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Enhancement of the electronic contribution to the low-temperature specific heat
of an FECr magnetic multilayer
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We measured the low-temperature specific heat of a sputterggh (E#,,4) 33 magnetic multilayer, as well
as separate 1000 A thick Fe and Cr films. Magnetoresistance and magnetization measurements on the
multilayer demonstrated antiparallel coupling between the Fe layers. Using microcalorimeters made in our
group, we measured the specific heat fet B<30 K and in magnetic fields up to 8 T for the multilayer. The
low-temperature electronic specific heat coefficient of the multilayer in the temperature rafige ¥4 K is
ymL=8.4 mJ/K mol. This is significantly larger than that measured for the Fe or Cr fili4 and 3.5
mJ/K? mol, respectively. No magnetic field dependence of, was observed up to 8 T. These results can be
explained by a softening of the phonon modes observed in the same data and the presence of an Fe-Cr alloy
phase at the interfaces. 75.{f@agnetic multilayerand 75.40(specific heat of magnetic materials
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[. INTRODUCTION single Cr layer epitaxially grown on atomically flat Fe shows
interesting features such as the presence of spin polarized
Magnetic mutlilayerSMML's ), heterostructures of alter- electronic quantum well statédlowever, this measurement
nating ferromagnetic layers and nonmagnetic spacers, ha@annot be directly compared with MML because the bound-
attracted attention in the past 10 years because of their inry conditions of the Cr upper layer are not the same as those
plications both for fundamental research and technical appliof @ Cr layer located deeper in the MML that is sandwiched
cations. The most remarkable properties of these materiaRétween two Fe layergior a discussion of the boundary
are the antiparallel coupling of the ferromagnetic layers forconditions in the ARPES measurement see Himpsell.,

particular thickness of the nonmagnetic spacer and the giafht 567. In r?lddition, GMR is also Observgd in polycrystalline
magnetoresistandésMR) measured between this antiparal- samples with rougher interfaces, for which the ARPES result

lel configuration and the parallel one obtained by applicatiormagonof[ebn? r;':;’?gt's ecific heat is a useful complementar

of a magnetic field:? This latter property is of direct interest W peratu pecinc ! usetu P ary
. echnique to ARPES, since it probes the electronic density of

for magnetic sensor technology and has been successful . :

) - . S ates(DOS) at the Fermi leveN(Eg), a quantity that con-

implemented in a wide range of applicatich$iowever,

. - . i trols transport phenomena and itinerant magnetism. More-
while the GMR is widely accepted as being due to spin de'over the specific heat is sensitive to both the surfaces and the

pendent scattering, the details of the mechanism are still thg .« of the sample. Recent progress in microcalorinftry
subject of intense investigations. In particular, a detailed deOpened access to investigation of thin films and microstruc-
scription of the GMR in terms of the local electronic struc- t,res with thickness of 1@A , which was prevented in the
ture is still not available. past by the small masses of these samples. We present in this
Fe/Cr MML present an additional interest because of th%aper |0W_temperature Specific heat measurements of an
electronic properties of the Cr spacer. Bulk Cr is known to bere/Cr MML. The Debye temperature and electronic coeffi-
an incommensurate spin density wave antiferromagigt ( cient are extracted for 1000 A films. This paper is divided in
=311 K), which is a consequence of the nesting of itstwo parts: First, we show in some detail how electronic terms
Fermi surface(for a review on bulk Cr see Ref.)4The are extracted from the specific heat of metallic films of 1000
Fermi surface of Cr has been the subject of particular attenA thickness. Second, we present specific heat data of a sput-
tion because of its similarity to that of high-temperaturetered Fe/Cr MML and compare it to that of Fe and Cr films.
superconductordin thin films, the magnetic properties of Cr Our results show that the electronic contribution of the Fe/Cr
are strongly modified by the stress and the presence of feMML is different from that expected in a simple model
romagnetic capping layers as observed by neutronvhere bulk values of Fe and Cr are used. Possible origins for
diffraction® In Fe/Cr(001) epitaxial MML, Fullertonet al.”  this result are discussed.
showed the loss of magnetic long range order in Cr layers for
thicknessesc,<42 A . The electronic structure of these thin Il. EXPERIMENTAL DETAILS
nonmagnetic Cr layers is not well documented in spite of its
importance for the calculations of the GMR. In addition to (110 textured Fe/Cr superlattices were directly sputtered
the disappearance of the long range magnetic order that & room temperature on the membrane of a microcalorimeter.
attributed to the frustration of the Cr magnetic moments afThe microcalorimeters consist of a 1 &M cm Si(100
the interface$, it is expected that the Fermi surface of Cr is frame surrounding a 0.5 c#0.5 cm window covered with
affected by exchange interactions with magnetic Fe. Anglex low stressa— Si; 4N, 1800 A thick membran&: The film
resolved photoemission spectrosco@®RPES made on a is sputtered through a 0.25 ¢n®.25 cm shadow mask so
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that the deposited sample, located at the center of the mem- Coot T)=7o(T) X k(T). (2.2
brane, is thermally insulated from the Si frame. For charac-
terization purposes, a Sil00 substrate covered witla Contributions toc; include the heat capacities of the

—Si;_«Ny was placed next to the microcalorimeter during samplecg,,, and the addenda,qq that consists of the ther-
the deposition to serve as a test sample. 33 Fe/Cr bilayeraometers and heater, the membrane beneath the sample and
were deposited at an averaged rafe20A /s with a base part of the thermal link. If a thermal conduction layer is
pressure of &10 ' Torr that was increased to 5 necessary, as will be discussed in more detail below, its heat
X102 Torr of Ar during the deposition. We briefly give a capacity adds te,44. For our microcalorimeters, the thermal
description of the characterization of the MML. A detailed link at low temperature consists of the membrane located
description of Fe/Cr MML deposited in our laboratory is between the sample and the frame and 8 Pt leads (0.25
reported elsewhetgand we refer the reader to this study for x 0.005x5x 10 ® cm?). Using numerical simulation of the
more details on the microstructure. 2D heat flow of our microcalorimeter, we obtain the result
The thickness of the Cr layer was adjusted to obtain antithat 22.3% of the thermal link has to be includedcip.®
parallel coupling of the Fe layers. The thickness of the filmThis is less than the 33% calculated by Bachmanal** in
and bilayers, obtained by fitting XRD data made on the testhe 1D case. The same simulations showed that this contri-
sample, are 1159 and 35 A , respectively. The thickness dfution does not depend ary,, When parameterédensity,
the Fe layers is 23 A as measured from the total thickness ahickness, and specific heaif the samples measured in this
an Fe film deposited under the same conditions as the MMistudy are used. In that case, this contribution is cancelled out
without Cr, implying a Cr layer thickness of 12 A. Magneti- in the differencecq,,= Cior— Cagg, Which justify this subtrac-
zation and magnetotransport measurements were performeédn technique to extract the specific heat of the sample.
on the test sample. Magnetization made at 10 K with the A necessary and testable condition for the validity of Eq.
magnetic field parallel to the layers showed a saturation mag?2.1) is a large difference between the thermal conductances
netization normalized to the volume of the Fe layerdvbf  of the sample and the membrang, (< 7.). In that case, the
=1195 emu/crito be compared to 1710 emu/rior bulk  temperature is constant across the sample and drops between
Fe. Asmall hysteresis is present, characterized by a remanethie edge of the sample area and the frame so that the mea-
field of H, =300 Oe and a remanent magnetizatdp/M;  sured(T) is dependent solely on the thermal link. Under
=0.23. Magnetotransport measured at 10 K with the van destandard procedures, a thermal conduction layer is deposited
Pauw method with current in the plane gave a residual resiszither over or under the sample to ensure this. To avoid an
tivity po=37 uflcm and a magnetoresistanaeR/R(0)  unnecessary increase ofyq that results from the thermal
=16.8%, with a saturation field of 10 kOe. These data conconduction layer, we first checked if the thermal conductivity
firm a predominantly antiparallel coupling between the Feof the Fe, Cr, or Fe/Cr samples is sufficient to ensure a good
layers as expected fdg,=12 A, in agreement with other thermal homogeneity across the sample area. Estimates of
studies on Fe/Cr MML(see, for example, Refs. 12)13he  the temperature gradient across the sample can be made
nonvanishing remanent magnetization is attributed to pinsince two Nb-Si thermometers with different geometries are
holes that induce ferromagnetic shorts or local change obcated on the back of the membrane. Steady state measure-
coupling due to Cr thickness fluctuations. Interdiffusion atments performed on the Cr film at 18.72 K with a power of
the interfaces reduces the saturation magnetization of the nW applied to the Pt sample heater showed an increase of
sample with respect to the value expected for bulk Fe. Thes& T=0.54 K in the first thermometer and 0.71 K in the sec-
results are in agreement with those reported for MML withond (see Fig. 1 of Ref. 11 for details concerning the design of
the same number of bilayers and deposited with the same Ahe microcalorimetebs This temperature difference is due to
pressure? the low thermal conductivity of the Cr film. As a conse-
Two additional microcalorimeters, one with an Fe and thequence, single time constant measuremggts (2.1)] can-
other with a Cr film, were prepared under the same deposinot be made on the microcalorimeter loaded with Cr only.
tion conditions. All microcalorimeters used in this work were The same conclusion holds for the Fe and Fe/Cr MML as
chosen from the same wafer, which keeps variations in theimilar or lower thermal conductivities are expected for these
microcalorimeter properties to less than $%The thick- samples.
nesses of the FEL050 A) and Cr films(1035 A) are close to To improve the thermal conductivity of the samples, a Cu
that of the MML to allow direct comparison of the raw data. layer was deposited on top of the samples: The three micro-
The relaxation methd was used to measure the specific calorimeters together with a bare microcalorimeter taken
heat. Application of this technique to tlae- Si,N;_, micro-  from the same wafer were put next to each other in a resis-
calorimeters is described in detail elsewh&rd@his tech- tive evaporation chamber in which Cu was evaporated. The
nique is especially suitable when absolute values of the spehickness of the Cu layef1810 A was measured using a
cific heat are desirable over a large temperature range. Whebektak profilometer on test samples that had been placed
the internal thermal time constan, is much faster than the close to the microcalorimeters during the deposition. The
external time constant,, the dynamics of the 2D heat trans- dispersion of the thickness was found to be about 50 A
fer reduces to a 1D single time constant relaxation. The folwhich is the (absolutg¢ precision of the profilometer. The
lowing simple equation, then, relates the measuggd) and same measurement of temperature homogeneity was per-
thermal conductance linking sample and Si frar(@) to  formed on the Cr sample but now with the Cu thermal con-
the total specific heat;y(T): duction layer in the temperature range<lD<30 K, where
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FIG. 1. Experimental relaxation time constants of the bare ad-
denda(with Cu thermal conduction layer onlyf+), Cr (@), Fe FIG. 2. Integrated conductance of the membra€,+ AT/2)
films (A), and Fe/Cr MML (X). These values are obtained by ~«(Ty,AT) as a function of the mean temperatdre T+ AT/2
fitting the temperature decays of the sample thermometer when thef the samples Fe/CrX), Fe (A), Cr (®), and addenda+). The
current flowing in the heater is switched off. similarity of all data shows that the microcalorimeters have mem-

) branes with very similar propertigsomposition, size, thickness
both thermometers can be measured : No difference of tem-

perature was measured between the two thermometers within
the 0.3% error bars of the temperature measurement. and Eq.(2.1). ¢,y was measured from 4 to 30 K for the Fe

The time constant-, is obtained by recording the off- and Cr samples and up to room temperature for the Fg/Cr
balance signal of an ac resistive bridge—of which one arm ML and the addenda sampley, values are presented in
the NbSi thermometer—when the current applied to the PEI9- 31N t2he temperature range<4r<14 K using the usual
heater is switched off. The amplitude of the temperaturé®/T Vs T° representation. We report on the same plot an
change is set to 1% of the baseline temperalyre0 decays estimate of the con.tr!butlon of the Cy layer ca!c_ulated from
are averaged and fitted using a single exponential functiofl®  bulk coefficients ~[electronic  coefficient y
with a typical error of 0.8%. Figure 1 shows the measured = 0-69 mJ/K mol and Debye temperatur®p=347 K]

for the addenda, Cr, Fe, and Fe/Cr samples in the temperéRef- 16. This contribution represents 40—-50 % of the heat
ture range X T<20 K. capacity of the addenda. The remaining part, which varies

The integrated thermal conductana€T,,AT) is ob-  roughly aspT?, is dominated by tha—Si; N, membrane.

tained by applying a known pow@ in the heater and mea- Estimate of 8=1.6-0.2 uJ/K'g using the densitypsiy

suring the steady state increase of temperature of the sampfe2-865 g/cm is in good agreement with values measured
AT which gives: by Zeller and Pohl for various glassts.Assuming a

SipsNg5 composition leads t®p~385 K. These values

TotAT AT should not be considered as the result of an actual it Qf
Ty «(T") There is actually no way to separate the Cu angs$js
k(Tg,AT)= AT =AT (2.2 contributions using this set of data only. The contributions of

the Cr, Fe films, and Fe/Cr multilayer to the total heat ca-

Different AT ranging from 2 to 5% ofl, are measured. Pacities are proportionally larger at low temperat(8&, 48,
x(To,AT) is then fitted with a fourth order polynomial iy
and AT from the coefficients of which the thermal conduc- 5
tancex(T) is calculated. The typical error of the least square
fitis 1—1.5%. For the sake of a comparison of the raw data,
we present in Fig. 2 the measured conductar€€,,AT)
~k(Tp+AT/2), which is a good approximation for smallT.
The values ofk(Ty,AT) for the four microcalorimeters are
scattered by less than 3%. This shows that basic parameters
of the membrane such as the thickness, size and composition
are very close in the four microcalorimeters. This is a very
important conclusion that allows us to calculate the specific
heat of the sample films from the differen@,,= Ci
— Caqq» Wherec,yqis the addenda heat capacity of the micro- 0 50 100 150 200
calorimeter with the conduction layer only. T2 (K?)

Fe/CCMML =,

o/T (nJ/K2)

FIG. 3. Total heat capacities of the addenda and @J,(Fe
(A), and Fe/Cr samplesx). Solid line: calculated contribution of
The total heat capacities,,; were calculated using the the Cu conduction layet1810 A thick assuming bulk valuey

experimental values of, and the fitted conductance(T) =0.69 mJ/K¥ mol and®,=347 K.

Ill. RESULTS
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20 TABLE I. Result of the least square fit of E(B.1) to the spe-
cific heat heat data of Fig. 4. Bulk values are given in paranthesis.
.5 Fe/Cr MML, - Sample t[A] 5 [mIKE mol] Op [K]
g x 5 i Cr 1035 3.2:0.3 (1.423.9) 415+13(610°
M x x . M Fe 1050 5.40.4(4.95) 415+13(460)
‘g 101 ox X Fea,.*s* Fe/CrMML 1159  8.70.7 356+10
E xx® aaad A A A .
ApAA
) Ve e ettt aMagnetic Cr, from Ref. 4.
5 LA ®Non-magnetic Cr, from Ref. 4.
""-Cr °From Ref. 18.
0 : : : within 2% (0.141 and 0.138 mol/ctrespectively, this nor-
0 50 100 150 200 malization does not depend critically on the respective val-

ues of the thickness of the layers in the MML. The error in
the normalized specific he& has essentially two indepen-

FIG. 4. Specific heat of samples Cr, Fe, and Fe/Cr samplegent ongins: flrst.the e)fperlmental errorsag,, which are
(from bottom to top. The specific heat of the Fe/Cr MML has been 2% in total(see discussion aboyvand lead to a temperature
normalized assuming a molar mass of Fe and Cr weighted by thdependent error in the differen¢@% at 4 K anc_i 12% at 14
ratio of Fe(66%) and Cr(34%) in the MML. As the molar masses K for the Fe/Cr MML and second, the error introduced in

of Fe and Cr differ by 2% only, this normalization does not dependthe normalization by the uncertainty on the thickness and
critically on the ratio of Fe and Cr in the MML. density of the films that is estimated conservatively to be 5%.

We fitted the three curves with the usual expression of the
and 51 %, respectively, at 4)Kbecause the specific heat of specific heat of metals at low temperatures
the a— Si;_,N, membrane decreases will? in this tem-
perature range. The total heat capacity is therefore dominated C/T=vy+BT?, (3.1

at the lowest temperatures by the linear terms of the specific ) . - . .
heat of the metallic Cr, Fe, and Fe/Cr films. where y is the electronic coefficient that is proportional to

the effective mass of the electrons for a degenerate Fermi

T (K?)

Since the thickness of the films and the molar densities o
Fe and Cr are similar, important qualitative conclusions ca
already be drawn prior to any subtraction or normalization. 2 9
The four curves plotted in Fig. 3 appear as straight lines, _ N(Ec)(1+ ) 32

. . > Y (EF)( ), 3.2
which means that they can be described by the characteristic 3
expressiorc/ T=a-+bT? observed in metals. No upturns are
present down to 4 K. Furthermore, the curve of the MML lies
above the curve of Fe and Cr. This indicates that the ele
tronic terma of the MML is not the simple mean of Fe and

r weigh heir r iv ntribution he m . N ;
Cr weighted by their respective contribution to the mass 0and hwq is the cutoff energy of the excitations responsible

the MML as would be expected in a simple model. Finally,for the mass enhancemgnFor a wide variety of com-

the slopes of the three upper curves are similar, which im-

plies lattice terms of similar magnitude in the three samplespounds’ the phonon contribution to the specific heat can be

We now turn to a more quantitative analysis of the data;uccessfully described by a 3D'Iinear Depye—!ike dispersion.
Figure 4 shows the specific heabf the three samples in the AL low temperatqre T<®D)’. this appr_oxlmatlon Ie_ads to
temperature range<4T<14 K. These three curves are the the Second term in Ed3.1) with a coefficients, that is,
result of the normalized difference of the heat capacities of 4

the sample microcalorimeters and the fitted heat capacity of _ 12m R% 1944 [J/K mol] (3.3
the addenda. We assume that the heat capacity of the sample 503 03 ' '
microcalorimetersc,; differ from c,4q Only by the heat ca-

pacity of the Fe, Cr, and Fe/Cr samples. This hypothesis i#herekg®p is the cutoff energy of the phonons aRds the
supported by the fact that all calorimeters were taken froninolar gas constantv and®p, values obtained by fitting Eq.
the same wafer and had very similar valuesgiy,AT)  (3.1) to theC data are summarized in Table | and compared
(see Fig. 2 This is in agreement with the small variation of with bulk values:®*®To avoid spurious values &, result-

the thermal properties reported in the original paper on thesig from a fit made beyond the low temperature asymptote,
microcalorimeters! The Fe and Cr specific heat were nor- we restrict the fit to the rang€<14 K, which is about 4%
malized using the bulk values of the densi®87 and 7.19 of Op.

g/cnt, respectively and molar mas&55.85 and 52.00 g/mol, The presence of a magnetic teerT>? due to spin-wave
respectively. We used for the MML the sum of the total excitations is expected in the specific heat of the Fe and
number of moles of Fe and Cr in the MML (1810 7).  Fe/Cr samples. Taking the bulk value «
Note that as the bulk Fe and Cr molar densities are the sante0.028 mJ/R?mol measured in bulk F¥ results in a

iquid. More precisely,

whereN(Eg) is the electronic DOS of the bare electrons and
(1+\) is the mass enhancement factor caused, for example,
be electron-phonon interactions. is temperature indepen-
]dent forkgT<Ep andkgT<hwy (Er is the Fermi energy
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FIG. 5. Specific heat of the Fe/Cr MML sample up to room

PHYSICAL REVIEW B5 094417

the Grineisen coefficient ang®° the volume thermal expan-
sion coefficientnot to be confused with the coefficienis
and B used in Eq.(3.1)]. To the best of our knowledge no
such data are available for Fe/Cr MML. We therefore esti-
mate the correction using the bulk Fe°=1.67, 3°=35.4
X108 K1) and Cr (°=1, B°=14.7x10° K™%
valueg? and assuming isotropic behavior, which gives a cor-
rection of about 1% at 300 K. As this value is much less than
our experimental errors, we neglect this correction in the
next discussion. We compare in Fig. 5 the specific heat of the
MML to a simple model where we assume ti@ats the sum

of an electronic term with temperature independgrand a
phonon term calculated from the Debye approximation,
which gives

C=7yT+9INkg(T/0Op)3fp(T/Op), (3.9

where f(T/@®p) is the Debye functioR® No single set of

temperature. Corrections due to thermal expansion are less than 19arametersy and®, could fit the entire range. A good fit is

and are neglectetbee text Solid lines are calculated contribution

obtained up to 30 K using E¢3.4) with the low-temperature

from electrons and phonons in the Debye approximation. The uppgparametersy==8.7 mJ/K¥ mol and ®,=358 K. Above

curve is plotted using the low-temperature parameters
=8.7 mJ/K¥ mol and ®,=358 K. The lower curve is a high-
temperature limit §=1 mJ/K2 mol and®,=385 K). This plot

shows that a temperature dependence @ind/or deviations from
the Debye model are likely.

spin-wave contribution that is less than 1% of the total spe
cific heat in the range4T<14 K and is therefore beyond
our resolution.

Spin-wave excitations in the Fe/Cr sample are more inter

esting because they are controlled by the coupling betwee . _ . .
d y y ping decrease ofy. We mention that this conclusion would still

the Fe layers. Theoretical calculation of the contribution o

this temperature, the data deviate significantly from the low
temperature curve. In the rangeZ0<200 K, a reasonable
agreement is found using the parametgrs 1mJ/K2 mol

and ® =385 K. Note that the uncertainty on these latter
parameters is much larger than at low temperature because of
the correlation betweery and ®p in Eq. (3.4 and the
smaller contribution of the sample to the total heat capacity.
However, it is clear that the deviation to the low-temperature
fit is outside the error bars. This deviation can be understood

n this simple model as the result of an increas®egfand a

the spin-wave excitation to the specific heat of Co/cu MmMLNId in the case where the thermal expansion coeffigint

has been made by Me and Fominaya?® This contribution

is very different from the bulk valu@;,.: On one hand, if

is a few percent of the total specific heat at low temperaturé®’ < Bpui then the correction o€, becomes negligible and
and vanishes for a magnetic field larger than the saturatiofhe same coefficients would be obtained. In the opposite
field. To investigate the presence of this contribution in oudimit 8°> By, the correction would result i€, data that
data, we measured the Fe/Cr MML in magnetic fields up to 8re smaller than those reported in Fig. 5. As a consequence,
T. The behavior of the microcalorimeters in magnetic fields®p would be larger. Therefor&), =385 K can be consid-

is the subject of a separate pap&Fhe magnetic field was

ered as a lower limit of the high temperatu@, in the

applied in the direction of the layers. We first checked tha@pproximation where the bulk thermal expansion is used.

x(Ty,AT) was independent of the magnetic field. We then

recorded the variation of(B,T,) for fixed temperaturdl
=4,5,7.5, and 10 K. No variation af(B,T,) was observed
within the 1% resolution of this measurement. The absenc

IV. DISCUSSION

e We first comment on the low temperatudg, values. In

of this term is explained by the presence of a gap in the spinll three samples a clear reduction@, with respect to bulk
wave excitations that is present in zero magnetic field alvalues indicates a softening of the low energ§ (

ready and that reduces the thermally accessible excitation

s:1 meV) phonon modes. We note thg of the Fe and Cr

We note that high resolution electrical resistivity measurefilms are similar(410 K) in spite of different bulk values
ments on similar samples showed no indication of a spinf460 and 610 KRef. 16]. ® of the Fe/Cr MML is further

wave contribution in the temperature range<fN<150 K,
which is in agreement with our resdtt.
Finally, a measurement of the specific heat of the MML

reduced with respect to these valy8s6 K).
Very few experimental data are available @, values
for thin films. Specific heat measurements ofum thick

and the addenda was performed up to room temperature. Tlee- Mo,Ge, _ films showed that fox=0 andx=1 Oy is
same procedure as that used at low temperature was applietbse to the bulk value¥. The same group reportedl, val-

to extract the specific he& of the MML. Data are reported
in Fig. 5. To allow comparison with calculation made at con-
stant volume C,), C measured at constant pressuf@,)
has to be corrected by a factor£13°y°T) ! wherey° is

ues for Nb/Zr ML?® In the limit of very thick layers, they
observe tha® is smaller than the value expected in a non-
interacting model, which is explained by these authors by the
presence of NbZr alloy at the interfaces. Recent development

094417-5



REVAZ, CYRILLE, ZINK, SCHULLER, AND HELLMAN PHYSICAL REVIEW B 65094417

of inelastic nucleary-ray scattering(INRS) has provided The large value obtained for the Fe/Cr MMby,.
access to phonon DOS measurements on films as thin as8.7 mJ/K¥ mol is striking and more puzzling. Assuming
100 A. Measurements on sputtered Fe films with differenthat each layer in the MML can be described by the bulk
thicknes$® and nanocrystalline filn¥§ showed that an en- values of Fe and magnetic Cr and assuming perfect inter-
hancement of the low energy phonon DOS correlates witliaces leads te, =3.6 mJ/K¥ mol. Using the more realis-
increasing disorder. This enhancement of the low energyic nonmagnetic value for C(Ref. 7) increasesy,, only
DOS would result in a loweB®p as observed in our mea- gjightly to 4.3 mJ/R mol, half of the measured value. The
surement_s. The physwal origin of th_|s phenom?na IS n(_)t UNabsence of electronic band structure calculation complicates
derstood in detail. A phenomenological model introducing &g interpretation of this result: purely electronic effects, ef-

finite lifetime of the phonons is used by these authors 10 figgcfive mass enhancement, presence of other phases with
the DOS with relative success. A similar correlation betweer'high electronicy, and other type of excitations are hard to

disorder and decrease @f, can be deduced from our data if t
one considers the textured nature of the films and the addls_epara © o .
In the absence of excitations other than electronic, Eq.

tional disorder introduced in the MML by the interdiffusion : :
(53.2) shows that an increase ¢fcan result from an increase

and roughness of the interfaces. We note that our result is, . hern or N(E<). N hat th -
consistent with the softening of the phonon modes measure?:f eitherh or N(Eg). Note that these two quantities are not

in metallic superlattices by Schullet al?8 It is important o~ ndependent as. is proportional toN(Eg). As a conse-
add that the low energy parE€ 10 meV) of the DOS ob- duence, an increase iN(Eg) results in an increase of
tained by INRS follows roughly the square dependence ivhereas the opposite is not true. Since no magnetic field
energy of the 3D Debye model for a surprisingly wide vari- dependence was observed,is attributed to the electron-

ety of samples. This dependence is in agreement witf'the Phonon interaction only. Softening of the phonons as ob-
term observed in our data. served in the reduce® of the Fe/Cr MML is known to

We now turn to the electronic contributions The value increasex. This is observed, for example, in the comparison
for Fe is reasonably close to the bulk value. A large enhancedf the superconducting propertiesdb and NbsZrys.% In a
ment of y, is observed with respect to the bulk value of Cr Simple Debye approximation that is valid only at low tem-
[1.4 mJ/€ mol (Ref. 29]. Pure bulk Cr is characterized by perature §—0), A<(1/03).% Nevertheless, this effect can-
an incommensurate spin density wa¥®DW) magnetic or-  not account for the totality of the increase mfeven a 40%
der, which suppressesbelow the value for nonmagnetic Cr decrease 08 ,—which would increas@ by a factor of two
(3—3.5 mJ/K¥ mol) that is calculated from the extrapola- with respect to the bulk values of Fe and Cr, i.e., (R2f.
tion of y for various Cr alloy®’ (or see Fig. 37 of Ref.}4  34—only increasesy by 20%.

This reduction ofy in the ordered phase is explained by the Another possible cause for the increasejp is the pres-
gap opened on the Fermi surface by condensation ofnce of an Fg ,Cr, alloy phase at the interfaces. Due to the
electron-hole pairs. As a consequence of this gap, the lowvery close atomic and electronic properties of Fe and Cr
temperature electronic entropy is reduced. The higher valugtoms and the continuous solubility of the alloy, interdiffu-
of y for Cr observed in our data indicates that the bulksion at the interfaces of Fe/Cr MML is possible. Quantitative
ISDW magnetism is not present in our Cr film. Bulk ISDW analysis of the interface roughness of Fe/Cr MML deposited
is known to be modified in epitaxial Cr films depending onunder similar conditions has been made by Goraeal*®

the thickness and capping layer as seen in neutron scatteringing energy-filtered transmission microscopy images. Using
data by Balekeret al® Combining this effect with the high these data, we estimate the interdiffusion length as the stan-
sensitivity of the ISDW to disordét gives a plausible expla- dard deviation of the profile for the smallest window width,
nation for the increase ofc,. Note that the same effect is which is about 4.5 A. Values of have been measured for
not expected in Fe films of the same quality because thbulk Fe_,Cr, alloy by Chenget al®® Interestingly, the
ferromagnetism of Fe is more robust due to the more localvariation of y(x) for bulk samples is not monotonic and
ized nature of the electrons responsible for the magnetism iahow a significant enhancement with respect to pure Fe and
this case. We emphasize that the measurement of the eleCr values for 0.£x<0.4. This effect could not be repro-
tronic termvy is a very direct probe of the magnetism of Cr duced in electronic band structure calculations by Kulikov
since itinerant antiferromagnetism is related to the appeaand Demangedt and Stewart and Ruvalitfsprobably be-
ance of a gap on the Fermi surface. Moreover, the differenceause many body effects at the origin of the SDW in Cr and
in y between the ordered and nonmagnetic phase leads tothe competing ferromagnetic order of the Fe spins are not
significant variation of the low-temperature specific heattaken into account in these calculations. To estimate the ef-
(more than 50% at 4 K Magnetic or transport measure- fect of the presence of an Fe-Cr alloy o, , we take an
ments give less stringent criteria for the presence or absen@werage value ofy=7.2 mJ/K¥ mol calculated from the

of an ordered magnetic state in Cr: as the susceptibility of Cdata of Chenget al. distributed over 4.5 A at the interfaces.

is largely dominated by core electrons, the contribution offor the rest of the MML, we use the bulk values of Fe and
the itinerant electrons is only 3% of the total susceptibilitynonmagnetic Cr. This simple model givesy
(see Fig. 35 of Ref. ¥ In transport measurements, the varia- =5.2 mJ/K¥ mol. Combining this effect and the enhance-
tion of the resistivity in the itinerant antiferromagnetism is ment of X results iny~6.2 mJ/K¥ mol still considerably
due to the decrease of the electron spin scattering, which iselow the measured 8.7 mJKmol. Note that the calcula-

an indirect effect. tion of the contribution of the Re ,Cr, alloy has been done
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using bulk values, which is questionable to describe severacription of the method and techniques used to measure the
A thick layers in proximity to a ferromagnetic Fe layer. In specific heat of these 1000 A thick films was given. In the
this context, local measurements of the electronic DOS in théemperature range<4T< 14 K, the specific heat of the three
perpendicular direction of the plane would be of great intersamples can be described with the usual expression expected
est. for metals. A softening of the phonons is observed in all
We emphasize that an enhanced DOS at the interfaces eamples, which we suggest is a consequence of the disorder,
the MML whatever its origin, will play a role in the GMR: in agreement with INRS data taken on similar samples. The
the combination of a large, partially polarized DOKE) electronic terms of the Fe and Cr are compatible with bulk
and scattering centers, both located at the interfaces, is one eflues whereas the multilayer value is much larger than ex-
the proposed mechanisms for GMR in MML. In calculationspected in any simple model. No dependence on magnetic
by Zahnet al*° on CoCu MML, the enhancement bi E¢) field is seen(to better than 1%which rules out changes in
at the interfaces is the consequence of the periodic potenti@lectronic density of states as a unique source for GMR. A
of the layered structure that affects the electron states. Thimagnetic origin for the enhancement fis excluded be-
enhancement is essentially due to minority electrons of Caause of the absence of magnetic field dependence. Probable
that are confined in the Co layer due to the mismatch of theicauses include an enhanced electron phonon interaction due
band structure and that of Cu. These authors show that adth the softening of the phonons and the presence of an
ing scattering centers at the interfaces causes the minorityg Cr, _, alloy at the interfaces with enhanced electronic
electrons to be more scattered than the majority electrons. Adensity of states. We propose that the enhangedf the
a consequence, the layer resolved GMR is large at the internultilayer plays a role in the magnetotransport, consistent
faces. Considering that e Cr, alloy is polarized forx  with a model presented recently that emphasized the impor-
>0.3, is intrinsically disordered and has a large electronidance of interface states for GMR effects.
DOS suggests that interdiffused interfaces play a similar role
in Fe/Cr MML. This hypothesis is supported by the linear
increase of the absolute GMR with the interface roughness ACKNOWLEDGMENTS
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