi gher susceptibil i ty values t i t an  those

- - observed experimentall y at lower temperatur es. Thus Van Vleck the oiv
mentioned above is not a satisfactory model of the magnetic susc eptib i l i ty
of samarium at low temperatures.

- - - The solid curve throug h the experimental points between 120 and 30( 1 K
represents the equation

x = [8.40 + l60 (T + 317) ]  x 10 1’ cnY g (2)

This equation is of the form derived by Stewa rt. as mentioned above rh sis
our paramagnetic data below 3 (X)  K arc in good agreement t~ i th  Stewar t ’s
theory. We note tha t  th e numerical  constants in Eq. (2) are di t is -r ent front

those obtained by Stewart in his ana l y s i s  of the expcr im e i iLt l  dat a  by
Jayar aman and Sherwood. Very l ikel ~ the pur i ty  of the samp les is responsible

4 .. 
S 

- for these dilkrences. A recent stu ds  of the magnetic  suscc pt i hi ls t ~ ol poI~-
crystal l ine samar ium b\ l’er~ikts and Kern ° cicail y indi cate s t ha t  heat
treatments can also strongly influence susceptibi l i t y values. It ssoukl he

I

I

I
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interesting to analyze these data from the viewpoint of the Stewart theory.
However , this  is not possible from a grap hical representation of the data g iven
in Ref. 10. It may be mentioned that their susceptibility measurements before
hea t trea tmen ts are in good agreement with our values in the corresponding
temperature interval.

Figure 2 shows the magnetic susceptibility (in arbitrary units)  in the
neighborhood of the NCeI temperature. Ori ginall y we expected to study
the critical behavior of the susceptibility at this phase tran sition. However ,
Fig. 2 reveals two observations. First, the magnetic susceptibil i ty of this
par ticular samp le depends on its thermal history. The warming run was
made with increasing temperatures starting at 80 K. The run ended at 130 K.
After reaching this point , the susceptibility was measured with decreasing
temperatures down to 80K. Second. the nature of the peak at 106 K is

405 -

Cooi,n g

I,

C
D

? 300 -
1./S

is

200 -
War mi ng
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T Ot)

0 1 I
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i ig 2 M;igii~ iic ssiscepir hiIit~ of ,arnai  sum i n the
n eigirt - rorhood of the Ned tempo a lu re  I iic.s~ iiid,i- ,i i i  C-
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also inlluenceo by the thermal  t reatment  in th is  reg ion. Thus it was decided
that no si gnificant results on cri t ical  indices could be obtained from these
measurements.

Phenomenolog icallv . we have found that the magnetic susceptibility
of samarium below the peak occurring at Tm~t 15 K can be represented by
the equation

x A(T — 7’ y O O 3 i  (3)
where 4 is a constant. The above exponent correctl y describes the suscepti-
bility behavior for values of T — 1~~ up to 7 K.

In summary, we concl ude that  the Stewart theory appears to be
app 1icable to paramagnetic samarium between 120 and 300 K. At the present
time there is no satisfactory theory for th e antiferrom agnetic behavior of
the two magnet ic phases of samarium below the Ned temperature. Further-
more , the critical behavior of the magnetic susceptibility at the phase
transitions described above is sti l l  in open question.

-, NOTE ADDED IN PROOF
After the comp letion of this paper , detailed investi gations of the

magnetic susceptibility on single Sm crystals were published h~- K. .-\
McEwen , P. F. Touhorg . G. J. (‘ock , and L. W . Rocland [J. P/z r.v . i- .~leial
Phys. 4, 2264 (1974)] . This la t te r  work clearl y shows a large anisoiropv in
the magnetic susceptibil i ty between the basal plane and the c axis . espectal l ~
in the neighborhood of’ the magnetic tran sitions.
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Electrical Resistivity of Nickel-Rich
- 

. Nickel—Chromium Alloys Between 4 and 300 K

V. D. Vao, Sigurds Arajs, and E. E. Anderson
Department of Physics , C(arkson College of Technolog ) ’, Poisdam. Ncr,. York

(Received A pri l 18. 1975)

Electrical resistivity p of Ni—Cr alloys containing 5.5, 11.3, 15.7, 16.8, /9.4 ,
221.1, 24.6, and 27.0 at % Cr has been nie ’asured as a function of the absolute
temperature T between 4 and 300 K. The samp le with the Cr content of 22.0
at % exhibits a small p minimum at about 10 K. No minimum has been obser i-ed
in an~ ot her of the above samp le’s , aidwugh an anomalous T dependence has heeti
found in ~,lloys containing 15.7, 16.8, and 19.4 at °,, Cr. The p minimum has
been discussed from the viewpoint of the Béal-Monod theory for the Kondo
effect in concentrated systems and the mechanism by Greig and Row/ ands
based on a T-dependent decrease of the impurity electrical resisti vity. It is
concluded that the p minimum in the Ni—Cr system is still a phenonie ’non which
is not well understood at the present time.

• 
- 

1. INTRODUCT ION

Pandorf, Lerner, and Daunt’- 2 in 1964 and Hust~ in 1972 measured
the electrica l resistivity p of Evanohm wire (Ni 75 wt °,,, Cr 20 wt 0

0 Al
2.5 wt %, Cu 2.5 wt %) below room temperature. Their results strongly
suggest the existence of a minimum in the p curve somewhere between 4 and
20 K. It is reasonable to assume that the role of Al and Cu is not important
for the formation of this minimum. Thus the above studies imply that the
electrical resistivity of Ni—Cr alloys at low temperatures also could behave
anomalously. No studies from this viewpoint of the electrical transport
properties on this system have been done before. Therefore, we decided to
measure the electrical resistivity of Ni-rich Ni—Cr alloys containing different
concentrations of Cr between 4 and 300 K. Our results and their significance

- . are presented in this paper.
369
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2. EXPERIMENTAL DETAILS

The Ni-Cr alloys containing 5.5, 11.3 , 15.7, 16.8, 19.4, 22.0, 24.6, and 27 .0
at ~ Cr were prepared by an electric arc melter.

4 The stock of Ni was pur-
chased from Johnson , Mathey and Co. The analysis of the impurities found
in this material has been given previousl y. ’ The Cr was obtained from Chrom-
al l oy Corporation. Its purity has also been reported elsewhere . 0 Aft er
repeated melting (two or three times), the ingots . weighing about 20-30 g.
were scaled into silica tubes under I 5 atm pressure of Ar at roor~ temperature
and homogenized at 1000°C for six days. The silica capsules were rapidly
que nched in ice water. From these ingots samples in the form of rectangular
parallelepi peds were cut by hand using a diamond saw. The surfaces of these
samples were polished using files and sand paper. Typ ical sample dimensions
were roughly 3 x 3 x 30mm 3.

The p of the above samp les was determined usi ng the conventional
four-probe techni que. Two Cu wires, li ghtl y spot-welded to the broad face
of each samp le , were used as the potential contacts. The two current leads
(using Cu wire) were soldered near each end of the sample. The data of p
as a function of the absolute temperature Twere obtained using the methods
and the equi pment described before. 1 The p values reported in this paper have
not been corrected for the thermal expansion effects. The maximum relative
error at liquid 1-f e tempera tures arising from the neglect of this correction
would be about 0.3 Ic It is estimated that any error in p resulting from the
form factor measurements at room temperature is not larger than ° c.
The errors in the temperature measurements have been discussed elsewhere.

12C

Crconcentrot ion (ot .%)
Fig. I - Electrical r es is t ’. its of Ni Cr alIo ~ s is 1ti n~ t ion u t  ehr,’ni-
j um concentration ,it 42 and 273 (1 K

I

I 

---— - - - - -~~~~~~~~~ - 
-
~~~~~



—- ~~~~
.,. — - — - - .  -..- ~~~~~ 

~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
- --

~~ r..r ~~~~~~~~~~~~~~ 
--
~~ ~

—‘
~
-

IkctricaI Resisd ivi ty of Nickel-Rich Nickel—Chromium Alloys Belween 4 god 300 l( 371

3. RESULTS AND DISCUSSIONS

Figure 1 shows the values of p of our Ni - Cr alloys as a function of Cr
content at 4.2 and 273 K. These plots con firm the expected good qualit y of
the alloys prepared by the methods described above. The residual resistivities
of the Ni - Cr syste m with Cr content up to about 5 at have been studied
before by Schwerer and Conroy. 8 Their data appear to be in good agreement
with our results. Our values at 273 K arc in good agreement with those due - 

-

to Köster and Gmöhling ° measured at room temperature.
Figure 2 presents the p vs. Tcurves between 4 and 300 K. Two facts

are evident from these plots. First , Cr drastically increases p of Ni . Second,
the temperature coefficient of p is very small , especiall y for the alloy con-
tam ing 22.0 at °

~, Cr. Details of the p behavior between 4 and 50 K are
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shown in Fig. 3. It is obvious that  the alloys containin g 15.7, 16.8, 19.4, and
22.0 at ~c Cr clearly exhibit an anomalous behavior in this temperature
range. The alloy having 22.0 at ° Cr concentration (which corresponds to
the 2O wt Cr content in Evanohm metal ) shows a small p minimum (of
the depth of about 0.05 ~i1~-cm) at about 10 K. No such minimum has been
observed in any other Ni- Cr alloy used in this stud y. The nature of this
m inimum is shown even more clearl y in Fig. 4. Thus our results confirm
t he suggestion that the expected minimum in Evanoh m is due to Ni and Cr
and not because of small additions of Al and Cu. It appears that the existence
of such a mi n imum is likel y restricted to a very narrow composit ion range of
Cr because it is absent (at least above 4.2 K) in the alloys containing 19.4
and 24.6 at ~~~ Cr. It should be remarked that this mini mum behavior in the
22.0 at 0 Cr sample has been obtained from three different temperature
runs.

A very small minimum in the electrical resistivity at about 2.8 K has
been seen recently ’° in an atomicall y disordered Ni—Pt alloy containing
50 at Pt. This alloy is in a weakl y ferromagnetic state at li q uid He tem-
peratures. The strange anomalous behavior originate d a development of a

I O.I~~d~~cm

(06.9

lO2 2~ 
22.0

lOO.6t
-

. u 
932

63.51
330k

T (K)
. 

- Fig. 1 Electrical resistivity of Ni Cr alloys as a
function of temperature between 4 and ~OK . The
numbers indicate the atomic percentages of Cr.
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IO0.6C

5 tO IS 20 25 30 35
T ( K)

Fig. 4. The electrical resistivity minimum of the Ni- Cr alloy containing

- 
22.0 at “.. Cr. -~ -

theoretical model by Béal-Monod ’’ fo the electrical resistivity i n concen- j -

t rated atomically disordered ferromagnetic alloys satisf y in g special con- F
ditions. She was able to derive a Kondo-type (logarithmic in T) contribution
PT .TC to t he total electrical resistivity slightl y below the ferromagnetic
Curie temperature T~. using the second Born approximation. Essentially,she recognized the analogy between the electrical magnetoresisti v ity of
dilute Kondo alloys ’2 and the resistivity of ferromagnetic metals ’3 near T(. .
Thus, she obtained in the ferromagnetic region

3J ~z kT I ye 2]

- PT~-T C~~ 
j 2 + 

~E
_
~

ln
~~ L5

~
5 + I )  — A 

~~~~~ 
] (I)

- - ‘ where J is the exchange interaction constant, s is the impurity spin , E 1 is
the Fermi energy,: is the number of electrons per atom, k is the Bo ltzmann

• constant, y is the molecular field constant [y = 3kT~ - s (s  + l f l ,  e is the
H spontaneous magnetization , and

1 ~ ~s(s + I)[ ~s(s + I) + (49fl (2)
- - for T T~. Equation (1) implies that there is a resistivity minimum if
k J <0 and if the following other conditions are satisfied : (1 )  temperatures

are close to T~. (2) T~. is small so that the minimum is not destroyed by
phonons, (3) a does not vary much with Tnear T1. and (4) yo � kT Real-
Monod also suggests that in the paramagnetic region, due to the short-
range spi n orde r i ng by local molecu lar fi eld , a weak Kondo- like behavior

I .
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may be expected. However , if para magn ons (strong enhanced spin fluctua-
tions) are present , these will dominate the p behavior (proportional to T2 )
and will overcome the small negative In Ttcrm due to the local ordering.
Furthermore , Béal-Monod strong ly suspected t hat the resistivity minimum
observed in the 50 at 0/0 Ni-SO at °,, Pt sample was due to the mechanism
described above. At first gla nce, it is tempting to think that the minimum in
the p vs. Tcurve of the Ni—Cr alloy containing 22.0 at % Cr is also due to the
same cause. However , t here are some difficulties with this idea. The p - 

-

minimum mentioned above in the Ni—Pt system was found only when the
aHoy was in an atomically disordered , weakiy ferromagnetic state. The .
minimum disappeared when this alloy was atomically ordered by thermal
annealing, which converted it to a paramagnetic system. However , our
Ni—Cr alloy, exhibiting the p minimum , was in a paramagnetic state at
liquid He temperatures. This we conclude from the Curie point determina-
tions by Sadron ,’4 Marian ,’’ and Besmus et a !’6 Their results are presented
in Fig. 5. From this plot one can see that the older studies by Sadron and
Marian give considerably higher values of T~ than given by Besmus et a!.,
whose determinations have been recentl y confirmed by Gregory and
Moody. ’7 The latter data are not plotted in Fig. 5 because these investigators
do not give n umerical values of T~ in their paper. Figure 5 clearly implies
that the ferromagnetic state in the Ni—Cr system disappears at about 13

700
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• 

-

,

Cr concentration (at %J

Fig. 5. Ferromagnetic Curie temp eratures of Ni Ci
alloys.
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at 0/0 Cr concentration. This expectation is also Consistent with the magnetiza-
tion studies ’”- ’8 and the electronic specific heat measurements. ’ 7  It was
mentioned above that according to Béal-Monod the p minimum can also
be present in a paramagnetic alloy if paran iagnons are absent. Titus , if we
assu me that there are no strong enhanced spin fluctuations in the Ni--Cr
system near the critical composition for ferromagnetic ordering, then there
could be a p minimum in our 22.0 at 

~~
,, Cr sample even if it is in a paramag-

netic state. Unfortunately, the absence of paramagnons in the Ni—Cr system
may not be realistic because such excitations have been observed in numer-
ous other systems based on transition metal alloys. We have examined the
Tdependence of the ideal electrical resistivity of the alloys containing 19.4,
22.0, 24.6, and 27 .0 at ~ Cr. in general , the Tdependence is complicated .
especiall y in the alloys exhibiting anomalous low T behaviour (Fi g. 3).
None of the above alloys shows T2 depende nce expected for the conventional
elect ron— - para magnon scattering. ’9

Finally, it should he mentioned that recently very small minima in the
p vs. Tcurves have been observed by Grei g and Rowlands 2° in some Pd
al loys containing Rh , Ru , and Pt. They conclude that these minima are not
due to the Kondo scattering. In fact , they convincing ly suggest that the
minima result from a temperature-dependent decrease of the impuri t y
resistivity attributed to a reduction in the s--d scattering with increasing
temperatures. To a first approximation , thi s interband mechanism modifies
the residual resistivity by a factor (1 — AT2 ), where - -

A — 
n2k 2 1 dN ,,(E) ] 2  I d~N 4E) ’~ 3— 

6 ì~ [N~ E.~ dE ] N~4E) dE 2 
~~~~ ~

where E is the energy and N~( E)  is the electronic density of states ofd electrons.
According to this prediction , based on the rig id band model approximation .
the increase in p below the minimum should vary as T2 . Our 22.0 at 0 Cr
in Ni alloy does not exhibit such a Tdepcndence . In fact , the increase, within
the experimental error , is quite proportional to In T Since detailed informa-
tion on the density of states in the d band for Ni - Cr alloys is not available fur
numerica l calculations of this type , it is difficult to pursue this problem
further. It should be remarked that recentl y t he electronic structure of Ni
base for ferromagnetic alloys has been studied by 1-lasegawa and K anamori~’
using the coherent potential approximation based on a tight-binding
single-band model. They predict that the spin-up band splits into two
subbands. The band above the Fermi level corresponds to Friedel s v irtual

- • - bound state in his sing le- impurity theory. 2 2  In the case of the Ni -Cr system
the v irtual bound state is just above the Fermi level , overlapp ing the majorit y
spin band. This overlap gives rise to the hi gh electrical resistivity of Ni- Cr - ‘
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alloys shown in Fig. 2. According to Ilasegawa and Kanamori , the ferro-
magnetism of the Ni-Cr system graduall y transforms to a split band
pa ramagnetism at I I  at ~~~ Cr concentration. It is possible that  the uni que
electronic structure of Ni - Cr alloys is somehow responsible for t he p mini-
mum described above. From this viewpoint , it would be of interest to ex-
amine in detail the behavior of p of Ni—Mn alloys , wh ich possess somewhat - -

similar electronic structure. Unfortunatel y, none of the above theoretical
app roaches sheds any light on the anomalous p behavior seen in t he Ni
alloys containing 1 5.7, 16.8 , and 19.4 at Cr. In summary, it appears that
the ori gin of the anomalous behavior in p at low Tof Ni—Cr alloys described
in this paper is not well understood at the present time.
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MAGNETIC SUSCEPTIBILITY OF Pd-Ce ALLOYS AT LOW TEMPERATURES

K.V.R30, S.Arajs and Y.D.Yao, C.C.T., POTSDAM , N.Y , USA ~nd( L.. fleciman, Ch. ~ohannesson and FL.U.i~str~~m , KT1~, STOCKh OLM , S~-:EDEN.

The pos sibili ty that Pd-Ce alloys migh t be a Kondo system
in the presence of crystalline fields has been of interest to
expe~ imen taiists~~

’
~ Magnetic susceptibility Cx) studies by

Shaltiel et al1 on Pd+4 at% Ce implies that there is a magne tic
mc~ent of 1,1 ~.i on Ce atoms , which is lower than the- free ion -

value of 2.5 
~~~ 

However, Guertin et al find it <10 
~B 

per - Ce
atom, suggesting a Ce4+ valence state. Similar conclusions have
been reached by Harris et a13 and Speight4. Recently Mydosh5

found a weak resistivity (p) minimum (a few parts in i0~ ) below
10K , but indirectly concluded that Ce impurities are in the non—
magnetic Ce4+ valence state. - Because of the limited nature of
theX studies mentioned above and some inconsistencies in the res—
ults we decided to investigate further the role of Ce in Pd. Here
we discuss briefly our x andpstudies on 0.4,0.9 & 1.4 at% Ce in Pd.

The alloy melts were prepared by arc melting using Ce from
Research Chemicals and Pd from Engeihard Industries. After melt—( ing, the ingots were sealed in silica tubes under 1/5 atm pressure
of Ar at room temperatures and were annealed at 1000C for 6 days.

The x behaviour of our Pd-Ce alloys in the range 1.5-340K is
shown in Fig. 1. Clearly , additions of Ce considerably lower the

x values of Pd above 10K. In principle, this is consistent ~‘ith
the studies at 17C by Harris et a13. Our x results support the
previous conclusions that Ce enters a Pd ma~rix essentially as a
non—magnetic 4+ ion at least above 20K. The large initial  decre-
ase in x due to Ce ad ~itions strongly suggests some electron trans-
fer processes and a change in the electronic band structure in Pd.
It is also evident that Ce depresses the size o~ the characteri stic
y~ maxirr~um of Pd at 80K on alloying. Below 10K x increases rapid-
ly with decreasing temperatures. Such an increase is also obser-
ved in pure PcI used to make these alloys. Additions of Ce to Pd
c -: t -~~; ’2 an anomalous behaviour in the x v s  Ce conc. curve at low T
a~ seen from the inser t in Fig. 1. For a detailed analysis we
have also studied the x dependence on applied magnetic fields.

1 
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~:e find that x of Pd and Pd-Ce alloys can be described by the
e~ uation x A-F C/(T—~ ), where A ,C and 6 are constants and T is

/ 
- . the absolute temperature. The values of these constan ts are

given in Table I. If we assume that the value of effective magn-
etic moment of Fe in Pd is lOtiBl then the value of C obtained
for Pd gives the conc. of Fe to be 30ppm. This result is in exce-
ilent agreement with our analytical determination on the initial
stock of Pd used to make these alloys. Furthermore, if we assume
that there are no localized moments on Ce ions then the values of
C in Table I give the magnetic moment on Fe to be 17.6,17.3 and

- lS.4~.13 for 0.5,0.9 and 1.4 at% Ce samples, respectively. If it is
assumed that the moment of Fe is lOlIB and remains unchanged when
Ce is added to Pd, the values of C imply a magnetic moment on Ce
atoms of 1.3,1.0 and O .7

~
1B,respective1y. Although it is impossi-

ble to strongly favour either of these possibilities, an increased
average moment on Fe atoms might be a result from clustering
effects stimulated by the presence of Ce ions. Harris et a13

have noticed that Ce drastically reduced the solubility of Fe in
Pd. Further support to this point of view is seen from our ele-
ctrical resistivity data on these alloys (fig.2) below 50K. We
do not see any minimum , but samples containing 0.5 and 1.4 at% Ce
show spectacular anomalies at low temp--~ratures. Such a behaviour
however , is absent in the sample with 0.9 at% Ce. Clustering of
Fe atoms mentioned above is probably the source of these anomalies.
It would be very interesting to explore further the role of Ce on
the giant moments Qf Fe in Pd under preselected conditions,

The authors are grateful to NSF(USA) and NFR (Sweden) for
t:ieir financial support .
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Fig. 2 Electrical Resistivity of Pd—Ce alloys.

Table I: y~~-~~2\+ C/(T-)~~ f i t  of susceptibility data.

Ce Conc. (nt~ ) A(xl06cm 3g~~ ) 9 (K) C(xlO6ctn3g~~)
0 7.06 —1 ,2 3.55
0.5 6.09 —0.9 10.87
0.9 5.40 —2.3 10.53

1.4 5.18 —1 .3 - 8.30
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Magnetic susceptibility of chromium-ruthen ium alloys between 300 and 600 K

Sigurds Arajs, C. A. Moyer , 3 R Kelly and K. V • Rao
Deportment of Physics, Clarkson College of Technology Po esdam. New York 13676

(Received 5 May 1975)

Magnetic susceptibility x of chromium-ruthenium alloys containing 09- , 2 1- , 30- , 48- . 6.6-. 8.3- . and 10.1-
at. % ruthenium has been measured as a function of temperature T between 300 and 600 K. Each of the x ~-s
Tcurves exhibits a well-defined knee at the Néel temperature T~. Experimental results indicate that there is
no localized magnetic moment on ruthenium atoms above T.~. The temperature dependence in the
antiferromagnetic region between 350 K and T5 is described by extending the Fedders-Martin theory for
itinerant-electron antiferromagnets.

INTRODUCTION having dimensions approximately 3 x 3 x 15 mm

Investigations1’~ of the electrical resistivity ~ 
were cut from the arc-melted ingots also used

binary chromium alloys containing ruthenium up to for the transport property work.

14 at.% have clearly revealed very large anomalies The susceptibilities were determined using the

In the neighborhood of their N~el temperatures T N. 
Faraday method . Force measurements were made
with an Ainsworth type 15 eleetrobalance. TheIn fact, the increases in the electrical resistivity

oelow T N are the largest ever observed in ~ny bi- signal output from the balance was read on a Hew-
lett- Packard 3439 digital voltmeter coup led to anary chromium alloys except certain chromium-

iron solid solutions. At the present time there Hewlett-Packard 3443-A range unit. The sensitiv-

are no quantitative theories for such a behavior of ity of this system was 10 pg.

the electrical transport properties in the neighbor- Samples were su spended in t he magnet ic field

nood of T N of chromium alloys . According to the (JI dJf /d z ~4 x iO~ 0e2 cm ’) in a quartz bucket which
was connected to the balance by quartz-rod links.above studies, TN of chromium-ruthenium alloys

increases rapidly with increasing ruthenium con- Temperatures between 300 and 650 K were produced

centration reaching a maximum of about 555 K at by a bifila rly-wound (nickel chromalloy) furnace.
The interior of the furnace could be evacuated andthe 3.5-at.% level . Addition of ruthenium above

this concentration gradually decrease the values of subsequently filled wi th gaseous argon . The tens-

TN back to room temperatures . peratures were controlled to within * 0. 01 K in t he
lower-temperature region and ± 0_ i  K for tempera -The magnetic susceptibility >~ of binary chromium

alloys has not been studied extensively before. The tures above about 500 K. Temperatures were niea-
sured using Chromel-Alumel thermocouples , Theonly previous work on the chromium-ruthenium sys-

tem from this viewpoint Is that due to Booth , and temperature control was achieved by a modular

Bender and Muller . 5 Booth reports in a short letter M— Line Leeds and Northrup assembly.

the effects of ruthenium concentration on T N of RESULTS AND DISCUSSIONchromium which are in good agreement with the
findings of the electrical studies mentioned above. The mass magnetic susceptibility of chromium
Because chromium possesses such a unique anti- and chromium-ruthenium alloys containing 0 9 - ,
ferromagnetic structure , it seems that careful 2 .1-, 3.0- , 4 .8- , 6. 6- , 8.3- , and 10.1-a t. %
magnetic susceptibility studies of binary chromium ruthenium is shown in Fig. 1. There is a small
alloys would be of considerable interest for fur ther  anomal y at T N of pure ch romium which has been
understanding of the itinerant-electron antiferro- recentl y studied in considerable detail .’ As can
magnetism. Recentl y we have initiated such studies be seen from Fig. 1, addi tions of ruthenium make
on numerous binary chromium systems . Our re- th is anomal y more pronounced at their respective
suits on the chromium-cobalt system , where local- T,. The values of T v can be obtained from Fig . 1
ized moments exist on cobalt atoms , has been as temperatures at which thc ~-vs-T curves cx-
briefly reported before 6 In this paper, we present hibit a knee. These temperatures arc listed in
the magnetic-susceptibility studies on chromium- Table I and shown in Fig. 2 in comparison with
ruthen ium alloys and discuss their  sign if i t - ance.  the values of T det ermin ed front the previous

electrical —r esis t i  vi Iv .~Iudics . The agreementEXPFRI %IL NTA L (ONSII)t- RA1 IONS between the two determinations is s~stisfactory
All the alloys used in this investigation are the Figure 1 shows th a t  s n i s l l  amounts of ruthe ni uni

Sant e as those used In the previous electr ical-re-  rap idl y i ncre ase T ,4 of t h r oni tu m reaching a ntaxi-
sist ivity studies. 1 , 2 The susceptibili ty samp les mum value of 555 K it  it~ iut 3.5 •t t i~ level . l..irg-

12 2747 
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— — 
y.0 Is Independent of the solute concentration and

— equal to that of pure chromium, above TN in ali
the alloys, then from Eq. (1) it is possible to
calculate 

~~ This type of analysis has been re-~ [[TT~T- 
gives ~~ independent of temperathre for all ruthe-

340 - 

~~~~

4-

~~~~~~~~~~~~~

cently applied by us to the chromium-cobalt sys-
— 

—i tern,’ clearly indicating that a localized magnetic
moment exists on cobalt atoms. &ich an analysis- : 

330 — iL~i ~~~~~~~ _ _ _ _

,‘ I
325 — - 

~~~~~~~~ 
~~~~~~~~~~~~~~~~ 

- 

~
]
~

“ mum concentrations except 0.9 at.%. For this
latter sample, y11~ decreases slightly with increas-

• 

~~~~~~~~~~~~~~~~~~~ 

ing temperature but does not follow a well-defined

3.20 ‘ 
~~6 t’~ there Is no localized magnetic moment on ruthe-

- I Curie-Weiss law. This strongly suggests that I

— — properties of the above chromium-ruthenium al-t loys should be analyzed from the viewpoint of an
3. 10 .,_

~~~~
.j - -  

- 
- — itinerant-electron antiferromagnetism. Aftempts

3.15 

~
,/H4 mum atoms at least above TN. Thus the magnetic

- to obtain a theory of such itinerant-electron anti -
3.05 

~‘t f~ 
- - - — — ferromagnets have been made by Zuckermann , ’

Fedders and Martin, 10 MaId and Sakurai , u and
— — .~ — Crisan ~30%~ — I 

__ 6~~~~ Acco~~ing to the two-band model of Fedders andT (K) Martin , the magnetic susceptibility (to the first
FIG. 1. MagnetIc susceptibility of chrom ium—r utheni- order of their calculations) above T N should beurn alloys between 300 and 600 K. Only a representative constant. Below TN, the magnetic susceptibilityset of data points are shown .

is depressed because of the gap energy which keeps
the spins antiferromagnetic. U one assumes a

er ruthenium concentrations cause a gradual de- linearly polarized spin-density wave in y direction,

crease in TN. ~~ecu1ations have been made that then the parallel and perpendicular components of
this behavior results from the crossover of the the magnetic susceptibility are
electron and hole Fermi surfaces4 or from the = x,, and x~ = ,,~~ y~~~~ , (2)
delocalization effects of the d-electron wave func-
tions.’ However, it appears that , at the present
time, there is no theory which could satisfactorily 600
explain the above behavior.

The most conventional interpretation of magnetic-
susceptibility data on dilute alloys is to assume £

that the total mass magnetic susceptibility of a
particular alloy consists of two components , the
susceptibility of the matrix ~~~ and the susceptibility
of the solute impurity X’,- Then 504 -

x = WXR I + (1 — w) y ~,, (1)

where u Is the weight fraction of ruthenium In 
~chromium. If it is assumed that the contribution
I-

• Frorn~~ dota

TABLE I. N~ol temperatures  of ch romium- ru then ium 401 - L From p data

alloys.

Ru conce ntration (at . ~
•

) T5 (K)
35’

0. 9 498
2 . 1 512
3. 0 551

_______ ___ _ _ __i I I I ~~~~~~~~~~~~~~4. 8 544 30C
0 2 4 6 B 10 ‘26. 6 521

Pu conc (ot~I.)8. :) 483
10. 1 4.) fl Fl( . 2. N~el teinI)e-ratules of ch r o m i u m — r u t h e n iu m

alloys.

_ _ _ _ _ _
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10 20 3 The quantity g is the gap function, v is the Fermi
T 2 (i ~~ / velocity, k~ the radius of electron (hole) Fermi

/ sphere, k the magnitude of the wave vector , and
• / k5 the Boltznsann constant. The corresponding ex-

0105 - 830ev. J’ / pression for the component x,, derived by Fedders
N/ / and Martin is

oic io1aeI./ ’~ \/
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

0.15 . 

~ 
By diffe; t ga:: ) can

E
U02( - 

21o t 1. 
~11= (i+~~~~~)x55 . (8)

- 
i 4-80t’/. the high-temperature regime below TN, the

66at v. . second term is negligible and

/ 

- 

x~ ax,, x~~~xo[1 +~~
2(kaT/tkc)9, (9)

03( - / correct to order (g/k 5T) 2 . The quantity y~ is the
Pauli magnetic susceptibility g iven by

a
035 - 

~0=[2p~/(2tr)5J8rk~/v . (10)

One should note that the magnetic suscep ti bil i ty
I I I - at TN is larger than x0, i.e., x (T N) > x o .  To the

04 300 350 400 450 500 550 same order, Fedders and Martin predict only a
TOO

FIG. 3. ~x as a funct ion of T2 for chronsjuns-ruthenj—
urn alloys. 410 420 430 480 490 51Y) 510

such that the total susceptibility for a polycrystal- 0005
line material is

(3) - j
0.010

Fedders and Martin find that just below TN , i.e.,
for TN _ T < < T < T N, i0.101 1.

x,.. = x~ = x..(TN)E1 — 2(1 — T/T N )~. ~4) °°~~

Since the anisotropy vanishes at the transition tens- .
~~ S 3aeI.

perature, .,=y , ,  is also valid. “~ooa “
~~9 ut.,

We extend this theory to obtain slig htly different  ~q, \
results which are in better agreement with experi- ; 

21 ot~’.
mont. The exact expression for ~,, according to 0002

Fedders and Martin is

u,,,. !! 5d 3k_ ~
_ (tanh~I3F), (5) 005

where p~~ is the Bohr nsagne ton , oo~
E1 =4 2 +g t ,

and (6)  004 - 14 - - - -
45) 4~,I) 47(1 480 4~~Ø

t~~ )

F!(. 4. .~~~ a.’i a fiim t ion of T lot  chIonIlLIrO — r u t h ( - t , I I i n 1

~~ 1/k 5T. alIoy~ contsi n tn~ 0. 9 — , .~. I — , a o l  1( 1 . 1 —at . r u t h e n i u m . 
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0011 Paramagnet ic
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FIG. 6. X of chromIum-ruthenium alloys as a function
0040 _ ____ L _ _ _.L _ ._~~~~ L._ _ _J~~ _~~~~1_ of ruthenium concentration at 400 and 600 K.500 510 520 531) 540 550

T IN)

FIG . 5. ~~ as a funct ion of T for chromiuln—rutheniuns
alLoys containing 3.0- , 4 , 8- , a nd 6.6-at . ” ruthenium , and the Pau lA pa ra magnetic susceptibili ty. The

last contribution is related to the density of states
at the Fermi energy. Figure 5 shows the total x

constant term. The second term which is ( — k 5~~/d of chromium-ruthenium alloys in the paramagnetic
— band widt h )2 represents a correction of only abou t region at 600 K as a function of the ruthenium con--
1.0%. Nevertheless, this term is vital to a prop- centration. Whether the features of this curve are
er interpretation of the experimental results, related to the density of states values is difficult

Equation (9) imp Lies that the quantity ~~ = ~(T~ ) to say because of the other magnetic contributions
— x (where ~ is the magnetic susceptibility below mentioned above. It should be mentioned that var-
T5), representing the decrease in 

~ 
below TN, ious oscillations in the X-vs-concentratio n cu rve

should be proportional to T2. Since g is Onl y about have been seen in the chromiun s-vanadium systens , 13

0.02 eV even at absolute zero , th is conclusion and have been , at least partiall y, r elated to the
should hold down to about room temperatures, electronic structure of the system. Figure 6 also
Figure 3 shows .~ as a function of T2 . It can be
seen that these plots are approxi nsatel y straight
lines except for small curvatures below about 0’ 03 03 5 1 5) 50

1 r i -r yr

350 K. Figures 4 and 5 show .~~~ as a function of “~ ~~ ~‘ F
4--. /T jus t below TN . These plots indicate that about 

~~~ • — •- 
/20 K below T N, ~x is proportional to T, as would

be expect ed fron t a Taylor expansion near TN ,251 2 ’~~t5.using the above extension of the Fedd er -Marti n a

theory. Thus, it appears that this theory accounts i

reasonabl y well fo r the observed temperature
dependence of ~ of ch romiu m -ruthe n iu m a lloys N 

~:‘~below TN.- - In generaL , the total value of ~ at some particu-
lar temper ature above T~ of ch ro mi u ns —ru ih em un t P8.1’l.

alloys should be made up of the d iamagnet i c  co n t r l — ‘ - ‘ ‘ - ‘
~~‘‘“ . .

bution of the closed shells consti tut in g the core of - - ~ -
7 7 3

each atom , the di antagl ie t isnt  due to the condu ct ion I~~~1

electrons in ~ and d hinds, the Viii V li ck I ) ( i ~~ I h ; . 7 , m x  ~~~ f ii n i- ti. ii of m i T —  T , ) for l h r o n h I t l —
t ib il ity due to the orbit a l Illotton of the d elect runs , l~utheniut,, ;ilIii ~ ~ a l I o v e  1.,,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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present s ~ 
of chromium-ruthenium alloys in the ample, iron obeys such a law t4 with the exponent . 

-

antiferromagnetic state at 400 K. The behavior of close to — 4 .  Phenomenologically, the paramag-
this curve is completely different from tha t in the netic behavior of y~ of the chromium-ruthen iun s
paramagnetic case. The reasons for the observed alloys can be analyzed in this fashion . Figure 7
minimum at about 5-at. % ruthenium are not under- shows lnx vs ln(T — TN) for the chromium-ruthe-
stood at this time. nium alloys above TN . The values of TN used in

In princip le, it would be interesting to deter- this plot are those given in Table I. From Fig. 7
mine the critical exponent s, characterizing the it can be seen that for temperatures between about
antiferromagnetic-paramagnetic transitions of the 0.3 and 5 K, above TN, x for aU alloys is proper-
chromium-ruthenium system. Unfortunatel y, this tional to (T — T5) r , where y”O. 7±0.2.
requires very accurate determination of TN . Our
~ studies indicate that this is difficult to do for the ACKNO W LE DG MENT
chromiuns-rutheniuns alloys. It is well known that

— the pararnagnetic susceptibility of ferromagnets The authors are grateful to the Office of Naval
above the ferromagnetic Curie temperature T~ can Research for their financial support under Grant
be represented by a power law of T — T0. For ex- No. N0014-70-A-0311-000l.
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MAGNETIC SUSCEPTIBILITY OF Ni-AL ALLOYS AT 111011 TFI4PERATURES

Sigurds Arajs and J .H .  Kelly
Department of Phy sics

Clarkson College of Technolo~~’Potsdaai , New York 13676

ABSTRACT of this analysis is that there are localized moments on

The mass magnetic susceptibility (x) has been deter— Ni atos~ in the pareinagnetic state at elevated tempera—
mined as a function of temperature (T) of binary Ni—AL tures. The purpose of the present investi gations is to
alloys, containing 2.1, L2, 6.5, 8.7, 11.5 and 16.2 at. present new Isigh temperature ~ measurements on Ni—A l
% AL ,, between their ferromagnetic Curie temperatures alloys and to analyze them from the viewpoint mentioned(Tc) and 1500 K. The x data satisfy the modified Curie— above .
Weiss law , 

~ 
C/(T—O)+~0, where C,O , and are con— 

EXPERIMENTAL CONSIDERATIONS
Stants, between T’ and 1500 K. The temperature T’ is
some minimum temperature which decreases with increasing The Ni—AL alloys used in this study were prepared
Al content. The above constants give additional support by levitation melting using Johnson and Matthey Ni and
to the recent interpretation of paramagnetism by Beck Aluminum Corporation of America AL . The metallurgical
and Flynn, postulating the existence of localized procedures used for making these alloys are very sitni— 

- 
rmagnetic moments up to 1500 K. 

The x data werelar to those described elsewhere
IN’l’RODUCT ION measured by means of the apparatus , based on the

I’Faraday method , similar to that used be fore. 3
At the present time there are no satisfactory

theories for the parainagnetic state of ferromagnetic RESULTS AND DISCUSSION
siates’ials involving the transition elements. Neither Fe
or Ni or Co satisfy the Curie—Weiss law , The behavior of 1/ x of Ni and Ni—AL alloys , con-

taining 2.1, L 2 , 6.5, 8.7 , 11.5, and 16.2 at. % At ,
X = C/ (T —e ) 

~~~~ as a function of T up to 1500 K is shown in Fig. 1. All
curves exhibit a downward curvature with respect to the

or the modified Curie—Weiss law, T axis characteristic to Ni alloys. We have found that
it is impossible to f i t  the ~ data to Eq. 2 abovex = C/ (T— e)  + ( 2 )  (neglecting the magnet ic effects just above asso—

where x is the ma gnetic susceptibili ty,  F the absolute elated with the critical aspects of the tr a n s i tio n ) and
temperature , and C ,O , and X

0 
are constants over the 1500 K with as a constant. However , i t we assume

whole parama gneti c solid state region. Recently Beck that magnetic short—range effects  extend te h 1g~ temper—
and Flynnl hav e suggested that the paramagnetic behavior atures to some limiting temperature T’, then at ’ve T’
of Ni above the ferromagnetic Curie temperature (Tc

) 
~~5 the experimental x data for all Ni—At al1oy-~ satlafy

strongly influenced by the short—range magnetic order Eq. 2. Because T
c 

decreases with increa sinc AL concen—

effects which can exist up to at least 1000K.2 Further— tration , T’ also decreasing in a similar fashion. We
have found from our computer analysis on pure Ni thatmore , they have found that x dat a of Ni 3 can be fitted

very satisfactorily to Eq. 2 between 1000 and 1500 K. when T’ 1000 K, C = 3.98 lO 3cm3Kg”1 . T h I s  value of
From the value of C and the assumption that the g—factor C implies that the effective paramagnetic rn~~Ir~~ !It

is equal to 2, they conclude that the magnetic moment Ni
on Ni atoms is about 0.7 UN which they compared with the ~~~~ 

= g[S(s+1)Jh/2 = 1.36 v8, where ir U,e ~~hr

magneton and S the spin quantum number. f ,~ferromagnetic moment of 0.6 
~B ’ The major implication 

(as was assumed by Beck and Flynn 1) , t h e y ,  = ~-:~
0.698 p.~~~ This value is in good agreement ~~~ l h  that

2~

162 at.% Al

~~‘20
E
U

x 
-/
.-

. ~ 
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calculated ~~ Beck and Flynn.1 A similar computer
analyBis hts been carried out on all our Ni —A L alloys , REFERERCER
with T’ gradually decreasing to almost 800 K for the
16.2 at. % AL sample . Figure 2 shows the computer 1. P .A , Beck and C.P. Flynn (to be published in Sol .
plots of 1/(X—x

0
) as a function of F which clearly State Co~ nun).

illustrate the linearity at elevated temperatures. If
the quantities C, determined from the linear portions 2. M. Braun and N. KohThaas phys. Stat. sol. 12, I&29

of Fig. 2 , are analyzed in a manner similar to the Ni (1965).

case , we find that the paramagnetic moments per Ni
Ni 3. S. Arajs and R.V. Colv~.,, J. Phys . Chem. Solids 2l~,

atom Ueff ’
N 

hence (assuming g = 2) also the para— 1233 (1963).

magnetic u gradually decrease with increasing At 
14. H. Chessi~ S. Maj s , and R .V. Colvin, J. Appl.

content. For pure Ni the quantity N i , obtained from Pbya. 35, 21419 (19614).
the pararnagnetic hi gh T data , is about 0.1 N

B 
larger

5. C. Sadron, Ann. phys. ~~ 371 (1932).than the corresponding ferromag netic moment. The
reasons for this discrepancy are not clear at the 6. ~~. MS.YiBII, Ann. phys . 1’ 1459 (1937).present time . It is interesting to note that our
values of u~ (which for space purposes are not 7. W. Sucksmith , Proc . Roy. Soc. (London) ~~fl, 525
presented in detail here), calculated from the x data (1939).
at high T, form a straight line with respect to the AL
concentration, which is approximately parallel to the 8. J. Crangle and M.J.C. Martin, Phil. Msg. 14, 1006
Ni
~
a line obtained from the ferromagnetic data~~

8
. The (1959).

difference of about 0.1 ~~~~, observed for pure Ni ,

appears to remain the same also for the Ni—AL alloys . - -
.

In summary , our x results on Ni-AL alloys can be —

fitted to Eq. 2 at elevated temperatures . The values
of the constants support the ideas of Beck and Flynnl
that localized magnetic moments exist in Ni—AL alloys
up to 1500 K. -
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Antifer r omagnetic Susceptibility of Cr-Re Alloy s

By

A. ARAJS , 0. K~YFE , C .A MOYER , J . R .  K ELLY , K . V .  RA O , - -

and E . E .  ANDERSON

Introduction The temperature dependence of 
~ 

of binary Cr alloy s is a relative-

ly unexplored subject from both experimental and theoretical viewpoints. According

to the two-band model of Fedders and Ma rtin (1), the quantity ~ (to the first order

of thei r calculation) of Cr above TN should be consta nt . Below TN~ ~ Is dep ressed

because of the energy gap which keeps the spins in an antiferromagneticall y ordered

spin density wave r The theory of Fedders and Ma rtin predicts that just below T
N.

the quantity .Ay= x(T N
) - X(T) should be proportiona l to T. Recently we have ex-

tended the above theo ry by evaluating essentiall y exactl y the integ rals describing

the temperature dependence of the perpendicular and pa rallel components of ~
In the antiferromagnetic region (2), (3) . To lowest order in the gap energy these

new calculations predict that L~X for an itinerant electron antiferromagaet without

localized magnetic moments should decrease as T 2 . The pu rpose of this pape r is

to test this prediction on the C r -Re system whose magnetic structures (4),  elec-

- trical resistivity (5) , (6) and the behavior of TN (7) have been explored before .

Experimental considerations The Cr-Re samples used for the 
~~, 

studies were
tu t from arc melted ingots (about 8.OxO .7x0.6 cm 3). These melts were made using
Cr from Chromalloy Corporation and Re fro m En gelhard Industries , Inc . according

- - 
to our standard procedures described elsewhere (8). The X data were obtained
usi ng the apparatus (2) based on the Faraday method .

Res ults and discussion The behavior of 
X of Cr and Cr alloys containing

0.56 , 2.45 , 5.05 , 6.52 , 10.7, and 13.1 at% Re as a function of T is shown In
Fig. 1. The arrows in this figure indicat e that the antiferromagnetic transit ion
te mpe rature inc reases rapidl y with increasing Re concentration , reaching a maxi-
mum of about 575 K at 7 at% Re and then decreases with further additions of Re.

The val ues of TN~ 
dete rmined from enlarged y~ versus T plots , are summarized

4-
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Table 1

TN of Cr-R e alloy s

Re concent ration (at%) TN~
K)

0
0.56 416+4
2.45 562±3
5.05
6.52 575~3

10 . 7 572~4
13.1 492+4

in Table 1. These values are in good agreement with those determined from the

electrical resistivity (~~ ) curves by locati ng tempe ratures at which dQ /dT is m i n i m u m .

It Is obvious from Fig. 1 that the onset of antiferromagnetism decreases 
~ 

in
all the samples used in this investigation except the Cr-Re specimen containing

13. 1 at% Re . The decrease ~ Xbelow TN is presented In Fig. 2 as a function of T2 ,

including an insert where A%is shown near TN as a function o f T .  Exp erimental  re-
suits clearl y indicate that just below T

N t~%is propo rtional to T. At lower temper-
- atures~~%varies as T2 . This behavior is

predicted from the extension of the Fed -
‘‘ ders and Ma rtin theory mentioned above.

I -, -.~ Specifically, we find that below TN 
to

zeroth order in the spin density wave gap,

:. 
X~
T +

where X
N 

(1/1r)
~~N 

vK and IS the
2.9 •.• •‘ “ ~~~~

~~~~~~~~~~~~~~~~~~ 
.

17 

Fig. 1 . as a function of T - v 13.1 at% Re ,
3W 400 500 500 *0.56 at% Re , e Cr , + 2 . 4 5  ~~~ Re ,

• 6.52 at% Re , c 5.05 at% Re , ~ 10.7 at~~ lie

4 .

- 

- 
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2 T1(7O’~ 2)
Fig. 2.t1~ as a function of T and T. 12 ~6 20 21 2~ 32
A 0.56 at% Re, ~ 10.7 at%Re,
4- 2.45 a1% Re , • 6.52 at% Re ,
O5.O5 at%Re

.c—005

Pauli magnetic susceptibility . The ‘~~ WQ
— 1 -quantity 

~N ~ B
TN) , where kB ~

- .the Boltzmann constant , v IS the Fermi 
- - 

iio 
- 

55)

velocity, and K the radius of the elec-

tron (hole) Fermi surface . Although the / c-
2 020 ‘experimental values of i~.xve rsus T do 

/ ___________not form perfect stra i ght lines , it defi n i t -  003 ~~

ely appears that~~X, at least app roxi- o2~ 
I

mately , follows the T2 prediction down to 300 K. The T dependence just below

T
N 
shown in the insert of Fig. 2, is simply a result expected from the Tay lor ex-

pansion of X(T) about TN . Also , it shou ld be noted that the predicted X(TN
) exceeds

in contrast to the Fedders-Ma rtin result . Actuall y ,  the la rge r value should have

been anticipated , si nce the existence of a spin density wave below T
N 
presupposes

electron correlations which are neglected in the calculation of the Pauli term- In-

clusion of these correlations would enhance the spin susceptibility over the non—

Interacting value by a factor specified by some average effective exchange coupling 
0

between electrons. Thus , it appea rs that the modified theory accounts reasonabl y

well for the observed tempe rature dependence of ~~of C r-Re alloy s between 300 K

• and T
N
.

The behavior of 
~ 

of the alloy containing 13.1 at% Re is completely di f fer ent

from the other samples (Fig. 1). In this case x Increases with T below T
N 

rea ching

a flat maximum at about 375 K. The present theory is unab le to account for this

behavior. Furthermore , it should be noted that  ~ i~i not con sta nt above T
N 

as cx-

pected from the Fedders and Ma rtin theoi-~- . In fact , x in genera l increases (esa- i - l I 1

for the 13.1 at% Re sample) quite st rongl y wi th  T. These observations above T -~~~

and the behavio r at low t empera tures  a re  being studied further theoretic ally and

experimentall y at the present time .
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ELECTRIC1~L PESISTIVITY OF IRON -VANADIUM
ALLOYS BETWE EN 78 AND 1200 1<

by

W. Teob , Sigurds Arajs , D. Ahuk ay , and E .E .  Anderson
Department of Physics

Clarkson College of Technology
Potsdam, New York 13676

ABSTRACT

Electrical resistivity (p) of Fe—V alloys containing 0.5, 0.9, 2.7,

and 6.1 at.% V has been measured as a function of temperature CT) between 78

and 1200 K. The p vs. T curves exhibit a change in the slope at the ferro-

magnetic Curie temperature (T). The dp/dT vs. T curves in the neighborhood

of T are similar to the corresponding plot for pure Fe. Our studies confirm

the previously observed anomalous effect of V on T
e 

of Fe , i.e., that T

increases with small additions of V to Fe. The critical index associated ~ith

the powe r law of dp/dT just above T has been determined as a function of V

concentration.
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INTRODUCTION -:

Alloying Fe with V gives rise to unusual magneti c properties. First ,

the ferromagnetiá Curie temperature (T) increases with increasing V content

reaching a maximum value at about 10 at.% V accordin g to the most recent

work’. Second, the addition of V to the bcc Fe lattice increases its para-

magnetic susceptibility (x ) . 2 
The maximum in the X vs. at.% V curve decreases

with increasing temperature CT) . At 1160 K this maximum also occurs at about

10 at.% V. These unique results, which appear to be independent of heat treat-

ments and the mode of teniperatu~e changes have stimulated us to explore other

physical properties of the Fe—V system, especially in the neighborhood of T , in

order to see whether they also behave anomalously in comparison with those of

other binary iron alloys. In this paper we describe detailed investigations of

the electrical resistivity (p) of low concentration Te-V alloys as a function

temperature and discuss the significance of the results.

EXPERI MENTAL PROCEDURES

The Fe—V alloys containing 0.5, 0.9, 2.7, and 6.1 at.% V 1 were pre-

pared by a levitation melting technique using Fe obtained from Johnson-Matthey

and Company (Cat. No. 849) and V from Elcctrometallurgical Company . The alloys, —

produced in the form of rods of diameter 0.5 cm and length 7 cm were homogenized

in silicon tubes at about 1400 K for 12 hours. The homogene ity was confirmed by

metallographic examinations. The electrical resistivity samples (approximate

dimensions : length 3.0 cm , diameter  0 .3  cm) were modelled from the above ingets.

Be fore the electrical t ranspor t~ property s tudies these samples were vacuum-

annealed at 900 K for 4 hours and then cooled to room temperatures in about 10

minutes .

-

- .~~~~~~~~~~~~~~~~~~~ .
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The electrical resistivity between 78 and 330 K was determined using

the facilities described elsewhere.
3 

The measurements from room temperature

to 1200 K were made in a Pt vacuum furnace using the four-probe method .

Spotwelded Mo wires (diameter 0.038 cm) served as potential and current leads.

The temperatures were measured by a Pt and Pt-lO % Rh thermocouple.

RESULTS AND DISCUSSION

It I s  well—known that measurements of the residual electrical resistivity

as a function of solute concentration provide a useful check on the quality of a

particular binary system of solid solutions. Figure 1 shows the values of p

at 4 .2  K of the Fe-V alloys used in this study . The initial increase in the

electrical resistivity is about 1.2 pQ cm per 1 at.% V, in good agreement with

the value determined in another investigation.
4 

However , it should be remarked

that our values at 4.2  K appear to be slightly higher than those determined L-y

Sueda et al.1 They also observed an inflection point in the p vs. at% V curve at

about 10 at .% V.

Figure 2 shows the electrical resistivity of Fe and our Fe-V alloys

containing 0.5 , 0 .9 , 2 .7 , and 6.1 at.~- V between 78 and 1200 K. The curve for

pure Fe was not determined in this study. The portion of the p vs. T Curve above

300 K has been plotted using data reported elsewhere.5 The data below 300 K are

due to flcElroy from Oak Ridge National Laboratory .
6

At elevated temperatures each of the p vs. T curves undergo an abrupt

slope change which resul ts  from a fer romagn ct ic-param.-iqnetic t r a n s i t i o n .  Deta i ls

of this behavior are shown in Figure 3. In general , this behavior is typical for

binary Fe alloys exc ept for an anomalous e f f ect of V on T of Fe. F igur e  4

presents dp/dT vs. T of Fe—V alloys in the neighborhood of the curie te~-1J (-rature
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T , which can be determined from such plots as the temper ature at which dp/dT

diverges. The dP/dt vs. T plots for the above alloys are very similar to the

corresponding curve for pure Fe.
7 

The values of T , determined from such plots ,

are shown in Figure 5 in comparison with some previous measurements of T on

Fe-V alloys.1’8 Our results confirm the increase in T of Fe with V Concentra—

tion. All the known results on the Fe—V system prio r to 1934 have been care-

8 . . . 9—13fully reviewed by Edlund. The earlier determinations of which contain

many inconsistencies, have been interpreted by Edlund as resulting primarily from

improper alloy preparations and impure samples. The principal results of Edlund ’s

work is the unusual effect of V on T of Fe. The T of Fe—V alloys increases with
- C C

V concentrations, reaching a maximum at about 12 at .% V , and then falls off with

further additions of V. According to Edlund , the initial increase in T is

0.13 K per 0.01 at .% V up to 1.2 at .% V , while we obtain a value of about 1.0 K

per 0.01 at.%V. After Edlund ’s studies, Fallot’4 published his work on the

saturation magnetization at room temperatures and T of Fe-V alloys. According

to Fallot, V also initially increases T with increasing V content, the maximum

occurring at about S at.% V. Quantitatively , Fal].ot’s results for T are not in

good agreement with those of Edlund , especially at higher V concentrations. A

more recent study of dilute Fe—V alloys is due to Arott,
15 

who finds that small

amounts of V increase T of Fe and that the magnetic moment per Fe atom remains

essentially constant. The most recent contribution on the behavior of T
~ 

of

Fe—V alloys is by Sueda et al. These investigators determined the values of

from the electrical resistivity curves using the method of dp/dT maximum. At low

composition , their values appear to be slightly higher than those of Edlund and

the present study. This discrepancy , however , disappears at 10 at.% V level. 

-~~- - . -~ ~ -~~- -- ---~~- - - - —~~~~~~~~~
-
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7~t the present time there is no satisfactory theory for the unusual

effect  of V on T of Fe. It should be noted from Figure 5 that t~.ere is also

a maximum in the T~ vs. V concentration curve ,
2 where T~ is paramagnctic Curie

temperature. Recently Huffman16 has calculated the variation of T with composi-

tion for binary alloys containing Al , Si , Ge , Zn , and Sn. By using a molecular

field theory including the concentration effects of the indirect ( P1<1(Y) exchange

interaction , he has been able to obtain a good agreement between his theory and

experimental results including even the Fe-Ce system. According to Arajs,17 the

curve of T vs. Ge concentration shows a small maximum at about 1.5 at.% Ge, whichC

is an unusual e f fec t .  It would be of interest to apply Huffman ’s theory also to

the Fe—V system in orde r to see whether the maximum in the T curve can also be

explained by means of this model.

According to Shacklctte17 pure Fe obeys a power law just below and

above T , -

C 

dP A
± _A ± 

±
— = —~.(c -l )+B a n d c = IT— T I/T ,dT ~~

.- C c

where ZC and B are constants and X are the critical exponents . The
_
plus si gn

refers to T>T , the minus sion to T<T . Shacklette finds that A = ). =C - V

—0. 120 ± 0.01 and that , fur thermore, dP/dT scales in the same manne r as the
+

magnetic specific heat. The only other d e t e rm in at i o n  of A for Fe are due to

Kraf tmakher  and his coworkers18”9 and Nagy and Pal . 20 
According to K r a f tm a kh er

±A Aj 0 ± 0.1, i.e., the divergence is essentially logarithmic. On the other

- + — 3  — 3hand , Nacjy and Pal f i nd  tha t  A 0 . 4  ± 0.1 for 10 ~ C 4~ 
3 . 3  10 . In short ,

+
the presently available va luus on A of pure Fe are not consis tent  wi th  c.~ch

other. 

-~~~
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6

It is reasonable to assume that dp/dT of Fe-V alloys could also be

described by the above power law. If this is the correct assumption , than a
2 2 +

plot of ln (d p/dT ) vs.ln c should be a strai ght  line whose slope is - (X +l) .

Our data of p vs. T of Fe-V alloys in the neighborhood of T are not of suf-

ficiently high quality for obtaining d20/dT2 values of the accuracy calculated

17 ±by Shatcklette. However, since there are no previous determinations of A

for ferromagnetic alloys, we have made attempts to obtain these exponents

from our data. Unfortunately the plots of lnd 2
p/dT

2 
vs. in C for T<T exhibit

considerable scatter so that no reliable A can be determined. Z-bove T the

same type plots form approximately straight lines for io 2 
~~~ £ ~ 3 ~~~~~ A

typical plot for the Fe-V alloy containing 2.7 a t . %  V is shown in Figure 6.

The slope of straight  line gives A~ = 1.0 ± 0 .2 .  Figure 7 presents A~ as a

function V concentration . The solid curve connecting the A~ values of Fe-V

alloys is based on the assumption that Shacklette ’s
17 

determination of A~ for

pure Fe is more reliable than the earlier estimates mentioned above . Our

results strongly suggest that at leas t A~ is a function of solute concentration .

It definitely would be of interest to de termine and A for other binary Fe

alloys using more accurate experimental techniques such as those described in

P~ference 21. Such studios on high purity Fe and various Fe alloys are in

progress.
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CAPTION S FOR FIGURE S

Figure 1 Residual electrical resistivity of Fe-V alloys as a function of - 
-

V concentration.

Figure 2 Electrical resistivity of Fe-V alloys as a function of temperature
between 4.2 and 1200 K.

Figure 3 Electrical resistivity of Fe—V alloys in the neighborhood of the
ferromagnetic Curie temperature. 

-

Figure 4 Temperature derivation of the electrical resistivity in the neighbor-
hood of the ferromagnetic Curie temperature.

Figure 5 Ferromagnetic and parainagnetic Curie temperatures of Fe—V alloys as
a function of V concentration .

Figure 6 lnd
2p/dT

2 
vs. in c of Fe-0.5 a t .% V alloy for T>T .

Figure 7 as a function of V concentration.
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