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using the molecula r fie ld theory of ferrima gnetiSrn . Long range order

is observed be l ow ‘48K. This order is demonstrated mag net ically through the observa-

tion of spontaneous magnetization , f ie ldS-dependent susce p t i b i l i t i e s , and a s a t ur a t i o n

moment corresponding to a formula unit spin of S 4. Mossbauer spectra be low the

critica l temperature exhibit magne tic hyper fine structure consistent wit h the Fern -

magnetic ordering. Hysteresis in the magnet ic behavior suggest s the possib i lity  of

a low-temperature magnetic phase change.
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The red , crysta lline nixe d-vale~ce cr~~~
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Fe2F5’2H 0, has been examined us ing M~ssbauer s~ cctroscop- and magnetic susceptibil i-
t ies . A~ ~+8K the materia l orders ferr i~ aqneu ftaii y a~ the rt~~u lt of sp in compensa-
tion of i ron(III) by i ron(II). Above thi s cr tical t~~ 1 rature , t~e observation of
distinct quadrupo le— sp lit Mossheuer a~~.or~ tior s fo i ror (II~ ~nd i ron (ITI) sites
demonstrates the non—equ ivalence of oxidat on states and e~ tabl~ sh es Fe~ r~ ’2H 20 as
a Class II mixed-valence compound. in the temperature ran ge ‘49-300 K, ~~~ magnetic
susceptibi lity may be explained usin g ~hr mo leculan fi e ld ti- ie :Iry of ferr T magnetisrn .
Long range order is obse rved be l o~i 148K. T h s  mrds’ r is di .monct~ ated magnet ica l l y
through the observation of spontaneous rnaqnet zatior ., fiel d-dependent susceptibi l ities ,
and a saturation moment corresponding to a ~orm uia u ni t sp in  of S = 4~

. Moss bauer
spectra below the critical temperature exhib it magnetic Hyper flrt structure consistent
with the ferrirnagnet ic ordering. Hysteresis in the magnet ic behav ior suggests the
possibili ty of a low-temperature magneti c phase c r~c~’
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lntroduct~on

In 1 958 Brauer and Eic .h re r 2 reogrted that the ~nt prac t~ on of m et a l l i c  iron

wi th  hot concentrated hydrof luoric  ac id  gave ri se to a “e l low so l id  of com posit io n

Fe2
F_ .7H

20. They further showed that th i s  ma~ e r i a i  could be dehydrated , at 100 C C .

to a red trihydrate and that at 180°c revers ib le dehydrat ion to a blue-grey anhy-

drous mixed—va l ence i ron fluor de , Fe2F5, 
occurred . This system has aroused intere st

for severa l reasons. F ir st, the variety of colors  e~diibited by these materials

suggests that the comp lexes span a range of riix ed-vai ~ nce behavior ,3 and thus provide

a unique opportun i ty to examine var iat ion s in in i xed-va !~ nce interact ions with onl y

minima l changes in empirical formulat ion. Second , the f luor de ion is known to be a

unique species which is part icu larl y effective as a br id g ng li ga r d with transition

metals , suggesting at least the possibil ity of long range cooperative effects.
4

Finally, the systems are amenable to inves tigation by a variety of techn i ques , in-

cluding M~ssbaue r spectroscop’y and the field and temperature dependence of magneti-

zat ior~.

Through the use of magnetic susceptibi i~~t ies and M~ssbau~ r spectroscopy we have

recent l y formulated the yellow heptah ydrate as t~ e ion i~ C~ ass I mixed-va lence spec i es

[Fe(H 2O)6~
2][Fe F

5
(H
7o~~

2].5 A similar co~c1us ion has b~~~ ~~~~~~~ ~y Saka i and

Torriinaga 6 on the ba si s of X—ray powden patterns and -
~F . roc~d - l in e nmr spectra. The

red .;~ e c ies  descr ibed ~y Br ~~u~~r ~nd 
r : Ci1 .~ y 2 

cs.. t re  t ,H /-d~~~te is in fact a d hy dr at e ,

Fe.,n
5
.2H

20.
7 9  There nas been r’~ia t i ve ly  i t ~~e ,her  t~~~iz .- i t i , r  of t h i s  dih ydrate ,

a! though Saka i and Tc~ .i n~ v~ re.,.crt:.~ ~ ~b~~j e r  s~~ c m r~ s T  r~~~n ~p~1n~~rat ure

and 80°K. While our work w~.s n cro. s r~.s~ . •~~ N’ :~~U~i l ‘ - 1 Y L I ~~~~~~~~Ot~ C ’ thC low

t emperatu re M~ sshaue r ~~~~~ ~a ~ tH~ . :.~r! ~e ~~~~~~~~ F r  z.ne ‘- ;t part , ~~ th ‘sf

these s t u d ie s a t ”  j r  agr .~, ’~~ r ’  •,~ ir ~ r v I ~~. a~~ ~~~~~~ ~~~ . ; ~~~~~~~: ‘
- .~~ t~~

- 
• a compa r i —

son t o t ~n e retsurts w I i l . ~IU~~~J . I

L _ _ _ _ _  _ _  
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On the bas !s of color alone , r~~ ~~~~~~~~~ r s  ~.:~ncc ted  to ce ~3 ~!as n F. mixed-

valence comp lex. In this paper we report the results of our stud ies , us i ng several

physical techn i ques , on this red romni ex . Fe~ F5~
2~ 7U. The ~~ r u c t u re of th is mater ia l ,

4 determined by sIng le cry stal X-r ay fra ct ion .. nas re c e n t l y  oeen repor ted.

i~ I
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The ~treparation ~f crysta l line ~~~~~ 2H~0 has ~‘en described previousl y.~~

Magnetic Measurements: ~1a~ net ic su sceptib ilitI es were measured i ndcpende n t 7 y at

the Universit y of Vermont and North~ai-;tern Un i ver sit y by the Furad~..y eth~d , U Sl ; g

HgCo(IIJCS)
’4 

as ca lib rant . 13 Th~ var iab le ter~perature magnetic susceptibi l ity measure--

ments carried out at ~ortheastern Un ~~ i~~~~i t y  were made on a ~araday ba !ar,ce cc~sposed

of a Cahn RG electr ohal arce , a V ar ian model ~OO0 eiectrc~iagnet w i t i fou r inch con-

stant force pole caps and a Janis Super Jar I- t~ ’np . otyostac over the range 1.5 to

300 K for ten field s be tween 1 . 6  and ~ k~ us i ng quart2 fiber suspensions and samp le

holders. Temperature measurement and contro l was typ i c a lly of the. order ± 0.01K or

better and was achieved us ing  a Leeds- Northrup K-5 potentiometer and a Lake Shore

Cryotron i cs mode l DT-500C set point cont roller respectiv& y in conjunc tion with a

cal ibrated silicon diox i de temoerature sensor diode , a ten micro-amp constant current

source and an un calibrated g a l l i u m  :~rseni de contro i diode. F nal temperature equl-

libratlo n and stab i l i t y were con t lru o :sl y mon i tored on a Leeds-Northrup Speedornax-XL

600 millivolt recorder that was used to read th€ error signal of the calibrated silicon

diox i de diode after canc ellation by the K-5 potentiometer. Temperatures be l ow ‘4.2 ~

were measured via the vapmr pressure of he l ium us ing W ell ace- Tiernan .nodc t S FA- 1 60

and 61-050 absolute pressure gauges while pump ing was precise l y control led w ith an

L .J. Engineering model 329 vacuur~ r~ -~ i~~tor v a lv e .. 1er~~era rures  below 78 K and to

as low as 50 K were also achieved t s i r q  li qu~ d r it r c nofl by p ilm o ng ~W el c h  1397) to

well be l ow the trip le point on so lid nit ~ o,ie~~, 
~~~ the va por çre ss ur e nf nitrogen

arid a calibrated silicon dioxHe dird t o€r c d to ren i~~or t~~’ ~er r.~~rat . .re in th~

region 49 to 78 s. An F.U. Ile~ i . ..ns t 
~1O ( : o t t s s r c t c r  w i  0 t r a n s v e r s e  H a l l  probe

was used for me~~ure.~ent of ~~~~~ c 
f~~~~ 1 (J~~ . h.: i . ~ ‘ by the ~~~~~~~~ me~thod

I’.

~~~~~~~~~~~ L. - -~~~~~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ _ _ _ _ _
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wo re checked , and magnetizat~ or - -eas5 rc-. cnent.s ‘rorn 0 to 1-.C . or ~ c-b- air ed , us~ nn

-
~~~~~ the PAR Models 150 and 151 vibr et . ir.o SC ~tsie ntu~ outome t~~rs at the ~niver si~ ’,- of

North Carolina.

M~ssbauer Spe ct ra:  Mossbauer seoc t ra  in the i n te r v a l 20 - 2f- 5°K were obtained as

prev iousl y described for Fe 2 F 7H .,O.~ Measirt urents at T ower ternper .~tures were ob-

ta ined w i t h  a .Janis Super V a r i - T~mp Crvostat wi th ral~~;rated sili co n diox i de sensor

and control diodes. Mossbeuer s p c ct r a a ~:t er nol (lonq it u d i r n i )  fie lds were deter-

mined at the Francis ~ t t t e r  Na tiora; Ma~ nu~. Laho !-ator ’ tis i ti a tioh i um- t in super-

conducting solenoid in con j u ro t i oc  vitl- , a cort~ -o--t t io na T oorlstaflt acc sieration spec-

t rometer and a source of 13 0 mC on ~cnd~ um meta l .

Electronic S pectra: D i f f use  ~ef lac t -oncu  -~p sctr~ . : n  ~e c c ~~d e i  it the Un i vers i ty of

Oxford on a Urt icam 5P700 daucle ~.:3~~n- S s-trc-p ~
- ctoneter -~~t~- a i . rt i ca n dIf fu se re—

$ 
f lectance attachment. Sa-oni es ~~re f r~~iy ~~~~~ artd the spectra m~~ si~red w ith

respec t  to a magnesium cx i~ e st ,~o J 4 r d.
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Resul ts and Discussion

In  the y e l l o w  he ptah yd rat e, Fe2F5•7H2
0, there are twe l ve potential ligands for

the two metal ions , and in consequence both i ron (II) and i ron (III) attain six-

corrd i nation with no necessity for bridging ligands. However , the loss of f i ve

molecules of water upon f o rm in g  the dihy drate suggests coordinative unsaturatior i and ,

i n consequence , the necessity for extensive bridg ing interactions. This has now been

confirmed by the sing le-crystal X- ray structure determinat ion reported recently)2

The structure consists of vertex-sharing octahedra FeUT F
6 forming parallel zig—zag

cha i ns , wh i ch i n turn are cross-linked by trans_FeHF4(H20)2 wi -t b vertex sharing ~

the equatorial fluorine plane. Bridging fluorine is suggested by the electronic

a spectrum of this material as well. The diffuse reflectance spectrum l’4 of Fe2F5 7H2O

exh ibits a broad band due to the Fe(H
2O)6~~ 

ion with maxima at 9500 and 11200 cm 1 .

The diffuse reflectance spectrum of the dihydrate exhibits a hand of sim i lar shape,

but with maxima at 7900 and 9600 cm 1 . This red shift is consistent with coordina-

tion of Fe~
2 by fluoride in Fe

2F5~
2H2

Q , since fluor ide lies below water in the

spectrochemica l series. Appa rentl y, as water , which is coordinated to Fe
+Z in

Fe2F5
.7H

20, is lost upon dehydration the vacant coordination sites are filled by for-

mat ion of fluoride brid ge bonds.

Since i ron (Ii) and iton (iii ) are linked by fluor i de bridges in Fe2F5
2H2O ,

it is expected that there wi l l  be some interaction between them . e.g., tha t the

material will be a Robin and Day Class II complex. 3 This expectation is verified by

the diffuse reflectance spectra. In addi tir ’n to the broad band near 9000 cm
1
, the

spectrum of the dihydrate exhibits a maximum near 15000 cm~~. This maximum is assign-

able to the intervalence transfer band , thus establishi n g that Fe2F5 
2H20 is a Class

II mixed-valence material.

It should be emphasized here that the mate rial which we have studied is not 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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identical to those previously described. In previou s reports on the dih ydrate

(or, as erronesousl y described in earlier reports , the trihydrate) the material

was prepared by the therma l dehydration of the heptahydrate .
2t 8~~

1 We have , how-

— ever , p repared the comp lex  d i rect l y ,  bypassing the heptahydrate stage . This material

is analyticall y correct for F~2F5~
2H20, and its room temperature M6ssbauer spectrum ,

magnetic susceptib ility, and X- ray powder pattern appea r to be comparable to those

of the dihydrate prepared by therma l dehydration of the heptahy drate. However , the

two forms of the dih ydrate exhibit quite distinct therma l behavior. 15 Although it

is possible that the diffe rence between these two forms can be ascribed totally to

a differe nce in crysta ll inity , it appears more probable (based or, TGA , DTGA , DSC ,

and kinetic paramercrs) that there ~~S some more fundamental difference . We hope to

be abl e to comment more full y about any differences at a later date. It should be

emphasized that all measurements discussed here refer spe cifically to the crystall—

m e  dihydrate prepared directl y, rather than by dehydration.

Magnetic Susceptibilities

Figure 1 shows p lots of magne t ic susce pt i b i l it y , reciprocal susceptibility, and

effective magnet ic moment versus temperature for Fe
2F5

-2H
20 over the temperature

range 0-260K at a single appl ied magneti c field of 1.0 kG. The form of these curves

i s not common for coord in ati on comp lexes , and deserves comment . Firs t , at highe r

temperatures (ca 1 50-250 K) x~ 
appears to be approx i mately linear with temperature ,

suggesting Curie—Weiss behavior. Furthermore , extrapolation of this linear portion

to x ° 1 = 0 leads to a large negative intercept , consistent with antiferro rnagnetic

ordering. In contrast to this , at temperatures l ower than perhaps 150 K the curve

deviates markedly from linearity . As the temperature approaches 50 K there is a

rapid increase in susceptibility such that fa lls , effec ti vel y to zero ; which is

behavior typical of ferromagnetic orderin g. However , the overall behav ior i s, in

- ~~~~.~~~~~~ _ _ . _. ..__ _ _ .—,- - --—---———- ~—-—. - -
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fact , typical of ferrimagnetic ordering, with antiferromagnet ic interactions lead-

ing to incomplete spin cancellation and a net ferromagnetic alignment. Since the

-~~ information attainable , and the treatment of the data , are differen t above and

below the ferrimagnetic Ned point , we wi l l discuss the results for these two

regime s separatel y.

1. Magnetism above the Neel poin t.

Al though the plot of rec i proca l susceptibility versus temperature appears to

be li near above about 1 50K, more detailed examination ind i cates tha t there is in

fact still  curvature. Thus , the least- squa res fit to Curie-Weiss law behavior in

the temperature interva l 1 50-200 K leads to an expression Xm 
= , whereas the

expression calculated for the interval 200-250 K is = 
T~ 17~~ 

Higher temperature

intervals lead to increasingl y negative intercepts on the temperature axis , and it

may be concluded that the susceptibi li ty onl y approaches Curie -- Weiss law behavior

asymptoticall y at higher temperature.

Such behav i or i s, of course , expected on the basis of the molecular field

theory of ferrinagnetism)6~~
8 Althou gh more accura te and refi ned models , w h i ch

take specific cogn i zance of the fact that behavior is dependent on exchange inter-

actions , are available for the description of cooperative effects in antife rromag-

• netic and ferromagnetic materials , molecular field theory provides at least qu ali

tative l y accurate descriptions for these materia ls , and for ferrimag neticall y ordered

materials it is the onl y mode l which provides satisfactory agreement with experiment.

In the molecular field approximation the actua l fie ld acting on a particular atom

is assumed to be the sum of an app lied magnetic fie ld and the int erna l or “rno1ecular~

field due to interactions wi t h other atoms i n  the mater ial. Thus , an i ron (III)

atom is assumed to be subjected to art externa l fi e ld as well as a mo lecular field

resul t ing from i ts  interact ion (e lec t ros ta t i c , not magnet ic , in o r ig in ) w i th  bota

its i ron (II) and i ron (ii:) neiqahors . These assumpti on s lead to

~ 

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



the following form for the h igh temperature behavior of the susceptibility:

(T-T
~

) (T-T
~ 

) (1)

where I , T~ , and -) are functions of the various- rm~lecul ar fi eid coefficients.

wh i ch nay be related tc exchange integrals . This equation describes a hyperbola

in wh i ch the su sceptibili ty a symp toticall y approaches Curie-Weiss behavior at hi gh

teiperatures , and becomes in fin ite at a characterist ic te np e r a t u r e , the ferrimagnetic

~eel point (T
a). F i gure 2 shnws  th e  best fit of the experir~en~ a) data (wh i ch is

fie ld independent) to this equ~tt ion , and various ~~-arnetern are indicated. The

Ferr irn agne tic molecular field theory thus serves ~ a good mode l for the hi gh—tern-

~erature magnetic behavior of fe ~~~2H 0. Some heiiat ion at low temperature is , of
~~~ 2

course , expected , since t~-~e susceptibilit y cart never become infinite.

At high temperatures (T.~> T )  this equation reduces to the Curie-Weiss li m i t ,

T_ r ~-~--~~ —---- (2)
x C

where

0 =  T + T’ - 0 ’ (3)
C C

For Fe2 F5~ 2H 20, the l i m i t i n g  hi gh-temper ature s u s c e p t i b i l i t y  i s  then qiven by

6.7L~X = T+179 (L ,)

The similarity of this expression to that obtained f rom a tine ar fit in the region

200—250 K suggests that above per haps 25(1 K the complex has effective l y attained

its Curie-Weiss limi t. The effective naqnetic moment , calculated from neff

2.928 is 7.3L 1 B.M. , and may be compared to a va l ue of 7.91 B.M. pre-

dicted for non-interactin g hi gh-sp in i ron (TI) and i ron (lu)3, that is , 

-- L.A
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neff 
= Fe+2) + ( ÷3) 2 ]~ 

10 .A related material , L iFe 2F~ , has t~ en shown ‘ to order ant iferromagnet tca ll y at

105K , and for this spec ies P f f ~ calculated in the same fashion , is 7.32 B.M. The

n eg a t i v e  va l ue of e in x = 
~~~ imp lies a negative exchange integral between Fe+2

and Fe+3, e.g., antiferror nagnetic interaction . This conclusion is consisten t with

the more quantitative results obtained from measurements of the saturation magneti-

zation at low temperatures. The value of the ferrinagnet ic Nee l poin t , = 48 K,

is in excellent agreement with the value of IC = 48.6 K obtained by lmbert , e t .al . ,11

from l ow-temperature M~ssbaue r studies.

2. Low Temperature Magn etism

Below the ferr imagn etic Nee l point ( i n  this case , Li8.l) K) long range order

dominates the magnetic behavior of ferritnagnet ic mater ials. Several features of

the l ow-temperature magnetic properties of Fe2F5~
2H20 should thus be at least quali-

tative l y predictable. These include: a) field dependent susceptibili ty; b) spon-

taneous magnetization; and c) a saturation magnetization at 0 K compatible with spin

compensation of Fe+2 by Fe~
3. At any point in the temperature-field domain the ob-

served magnetization is g iven by the difference between the individua l sub latt ice

• magnet izations , e.g.,

• 
M
obs H M r +3 - M F +2 . (6)

In the absence of detail ed knowled ge of the individua l sublattice magnet izations

(which cannot be obtained from b u l k  ma~1neti c measurements) it is impossible to

quantitative l y correlate experiment and theory , except at saturation . However,

the observed magnetic properties of Fe2F5
•2H 20 are i n  at least qualitative agree-

ment with expectations , and our results are discussed briefl y below .

- 
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II

a) Spontaneous magnetization .

Below the ferrimagnetic Nee l point Fe
2
F
5
-2H 20 exhibits spontaneous magnetiza-

t ion in zero app lied f ie ld.  Figure 3 shows the var ia t ion  of the reduced magnet iza-

tion (M(T )/ M(o °K)) as a function of the reduced temperature ( r = T/T~). The shape

of the curve 1s at least qualitativel y that of the B r ill o ui n funct i on , as expected.

In the extreme case, where Fe+2 - Fe+2 and Fe+3 - Fe+3 interactions are negli g ible

in comparison to Fe
+2 - Fe+3 interactions , the curve should approximate the appro-

priate Brill o uin function 20 with S 1/2. This function , shown as the solid line

in Fi gure 3, appears to provide a reasonable approx i mation to the data. Cal-

culated curves with hi gher va l ues of s provide a poorer fit to the experimenta l

data. The observation that the curve with S = 1/2 prov i des a better fit is consis-

tent with our interpretation that the ferrimagnetic behavior results from antiferro-

magnetic interactions between Fe+2 and Fe+3. The shape of the magnetization curve

approximates “Type Q” behav ior ,16 which is the most common l y observed form for fern -

magnetic materials.

TIC M~ssbaue r work of lrr bert , et .al.~~ demonstrates a clear discontinuity in

the value of the magnetic hyperf ine field at 26.5K. This discontinuity should be

apparent in the magnetization curve as well , and may perhaps be reflected in the

slight inflection in the curve near 25K. Howeve r , it is clear that the effect in

the magnetiza tion data is not nearl y so si gnificant as it is in the M~ssbauer data ,

a di fference which mi ght he a result of our use of crystalline Fe2F5
.2 H

20, rather

than the material prepared by them -al dehy dration of the heptahydrate.

b) Field dependent su s c c p t i hiii tie s.

As expected for a magn eticall y condensed system . the su s ce ptibil i ty becomes

field dependent be l ow the critical temperature , the susc e pt ibi i i t~ decreasing with

increasing app lied fi eld. Although this fie l d dependence is expected , the specific 

~i ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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behav i or observed fo r Fe2F5
.2H

20 is complicated , and suggests the existence of a

distinct magnetic phase(s) which s as yet not characterized .

Figure 4 shows several sets of susceptibility versus temperature data in the

range 0-75 K. The exact form of these data is dependen t on the specifics of the

measurements , and requires some comment. Curve A represents data obtained using the

Faraday ba l ance at an app lied field of 2 .2 3kG. it may be seen that the susceptibi li-

ty exhibits a broad maximu m nea r 20 K. Curve B represents data obtained using the

vibrating sample magnetometer (VSM) at n applied fie ld of l000C. These measure-

ments were obta i ned by first c o o l i n g  the sample to  helium temperatures in zero applied

field , appl y ing the 100CC field . and m~asuri ng susceptibil i ties while warming the

sample. Although differing in detaM , the forms of these curves are comparable , and

once again the susceptibili ty nlax mi zes at low temperature. Curve C , which again

represents VSM data obta ined at lOc1OC , diff ers from curve B in that the magnetic field

was applied while thc sample -ins hei~ c~ cooled. The data are i dentica l when measured

during either warm-up or coo l --down enerat ion. SignVi carttl y, there is no max im um in

the susceptibility curve . Thus , there must exist some field dependen t magnet ic phe-

~-cmenon which s e f fec t i ve  at low temperatures , and wh i ch leRd s to the observed diff-

Lr ~ nce between susceptibilities ohtained for samp les cooled either in or out of the

Field . At fields above the apparen t  m ag n e t i c  phase t r ans i t i on  (vide infra) the

s u s c e p t i b i l i ty  is independent of sample t reatment. Thus , a samp le coo led in zero

annl ied field and measured at 15000G on the warm-up cycle prov i des a curve i dentica l

to tha obtained upon cooling in the field. in this case , as for all experiments

conducted after cooling in an apnlied fie ld , no susceptibility maximum is observed .

c) Saturation magnet i zation

Figure 5 shows the variation in the magnetizat ion , M , of Fe2F5’2H 20 (calculated

a5 the product of the molar susceptibility and the applied field) as a funct i on of

~ 

~~~~~~~~ ~~~ - -~- ----—-- —



fie ld at 4.2 K. As can be seen , the initial smooth increase in magnetization with

increas i ng field is followed by an abrupt , and appa rentl y discontinuous , increase at

- 
- 

14.7 kG. Following this rap id increase the macnetiza t ion is nearly constant with

increasing fields up to 45 kG in di ca ti ng that saturat ion has been reached . There is

a marked hysteresis to this transiti on , sir,ce upon reducin g the field the magnet iza—

tion drops onl y slow l y. The ‘Ia i ues of the magnetization at fields hi ghe r than the

transition field , and at l ower fields after first passing through the transition and

then reducing the field , are comparable to values obtained upon cooling the samp le

in those applied field s , and of course much larger than the va l ues observed following

cooling in ~ero applied field and then raising the field to the appropria te va l ue .

Altriough a detailed interpretation of these observations has not proven possible , e.g.,

some type of spin-flop, meta-magnetic or canting behavior , this behavior is in at least

‘ , - qualitative agreement with the field dependen t behavior discussed above. As expected

from the field dependent behavior , the va l ues of the magnetization be l ow the transition

fie id depend upon the sample ’s magnetic history but are i ndependent of It above the

transition . Unexpectedl y, howeve r, both the field at wh i ch the transition occurs

and also the magnitude of the di scontinuity appear to depend upon sample history , the rapid

increase occurring on different occasions within the interval 11 to 15 kG. In fact ,

there may be several transitions involved at ca 15 kG which are not readily resolved

in powder magnetization studies.

The satura tion magnet ization , M , at 0 K may be related to a saturation moment , 
~sat

by 

~
‘sat 

. (7)

Since saturation appears to be obtained at fields above the trans ition , and s i nce

th is saturation moment is nearl y independent of temperature below about Li K, the

magnetization at 1.75 K and 15 kG may be taken as a good approx i mation to the zero

degree saturation magnetization . The observed va l ue is 1.2 B.M. Since the
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saturation moment is the maximum componen t of the magnetic moment in the direction

- 

- 
of the app lied field , e.g.,

~sat 
= g~S, (8)

it is possible to relate the spin and magnetization . A positive exchange interaction

between Fe+2 and Fe+3 (e.g., ferromagnetism) would lead to a “molecu lar ” sp in of

S = 9/2, hence a val ue of 
~sat 

= 9 B.M., assuming the free-electron g-va l ue of 2.0.

By contrast , a negat i ve exchange i nteract ion between Fe+2 and Fe+3 (e.g., the fern -

magnetic behavior as claimed here) l eads to a mo l ecular spin S = 1/2, hence an ex-

pected value of 
~sat 

= 1.0 B.M. This is in excellent accord with the experimental

val ue 1.2 B.M. This prov i des strong evidence for the existence of ferrimagnetic

order in g in Fe2F5
’2H20.

M~ssbaue r Spectra

Con formation of pentafluoro -diiron (11 ,111) - dihy d rate as a Cl ass II rather

than a Class III substance 3 is provided unambiguous l y by the M~ssbauer spectra ob-

ta i ned above 50 K. The spectrum at 295 K (Figure 6) shows three distinct lines. The

only reasonable assignment of M~ssbauer parameters requires the assumption of over-

lapping Fe(II) and Fe(III) components of separate quadrupole sp lit doublets. Accord-

ing to this view
lO l fl t 2l two distinct quadrupole-sp l i t  doublets exist, with para-

meters which are indi cative of “trapped” valences -- i .e., distinguishable Fe(II)

• and Fe(III) sites on the M~ssbauer time-scale. The best supporting evidence for the

peak assignments is the spectrum obtained at 57°K (F i gure 7) whi ch clearl y shows a~ l

four lines. The i somer shifts and quadrupo le splittings of both Fe(TI) and Fe(III)

sites are similar to reported va ’ues for i ron Fluorid e compounds 22 and , in part icu-

lar , to the mixed-valence salt LiF e~ F6
23 (Ta ble I)- 

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

~÷2 ~+2 ~+3 
Temp(K) Ref

Fe2F5’2H20 1.58 2.57 0.73 0.56 293 10

- 

- Fe2F5
.2H

20 1.59 2.50 0.73 0.59 295 11

Fe2F5~
2H2O 1 .60 2.44 0.70 0.65 295 this work

L1Fe2F6 1.61 2.53 0.72 0.45 295 23

Fe2F5’2H20 1.71 3.31 0.86 0.59 80 10

Fe2F5
’2H

20 1.73 3.30 0.78 0.58 50 11

-
~ Fe2F5

’2H20 1.71 3.28 0.81 0.58 55 this work

LiFe2F6 1.76 3 .10 0.83 0.40 78 23

Table I. Reported Mossbauer parameters for Fe2F5~
2H20 and LiFe 2F6. All

va l ues for i somer shifts (is) and quadrupole sp littings (~ ) are in rnm/sec ,

and i somer shifts are corrected relative to a sod i um nitropruss ide standard .

- 
I
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For the i ron (III) sites , with Fe’~~F6 
coord i nation , the room temperature isomer

- 
- shift (0.70 mm/sec) is close to that of K

3
FeF6(.68 mm/sec). The i ron (iii) quadru-

pole splitting (0.65 mm/sec) is surprisingly large for a material onl y sli ghtl y dis-

torted from octahedral symmetry , and is , in fact. larger than i n  the [FeF
5
(11 20)]

2

- 
~. ion .5 Although no other ion with the trans-Fe~~ F4 (H 2 O) 2 confi gu rati on is known , the

isomer shift (1.60 mm/sec) observed for i ron (II) in Fe2F5~
2H20 i s  comparable to

va l ues in other i o n i c  f l u o r i d e s , and  the quadrupole sp litting (2.414 rnrn/sec) is close

to the va l ues observed in FeCl 2
-2H 2~

j and FcBr 2 2H
20 (2.50.2.49 mo/sec), both of which

have the t r ans - FeX4(H 20)2 structur e . Although there does appear to be general

- . . . 10 ,1 1 21 .
agreement between our findings arc previous reports of h ig h temperature

Mössbauer studies of the i ron fluoride dihy drate , a closer examination of the tabu-

lated results reveals a si gnificant variation in certain of the parameters , part icu- —

larly at room temperature. In all of the published spectra , as well as in our own

work , the room temperature Mossbauer spectrum consists of three lines . The more

intense peak at low veloci ty is assumed to result from an accidental degeneracy (in

ve l ocity) of the low-veloc i ty branches of quadrupole split Fe~
2 and Fe+3 spectra.

This degeneracy must be nearl y exact , since the absorption exhibits no broadening,

and since attempts to fit thi s peak as the superimposition of two peaks lead to no

si gnificant improvement i n  the fit , and to identical velocities for both components.

Under these conditions , that some peak ve l oc i ty is used in the ca l culation of isomer

sh i f ts and quadrupole splittings for both Fe~
2 and Fe+3. Conversel y, that peak pos i-

tion should be calculable from reported isome r shifts and quadrupole splittings

accordi ng to :

veloc i ty 6+n 
- A+n

2

and shou ld y ield identica l va l ues of the peak ve l oc i ty for both n 2 and n = 3.

However, examination of the data from references 10 and 11 shows that the 
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+2 +~
F 

• • peak positions calculated from the ~e and Fe parameters diffe r by 0.14 and 0.10

mm/sec . respective l y. Consequentl y, eithe r these authors were able to reso l ve the

individua l components of this absorption - a resolution which appears incompatible

with published informa t on - or else the calculations are in error. We suspect that

this is the case , and is the factor most like l y to account for the discrepancy between

published va l ues and our ‘-‘ork.

Some of the differences in reported parameters may also arise in the modes of

preparation . We have employed a nove l prepa ration of the dihy drate which appears to

give a highl y stable , reproducible product which analyzes correctl y as Fe2F5
.21-1

2
0.

All preparations of Fe
2
F
5
’2H20 reported previously have followed a method suggested

by Brauer2; i.e., thermal dehyration of Fe2F5 7H20 at 100°C. Al though Saka l and

Tom ina ga21 
have published thermogravimetric data which support the observation of a

smooth , continuous dehyd ration from heptahy drate to dihy drate , we bel i eve tha t the

process is , in fact, complex 15 and that care must be taken in  the preparation so as

to avoid loss of HF and a consequent F-deficien cy in the product .24 it is quite possi-

ble that the compositional integrity of Fe2F5~
2H 20 may be dependent upon its mode of

preparation . Although this is as yet unproved , it seems prope r to enlist care in the

a comparison and interpretation of resu~ ts from various laboratories.

The M~ssbauer spectra of Fe2F5
.2H

20 at 20 K, I-L=0 and at 14.2K , H, =0 , and longi-

tudinal fields of 5 and 60 kG are shown i n  Fiqures 8 and 9 respective l y. The fern -

magnetic ordering of the material is reflected in the hyperf ine sp li tting at 20K where

+2two subspectra (Fe and Fe ) are auparent and labeled with stick diagrams . The

primed transition s correspond to ~ tc te rr ic suHattice and the double p r i m e  to the

ferrous . The transiti ons of t~~e ‘~~rr j c suhla tt icc a -~ su ffi cientl y resolved so that

one may obtain accu ra te  va l ues of  th~- effective hype~~ ine fi eld (H) at the Fe3+ sites.

As a s t a r t i n g  appr ox ~~m at i o n , since the quadrupo1~’ inter a ct ion ot the ferric sites is

4 -—-- S -~~~ -~ 5- - 
- 

~~~~~-~~~~~~ - - — _ _ _
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considerabl y smaller than the Zeeman sp lit ting, one can estimate Fl,~, from the overall

spectral splitting. In this case 
~1 - 6  

14.67 mm/sec from the least squa res fit

implying Heff = 2q54 kG. More accurate va l ues for H can be obtained from the I = 1/2

ground state Zeeman splitting (there is no quadrupole splitting for the ground state)

as deduced from the separa t ion of t ransi ti on pairs ter min a tin g in the same m1 sub level

of the I = 3/2 excited state. The spectra l pairs involved are 3’ and 5’ and 2’ and =

4’ for which leas t squares fitting g i ves 
~ 

‘
~~~~

‘ and ‘
~2

’
4

’ equa l to 5.144 and 5.51 rn/sec

res pec t ively corres pondi ng to H~ = 1457 kG and 463 kG for a ground state splitting of

0.1188 rnm/sec/Tesla or thus an average va l ue of Hn = 460 kG at Ferric sites at 20 K.

An easy check on our choice of appropriate pa i rs comes from the fact that the area of

such pairs should equal 25 one-fourth of the tota l spectra l absorption intensity for

- 
. a th in absorber. For the leas t squares f i t of Fi gure 8 and the pa i rs we have chosen ,

• . 11this is precisel y the case. i mbert , et.a!. have examined the Mt~ssbauer spectra of

• this material in detail. From their anal ysis of the Fe(II) sub—spectrum , they con

cl uded that Fe(II) ions existed in an axial crystal fie 1d , in agreement with the

structura l results , and that Fe(II) exhibi t a strong magnetic anisotropy, again con— - :

sisted with expectations based on the structure .

The Moss baue r spec trum of Fe2F5’2H20 at 4.2K , i~ = 0, is very similar to that at

20K except that the effect i ve field at the ferric sites has increased , i.e., Hn 
= 532

kG. Th i s resul t agrees favor ab ly with tha t of I rnbert , et.a l., who foun d = 538 kG.

Based on that va l ue and a c ompar ison  to i ron fluorides of known structure , they con-

cluded that the geometry at Fe(III) was Fe’11F
5
(H70), as in the complex Fe2

F
5
’7H20.

III . . 12However , the crystal structure of Fe2F5
’2H20 clearl y demonstrates Fe F6 coordi nation .

Spectra in small and large applied fields show degrees of broadening and no

obvious evidence of field induced phase trans itions such as are observed from suscep-

tib il ity measurements. Some interesting observations can be made from the field

~~~~~~~~~~~~~~~~~~ - 5  .---~~--- - -~~~~~~~~~~ ---- ~~-— —- —
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dependence of the powder spectra . First of all , one sees a positive hyperfine field

at the ferric sites . That is at 4.2 K the .alue of H at the ferric sites is 549 kG

for H = 60 kG or an in crease of m~ 17 kG r — lative to H
~ 

0. A comparable effec t i s

observed for FeF
3
•3H 20 fo r wh i ch II,~ i n c  -~ ses from 446 to 456 kG on increas ing the

applied field from 0 to 60 kG. In Fi gure  9 i t  should also be noted that transitions

2’ and 5’ (the ~m1 
= 0 transitions) of the ferric subspectrum have intensified relative

to 1’ and 6’ ind i cating rotation of the sp in moments of the crysta llites and thus their

magnetization to a dire ction norma l to that of the applied fie ld. Powder samp les of

FeF
3~

3P420 also show a sim il ar fi eld dependent behavior . For suffic ient l y large app l i e d

fields , it is possible for canting of the Fe~~ and Fe
3+ sublat t ice moments to occur.

Howeve r , the high critica l temperature of the present syster and concornittant strong

intersub lattice exchange interaction suggests that such canting will be neglig ible and

not observable in the powder Mossbauer spectra.

• To conclude it is worthwhile to compare some of our low temperature results with

those for the higher hydrate Fe2F5~
7H20. This material orders at T < 3 K and the de-

tails of its zero field M~assbauer spectrum at 1.3 K have been discussed .~
6 In contrast

to the dihydrate there appear to be two sl i ghtl y different but near equall y populated

ferric sites for which H
~ 

= 561 and 573 kG. The effective field at the ferrous sites

of Fe
2F5

.7H
20 Is 146 kG at 1.3 K and is much larger than tha t observed (41 kG) for the

ferrous sites of the dihydrate. The considerable difference in the critical tempera-

• 
tures of these materials , 48.0 K for the di-hydrate versus < 3 K for the heptahydrate ,

suqgests that the former must be magneticall y more condensed owing to extensive br id g—

ing . This Is consistent with the proposed discrete ion , [Fe(H 20)6
2
~ JfF e F5

(H20)
2 )

structure of the hepta—hydrate .
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Fi gure Captions

Figure 1. Molar susceptibility (.), inverse susceptibility Cv) , and effective
magnetic moment (~~~) for Fe,F5

’2H20 as a function of temperature. Data
obta i ned at an applied fiela H = 1000 kG . with the samp le cooled in
the field.

Figure 2. Reci proca l susceptibility (~ ) versus temperature above the Nee l point.
The solid lire is the best fi t of equation Cl ) to the exper imental data ,
with I = 1+8.0, 1 ‘

~~~ -200.9. 0’ = 25.8 , and C = 6.74. The solid line
• re p res~ nts the C~ rie—W ei ss limit , ca l culated from eouations (2)-(4).

Figure 3. Spontaneous magneti zation of Fe2F,~.2~-~ I), plotted as reduced magnetizat~On
(I) versus  reduced temperature , a~ st~mt no T = 48.5 K. The solid line is
the Bri ll o u in function for S 1/2. C

F i gure 4. Susceptib ility versus temper zture be l ow the Hee l Poin t - Curve A (s )  -

Faraday ba h’rce data. 2.2 3 kG. Curve B (~~ ) 
- VSM data , 1.0 kG. Data

obtained folio~ ing coolina in zero ap~ 1ie d Fi e ld. Curve C (0) - VSM
data , 1.0 kG. Data ob te ir -~d following coo lina in 1.0 kG applied field.

Fi gure 5. Magnetization at 4.2 K as a funct~c~ of increas in g ma çcietic field , foll ow-
ing cooling in zercl av l i v ~ field.

Fi gure 6. Room temperature Mosshaue r spectrum of re F ~2H2C. The soli d lines through
the data points repre - ents a best fit to ~~ sum of the three lorentzian
peaks ~rdicated .

Figure 7. M~ssbauer spectrum of Fe2F ~2H 0 at 55 K. The sol id line through the
data points represents a b ~st ~it to the sum of the four 1ore nt zia~
peaks indicated .

r i gure 8. Mossbaue r spectrun of Fe?FS
.2H ,0 ~~ t 20 K. The so lid line through the

data po ini~ represents a best flt to the sum of eleven lornntz ian
lines , indiv i dual Fe~

2 and Fe~ sul -’sp~ c t r a  are T - ~heled w i t h  s t i c k
diagrams .

F gure 9. M~ssbauer spectra o f F e F ç ’2 112 0 at 4.2 K in long i tud ina l  app l i ed  f i e lds
of 0, 5, and 63 k il -~a i
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